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Abstract 12 

Anhydrite has become increasingly recognized as a primary igneous phase since its discovery 13 

in pumices from the 1982 eruption of El Chichon, Mexico. Recent work has provided 14 

evidence that immiscible sulfate melts may also be present in high temperature, sulfur-rich, 15 

arc magmas. In this study we present partition coefficients for 37 trace elements between 16 

anhydrite, sulfate melt and silicate melt based on experiments at 0.2 – 1 GPa, 800 -1200°C 17 

and ƒO2 > NNO+2.5. 18 

Sulfate melt – silicate melt partition coefficients are shown to vary consistently with ionic 19 

potential (the ratio of nominal charge to ionic radius, Z / r) and show peaks in compatibility 20 

close to the ionic potential of Ca and S. Partition coefficients for many elements, particularly 21 
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REE, are more than an order of magnitude lower than previously published data, likely 22 

related to differences in silicate melt composition between the studies. Several highly charged 23 

cations, including V, W and Mo are somewhat compatible in sulfate melt but are strongly 24 

incompatible in anhydrite. Their concentrations in quench material from natural samples may 25 

help to fingerprint the original presence of sulfate melt. 26 

Partition coefficients for 2+ and 3+ cations between anhydrite and silicate melt vary primarily 27 

as a function of the calcium partition coefficients (𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 ) and can be described in terms of 28 

exchange reactions involving the Ca2+ site in anhydrite. Trivalent cations are dominantly 29 

charge-balanced by Na1+. Most data are well fit using a simple lattice-strain model, although 30 

some features of the partitioning data, including 𝐷𝐿𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 > 𝐷𝐶𝑒

𝐴𝑛ℎ−𝑆𝑖𝑙 , suggest the occurrence 31 

of two distinct anhydrite Ca-sites with slightly different optimum radii at the experimental 32 

conditions. 33 

The ratio 𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙 

 /  𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙  is shown to be relatively insensitive to silicate melt 34 

composition and should vary from 0.63 – 0.53 between 1200 - 800°C, based on a simple, 35 

‘one-site’ lattice strain model. Comparison to 𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙 

 and 𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 calculated for natural 36 

anhydrite suggests that in most cases, including the S-rich eruptions of Pinatubo and El 37 

Chichon, the composition of anhydrite is consistent with early crystallization of anhydrite 38 

close to the liquidus of silicate melt with a composition approximately that of the bulk 39 

erupted material. This illustrates how anhydrite (and perhaps sulfate melt) provides a 40 

mechanism to transport large quantities of sulfur from significant depth to the eruptive 41 

environment. 42 
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Introduction 46 

Primary igneous anhydrite was first identified in pumices from the 1982 eruption of El 47 

Chichón, Mexico (Luhr et al. 1984), and has since been identified in a variety of erupted 48 

products and intrusive rocks (for review see Luhr 2008). Experimental studies have shown 49 

that anhydrite is stable in sulfur-rich magmas under oxidized conditions (ƒO2 >NNO+1.5) at 50 

temperatures 750-1100°C (Carroll and Rutherford 1987; Luhr 1990; Clemente et al. 2004; 51 

Costa et al. 2004; Zajacz et al. 2012; Huang and Keppler 2015; Masotta and Keppler 2015; 52 

Matjuschkin et al 2016; Zajacz and Tsay 2019; Li et al 2021) and is progressively replaced by 53 

an immiscible sulfate melt over a temperatures interval starting at ~1000 °C (Jugo et al. 2005; 54 

Veksler et al. 2012; Hutchinson et al. 2020). However igneous anhydrite and sulfate melts are 55 

rarely preserved in the geologic record. Phenocrystic anhydrite may break down during 56 

magmatic degassing, as sulfur is removed from the magma (Chambefort et al. 2008), and 57 

after cooling below ~200°C it is readily dissolved from solidified rocks by meteoric fluids 58 

(Luhr et al. 1984). Sulfate melts are even more challenging to identify in nature and may only 59 

exist transiently before converting to anhydrite at lower temperatures (Hutchinson et al. 60 

2020). However, “wormy anhydrite” inclusions, interpreted as trapped sulfate melt, have 61 

been reported in amphibole from the San Jose Ignimbrite at Yanacocha, Peru (Chambefort et 62 

al. 2008), and anhydrite “droplets” have been described in olivine-hosted multiphase 63 

inclusions from Tolbachik volcano in the Kamchatka arc (Kamenetsky et al. 2017). 64 
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Anhydrite is an important reservoir for sulfur in many low-temperature, oxidized, arc 65 

magmas, and both anhydrite and sulfate melt may play a crucial role in the transport of sulfur 66 

through the crust (Streck and Dilles 1998; Chambefort et al. 2008; Hutchinson and Dilles 67 

2019; Hutchinson et al. 2020). Understanding the physical and chemical conditions, as well 68 

as the timing, of sulfate saturation in individual systems is therefore critical to assessing the 69 

ultimate sources of sulfur to both SO2-rich volcanic eruptions and to sulfur-rich magmatic 70 

hydrothermal ore deposits. 71 

Igneous anhydrite commonly contains measurable concentrations of a number of trace 72 

elements including Sr, Fe, P and REE (Chambefort et al. 2008; Xiao et al. 2012; Hutchinson 73 

and Dilles 2019), however the interpretation of anhydrite trace element data is limited by a 74 

lack of information on the partitioning of these elements between sulfate phases and silicate 75 

melt. The only published anhydrite – silicate melt partition coefficients to date (Luhr et al. 76 

1984) are based on instrumental neutron activation analysis (INAA) of anhydrite phenocrysts 77 

and interstitial silicate glass from El Chichón pumice. This method relies on the analysis of 78 

bulk anhydrite separates (rather than in-situ analysis of crystal rims) and does not necessarily 79 

reflect equilibrium partitioning at eruptive conditions. INAA analyses were further 80 

complicated by apatite inclusions in anhydrite grains, and apatite-corrected anhydrite 81 

compositions have large uncertainties. 82 

Trace element partitioning between immiscible sulfate and silicate melts has been 83 

investigated in a single set of centrifuge autoclave experiments at 100 MPa and 900-1000 °C 84 

by Veksler et al. (2012). However, the starting composition in these experiments resulted in 85 

sulfate melts which were dominated by alkalis (Na2O, K2O, Rb2O and Cs2O), rather than 86 
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CaO, and may not be directly applicable to sulfate melts in natural arc magmas (e.g. 87 

Hutchinson et al. 2020). 88 

Here, we present anhydrite – silicate melt and sulfate melt – silicate melt partition 89 

coefficients (DAnh-Sil and DSM-Sil, respectively) based on analysis of phases produced in 90 

experiments on sulfate rich trachydacite and trachyandesite compositions at 800-1200 °C and 91 

0.2-1 GPa. 92 

Methods 93 

Experimental methods 94 

Three trachydacite starting compositions (with increasing water content: D1, D2 and D3) and 95 

one trachyandesite starting composition (A1) were used (Table 1), based on the compositions 96 

of the Luhr Hill porphyritic granite and the McLeod Hill quartz monzodiorite respectively, 97 

both from Yerington, NV (Dilles 1987). Starting compositions were doped with trace 98 

elements at a level of ~50-100ppm using ICP standard solutions stabilized with HNO3 which 99 

was subsequently driven off as water and NO2. In order to accurately determine the 100 

concentration of trace elements in starting materials for mass balance calculations, aliquots of 101 

starting material were fused at ~1500 °C for ~2 hr at 1 atm and drop quenched in water. 102 

Experimental methods are described in detail by Hutchinson et al. (2020) and are summarized 103 

here. Experiments were conducted at the University of Bristol using end-loaded piston 104 

cylinder apparatus and a gas-pressurized titanium-zirconium molybdenum (TZM) cold seal 105 

pressure vessel.  Experiments were carried out using Au80Pd20 capsules at 0.2-1 GPa and 800-106 

1200 °C. Oxygen fugacity was fixed between NNO +2.7 and NNO +3.8 using a solid redox 107 

buffer in a double capsule configuration (piston-cylinder experiments) or using an H2-Ar 108 

pressurizing gas mix (TZM experiments). Experiments were first taken to 1150–1200 °C at 109 
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run pressures for ~ 2 h to ensure melting and homogenization of starting materials, then to the110 

final temperature. Run durations were typically 48 hrs for experiments at ≤1100 °C and 4-8 111 

hr for experiments at 1200 °C (Table 2). 112 

Experimental run products (Table 2, Fig.1) included silicate glass, silicate and oxide phases, 113 

anhydrite and the quench products of sulfate melt. These quench products (Fig 1a) were 114 

complex and difficult to prepare as polished sections but generally consisted of finely 115 

intergrown laths of anhydrite with interstitial, alkali-rich material. 116 

Analytical methods 117 

As a result of their complex quench textures, the accurate determination of bulk sulfate melt 118 

composition is challenging (see Hutchinson et al. 2020 for details). We have therefore 119 

explored a range of analytical techniques, and have compared sulfate melt trace element 120 

concentrations using both laser-ablation inductively-coupled-plasma mass-spectrometry (LA-121 

ICP-MS) and secondary ion mass spectrometry (SIMS). For selected trace elements we have 122 

also compared these results to mass balance calculations, which are constrained by the more 123 

accurate measurements of silicate melt trace element concentrations. 124 

Trace element concentrations in experimentally produced anhydrite were measured by SIMS, 125 

and major elements and Sr were also measured by electron probe microanalysis (EPMA). 126 

Although experimental anhydrite grains were too small to analyze by LA-ICP-MS, in order to 127 

cross-calibrate SIMS and EPMA analyses of anhydrite, a number of natural and synthetic 128 

anhydrite standards were analyzed by both SIMS and EPMA and compared to accepted 129 

values, previously measured by LA-ICP-MS (Appendix 1). As a result, small, systematic 130 

corrections (~10 – 25%) have been applied to SIMS measurements of Sr, Y and Ba and to 131 

EPMA measurements of Sr (see Appendix 1). 132 
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LA-ICP-MS analyses of fused starting materials, experimental silicate glasses, and sulfate 133 

melts were carried out at Texas Tech University using a New Wave UP213 Nd:YAG laser 134 

coupled with an Agilent 7500cs ICP-MS. Laser conditions were of 2-2.5 J/cm2, 5 Hz and 40 135 

µm diameter spot for sulfates and 4 J/cm2, 10 Hz and 30 µm diameter spot for silicate glass. 136 

Basaltic reference glass GSD was used as an external standard, and results were normalized 137 

to either 29Si (silicate glass) or 43Ca (sulfate melts, anhydrite) as measured independently by 138 

EPMA (Hutchinson et al. 2020). 139 

SIMS analyses of experimental silicate glasses, sulfate melts and anhydrite crystals were 140 

carried out at the Edinburgh Ion Microprobe facility (EIMF) using a Cameca ims-4f with a 141 

12-15 nA, 16O- primary beam, net impact energy of 15 keV and spot size of 12-25 µm. Only142 

high energy (120±20 eV) positive secondary ions were measured to reduce the presence of 143 

molecular ions. Measurements of rare earth elements (REE) isotopes were corrected for the 144 

presence of oxides based on REEO / REE ratios for silicate (values from Hinton 1990) and 145 

calcite (for anhydrite and sulfate melt analyses, values from Law et al. 2000). Measured CeO 146 

/ Ce ratios for anhydrite analyses agreed well with those predicted. Values for F and Cl in 147 

anhydrite and sulfate melts are only approximate as ion yields for these elements are strongly 148 

affected by matrix composition, and no matrix-matched standard was available. 149 

EPMA analyses of anhydrite grains were carried out at Oregon State University using a 150 

Cameca SX-100 with a 10µm diameter beam, 15kV accelerating voltage and a 30nA beam 151 

current. 152 

Sulfate melts were analyzed in seven experiments with trachydacite starting materials (D1, 153 

