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14 Abstract

15 Magmatic fluids are an integral part of volcanic eruptions and the transport of metals through the crust.  
16 In order to understand this transport and the evolution of magmatic fluids, we performed experiments on rhyolitic 
17 melts saturated with an aqueous fluid at 800°C and 200 MPa and measured the major and trace element 
18 composition, as well as the chlorine and fluorine content in coexisting fluids and melts. We find that most trace 
19 elements are largely fluid immobile, i.e. partition coefficients of <1, with the exception of some transition metals, 
20 such as Cr, Ni, Cu, and Zn. Fluid mobility is primarily affected by the chlorine concentration of the fluid where 
21 increasing chlorine concentration in the fluid increases metal mobility. Such experimental observations have been 
22 previously parameterized using empirical relationships between partition coefficients and fluid salinity; however, 
23 such relationships do not consider metal speciation or fully capture the fluid-melt exchanges in which cations 
24 (major and trace elements) compete for available ligands (Cl, F, OH, etc.). In order to better characterize the 
25 behavior of metal in magmatic fluids we utilize existing thermodynamic databases and experimental fluid 
26 compositions to calculate the equilibrium concentration of aqueous hydroxide, chloride, and fluoride species in the 
27 fluid phase.  The equilibrium concentrations of each species were then used to calculate apparent equilibrium 
28 constants and characterize the exchange of 42 cations between the fluid and silicate melts for 129 aqueous 
29 species. We find that these apparent equilibrium constants vary as a function of the HCl and HF content of the 
30 experimental fluid.  We further present a model based on these experimentally determined apparent equilibrium 
31 constants that is capable of calculating fluid-melt equilibria. This model can subsequently be used to predict fluid-
32 melt partition coefficients for metals, as well as chlorine and fluorine, over a wide range of P-T-X conditions.

33 Keywords: magmatic-hydrothermal, multicomponent fluids, metal exchange, equilibrium constant, 
34 numerical modelling

35
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37

38 1. Introduction

39 Magmatic fluids are H2O-rich and contain variable concentrations of CO2 and S, halogens, and metals 
40 (Hedenquist and Lowenstern, 1994; Černý et al., 2005; Guo and Audétat, 2017; Audétat, 2019; Webster et al., 2020; 
41 Tattitch et al., 2021). Such fluids form when silicate melts either decompress or undergo extensive crystallization, 
42 such that the melt reaches volatile saturation (Candela, 1997; Candela and Piccoli, 2005) and a fluid phase, which is 
43 either a supercritical fluid, a low-salinity vapor, or high-salinity brine (Bodnar et al., 1985; Richards, 2011) exsolves. 
44 These magmatic fluids ascend due to their relatively lower density and transport metals, which may be outgassed at 
45 the tops of volcanoes (Edmonds et al., 2022) or precipitate as ore-minerals at shallow depths (Hedenquist and 
46 Lowenstern, 1994). In order to understand the transportation of metals by magmatic fluids, it is vital to understand 
47 the behavior of metals in magmatic-hydrothermal systems. Nernst-type partition coefficients 

48 DFluid Melt
i = CFluid

i CMelt
i ;𝐶 = concentration of element i  are a popular metric used to characterize the 

49 behavior of metals in magmatic-hydrothermal systems and allow for the direct use of experimental data. Many 

50 DFluid Melt
i  correlate with the salinity of fluids and this relationship has been widely used to predict metal behavior 

51 (Zajacz et al., 2008; Iveson et al., 2019). However, such a relationship cannot be generally used as a predictive tool, 
52 because it does not consider metal speciation or fully capture the fluid-melt exchanges in which cations (major and 
53 trace elements) compete for available ligands (Cl, F, OH, etc.) (Candela and Piccoli, 1998; Frank et al., 2003). 
54 Development of a multicomponent model is further complicated by the lack of thermodynamic data available and 
55 thus, a complete fluid-melt model has not previously been developed for metals in magmatic-hydrothermal systems.