D2, D3) and in two experiments with trachyandesite starting material (A1). Anhydrite grains 154 

were analyzed by SIMS in six experiments with trachydacite starting material (D2), 155 
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representing isothermal (0.2 – 1GPa, 1000 °C) and isobaric series (900 – 1100 °C, 0.75 GPa), 156 

and in one experiment with trachyandesite starting material (A1). Anhydrite Sr 157 

concentrations were measured by EPMA in 27 experiments including both tranchydacite and 158 

trachyandesite starting materials (see Table 2). 159 

Results 160 

Silicate glass trace element composition 161 

The trace element contents of all experimental silicate glasses were measured by LA-ICP-162 

MS. A subset of samples was also analyzed by SIMS and, with the exception of Li and Co, 163 

showed good agreement with LA-ICP-MS data (Appendix 1). Silicate glass trace element 164 

concentrations vary systematically with temperature and show a range of behavior related to 165 

partitioning between silicate glass and other phases that are present (Fig. 2).  V and Co act 166 

similarly, and their concentrations in the silicate glass fall sharply below 1000 °C owing to 167 

their compatibility in biotite (e.g. Villemant 1988; Bea et al. 1994) and ilmenite (e.g. Klemme 168 

et al. 2006). Li, Ba, Mo, W, Re and to a lesser extent Rb concentrations in the glass decrease 169 

above 1000 °C due to their incorporation into sulfate melt, which is increasingly abundant 170 

above 1000 °C. REE, Y, Hf, Nb and Zr concentrations do not change significantly between 171 

800-1200 °C, indicating that bulk partition coefficients are relatively constant over this172 

temperature range. The combined proportion of sulfate phases (sulfate melt + anhydrite) in 173 

experiments ranged from 10-16 wt%, making these the most abundant phases in all 174 

experiments, after silicate melt. Therefore, the similarity of bulk partition coefficients over 175 

the entire experimental temperature range implies similar partitioning behavior between 176 

silicate melt and both anhydrite and sulfate melt for these elements. 177 
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Sulfate melt – silicate melt partition coefficients 178 

Sulfate melt (SM) – silicate melt (Sil) partition coefficients (𝐷𝑖
𝑆𝑀−𝑆𝑖𝑙) have been calculated 179 

based on nine experiments using trachyandesite and trachydacite starting compositions at 180 

1100-1200 °C and 0.2-1 GPa (Appendix 2). Given the difficulty in obtaining representative 181 

sulfate melt analyses, we measured partition coefficients using both LA-ICP-MS (nine 182 

experiments) and SIMS (four experiments), and calculated partition coefficients for a subset 183 

of elements using mass balance estimates of sulfate melt composition (six experiments). All 184 

measured and calculated compositions are given in Appendix 2, and preferred values for each 185 

element are given in Table 3, based on criteria below. 186 

 Mass balance calculations (see Appendix 3) were performed for all experimental runs that 187 

contained only silicate melt and sulfate melt, i.e. all experiments at >1160°C, with the 188 

exception of SM-62, which also contained anhydrite. The proportion of each phase was 189 

calculated using the bulk sulfur content (based on starting mixture) and the sulfur content of 190 

the silicate glass and the sulfate melt as determined by EPMA. The concentration of each 191 

element in the bulk starting material was determined by LA-ICP-MS of fused starting 192 

material. Further details of mass balance calculations are given in Hutchinson et al. (2020) 193 

and in Appendix 3. It should be noted that some loss of siderophile elements from 194 

experiments may be expected, due to alloying with the precious metal capsule (e.g. Wang et 195 

al. 2020), and that this may lead to artificially high mass balance estimates of sulfate melt 196 

trace element concentrations. As such, direct measurements of these elements (either LA-197 

ICP-MS or SIMS) are preferred where possible. In the case of Fe, Hall et al. (2004) show that 198 

at 1300-1350°C and ƒO2 = FMQ+1, Fe loss to a Au80Pd20 capsule is limited to <4% relative 199 
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over 24 hr. In our experiments Fe loss is likely lower still, owing to lower temperatures and 200 

higher ƒO2. 201 

𝐷𝑖
𝑆𝑀−𝑆𝑖𝑙as determined by LA-ICP-MS and SIMS (Fig. 3a) are generally in good agreement, 202 

despite large analytical uncertainties. Exceptions to this are values for Co, Li, W and Mo that 203 

in some experiments fall well below the 1:1 line. Partition coefficients calculated using mass 204 

balance estimates of sulfate melt composition also show good agreement with LA-ICP-MS 205 

data (Fig. 3b), with the exception of Li. 206 

The cause of the inconsistency for Co, W and Mo between LA-ICP-MS and SIMS methods is 207 

not clear, although it may be related to the larger volume of material sampled by LA-ICP-MS 208 

versus SIMS analyses. Sulfate melt quench products are heterogeneous, and it is possible that 209 

an unidentified quench phase, highly enriched in these elements, was present at some depth 210 

below the sample surface, beyond the limits of SIMS analysis. In this case SIMS analysis 211 

would yield lower sulfate melt trace element values compared to LA-ICP-MS, as observed. 212 

Considering the heterogenous nature of the sulfate melt quench products and the larger 213 

volume of material sampled by LA-ICP-MS compared to SIMS, partition coefficients derived 214 

from LA-ICP-MS analysis are considered to be more representative. 215 

For lithium, 𝐷𝐿𝑖
𝑆𝑀−𝑆𝑖𝑙 determined by mass balance for six experiments at 1160 - 1200 °C is 216 

approximately constant (𝐷𝐿𝑖
𝑆𝑀−𝑆𝑖𝑙

 1.9 – 2.6), as might be expected at isothermal conditions, 217 

and we consider these values the most reliable. By contrast, 𝐷𝐿𝑖
𝑆𝑀−𝑆𝑖𝑙 values determined by 218 

LA-ICP-MS analysis of sulfate melts for the same experiments vary by more than an order of 219 

magnitude (𝐷𝐿𝑖
𝑆𝑀−𝑆𝑖𝑙 0.56 – 15.7), which we consider a consequence of some unknown 220 

analytical artifact. 221 
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The preferred sulfate melt – silicate melt partition coefficients (Table 3) for 42 elements are 222 

presented in figure 4. Values for major elements (Cl, K, Na, Ca, Mn, Mg, Fe, P and S) are 223 

taken from EPMA data or mass balance calculations of Hutchinson et al. (2020), 224 

whereas values for F, Hf, Ta, Th and U are taken from SIMS analyses, Li values are taken 225 

from mass balance calculations, and all other elements are based on LA-ICP-MS. Data show 226 

that larger 2+ cations (Ba, Sr and Ca) are strongly partitioned into the sulfate melt as are light 227 

REE, F and Cl, although, as noted above, values for F should only be considered estimates. 228 

Some highly charged cations (W, Mo, P) that are close in size to S6+ are also preferentially 229 

partitioned into the sulfate melt. With decreasing ionic radius 1+ cations (Cs, Rb, K, Na, Li) 230 

appear to increase in preference for sulfate melt varying from moderately incompatible to 231 

moderately compatible. High field strength elements (HFSE, Th, U, Zr, Hf, Nb, Ta) tend to 232 

be incompatible in sulfate melt, with the exception of W and Mo. 233 

Analytical uncertainty accounts for much of the spread in partition coefficient for a given 234 

element, however in many cases the lowest partition coefficient calculated for a particular 235 

element belonged to a single trachyandesite experiment at 1200°C. This is consistent with 236 

existing studies which show that partition coefficients between mineral phases and silicate 237 

melts tend to be higher in more polymerized (higher SiO2) silicate melts (e.g. Mahood and 238 

Hildreth 1983; Nash and Crecraft 1985; Kohn and Schofield 1994) 239 

Anhydrite – silicate melt partition coefficients 240 

Anhydrite trace element concentrations have been measured for seven experiments at 900-241 

1100 °C and 0.2-1 GPa including both trachydacite (D2) and trachyandesite (A1) starting 242 

compositions. Anhydrite (Anh) – silicate melt (Sil) partition coefficients (𝐷𝑖
𝐴𝑛ℎ−𝑆𝑖𝑙) were 243 
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calculated on the basis of silicate glass compositions also measured by SIMS, or in the case 244 

of silicate melt major elements, using EPMA data of Hutchinson et al. 2020 (see Table 4, Fig. 245 

5). As expected 2+ and 3+ cations, which are close in size to Ca2+ (i.e. Sr and light-middle 246 

REE), show a preference for anhydrite (𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙 ~ 10-40, 𝐷𝐿𝑎

𝐴𝑛ℎ−𝑆𝑖𝑙 ~ 2-12, 𝐷𝐺𝑑
𝐴𝑛ℎ−𝑆𝑖𝑙 ~ 1.5-247 

14) whereas smaller 2+ cations (Mg, Mn) and 1+ cations (Li, Na, K, Rb) strongly favor the248 

silicate melt. Heavier REE (Ho-Lu) are generally somewhat compatible in anhydrite, except 249 

in the more mafic trachyandesite experiment. 𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙

 values were also calculated for 27 250 

experiments based on EPMA analysis of anhydrite (Appendix 4), and in all cases agree well 251 

with values based on SIMS analyses. 252 

Previously published 𝐷𝑅𝐸𝐸
𝐴𝑛ℎ−𝑆𝑖𝑙  value, based on instrumental neutron activation analysis 253 

(INAA) of anhydrite phenocrysts and matrix glass at El Chichon (Luhr et al. 1984), agree 254 

well with the experimental values presented here, and also show greater affinity for light-255 

middle REE than heavy REE in anhydrite (Fig. 5b). 256 

Discussion 257 

Comparison with previous work on sulfate – silicate melt partitioning 258 

Representative sulfate melt – silicate melt partition coefficients from the study of Veksler et 259 

al. (2012) have been included in figure 4 for comparison. Although some general features are 260 

similar, for example compatibility of large 2+ cations and REE, there are several differences. 261 

Most noticeably, the partition coefficients for REE, Sr and to some extent Ba are all 262 

significantly higher in the experiments of Veksler et al. (2012) compared to those calculated 263 

here. As previously noted, partition coefficients based on our trachyandesite experiment 264 

(silicate glass SiO2 ~ 54 wt%) are lower than all our trachydacite composition experiments 265 

(SiO2 ~ 64-66 wt%). The silicate glass in the Veksler et al. (2012) experiments was in all 266 
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cases even more silica rich (SiO2 ~75 wt%), thus increased polymerization of the silicate melt 267 

is likely responsible for the higher partition coefficients. 268 

More puzzling is the apparent disagreement between partition coefficients for HFSE. For 269 

example, Veksler et al. (2012) found that Hf and Zr were both compatible in the sulfate melt, 270 

whereas in this study they were found to be the least compatible elements. Furthermore 271 

Veksler et al. (2012) found that pairs of elements that might be expected to act similarly (for 272 

example Nb-Ta, W-Mo) had quite different partitioning behavior. Elements in figure 4 are 273 

plotted in order of increasing ionic potential, i.e. the ratio of nominal charge (Z) to ionic 274 

radius (r), as this has been shown to be a useful parameter for characterizing the behavior of 275 

cations in melts (Hudon and Baker, 2002 and references therein). Our data appear to show 276 

peaks in compatibility for elements with ionic potential close to Ca and S, suggesting 277 

partitioning is related to the ease with which trace elements are able to replace the major 278 

cations in the sulfate melt structure. In contrast to Veksler et al. (2012) our data suggest a 279 

steady increase in partition coefficient with increasing Z/r between Hf and S, with the 280 

exception of Si and Al which strongly prefer the silicate melt. 281 

Anhydrite lattice strain models 282 

Anhydrite-silicate melt partitioning data for 2+ and 3+ cations show a parabolic relationship 283 

on Onuma diagrams (Fig. 5a,b), demonstrating the influence of ionic radius (ri) on 284 

partitioning. These parabolas can be described by the equation: 285 

Eq.1  𝐷𝑖 = 𝐷0𝑒𝑥𝑝 {−
4𝜋𝐸𝑁𝐴

𝑅𝑇
×  [

𝑟0(𝑟𝑖−𝑟0)2

2
+

(𝑟𝑖−𝑟0)3

3
]} 286 

(Brice, 1975; Blundy and Wood, 1994) which links Di to the mechanical strain associated 287 

with replacing a cation in the crystal structure (in this case, Ca2+) with another cation of 288 
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different ionic radius. The center of the parabola (r0) represents the optimum cation radius 289 

and the maximum of the parabola (D0) represents the partition coefficient for a (fictive) 290 

cation of that radius. The curvature of the parabola is related to the Young’s modulus (E) for 291 

the site and to absolute temperature (T). Weighted, non-linear, least squares regression has 292 

been used to fit Eq.1 to the 2+ and 3+ partitioning data for each experiment, as illustrated in 293 

figure 6a,b (run #16, D2, 1050 °C, 1 GPa). Using data from experiments at ≥1000°C, the 294 

average calculated E and r0 for the anhydrite Ca site are 246 ± 28 GPa and 1.173 ± 0.014 Å 295 

for 2+ cations, and 400 ± 58 GPa and 1.103 ± 0.005 Å for 3+ cations respectively. 296 