56 At present, the thermodynamically rigorous models that do exist primarily focus on the solubility of water and 
57 carbon in silicate melts in addition to the speciation of hydrogen, oxygen, and carbon (Stolper, 1982; Papale et al., 
58 2006; Iacovino et al., 2021; Gaillard et al., 2022; Papale et al., 2022), the solubility of chlorine (Thomas and Wood, 
59 2023), or melt thermochemistry and redox state (Moretti and Ottonello, 2022). One of the most widely used 
60 thermodynamic models for understanding the evolution of silicate melts is the MELTS family of software (Ghiorso 
61 and Sack, 1995; Gualda et al., 2012; Ghiorso and Gualda, 2015; Antoshechkina and Ghiorso, 2018), which 
62 incorporates a H2O and CO2 solubility model and calculates the solubility of various mineral phases. In addition to 
63 these melt-focused models, there are a number of models that consider the speciation of metals in aqueous fluids. 
64 These models include DEW (Sverjensky et al., 2014) and SUPCRT (Johnson et al., 1992; Zimmer et al., 2016), which 
65 focus on calculating the thermodynamic properties of solutes and water in aqueous phases, as well as the 
66 equilibrium constants for reactions between minerals, gases, water and aqueous species. There are also a variety 
67 of programs that utilize similar databases as those employed by DEW and SUPCRT to model fluid-rock interactions, 
68 such as GEMS (Kulik et al., 2013), Geochemists Workbench (Bethke, 2007), PHREEQC (Parkhurst and Appelo, 2013), 
69 PFlotran (Hammond et al., 2019), and ToughReact (Sonnenthal et al., 2021). However, none of the above models 
70 are able to connect the metal content of magmatic fluids to the silicate melt. In the current work we present a 
71 thermodynamically rigorous model that bridges this knowledge gap and links magmatic fluids to silicate melts for 
72 both major and trace elements. This model is based on novel experiments that characterize the exchange of 
73 metals between fluids and silicate melts and is capable of describing the behavior of metals in magmatic-
74 hydrothermal systems across a variety of melt compositions ranging from andesitic to rhyolitic to phonolitic at 
75 crustal pressure and temperature conditions. This model can be used to both identify knowledge gaps in 
76 thermodynamic databases for solutes in aqueous phases, as well as predict the degassing behavior of metals 
77 exsolving from silicate melts.

78

79 2. Experimental Methods

80
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81 In order to better characterize the exchange of metals between fluids and silicate melts, we performed 
82 experiments in rhyolitic systems at a temperature of 800°C and a pressure of 200 MPa. The starting materials were 
83 powdered Macusani Rhyolite (glass with minor andalusite) (Pichavant et al., 1987; Pichavant et al., 1988), provided 
84 by Michel Pichavant; and the Bishop Tuff (B-628C; fused into a glass at 1400°C with relict quartz) (Hildreth, 1979), 
85 provided by Bruno Scaillet. These glasses were chosen as they are well studied and well constrained systems that 
86 correspond to either a near eutectic metaluminous melt (Bishop Tuff) or a peraluminous fluorinated melt 
87 (Macusani).  Such compositions are relatively simple and are an ideal starting point for a new approach to fluid-melt 
88 studies. The composition of both starting glasses is given in Table 1. In addition to the starting glasses, one of five 
89 starting aqueous chloride solutions was used in each experimental charge. Aqueous chloride solutions were up to 
90 ~11 wt.% NaCl equiv. with NaCl:KCl ratio of 1:1 ± minor amounts of HCl (Table 2). NaCl and KCl were chosen as salts 
91 as they are the primary salts in magmatic-hydrothermal systems in the upper crust (Tattitch et al., 2021).  A ratio of 
92 1:1 was initially chosen as the Na:K ratio in the Bishop Tuff, on a mole basis, is near 1:1; although, the Na:K ratio of 
93 Macusani is 1.67:1 the 1:1 was maintained for consistency among experiments. The fluid/glass ratio of the 
94 experimental charges ranged from 0.2 to 1.1 in order to evaluate if fluid to melt ratio was a controlling parameter. 
95 All experiments also contained a 1.5 mm by 5 mm cuboid of inclusion-free synthetic quartz to help buffer the activity 
96 of SiO2, which partially dissolved (mass change of ~4 relative %) in the fluid phase at the experimental conditions. In 
97 two Bishop Tuff experiments, variable amounts of fluorine was added as NaF, KF, and AlF3 in a 1:1:2 ratio, which was 
98 chosen to maintain an ASI (aluminum saturation index defined as Al2O3/(Na2O + K2O + (CaO – 3.33P2O5)) on a molar 
99 basis) of the Bishop Tuff (ASI = ~1). The mass ratio of melt to fluorine-mix varied from 11 to 18, resulting in variable 