Although the data are fit moderately well by this approach, a number of features are not fully 297 

explained. Firstly, all data from this study, as well as those of Luhr et al. 1984 (Fig. 5b) 298 

suggest that 𝐷𝐿𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 > 𝐷𝐶𝑒

𝐴𝑛ℎ−𝑆𝑖𝑙 , which cannot be explained by partitioning of REE into a 299 

single crystal lattice site with r0 ≈ rCa (1.12 Å). Furthermore, in all cases the lattice strain 300 

model significantly underestimates 𝐷𝐵𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 and overestimates 𝐷𝑀𝑛

𝐴𝑛ℎ−𝑆𝑖𝑙 
.  301 

The observed pattern of 3+ cation partitioning behavior may be better modelled with two 302 

lattice sites of slightly different optimum radii (Fig. 6c,d). The first site (with r0(A), E(A), D0(A)) 303 

appears to be well expressed in the partitioning data for 3+ cations with a local maximum at 304 

r0(A) ~1.09 Å. Since there are no data for 3+ cations beyond ri = 1.16 Å the size of the second 305 

site (r0(B)) is less well-determined, although a fit to the data for one experiment (run #16, Fig. 306 

6d) suggests r0(B) ~1.22 Å. Applying the “two-site” model to data for 2+ cations also better 307 

replicates 𝐷𝐵𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 , with slightly larger estimates of optimum radii at r0(A) ~1.12 Å and r0(B) 308 

~1.25 Å. 309 
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The proposal here that partitioning data are suggestive of two individual cation sites is at 310 

odds with crystallographic studies of anhydrite (Cheng and Zussman 1963; Hawthorne and 311 

Ferguson 1975), which suggest only one distinct Ca site with four sets of Ca-O bond lengths 312 

between ~2.32 and 2.56 Å. Differential thermal analysis investigation by Rowe et al. (1967) 313 

suggested a reversible thermal effect at ~1195 °C attributed to the change from low to high 314 

temperature anhydrite (α-anhydrite and β-anhydrite in the notation of Du 2000), however 315 

since it was not possible to quench β-anhydrite, no details of its crystal structure are 316 

available. Regardless, since all the partition coefficients reported here are for experimental 317 

conditions <1200°C the formation of high-T, β-anhydrite is unlikely. High P-T studies have 318 

suggested a kinetically sluggish transition for CaSO4 to a monazite-type structure at pressures 319 

between 2 – 5 GPa (Stephens 1964; Crichton et al. 2005; Ma et al. 2007; Bradbury and 320 

Williams 2009). Since the anhydrite in our experiments is not pure CaSO4, this transition 321 

must occur over some P-T range, and the coexistence of monazite-structured CaSO4 (with a 322 

slightly larger Ca2+ site) with anhydrite may help to explain the observed partitioning 323 

behavior. However, this would require this transition to begin at the conditions of our 324 

experiments, at pressures as low as 0.2 GPa, well below what has previously been observed. 325 

The mismatch between the observed and expected 𝐷𝑀𝑛
𝐴𝑛ℎ−𝑆𝑖𝑙 cannot be explained by either 326 

one-site, or two-site models and the observed 𝐷𝑀𝑛
𝐴𝑛ℎ−𝑆𝑖𝑙 remains low relative to 𝐷𝑀𝑔

𝐴𝑛ℎ−𝑆𝑖𝑙 and327 

𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙  in both models. One possibility is that Mn shows a greater-than-expected 328 

preference for the silicate melt due to the crystal field stabilization energy (CFSE) associated 329 

with occupying the anhydrite Ca2+ site in VIII-fold coordination. Alternatively, the difference 330 

may be attributed to a higher proportion of Mn3+ relative to Mn2+ in the silicate melt. 331 

Previous studies suggest that at the f(O2) conditions of our experiments (NNO +2.7 to +3.8) 332 
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the proportion of Mn3+ is likely negligible (Schreiber et al. 1994; Stokes et al. 2019), however 333 

these data come from silicate melts very different to those in our experiments. 334 

Partitioning of 2+ cations in anhydrite 335 

For either one or two site fits, it is clear that D0 is closely related to  𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙

 (Fig. 5a), and 336 

that  𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 exerts a first-order control on partitioning for 2+ cations. This is consistent 337 

with a homovalent exchange reaction involving the anhydrite Ca site. Using a lattice strain 338 

model with average calculated values for E and r0 (246 ± 28 GPa and 1.173 ± 0.014 Å, 339 

respectively), it is possible to calculate expected partition coefficients for 2+ cations as a 340 

function of  𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙

 . For example, using equation 1,  DSr
Anh−Sil can be calculated as 341 

𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙 = 𝐷𝐶𝑎

𝐴𝑛ℎ−𝑆𝑖𝑙𝑒𝑥𝑝 (−
686.5

𝑇
), and the value of  DSr

Anh−Sil 
 /  DCa

Anh−Sil is expected to vary 342 

between 0.63 and 0.53 over the range of temperatures investigated here (1200°C to 800°C). 343 

This agrees closely with the majority of  DSr
Anh−Sil values calculated based on EPMA data 344 

(Fig.7a). 345 

Partition coefficients for four lower temperature experiments deviated significantly from the 346 

lattice strain model (Fig. 7a), suggesting disequilibrium. We suggest this can be attributed to 347 

changes to the CaO content of the melt during the initial crystallization of anhydrite in these 348 

experiments. These four experiments are distinguished by their low temperature (800-900°C), 349 

and high bulk S contents (all used starting material D2), and therefore experienced the 350 

greatest changes to melt CaO content as a result of significant anhydrite crystallization 351 

immediately after being brought down to run temperature from the initial homogenization at 352 

1150-1200°C. In these experiments the first-formed anhydrite precipitates from a melt with a 353 

high CaO content (and correspondingly low  DCa
Anh−Sil and  DSr

Anh−Sil ) relative to that of the 354 
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final analyzed glass. As CaO is progressively stripped from the melt, values for  DCa
Anh−Sil and 355 

 DSr
Anh−Sil should both increase, with the final values at run conditions represented in the rims 356 

of anhydrite grains. Absent significant diffusive re-equilibration, anhydrite cores, however, 357 

may represent initial crystallization with low  DSr
Anh−Sil . In most cases anhydrite grains 358 

analyzed were close in size to the EPMA beam diameter (10µm), and analysis of low-Sr 359 

cores was therefore unavoidable. Regardless, this issue is unlikely to affect higher 360 

temperature experiments (including those >1000°C used to calculate average parameters for 361 

the lattice strain model) due to much smaller changes in melt CaO during the experiment, and 362 

more rapid re-equilibration of anhydrite grains at higher run temperatures. 363 

Within the range of compositions investigated (~55-65 wt% SiO2, ~4-8wt% H2O), our data 364 

suggest that silicate melt composition has only a minor influence on partition coefficients 365 

(apart from melt CaO content), and that D𝐶𝑎
Anh−Sil  exerts a first-order control on the 366 

partitioning of Sr, as well as other 2+ cations, between anhydrite and silicate melt. In the case 367 

of Sr, due to the similarity in the ionic radius of Sr2+ and Ca2+, temperature also has a limited 368 

influence on partitioning, at least within the range of typical magmatic temperatures 369 

investigated here (1200 – 800°C). 370 

Although Fe was not measured in anhydrite by SIMS, or by EPMA, the lattice strain model 371 

can also be used to estimate the expected DFe2+
Anh−Sil as a function of D𝐶𝑎

Anh−Sil , based on the 372 

effective ionic radius of Fe2+ (0.92Å, Fig. 6a). Using the same average values for r0 and E as 373 

above (derived from experiments ≥1000°C), the ratio DFe2+
Anh−Sil / D𝐶𝑎

Anh−Sil is predicted to vary 374 

from 0.0096 to 0.0017 between 1200°C and 800°C. 375 
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Partitioning of 3+ cations between anhydrite and silicate melt 376 

The incorporation of 3+ cations, principally the REE, in anhydrite is also dependent 377 

on 𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 , but requires a coupled substitution mechanism for charge balance. Of the 1+ 378 

cations measured, only Na and K were present in anhydrite in sufficient concentrations (130-379 

380 ppm and 20-100 ppm, respectively), and figure 8 shows good correlation between Na and 380 

∑REE + Y concentrations. Since the partition coefficient for Na is generally 0.5 – 1 order of 381 

magnitude greater than that of K (Fig. 5c), the contribution of K to exchange reactions 382 

involving REE should be relatively small, and the substitution of 3+ cations into anhydrite 383 

occurs primarily by reactions of the form: 384 

Eq.2   2𝐶𝑎𝐴𝑛ℎ
2+ + 𝑖𝑆𝑖𝑙

3+ + 𝑁𝑎𝑆𝑖𝑙
1+ ↔ 𝑖𝐴𝑛ℎ

3+ + 𝑁𝑎𝐴𝑛ℎ
1+ + 2𝐶𝑎𝑆𝑖𝑙

2+ 385 

The lattice strain model developed in this study for 3+ cations (with average calculated E and 386 

r0 of 400 ± 58 GPa and 1.103 ± 0.005 Å respectively) can also explain relative differences in 387 

the partitioning of heavy and light REE. The lattice strain model predicts the ratio of 388 

DLu
Anh−Sil 

 /  DLa
Anh−Sil  should vary between 0.08 at 900°C and 0.11 at 1100°C, consistent with 389 

our data (Fig. 7b). 390 

Comparison with natural samples 391 

Due to poor preservation in the natural environment and during sample preparation, primary 392 

magmatic anhydrite is rarely identified in igneous rocks and is often only preserved as 393 

inclusions in other mineral phases (Luhr 2008; Chambefort et al. 2008; Hutchinson and Dilles 394 

2019; Li et al. 2021). Trace element analyses of igneous anhydrite are therefore sparse and 395 

due to the small size of anhydrite inclusions, are typically limited to those elements which 396 
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can be readily measured by EPMA (Ca, S, Sr, Fe and P, Chambefort et al. 2008; Xiao et al. 397 

2012; Hutchinson and Dilles 2019). 398 

To compare natural anhydrite compositions with the lattice strain model developed here, we 399 

have calculated the apparent  DSr
Anh−Sil  and  DCa

Anh−Sil  for a number of natural samples, based 400 

on previous analysis of anhydrite phenocrysts and inclusions, and various estimates of silicate 401 

melt composition (Fig. 9). Estimated silicate melt compositions can be broadly split into 402 

those deriving from ‘Whole Rock’ analyses of erupted material, which includes any 403 

phenocrysts present and may approximate liquidus silicate melt composition, and ‘Quenched 404 

Glass’ analyses, which are more evolved than ‘Whole Rock’ (where phenocrysts are present), 405 

and represent the composition of the melt at the time of eruption. 406 

El Chichon. Data for El Chichon Volcano are based on samples from the 1982 eruption, 407 

analyzed by Luhr et al. (1984). The anhydrite Sr content used is the average of EPMA 408 

analyses of phenocrystic anhydrite, the whole rock CaO and Sr concentrations are based on 409 

XRF analyses, and quenched glass concentrations are based on EPMA analyses of glass 410 

adjacent to phenocrysts. Anhydrite – silicate melt partition coefficients presented by Luhr et 411 

al. (1984) are based on the analysis of quenched glass and imply equilibrium between 412 

anhydrite and the erupted silicate melt. However, the lattice strain model developed here is 413 

more consistent with equilibrium between anhydrite and the less evolved bulk composition of 414 

the erupted material as demonstrated in figure 9. Comparing the bulk SO3 content estimated 415 

for El Chichon pumices (1.25 – 2.5 wt%) with the SO3 content of similar composition 416 

andesitic melts in our experiments (composition A1, ~1.4 wt% SO3 at 1200°C) indicates that 417 

anhydrite or sulfate melt or both were likely liquidus phases in these magmas. Although it is 418 

not clear if EPMA analyses of anhydrite grains included both cores and rims, the average 419 
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composition apparently largely reflects anhydrite crystallizing early, from a basaltic-andesite 420 

to andesite melt, with limited re-equilibration at lower temperature prior to eruption, in a 421 

similar fashion to that described above for our lower temperature experiments. 422 

Pinatubo. Anhydrite phenocrysts and inclusions in amphibole were analyzed by Chambefort 423 

et al. (2008) from the June 15, 1991 eruption of Pinatubo, and partition coefficients have been 424 

calculated using both the reconstructed ‘parental dacitic melt’ and the ‘pre-eruptive rhyolitic 425 

melt’ of Borisova et al. (2006) (‘Whole Rock’ and ‘Quenched Glass’ respectively in Fig. 9). 426 

As with El Chichon, partition coefficients calculated on the basis of equilibrium with the 427 

parental melt agree closely with the lattice strain model, in contrast to those based on the 428 

composition of the erupted silicate melt. Again, this is consistent with the S-rich nature of the 429 

1991 eruption of Pinatubo and suggests that the measured anhydrite Sr contents largely 430 

reflect anhydrite crystallizing early, in equilibrium with the parental dacite, rather than a 431 

more evolved residual melt, immediately prior to eruption. 432 

Aucanquilcha. Data for Aucanquilcha come from amphibole hosted anhydrite inclusions in 433 

dacitic volcanic rocks of the Gordo group (whole rock composition from sample AP-07-41, 434 

Walker et al. 2013, anhydrite data from Hutchinson and Dilles, 2019). Temperature estimates 435 

based on amphibole-plagioclase pairs suggest trapping of anhydrite at 820 - 860°C (Walker et 436 

al. 2013). Although no estimate is available for the silicate melt composition at the time of 437 

eruption, the calculated partition coefficients based on the whole rock data are again 438 

consistent with the lattice strain model. 439 

Yanacocha. Anhydrite Sr concentrations at Yanacocha are based on the average of anhydrite 440 

inclusions in high-Al amphibole from the San Jose Ignimbrite (sample RC6, Chambefort et 441 

al. 2008; Longo et al. 2010) and melt Sr concentration is based on whole-rock analyses of the 442 
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same sample. Chambefort et al. (2013) argued that these high-Al amphiboles (and their 443 

anhydrite inclusions) likely crystallized at near liquidus temperatures from a basaltic-andesite 444 

to andesite magma prior to mixing with a more silicic melt and as such we have calculated 445 

the partition coefficient for Ca based on the CaO content of the most primitive igneous rocks 446 

at Yanacocha (Atazaico Andesites, ~6 wt% CaO, Longo et al. 2010). As with other examples, 447 

the ratio of  DSr
Anh−Sil 

 /  DCa
Anh−Sil agrees closely with the predicted values from the lattice 448 

strain model. 449 

Anhydrite inclusions from this sample at Yanacocha commonly displayed ‘wormy’ textures 450 

(Chambefort et al. 2008) and were interpreted as quenched sulfate melts based on their 451 

morphology. This study has shown that the partition behavior of Sr and REE (which were 452 

also previously measured in Yanacocha anhydrite inclusions) are broadly similar for both 453 

anhydrite and sulfate melts, and that Sr and REE concentrations are unlikely to 454 

unambiguously distinguish the two. Future analysis of elements including W, Mo and V, 455 

which are somewhat compatible in sulfate melts but very incompatible in anhydrite, may help 456 

to distinguish quenched sulfate melts from magmatic anhydrite. 457 

Yerington. Finally at Yerington, partition coefficients are based on anhydrite inclusions in 458 

apatite, titanite, plagioclase and quartz (Hutchinson and Dilles 2019), from the Luhr Hill 459 

Granite (‘Porphyritic Granite’ of Dilles 1987), and silicate melt concentrations are based on 460 

whole rock analysis of the same sample. In this case partition coefficients differ substantially 461 

from the lattice strain model, and suggest that in this case, anhydrite did not crystallize from a 462 

melt with a composition approximately that of the whole rock. Assuming that the lattice 463 

strain model provides a good model for equilibrium crystallization, the analyzed anhydrite 464 

likely grew from a melt with either a higher CaO concentration or with a lower Sr 465 
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concentration than the whole rock. It is possible that, as at Yanacocha, this anhydrite 466 

originally grew from a less evolved melt with higher CaO, although this would imply little to 467 

no re-equilibration between anhydrite and silicate melt during further cooling and 468 

crystallization, which seems unlikely in plutonic rocks. Alternatively, ongoing crystallization 469 

of plagioclase should deplete the melt in Sr relative to CaO, and these anhydrite grains may 470 

reflect equilibrium with a late stage, evolved silicate melt, with significantly lower Sr 471 

concentration than the whole rock. This would be consistent with the trapping of anhydrite in 472 

late-crystallizing phases including titanite and quartz. 473 

Lastly, it is possible that post-entrapment exchange between anhydrite inclusions and their 474 

host minerals has led to a decrease in the anhydrite Sr content after initial crystallization 475 

(Hutchinson and Dilles 2019), resulting in a lower than expected DSr
Anh−Sil . Detailed study of 476 

anhydrite inclusions trapped in a variety of phases, as well as the measurement of Sr zoning 477 

in magmatic anhydrite grains, may help to address this question. 478 

Anhydrite Fe contents. One feature of pyroxene and amphibole-hosted anhydrite inclusions 479 

from several localities is that they typically contain significantly more Fe (0.2 – 0.7 wt% 480 

FeO) than apatite-hosted inclusions or phenocrystic anhydrite from the same samples 481 

(Chambefort et al. 2008; Hutchinson and Dilles 2019). This has also been attributed to post-482 

entrapment modification, by diffusion of Fe into anhydrite from the host mafic mineral. This 483 

is strongly supported by the lattice strain model, which predicts a ratio of DFe2+
Anh−Sil / D𝐶𝑎

Anh−Sil484 

of between 0.0096 and 0.0017 (at 1200°C to 800°C). For a typical andesitic melt (CaO ~6 485 

wt%, FeO ~5 wt%), equilibrium anhydrite should be expected to contain at most ~0.06% FeO 486 

(assuming all Fe as FeO), several times less than that measured. 487 
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Implications 488 

Trace element partition coefficients presented in this paper provide a framework for 489 

understanding the trace element contents of magmatic anhydrite and sulfate melts 490 

crystallizing or exsolving from typical arc magmas. Sulfate melt – silicate melt partition 491 

coefficients are broadly similar to those for anhydrite – silicate melt, with compatibility of 2+ 492 

and 3+ cations close in ionic radius to Ca. However, sulfate melts also incorporate highly 493 

charged cations including Mo, W and V that are very incompatible in anhydrite. 494 

Concentrations of these elements have not been reported for potential natural examples of 495 

trapped sulfate melts, which include ‘wormy anhydrite’ from Yanacocha (Chambefort et al. 496 

2008) and ‘anhydrite droplets’ in multiphase, olivine hosted inclusions from Tolbachik 497 

Volcano (Kamenetsky et al. 2017). If future work shows that the concentrations of these 498 

elements are elevated (relative to what would be expected for anhydrite) this would provide 499 

strong geochemical evidence to complement existing textural evidence for the trapping of 500 

sulfate melts. 501 

The possibility that the fractionation of mobile sulfate melts may impart a distinctive trace 502 

element signature on very sulfur-rich magmas, is unlikely based on the partition coefficients 503 

measured in our experiments. The high temperature required to produce sulfate melts 504 

(generally >1000°C, Hutchinson et al. 2020) likely restricts their occurrence to very sulfur-505 

rich, andesitic or basaltic melts (for example those studied as melt inclusions at Colima and 506 

Augustine (Vigouroux et al. 2008; Zimmer et al. 2010), or to the mantle wedge, where they 507 

may separate from supercritical fluids. During cooling from 1200°C - 1000°C the sulfur 508 

content of our most mafic experiments dropped from ~1.4 – 0.6 wt% SO3, equivalent to the 509 

loss of ~1.45 wt% sulfate melt. However over most of this temperature range sulfate melt 510 
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exists in equilibrium with anhydrite and by 1000°C the sulfate melt is almost completely 511 

absent. A reasonable estimate of the quantity of sulfate that could be fractionated from a 512 

similar system is therefore <1 wt%. Sulfate melt – silicate melt partition coefficients were 513 

<10 for all elements in experiments with trachyandesite composition and in more primitive 514 

melts they may be smaller still, owing to a less polymerized silicate melt structure. The small 515 

mass of sulfate melt that may be fractionated, and relatively small partition coefficients 516 

between sulfate and silicate melt, greatly limits the extent to which fractionation of sulfate 517 

melt could alter the trace element content of an evolving magma and thereby impart a 518 

distinctive signature. 519 

We have shown that trace element partitioning between anhydrite and silicate melt can be 520 

described well using a lattice strain approach and that by comparing the calculated DSr
Anh−Sil 521 

and DCa
Anh−Sil for natural igneous anhydrite to the partitioning model developed here, it is 522 

possible to assess the likelihood that anhydrite crystallized from a silicate melt of a given 523 

composition. We have shown that in most of the cases investigated, anhydrite compositions 524 

are consistent with crystallization from a melt of approximately the same composition as the 525 

whole rock (i.e. prior to significant crystallization). This is consistent with sulfate saturation 526 

occurring at close to liquidus conditions in sulfur-rich magmatic systems like those at El 527 

Chichon, Pinatubo and Yanacocha. In contrast, anhydrite inclusions analyzed from Yerington 528 

appear to have crystallized from more evolved residual melts, possibly after melt sulfur 529 

contents have become sufficiently elevated through crystallization of other silicate phases to 530 

attain anhydrite saturation. In other magmatic systems quantifying zonation in individual 531 

anhydrite phenocrysts or identifying distinct anhydrite populations may help to determine 532 

their ultimate source, for example in cases where there is evidence for magma mixing. 533 
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Although it has become clear that arc magmas are more commonly sulfate-saturated than 534 

previously thought (Luhr 2008; Chambefort et al. 2008; Hutchinson and Dilles 2019), there 535 

has been little work done to directly investigate the conditions and timing of sulfate saturation 536 

in many of these magmatic systems. Understanding the relative timing of anhydrite or sulfate 537 

melt saturation is critical for assessing the bulk sulfur contents of magmas as they are 538 

transported through the crust. This is particularly important for low temperature magmas 539 

where the quantity of sulfur present as anhydrite may far exceed that which is dissolved in the 540 

accompanying melt (e.g. El Chichon, Luhr et al. 1984). The same is true of intrusive or older 541 

volcanic rocks, where the vast majority of magmatic anhydrite is not preserved, and the 542 

original quantity of anhydrite is not readily estimated. In these cases, analysis of sparse 543 

anhydrite preserved as inclusions in other minerals is one of few ways to investigate the 544 

conditions of sulfate saturation, and to estimate the original bulk sulfur contents. 545 
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691 

Figure Captions 692 

Figure 1. SEM BSE images of experimental run products. SM – Sulfate Melt, Cap – 693 

Au80Pd20 capsule, Anhy – Anhydrite, Ilm – Ilmenite, Bt – Biotite. (a) Typical high 694 

temperature experiment with heterogenous sulfate melt quench products wetting capsule 695 

wall. (b) Typical lower temperature experiment with anhydrite stable alongside biotite and 696 

ilmenite. 697 

Figure 2. Variation in silicate glass trace element concentrations with temperature. Grey bar 698 

indicates the concentrations in the bulk starting material for the elements shown. Depletion in 699 