100 fluorine contents (Table 3). Additionally, in experiments where the fluorine mix was included, amorphous SiO2 was 
101 added to prevent the melt from becoming overly enriched in alkalis (Table 3).

102 Experimental charges were contained in annealed gold capsules (5 mm outer diameter, ~20 mm length, 
103 and 0.2 mm wall thickness) that were cleaned in sequential baths of boiling, diluted HCl and boiling demineralized 
104 water. Starting materials were loaded into the capsules that were tri-crimped and welded on one end in the order 
105 of glass, aqueous solution ± fluoride salts, and the quartz cuboid, the latter of which was contained in an open 2 mm 
106 outer diameter capsule. Capsules were tri-crimped and welded closed and placed in a drying oven at 120°C overnight 
107 to check for leaks. Capsules exhibiting a weight loss (>1 mg) were discarded. The weights of the starting materials 
108 and the initial fluid/melt ratio of all experiments are given in Table 3.

109 Experiments were performed in an internally-heated pressure vessel (IHPV) or in a cold-seal pressure vessel 
110 (CSPV) at the Institut des Sciences de la Terre d’Orléans (ISTO), France. IHPV experiments were performed in the 
111 Clermont, Gros Bleu, and Gros Vert vessels at ISTO for a duration of 116 to 263 hours in the vertical position and 
112 contained up to 5 capsules + 1 oxygen fugacity (𝑓𝑂2) sensor. Each capsule contained either Macusani or Bishop Tuff 
113 and one of the five starting solutions. The IHPVs were fitted with either molybdenum, molybdenum-lanthanum, or 
114 Kanthal heating elements and temperature is continuously monitored by two type-S or type-K thermocouples 
115 located above and below the capsules. The pressure medium in IHPV experiments is a mixture of pure argon and 
116 98%Ar - 2%H2  (hydrogen is 2 vol%). The vessels were first pressurized with the 98%Ar - 2%H2 mixture (~30 MPa) 
117 followed by pure argon (to 130-140 MPa). The target pressure is achieved upon heating and was continuously 
118 monitored by a transducer. The addition of hydrogen to the pressure medium allows 𝑓𝑂2 to be buffered during the 
119 experiment (Scaillet et al., 1992; Scaillet et al., 1995). Oxygen fugacity was buffered to ΔFMQ (fayalite-magnetite-
120 quartz) ± 0.5 (Table 3) and monitored by using CoPd 𝑓𝑂2 sensors (Taylor et al., 1992) comprising a cobalt-palladium 
121 pellet (initial XCo of 0.35), excess CoO, water, and a jacket of ZrO2 powder contained within a gold capsule (3 mm 
122 outer diameter, 10 mm length, and 0.2 mm wall thickness). The IHPV experiments were quenched by turning off the 
123 power to the furnace and cooled by circulating water around the vessel. In one experiment (2 capsules), a drop 
124 quench was performed. For this drop quench, the experiment was initially quenched by turning off the vessel. The 
125 capsules were then removed from the vessel and the vessel was fitted with the drop-quench mechanism, which was 
126 an alumina crucible suspended by a platinum wire. The capsules were then reloaded and brought to run conditions 
127 for 1 hour before an electric current was passed through the platinum wire causing it to break and the alumina 
128 crucible to fall to the cold end of the vessel. The glass transition temperature was reached in less than seven minutes 
129 after turning off the IHPV and less than several seconds when quenching by turning off the power to the furnace and 
130 by drop quench, respectively. 
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131 The CSPV experiments were performed in nickel-based Inconel vessels for a duration of 450 to 644 hours. 
132 Each experiment contained two capsules (3mm outer diameter, 15-20 mm length. 0.2mm wall thickness), one with 
133 Bishop Tuff and one with the Macusani Rhyolite. Both capsules contained solution 4 (Table 2) and a quartz cuboid. 
134 Furnaces were kept in a sub-horizontal (angle of ~10°) position and vessels were externally heated by Kanthal 
135 furnace. The portion of the vessel that remained outside of the furnace was continuously water cooled. Temperature 
136 was monitored by a type-K thermocouple placed within a well at the end of the vessel near the experimental charge. 
137 The pressure medium was water, and the pressure was monitored by a Heise bourdon tube gauge. The 𝑓𝑂2 of the 
138 experiments was buffered by the intrinsic 𝑓𝑂2 of the vessel, which for nickel-based vessels is approximately Nickel-
139 Nickel Oxide (NNO) + 1 (e.g. Tattitch et al., 2015; Gion et al., 2018). Experiments were quenched by removing the 
140 vessel from the furnace and allowing the vessel to be cooled by the circulating water. The glass reached the glass 
141 transition temperature in less than a few minutes. 