Ba at high temperature reflects its compatibility in sulfate melt which was present in 700 
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experiments ≥1000°C. Depletion of La at all temperatures indicates La compatibility in both 701 

anhydrite and sulfate melt, whereas Lu concentrations approximately equal to the bulk 702 

concentration indicate partition coefficients of ~1 between anhydrite or sulfate melt and 703 

silicate melt. Depletion of V at low temperature likely reflects compatibility in both biotite 704 

and ilmenite. Uncertainties are 1s.d. based on repeat analysis of glass. 705 

Figure 3. Comparison of sulfate melt – silicate melt partition coefficients measured and 706 

calculated by different methods. (a) LA-ICP-MS vs SIMS partition coefficients. (b) LA-ICP-707 

MS vs mass balance calculations. Uncertainties are propagated 1 s.d. based on repeat analysis 708 

of silicate melt and sulfate melt. 709 

Figure 4. Sulfate melt – Silicate melt partition coefficients based on analytical methods given 710 

in Table 3. Data for Cl, K, Na, Ca, Mn, Mg, Fe, P, S are from Hutchinson et al. (2020). Black 711 

crosses indicate experimental data from Veksler et al. 2012 for an alkali-rich system. 712 

Elements are arranged by ionic potential (Z / r) with r values taken from Shannon (1976) 713 

based on a coordination number (CN) of 6. Elements with varying valence state are plotted as 714 

follows: Mn2+, Fe2+, Eu3+, Co2+, V5+, W6+, Mo6+. 715 

Figure 5. Anhydrite – silicate melt partition coefficients for 2+ (a), 3+ (b) and 1+ (c) cations 716 

as a function of effective ionic radius. Partition coefficients are based on EPMA (Mg, Mn, 717 

Na, K) or SIMS analysis of silicate glass and SIMS analysis of anhydrite. Uncertainties are 1 718 

s.d.. Data from Luhr et al. (1984) are based on INAA of anhydrite crystals and interstitial719 

glass from the 1982 eruption of El Chichon. 720 

Figure 6. Lattice strain models illustrating “1-site” (a,b) and “2-site” (c,d) fits to partitioning 721 

data. Effective ionic radii taken from Shannon (1976) based on a coordination number of 8. 722 
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Partition coefficients for Mn and Eu were omitted from parabola fitting. Note that “1-site” 723 

fits to data underestimate Ba partition coefficients by approximately an order of magnitude 724 

and fail to explain the increase in partition coefficient between Ce and La. 725 

Figure 7. Comparison of experimental partition coefficients with a lattice strain model 726 

(LSM) based on average values for E and r0 (see text). Except for four experiments, the 727 

measured ratios of  𝐷𝑆𝑟
𝐴𝑛ℎ−𝑆𝑖𝑙 

 /  𝐷𝐶𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙  (a) all agree closely with those predicted (0.63 - 728 

0.53 at 1200 - 800°C) by the model. Four anomalous points in a) are likely a result of 729 

changes to melt CaO content during anhydrite crystallization, and lack of sufficient re-730 

equilibration between early-grown anhydrite and silicate melt in low temperature 731 

experiments. Ratios of  𝐷𝐿𝑢
𝐴𝑛ℎ−𝑆𝑖𝑙 

 /  𝐷𝐿𝑎
𝐴𝑛ℎ−𝑆𝑖𝑙 also agree closely with the lattice strain 732 

model (b). Uncertainties are 1 s.d. 733 

Figure 8. Comparison of Na and 3+ cation concentrations in anhydrite on the basis of atoms 734 

per formula unit (apfu). Close fit to the 1:1 line suggests that the incorporation of REE3+ and 735 

Y3+ into the anhydrite crystal structure is principally charged balanced by Na1+. 736 

Figure 9. Comparison of partition coefficients calculated for natural samples with those 737 

predicted by the lattice strain model (LSM). Anhydrite Sr values are averages based on 738 

analyses of anhydrite phenocrysts and inclusions (Chambefort et al. 2008; Hutchinson and 739 

Dilles 2019). Silicate melt compositions are based on previously published whole rock or 740 

erupted glass compositions (see text for details). 741 

742 

743 

744 



D1 D2 D3 A1
SiO2 56.87 54.95 55.20 46.34
TiO2 0.38 0.35 0.34 0.76
Al2O3 13.18 12.77 12.72 13.94
FeO 1.03 1.01 1.00 2.34

Fe2O3 1.03 1.01 1.00 2.34
MnO 0.04 0.03 0.04 0.08
MgO 0.94 0.92 0.94 2.22
CaO 6.09 5.99 5.99 8.28
Na2O 4.27 4.14 4.06 4.53
K2O 4.49 4.38 3.93 3.14
P2O5 0.13 0.14 0.14 0.44
SO3 7.73 8.87 7.27 9.16
Cl 0.02 0.27 0.27 0.01

H2O
a 3.47 4.89 6.80 6.51

Li 83 63 62 60
Sc 101 73 86 86
V 87 82 79 108
Co 111 79 87 107
Ni 236 108 91 127
Cu 72 61 52 92
Rb 85 60 55 43
Sr 269 251 227 279
Y 98 73 79 89
Zr 105 70 73 90
Nb 106 86 77 92
Mo 49 27 34 24
Sn 53 39 42 66
Cs 90 55 53 26
Ba 96 81 79 104
La 104 70 75 85
Ce 103 68 76 137
Pr 98 64 68 88
Nd 98 68 74 92
Sm 98 66 73 89
Eu 95 68 71 86
Gd 95 66 76 85
Ho 96 65 71 78
Yb 95 68 74 82
Lu 91 67 73 79
Hf 93 68 73 86
W 72 42 43 55

a Bulk H2O contents are based on measured H2O contents of silicate glasses in
experiments and are subject to an average uncertainty of ±1.15wt%

Starting Material

Traces (ppm)

Majors (wt%)



Run # Temperature, °C Pressure, Gpa Run Duration, hr ƒ(O2) (ΔNNO)a

70 1200 1 4 3.34
42 1100 1 48 3.47
 26 1000 1 48 3.46
35 900 1 48 3.56
28 800 1 48 3.63
71 1200 0.75 4 3.51
80 1100 0.75 48 3.61
59 1000 0.75 48 3.58
40 900 0.75 48 3.73
41 800 0.75 48 3.78
56 1000 0.2 46 3.73
47 900 0.2 46 3.81

87 1200 1 4.5 3.11
81 1100 1 48 3.37
61 1000 1 48 3.32
 18 900 1 48 3.31
19 800 1 48 3.46
57 1200 0.75 8 3.21
69 1100 0.75 48 3.27
16 1050 0.75 48 3.33
24 1000 0.75 48 3.41
68 900 0.75 96 3.39
85 800 0.75 48 3.39
32 1160 0.2 8 3.75
54 1000 0.2 46 3.69
45 900 0.2 46 3.81

62 1200 1 8 2.72
 63 1100 1 48 2.85
83 1000 1 48 3.20
82 900 1 48 3.15

23 1200 1 24 3.25
22 1100 1 48 3.22
 21 1000 1 48 3.38

aCalculated relative to buffering assemblage as Δlog ƒO2=2log aH2O
sample 

bPresence of sulfate melt implied by silicate melt composition (see Hutchinson et al

"D3" Starting Material

"D2" Starting Material

"D1" Starting Material

"A1" Starting Material

Sp = spinel, generally magnetite (Mag) but an Fe-Mg-Al-Cr spinel was also observe
Gl = glass representing quenched silicate melt, SM = quenched sulfate melt, Anh = 



Run Products DAnh-Sil DSr
Anh-Sil DSM-Sil

Gl + SM X
Gl + SM + Anh X

Gl + Anh + Sp + Ilm X
Gl + Anh + Bt + Ilm X
Gl + Anh + Bt + Ilm X

Gl + SM X
Gl + SM + Anh X

Gl + SMb + Anh + Sp X
Gl + Anh + Bt + Ilm X
Gl + Anh + Bt + Ilm X

Gl + SM + Anh + Sp + Ilm X
Gl + SMb + Anh + Amph + Sp + Ilm X

Gl + SM X
Gl + SM + Anh X

Gl + SMb + Anh + Ilm X X
Gl + Anh + Bt + Ilm X
Gl + Anh + Bt + Ilm X

Gl + SM X
Gl + SM + Anh + Sp X X X

Gl + SM + Anh X X
Gl + SM + Anh + Ilm X X

Gl + SM + Anh + Bt + Ilm X X
Gl + Anh + Bt + Ilm X

Gl + SM X
Gl + SM + Anh + Sp + Ilm X X

Gl + SM + Anh + Bt + Sp + Ilm X

Gl + SM + Anh X X
Gl + SMb + Anh X

Gl + SMb + Anh + Bt + Ilm X
Gl + Anh + Bt + Amph + Ilm X

Gl + SM X
Gl + SM + Anh + Sp + Ilm X X X
Gl + Anh + Bt + Sp + Ilm X

. 2020)

ed
anhydrite, Bt = biotite,  Amph = amphibole, Ilm = ilmenite



Sil Method SM Method Sil (ppm) SM (ppm)
Li LA-ICP-MS Mass Balance 52.5 (1.4) 135 (21)
F SIMS SIMSa

Na EPMA Mass Balance 25720 (890) 63000 (15000)
Mg EPMA Mass Balance 4540 (170) 14300 (2800)
Al EPMA EPMA 78050 (680) 1060 (610)
Si EPMA EPMA 297900 (1800) 4300 (1900)
P EPMA Mass Balance 400 (110) 2100 (1600)
S EPMA Mass Balance 3153 (31) 226000 (19000)
Cl EPMA Mass Balance 1295 (33) 13490 (880)
K EPMA Mass Balance 30490 (590) 49000 (11000)
Ca EPMA Mass Balance 20930 (260) 206000 (12000)
Sc LA-ICP-MS LA-ICP-MS 92.1 (1.7) 58 (27)
Ti LA-ICP-MS LA-ICP-MS 2280 (34) 520 (160)

Mn EPMA EPMA 81.2 (1.8) 140 (86)
Fe EPMA Mass Balance 540 (240) 1700 (1200)
V LA-ICP-MS LA-ICP-MS 16370 (610) 9300 (9500)

Co LA-ICP-MS LA-ICP-MS 76.8 (1.4) 220 (150)
Rb LA-ICP-MS LA-ICP-MS 60.9 (2.0) 100 (130)
Sr LA-ICP-MS LA-ICP-MS 100.4 (3.2) 1610 (340)
Y LA-ICP-MS LA-ICP-MS 67.6 (2.8) 127 (48)
Zr LA-ICP-MS LA-ICP-MS 78.3 (2.9) 3.8 (2.1)
Nb LA-ICP-MS LA-ICP-MS 84.3 (1.9) 25 (11)
Mo LA-ICP-MS LA-ICP-MS 51.8 (2.6) 690 (600)
Cs LA-ICP-MS LA-ICP-MS 66.0 (2.5) 42 (41)
Ba LA-ICP-MS LA-ICP-MS 37.8 (2.7) 600 (460)
La LA-ICP-MS LA-ICP-MS 48.5 (1.7) 310 (100)
Ce LA-ICP-MS LA-ICP-MS 55.0 (1.1) 251 (84)
Pr LA-ICP-MS LA-ICP-MS 51.47 (94) 213 (61)
Nd LA-ICP-MS LA-ICP-MS 53.9 (1.7) 166 (60)
Sm LA-ICP-MS LA-ICP-MS 57.7 (2.6) 136 (47)
Eu LA-ICP-MS LA-ICP-MS 55.0 (1.4) 159 (53)
Gd LA-ICP-MS LA-ICP-MS 59.7 (2.6) 130 (37)
Ho LA-ICP-MS LA-ICP-MS 65.3 (1.5) 107 (41)
Yb LA-ICP-MS LA-ICP-MS 71.4 (2.6) 110 (60)
Lu LA-ICP-MS LA-ICP-MS 71.9 (1.8) 113 (65)
Hf SIMS SIMS
Ta SIMS SIMS
W LA-ICP-MS LA-ICP-MS 54.4 (1.9) 580 (410)
Th SIMS SIMS
U SIMS SIMS

Note: Where 1σ <1, uncertainties in parentheses are expressed relative to last two significant figu

Starting Composition D3
Run # 70

Temperature (°C) 1200
Pressure (GPa) 1



EPMA and mass balance data for silicate glass major elements from Hutchinson et al. (2020)
aMeasurements of F by SIMS are subject to matrix effects. Since no matrix-matched standard was



D (SM - Sil) Sil (ppm) SM (ppm) D (SM - Sil) Sil (ppm)
2.56 (40) 54.2 (1.6) 121 (21) 2.23 (39) 53.2 (3.0)

2.46 (58) 25090 (590) 67000 (11000) 2.69 (43) 26100 (1700)
3.15 (64) 4400 (190) 15200 (3000) 3.45 (71) 4450 (140)

0.0136 (79) 78410 (770) 1500 (1600) 0.019 (20) 78210 (750)
0.0144 (65) 297100 (1300) 10500 (8700) 0.035 (29) 305300 (3500)

5.2 (4.3) 410 (110) 2000 (1700) 4.9 (4.3) 390 (110)
71.7 (5.9) 2809 (28) 222000 (18000) 79.0 (6.6) 2527 (64)
10.42 (73) 1166 (50) 14300 (1000) 12.3 (1.0) 1187 (28)
1.59 (36) 30620 (910) 47000 (15000) 1.54 (48) 34000 (1600)
9.86 (58) 20890 (310) 204000 (12000) 9.78 (59) 18830 (780)
0.63 (30) 91.5 (1.2) 47 (50) 0.52 (54) 78.0 (1.6)
0.226 (69) 2251 (58) 410 (150) 0.182 (67) 2599 (60)
1.7 (1.1) 81.5 (1.8) 112 (88) 1.4 (1.1) 74.4 (2.2)
3.1 (2.6) 570 (150) 2100 (1600) 3.6 (2.9) 250 (240)
0.57 (58) 16350 (410) 9600 (6600) 0.58 (41) 16320 (890)
2.9 (2.0) 79.2 (2.2) 140 (240) 1.8 (3.1) 143.7 (4.3)
1.6 (2.1) 62.2 (1.5) 43 (83) 0.7 (1.3) 65.5 (2.7)

16.0 (3.4) 93.3 (2.8) 1420 (470) 15.2 (5.0) 91.5 (2.0)
1.89 (72) 69.7 (2.2) 138 (51) 1.98 (73) 64.1 (1.8)
0.049 (27) 79.4 (2.8) 21.4 (4.0) 0.270 (51) 77.1 (2.1)
0.30 (13) 87.0 (1.5) 26 (29) 0.30 (33) 100.6 (2.3)
13 (12) 47.6 (2.7) 310 (560) 7 (12) 39.6 (2.1)

0.63 (62) 67.1 (1.6) 30 (110) 0.4 (1.6) 69.3 (3.9)
16 (12) 39.0 (2.2) 460 (500) 12 (13) 34.7 (1.2)
6.4 (2.2) 48.2 (1.1) 290 (110) 6.1 (2.3) 42.4 (1.1)
4.6 (1.5) 55.9 (1.8) 244 (85) 4.4 (1.5) 46.7 (1.4)
4.1 (1.2) 52.58 (64) 215 (58) 4.1 (1.1) 44.2 (1.5)
3.1 (1.1) 56.0 (1.4) 176 (58) 3.1 (1.0) 47.2 (2.3)
2.36 (82) 60.9 (2.5) 145 (50) 2.38 (83) 52.5 (2.6)
2.90 (97) 56.2 (1.5) 170 (57) 3.0 (1.0) 49.3 (1.5)
2.17 (63) 62.7 (1.2) 141 (42) 2.24 (67) 54.3 (2.9)
1.64 (63) 66.7 (2.4) 115 (35) 1.73 (53) 58.8 (1.4)
1.53 (84) 71.98 (96) 93 (52) 1.30 (72) 64.8 (1.7)
1.57 (91) 70.9 (2.0) 92 (60) 1.30 (84) 66.3 (2.0)

10.6 (7.6) 46.4 (4.1) 400 (4600) 9 (99) 50.5 (3.0)

ures, e.g. 0.0144 (65) indicates 0.0144 ± 0.0065

D3
71

1200
0.75



s available for anylses of sulfate melt, these numbers should be considered estimates.



SM (ppm) D (SM - Sil) Sil (ppm) SM (ppm) D (SM - Sil)
117 (23) 2.19 (44) 51.0 (1.6) 129 (17) 2.52 (0.35)

334 (30) 1660 (210) 4.97 (0.76)
57000 (20000) 2.19 (78) 26100 (1100) 57000 (14000) 2.18 (0.54)
11800 (1800) 2.66 (42) 4140 (240) 13500 (2900) 3.26 (0.72)

78860 (940) 940 (440) 0.0119 (56)
302000 (1800) 3500 (2000) 0.0116 (67)

1800 (1300) 4.5 (3.6) 408 (59) 1660 (670) 4.1 (1.8)
222000 (16000) 87.8 (6.8) 2358 (51) 220000 (16000) 93.3 (7.2)

11410 (670) 9.62 (61) 958 (22) 12660 (670) 13.21 (76)
50000 (20000) 1.46 (58) 35040 (400) 43700 (7200) 1.25 (21)

179000 (13000) 9.50 (79) 17810 (570) 184000 (11000) 10.33 (72)
63 (35) 0.81 (45) 77.3 (1.5) 77 (50) 0.99 (64)

226 (99) 0.087 (38) 2619 (49) 670 (530) 0.26 (20)
110 (77) 1.5 (1.0) 74.8 (1.6) 115 (88) 1.5 (1.2)

250 (200) 1090 (740) 4.3 (4.6)
12000 (10000) 0.76 (0.63) 16760 (590) 9900 (7000) 0.59 (42)

570 (270) 4.0 (1.9) 124.7 (4.4) 350 (240) 2.8 (2.0)
30 (21) 0.46 (32) 62.4 (2.2) 121 (83) 1.9 (1.3)

1610 (470) 17.6 (5.2) 82.5 (3.2) 1550 (470) 18.8 (5.7)
135 (46) 2.11 (73) 58.4 (2.4) 136 (51) 2.33 (87)
4.5 (4.1) 0.058 (54) 82.3 (1.9) 4.1 (4.0) 0.049 (49)
33 (18) 0.33 (18) 101.8 (1.9) 32 (29) 0.32 (28)

200 (180) 5.1 (4.5) 41.7 (1.6) 850 (560) 20 (14)
7.2 (5.0) 0.104 (72) 63.3 (2.3) 140 (110) 2.1 (1.7)
470 (260) 13.5 (7.7) 31.9 (1.1) 730 (500) 23 (16)
380 (120) 9.0 (2.9) 81 (17) 410 (110) 5.1 (1.7)
228 (71) 4.9 (1.5) 40.1 (1.7) 208 (85) 5.2 (2.1)
200 (59) 4.5 (1.4) 38.4 (2.1) 177 (58) 4.6 (1.5)
160 (52) 3.4 (1.1) 41.4 (2.7) 167 (58) 4.0 (1.4)
132 (42) 2.52 (82) 47.0 (2.7) 147 (50) 3.1 (1.1)
156 (54) 3.2 (1.1) 44.4 (1.8) 171 (57) 3.9 (1.3)
130 (40) 2.39 (75) 48.5 (4.4) 139 (42) 2.87 (90)
115 (42) 1.95 (71) 53.7 (2.0) 115 (35) 2.14 (66)
119 (50) 1.84 (78) 59.8 (2.3) 130 (52) 2.17 (87)
121 (53) 1.83 (80) 61.3 (2.8) 120 (60) 1.96 (98)

68.8 (1.5) 1.20 (0.76) 0.017 (11)
2.81 (54) 4.41 (0.26) 1.57 (32)

440 (380) 8.8 (7.5) 4000 (1700) 6300 (4600) 1.6 (1.3)
81.2 (3.3) 20.1 (4.6) 0.248 (57)
69.8 (2.4) 105 (28) 1.51 (40)

D2 D2
87 57

1200 1200
1 0.75



Sil (ppm) SM (ppm) D (SM - Sil) Sil (ppm) SM (ppm)
57.6 (4.1) 110 (45)

474 (36) 4010 (710) 8.5 (1.6)
29400 (1500) 42000 (30000)

5420 (150) 6800 (3000)
78930 (790) 550 (290)

297400 (3500) 3100 (3600)
510 (110) 1400 (2100)
2215 (83) 231000 (16000)
1168 (20) 17200 (1100)

34900 (1000) 50000 (21000)
26200 (1100) 197000 (25000)

84.9 (1.6) 180 (11) 2.12 (14) 85.1 (2.2) 45 (36)
2663 (60) 590 (360) 0.22 (13) 2511 (96) 760 (260)
81.3 (1.9) 291 (60) 3.58 (74) 74.2 (2.9) 200 (230)

360 (210) 550 (380)
18270 (690)

67.8 (1.1) 504 (61) 7.43 (90) 126.9 (3.9) 460 (500)
69.4 (1.6) 190 (120) 2.7 (1.8) 64.7 (2.0) 24 (24)
69.0 (1.7) 2040 (440) 29.5 (6.4) 128.7 (5.4) 1090 (230)
56.6 (1.5) 252 (57) 4.5 (1.0) 78.3 (4.6) 60 (10)
85.0 (2.1) 8.7 (2.2) 0.102 (26) 79.7 (3.2) 11.9 (9.6)
106.1 (2.6) 74.5 (7.3) 0.702 (71) 100.7 (2.1) 55 (53)
49.8 (2.9) 2310 (790) 46 (16) 38.7 (2.5) 350 (540)
70.1 (1.8) 206 (75) 2.9 (1.1) 67.9 (2.1) 10.8 (9.7)
40.8 (2.3) 1700 (340) 41.6 (8.7) 48.8 (1.7) 220 (170)
31.10 (92) 638 (91) 20.5 (3.0) 61.6 (3.1) 128 (20)
34.6 (1.3) 452 (19) 13.08 (74) 65.7 (2.8) 88 (17)
33.6 (1.2) 354 (85) 10.6 (2.5) 62.1 (2.2) 84 (13)
35.9 (1.3) 297 (61) 8.3 (1.7) 68.1 (2.6) 89 (20)
41.9 (1.6) 235 (37) 5.59 (90) 68.8 (4.5) 76 (19)

37.98 (0.92) 280 (61) 7.4 (1.6) 69.4 (3.1) 74 (16)
43.1 (1.8) 215 (55) 5.0 (1.3) 72.7 (4.1) 74 (21)
53.8 (1.7) 227 (41) 4.22 (78) 72.5 (1.1) 53 (12)
62.1 (1.8) 267 (33) 4.30 (55) 73.6 (1.2) 45 (14)
66.6 (1.6) 279 (61) 4.19 (91) 76.3 (3.4) 44 (12)
71.6 (3.5) 1.50 (0.59) 0.0210 (83)
1.87 (59) 4.97 (73) 2.66 (93)
60.2 (4.7) 2500 (1000) 42 (17) 45.9 (6.6) 420 (580)
85.1 (2.3) 19.2 (4.2) 0.226 (50)
80.9 (1.5) 71 (20) 0.88 (24)

32
D2
69

0.75

D2
1100

0.2
1160



D (SM - Sil) Sil (ppm) SM (ppm) D (SM - Sil) Sil (ppm)
1.91 (78) 63.7 (3.1) 211 (36) 3.32 (59) 47.7 (1.4)

585 (19)
1.4 (1.0) 28230 (580) 29800 (1300)
1.26 (55) 5530 (120) 12660 (400)

0.0069 (36) 78320 (390) 310 (150) 0.0039 (19) 86130 (550)
0.011 (12) 302900 (1400) 2150 (730) 0.0071 (24) 254500 (2000)
2.7 (4.2) 350 (120) 1310 (140)

104.4 (8.3) 1966 (19) 226000 (18000) 115.2 (9.0) 5748 (56)
14.70 (95) 138 (26) 77 (14)
1.43 (59) 35030 (830) 24110 (420)
7.52 (99) 22570 (480) 39270 (430)
0.53 (42) 111.6 (6.0) 22.1 (7.8) 0.198 (71) 101.7 (1.9)
0.30 (10) 3105 (79) 261 (85) 0.084 (27) 5050 (120)
2.7 (3.2) 82.6 (6.7) 98 (50) 1.19 (61) 106.94 (0.88)
1.5 (1.4) 410 (240) 840 (410) 2.0 (1.5) 840 (390)

17700 (490) 40530 (990)
3.6 (3.9) 149.2 (9.7) 146 (81) 0.98 (54) 147.6 (2.1)
0.37 (36) 91.0 (4.1) 63 (21) 0.69 (23) 87.0 (2.7)
8.5 (1.8) 150.4 (4.0) 1890 (690) 12.6 (4.6) 149.9 (2.8)
0.77 (14) 94.4 (6.2) 77 (22) 0.82 (23) 94.0 (3.5)
0.15 (12) 110.7 (5.5) 0.734 (0.065) 0.00663 (67) 100.9 (3.4)
0.55 (53) 121.1 (3.6) 20.3 (8.7) 0.168 (72) 107.4 (2.4)

9 (14) 49.4 (4.7) 610 (300) 12.4 (6.2) 60.2 (2.1)
0.16 (14) 102.7 (7.5) 63 (26) 0.62 (26) 120.7 (1.5)
4.5 (3.6) 57.5 (3.6) 490 (150) 8.5 (2.6) 59.4 (2.3)
2.08 (34) 72.4 (6.0) 263 (71) 3.6 (1.0) 73.3 (2.1)
1.34 (27) 79.8 (5.2) 178 (51) 2.23 (66) 119.8 (3.9)
1.35 (21) 79.4 (4.7) 166 (44) 2.09 (57) 81.1 (3.1)
1.31 (30) 86.1 (4.5) 142 (40) 1.65 (47) 86.0 (2.8)
1.11 (29) 90.0 (5.7) 114 (32) 1.27 (36) 90.4 (2.1)
1.07 (23) 79.9 (4.7) 146 (42) 1.83 (54) 83.7 (3.3)
1.02 (29) 89.6 (6.9) 102 (31) 1.13 (36) 87.6 (3.8)
0.73 (17) 90.6 (5.5) 76 (18) 0.84 (21) 84.8 (2.8)
0.61 (18) 94.7 (6.8) 56 (15) 0.60 (16) 91.8 (3.1)
0.58 (16) 98.1 (8.2) 57 (15) 0.58 (16) 95.4 (1.8)

9 (13) 83 (29) 640 (200) 7.7 (3.6) 67.2 (2.2)

62
D1

1
1200



SM (ppm) D (SM - Sil) Sil (ppm) SM (ppm) D (SM - Sil)
131 (15) 2.75 (32)

1800 (1200) 3.1 (2.1) 754 (21) 7800 (3600) 10.4 (4.8)
56000 (16000) 1.87 (55)
17300 (5300) 1.37 (42)

1020 (560) 0.0118 (65)
3600 (1900) 0.0143 (76)
5600 (1700) 4.3 (1.4)

226000 (17000) 39.3 (3.0)
460 (170) 6.0 (2.4)

37000 (6600) 1.53 (28)
178000 (13000) 4.54 (33)

22 (12) 0.22 (11) 92.9 (6.0) 88 (47) 0.95 (51)
720 (230) 0.143 (46) 5020 (270) 2038 (84) 0.406 (27)
101 (59) 0.94 (55) 123 (11) 480 (250) 3.9 (2.0)

1760 (590) 2.1 (1.2)
10000 (13000) 0.25 (33)

116 (78) 0.79 (53) 159 (18) 530 (310) 3.3 (2.0)
28 (17) 0.32 (19) 99.4 (5.7) 250 (250) 2.5 (2.5)

1420 (470) 9.4 (3.1) 120.0 (9.8) 1900 (1100) 15.7 (9.1)
66 (18) 0.70 (19) 86.3 (5.9) 107 (13) 1.24 (17)
8.1 (4.3) 0.080 (42) 94.6 (7.1) 18.2 (9.6) 0.19 (10)
18.6 (9.4) 0.173 (87) 111.8 (9.3) 76 (25) 0.68 (23)

42 (44) 0.69 (72) 80.7 (7.2) 1900 (1600) 24 (20)
15.7 (9.3) 0.130 (77) 133.9 (8.0) 110 (110) 0.80 (80)
390 (290) 6.6 (4.8) 74.6 (5.5) 1200 (1300) 17 (17)
148 (50) 2.02 (68) 68.6 (5.3) 269 (22) 3.93 (44)
197 (48) 1.64 (40) 119 (11) 298 (36) 2.50 (38)
108 (30) 1.33 (37) 75.0 (3.8) 172 (13) 2.29 (21)
93 (24) 1.08 (28) 75.1 (5.7) 158 (32) 2.10 (45)
81 (23) 0.90 (25) 76.1 (6.8) 119 (29) 1.56 (40)
99 (29) 1.19 (36) 75.0 (9.3) 131 (24) 1.75 (38)
81 (19) 0.92 (22) 80.9 (8.7) 111 (32) 1.37 (43)
59 (17) 0.70 (20) 79.9 (5.6) 97 (17) 1.21 (23)
43 (15) 0.47 (16) 86.7 (4.4) 80 (20) 0.92 (23)
42 (13) 0.44 (14) 86.1 (5.7) 87 (25) 1.01 (30)

90.4 (4.9) 1.00 (66) 0.0111 (74)
5.74 (79) 2.80 (67) 0.49 (13)

100 (160) 1.5 (2.4) 89 (10) 2700 (1600) 30 (19)
107.0 (5.8) 8.4 (2.2) 0.079 (21)
93.1 (5.2) 26.41 (84) 0.284 (18)

23 22
A1 A1
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1200 1100



Sil Method Anh Method Sil (ppm) Anh (ppm) D (Anh - Sil)
F SIMS SIMS 414 (32) 4.4 (2.4) 0.0106 (58)
Cl EPMA SIMS 2424 (33) 108 (19) 0.0444 (77)
Li SIMS SIMS 97.4 (2.1) 0.822 (33) 0.00844 (39)
Na EPMA SIMS 33250 (940) 312.6 (7.5) 0.00940 (35)
K EPMA SIMS 39850 (640) 68.3 (9.4) 0.00171 (24)

Rb SIMS SIMS 58.4 (1.8) 0.057 (27) 0.00097 (47)
Mg EPMA SIMS 6190 (130) 317 (24) 0.0512 (40)
Mn SIMS SIMS 213.3 (9.0) 34.8 (1.2) 0.1632 (89)
Ca EPMA Stoichiometry 6080 (450) 294500 (2900) 48.4 (3.7)
Sr SIMS SIMS 60.6 (4.9) 1190 (180) 19.7 (3.3)
Ba SIMS SIMS 62.2 (2.7) 39.6 (5.9) 0.637 (99)
La SIMS SIMS 22.6 (1.7) 209 (12) 9.23 (87)
Ce SIMS SIMS 25.2 (1.7) 180 (11) 7.15 (64)
Pr SIMS SIMS 21.6 (1.6) 173.5 (6.7) 8.03 (65)
Nd SIMS SIMS 23.9 (2.2) 218.1 (6.7) 9.12 (89)
Sm SIMS SIMS 24.3 (1.6) 245 (10) 10.08 (79)
Eu SIMS SIMS 25.3 (1.4) 304 (10) 12.02 (79)
Gd SIMS SIMS 27.5 (2.7) 219.6 (3.1) 7.99 (80)
Yb SIMS SIMS 44.3 (3.4) 56.8 (3.1) 1.28 (12)
Ho SIMS SIMS 37.5 (2.0) 108.4 (2.6) 2.89 (17)
Y SIMS SIMS 42.0 (1.6) 101.5 (2.5) 2.42 (11)

Lu SIMS SIMS 48.0 (1.8) 41.2 (1.9) 0.859 (51)
Sc SIMS SIMS 70.7 (1.3) 3.39 (98) 0.048 (14)
Si EPMA SIMS 298400 (1500) 15 (11) 0.000049 (37)
P EPMA SIMS 601 (82) 128 (15) 0.213 (38)
S EPMA Stoichiometry 1412 (56) 235500 (2400) 166.7 (6.8)
Ti EPMA SIMS 2220 (160) 1.35 (33) 0.00061 (15)
V SIMS SIMS 81.0 (1.5) 0.488 (46) 0.00603 (58)

Nb SIMS SIMS 86.7 (2.3)
Mo SIMS SIMS 79.1 (5.9) 10.14 (33) 0.128 (10)
Zr SIMS SIMS 64.2 (2.0) 0.041 (19) 0.00063 (29)
Hf SIMS SIMS 63.7 (3.8) 0.019 (75) 0.0003 (12)
Ta SIMS SIMS 1.61 (78) 4.18 (85) 2.6 (1.4)
W SIMS SIMS 78.6 (7.6) 3.0 (1.4) 0.038 (18)
Pb SIMS SIMS 5.8 (1.6) 3.10 (90) 0.53 (21)
Th SIMS SIMS 79.4 (3.1) 0.28 (10) 0.0035 (13)
U SIMS SIMS 76.1 (3.0) 0.017 (29) 0.00022 (39)

Note: Where 1σ <1, uncertainties in parentheses are expressed relative to last two significant figures, e.g. 0.0144 (
EPMA data for silicate glass major elements from Hutchinson et al. (2020)

Pressure (GPa) 1
Temperature (°C) 1000

Starting Composition D2
Run # 61



Sil (ppm) Anh (ppm) D (Anh - Sil) Sil (ppm) Anh (ppm)
474 (36) 2.4 (2.7) 0.0051 (58) 395.7 (7.9) 2.1 (1.8)

1483 (45) 90 (37) 0.061 (25) 1990 (110) 62 (21)
80.3 (1.5) 1.01 (22) 0.0125 (27) 88.1 (1.2) 0.56 (38)

28780 (710) 378 (84) 0.0131 (30) 30720 (840) 324 (25)
37210 (570) 96 (65) 0.0026 (17) 38630 (540) 51.3 (6.8)

60.6 (1.5) 0.131 (89) 0.0022 (15) 59.6 (2.1) 0.096 (72)
4760 (260) 294 (21) 0.0617 (55) 5420 (240) 269.3 (5.6)
269.9 (7.3) 37.1 (2.7) 0.137 (11) 286 (14) 44.5 (5.3)
9910 (360) 294500 (2900) 29.7 (1.1) 9140 (290) 294500 (2900)
71.8 (5.1) 1190 (51) 16.6 (1.4) 70.11 (89) 1230 (110)
41.18 (81) 32.98 (89) 0.801 (27) 49.4 (2.9) 31 (10)
24.6 (1.5) 222 (17) 9.02 (88) 26.62 (83) 215 (15)
28.0 (1.6) 199 (20) 7.09 (82) 29.85 (21) 190 (11)
26.9 (1.8) 199 (18) 7.39 (82) 27.73 (63) 187 (10)
27.6 (2.3) 256 (24) 9.3 (1.2) 28.8 (1.3) 239.2 (8.2)
28.1 (1.5) 289 (26) 10.3 (1.1) 30.03 (88) 267 (14)
30.4 (1.8) 365 (13) 12.00 (84) 30.58 (53) 340 (26)
35.0 (4.2) 261 (19) 7.4 (1.0) 37.8 (1.8) 246 (13)
48.2 (1.0) 71.8 (5.2) 1.49 (11) 50.0 (1.9) 60.7 (5.9)
43.0 (1.9) 138.3 (8.4) 3.22 (24) 43.0 (1.4) 125.1 (6.5)
44.1 (1.3) 130 (13) 2.95 (30) 45.12 (51) 115.1 (4.9)
53.16 (83) 55.6 (3.6) 1.046 (69) 53.5 (2.1) 47.0 (3.7)
72.8 (1.0) 1.796 (53) 0.02468 (81) 73.5 (1.5) 1.113 (88)

303400 (1500) 4.1 (1.4) 0.0000135 (45) 302800 (1700) 3.0 (1.0)
530 (130) 106 (24) 0.200 (66) 570 (88) 169 (31)

1740 (100) 235500 (2400) 135.5 (8.0) 1463 (20) 235500 (2400)
2480 (160) 1.27 (16) 0.000511 (71) 2519 (90) 1.69 (47)
86.8 (1.2) 0.353 (59) 0.00406 (68) 86.2 (1.9) 0.37 (11)
94.3 (2.4) 87.5 (2.2) 12.1 (4.0)
55.2 (5.0) 5.3 (4.3) 0.096 (78) 67.0 (9.5) 0.48 (29)
68.5 (1.0) 0.088 (77) 0.0013 (11) 67.0 (1.8) 0.078 (70)
71.6 (3.5) 0.14 (17) 0.0019 (23) 70.8 (5.7) 0.03 (11)
1.87 (59) 4.3 (1.0) 2.32 (92) 1.72 (26) 5.11 (22)
65.3 (7.7) 4.2 (1.7) 0.064 (26) 81.7 (9.7) 2.6 (1.2)
13.3 (1.3) 5.16 (78) 0.387 (70) 5.3 (1.2) 2.23 (67)
85.1 (2.3) 0.56 (23) 0.0065 (27) 82.5 (3.8) 0.39 (18)
80.9 (1.5) 0.025 (21) 0.00031 (27) 80.8 (5.2) 0.08 (13)

(65) indicates 0.0144 ± 0.0065

0.75 0.75
1100 1050
D2 D2
69 16



D (Anh - Sil) Sil (ppm) Anh (ppm) D (Anh - Sil) Sil (ppm)
0.0052 (45) 438 (48) 1.23 (47) 0.0028 (11) 384 (47)
0.031 (11) 2169 (22) 25.4 (3.2) 0.0117 (15) 2382 (28)

0.0063 (43) 96.1 (1.2) 0.769 (34) 0.00800 (37) 111.0 (5.9)
0.01056 (86) 32400 (1100) 315 (17) 0.00972 (61) 33790 (870)
0.00133 (18) 39520 (680) 36.8 (1.4) 0.000931 (39) 40360 (670)
0.0016 (12) 59.7 (2.1) 0.09 (12) 0.0015 (20) 61.7 (2.3)
0.0497 (24) 5590 (190) 275.1 (7.1) 0.0493 (21) 3240 (170)
0.155 (20) 214.6 (3.6) 41.98 (30) 0.1956 (36) 179 (19)
32.2 (1.1) 6570 (310) 294500 (2900) 44.8 (2.1) 2510 (150)
17.6 (1.6) 53.7 (2.5) 1166 (51) 21.7 (1.4) 39 (12)
0.63 (21) 54.4 (2.2) 33.420 (97) 0.614 (24) 54.5 (1.1)
8.09 (63) 21.5 (1.4) 207 (14) 9.66 (92) 11.7 (1.1)
6.36 (37) 24.35 (48) 186 (13) 7.62 (56) 13.4 (1.1)
6.76 (40) 21.90 (61) 184 (14) 8.41 (69) 11.7 (1.0)
8.32 (48) 21.5 (2.4) 233 (15) 10.8 (1.4) 12.5 (1.1)
8.89 (53) 23.4 (1.2) 256 (26) 11.0 (1.3) 12.59 (72)

11.11 (86) 23.5 (1.1) 342 (21) 14.5 (1.1) 13.14 (74)
6.51 (45) 27.3 (2.1) 232 (28) 8.5 (1.2) 15.7 (1.3)
1.21 (13) 45.9 (6.0) 75.3 (2.6) 1.64 (22) 33.4 (2.4)
2.91 (18) 37.0 (1.6) 125.8 (9.0) 3.40 (29) 22.9 (1.8)
2.55 (11) 39.9 (1.0) 115.2 (8.0) 2.89 (21) 25.9 (1.7)

0.878 (77) 49.0 (1.1) 54.5 (1.9) 1.111 (46) 37.9 (1.3)
0.0151 (12) 71.13 (55) 0.688 (58) 0.00967 (81) 58.5 (1.6)

0.0000098 (33) 302400 (1700) 5.70 (52) 0.0000189 (17) 308600 (1900)
0.296 (71) 628 (73) 174 (11) 0.277 (36) 600 (130)
161.0 (2.8) 1317 (21) 235500 (2400) 178.8 (3.3) 1072 (85)

0.00067 (19) 2370 (100) 1.73 (12) 0.000729 (59) 1087 (85)
0.0043 (12) 82.5 (1.5) 0.295 (20) 0.00358 (25) 49.56 (72)
0.138 (45) 88.9 (1.6) 5.7 (4.9) 0.064 (55) 80.8 (1.8)

0.0072 (44) 64.9 (2.9) 3.3 (4.5) 0.051 (69) 77.5 (8.3)
0.0012 (10) 65.4 (1.9) 0.0228 (43) 0.000348 (67) 66.2 (1.4)
0.0004 (16) 67.8 (5.0) 0.21 (17) 0.0031 (25) 67.23 (81)

2.97 (46) 1.83 (66) 5.3 (1.5) 2.9 (1.3) 0.6 (1.7)
0.032 (15) 77.8 (7.5) 2.77 (68) 0.0357 (94) 80 (11)
0.42 (16) 3.9 (1.8) 2.72 (28) 0.70 (33) 10.4 (2.3)

0.0047 (22) 81.8 (2.1) 0.598 (67) 0.00731 (84) 81.2 (1.3)
0.0010 (16) 80.8 (1.7) 0.058 (11) 0.00071 (14) 80.4 (1.9)

0.75
1000
D2
24



Anh (ppm) D (Anh - Sil) Sil (ppm) Anh (ppm) D (Anh - Sil)
1.34 (88) 0.0035 (23) 503 (34) 0.8 (1.5) 0.0015 (30)
300 (390) 0.13 (16) 1757 (41) 61 (70) 0.034 (40)
0.72 (15) 0.0065 (14) 94.2 (2.8) 0.54 (18) 0.0057 (19)
324 (38) 0.0096 (11) 32090 (710) 308 (30) 0.00959 (97)
82 (14) 0.00203 (36) 41180 (330) 63 (15) 0.00153 (37)

0.050 (36) 0.00082 (58) 64.2 (2.4) 0.024 (76) 0.0004 (12)
328 (12) 0.1012 (65) 4820 (280) 216 (12) 0.0449 (36)
37.8 (3.9) 0.211 (32) 173.3 (4.4) 27.9 (2.7) 0.161 (16)

294500 (2900) 117.5 (7.1) 5650 (270) 294500 (2900) 52.2 (2.5)
1067 (78) 27.1 (8.2) 62.2 (7.2) 1247 (89) 20.1 (2.7)
37.0 (1.1) 0.679 (24) 53.9 (2.1) 32.1 (4.1) 0.596 (79)
207 (15) 17.7 (2.0) 19.9 (1.1) 204 (15) 10.27 (92)
177 (18) 13.2 (1.7) 22.5 (1.4) 168 (14) 7.45 (78)
179 (15) 15.3 (1.9) 21.15 (92) 173 (13) 8.17 (69)
232 (22) 18.5 (2.4) 21.9 (1.0) 232 (14) 10.60 (81)
256 (20) 20.3 (2.0) 23.0 (1.5) 251 (20) 10.9 (1.1)
307 (21) 23.3 (2.1) 25.83 (94) 335 (20) 12.98 (90)
240 (13) 15.3 (1.5) 28.55 (98) 231 (17) 8.10 (65)

71.1 (8.0) 2.13 (29) 44.8 (2.6) 58.2 (4.8) 1.30 (13)
128 (11) 5.58 (64) 35.9 (2.0) 115.2 (7.5) 3.21 (28)

119.4 (8.6) 4.60 (45) 38.9 (1.1) 105.0 (7.1) 2.70 (20)
54.6 (5.9) 1.44 (16) 48.9 (1.3) 42.9 (3.2) 0.877 (70)
1.18 (18) 0.0201 (31) 64.4 (2.9) 1.00 (21) 0.0155 (34)
3.8 (1.3) 0.0000124 (42) 307000 (2300) 2.8 (2.4) 0.0000090 (77)
135 (26) 0.223 (66) 563 (73) 121 (21) 0.214 (47)

235500 (2400) 220 (18) 1008 (58) 235500 (2400) 234 (14)
1.45 (24) 0.00134 (24) 1890 (210) 0.95 (27) 0.00050 (15)

0.389 (53) 0.0078 (11) 86.0 (2.4) 0.533 (0.058) 0.00619 (70)
9.1 (1.3) 0.112 (17) 93.0 (4.4) 0.1 (2.7) 0.002 (29)

0.277 (87) 0.0036 (12) 57.0 (4.5) 1.1 (2.0) 0.020 (36)
0.017 (38) 0.00025 (57) 65.7 (2.0) 0.053 (40) 0.00081 (61)
0.097 (96) 0.0014 (14) 68.1 (2.8) 0.25 (13) 0.0037 (19)
4.26 (55) 7 (19) 2.21 (68) 4.93 (84) 2.23 (78)
2.37 (42) 0.0296 (67) 64.0 (3.2) 4.7 (1.0) 0.074 (17)
7.30 (82) 0.70 (17) 7.60 (78) 2.45 (63) 0.323 (89)

0.395 (91) 0.0049 (11) 85.4 (3.3) 0.22 (13) 0.0026 (15)
0.13 (19) 0.0016 (24) 78.4 (2.7)

1000
0.75 0.2
900
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Sil (ppm) Anh (ppm) D (Anh - Sil)
754 (21) 2.2 (1.5) 0.0029 (20)
79 (11) 21 (70) 0.27 (89)

60.94 (23) 0.92 (18) 0.0150 (29)
34400 (1200) 133 (30) 0.00387 (89)
28700 (1200) 21 (15) 0.00074 (52)

80.10 (21) 0.079 (76) 0.00098 (95)
14100 (260) 198 (12) 0.01401 (86)
641.4 (5.0) 30.5 (2.7) 0.0475 (43)

30160 (780) 294500 (2900) 9.76 (27)
121.1 (2.0) 934 (89) 7.71 (75)
78.4 (6.9) 37.7 (4.1) 0.480 (67)
67.4 (4.1) 122 (15) 1.80 (24)

114.2 (5.3) 159 (14) 1.39 (14)
69.9 (4.4) 102 (13) 1.46 (20)
71.3 (5.2) 122 (14) 1.71 (23)
70.4 (3.9) 124 (20) 1.76 (29)
72.0 (3.4) 169 (20) 2.35 (30)
81.8 (6.1) 111 (17) 1.36 (23)
79.1 (6.3) 22.6 (4.8) 0.286 (64)
79.9 (3.1) 48.1 (7.5) 0.602 (97)
84.2 (3.8) 47.1 (7.1) 0.560 (88)
80.8 (4.1) 15.4 (3.2) 0.190 (41)
94.36 (28) 0.27 (21) 0.0028 (23)

255300 (2400) 4.4 (2.4) 0.0000171 (93)
1560 (120) 200 (21) 0.128 (17)
4598 (66) 235500 (2400) 51.21 (90)

5320 (140) 3.13 (27) 0.000588 (53)
114.5 (1.2) 0.569 (58) 0.00497 (51)
99.4 (1.1)
73.2 (5.6) 1.3 (2.0) 0.018 (28)
95.2 (3.7) 0.062 (40) 0.00066 (42)
90.4 (4.9) 0.11 (13) 0.0012 (14)
5.74 (79) 1.70 (84) 0.30 (15)
77.0 (6.1) 4.7 (1.0) 0.061 (14)
7.8 (1.9) 1.56 (63) 0.199 (94)

107.0 (5.8) 0.19 (13) 0.0018 (12)
93.1 (5.2) 0.482 (74) 0.00517 (84)

1100
1
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