142 3. Analytical Methods

143 3.1. Recovered Fluids

144 The recovery of run products and analytical methods, for both solutions and glasses, utilized in this study 
145 are discussed in detail in Gion et al. (2022) and follow a similar of that described by Iveson et al. (2019). For complete 
146 details the reader is referred to those studies. In brief, capsules were cleaned, submerged in deionized water, 
147 opened, and agitated to release the experimental fluid.  Capsules were left submerged for a minimum of one week 
148 to equilibrate and the water was sampled. The length of time for diffusive equilibration occur between the water 
149 and the run product solution is based on the study of Iveson et al. (2019), who submerged capsules for a minimum 
150 of one week.  After submerging capsules were dried and bathed in warm (~60°C) 5M HCl to dissolve any remaining 
151 precipitates for ~20 mins and repeat baths were performed when required. The deionized water and HCl bath were 
152 then combined, dried down, and recovered in nitric acid. Fluids were analyzed for major cations (Na+, K+,Ca2+, and 
153 Mg2+) and anions (F- and Cl-) by ion chromatography (IC) by using a ThermoFisher Dionex ICS-6000 instrument and 
154 for trace elements (Li, Be, Al, Si, Sc, Cr, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 
155 Ho, Er, Tm, Yb, Lu, Zr, Nb, Mo, Cd, Sb, Ba, Hf, Pb, Th, and U) by inductively coupled plasma mass spectrometry (ICP-
156 MS) by using a ThermoFisher Element-XR ICP-MS. The concentration of boron in the run product solutions was 
157 estimated by mass balance by using the method of Gion et al. (2022). Reproducibility of IC analyses and solution ICP-
158 MS was determined by repeat measurements of external standards and was between 3 and 8 relative percent for IC 
159 analyses and ~10 relative percent for ICP-MS. 

160 3.2. Glasses

161 Run product glasses were analyzed for Si, P, Ti, Al, Fe, Mg, Mn, Ca, Na, K, Cl, and F by wavelength dispersive 
162 spectroscopy by using a Cameca SX-Five electron probe micro analyzer (EPMA) with beam conditions of an 
163 accelerating voltage of 15 kV, a current of 5 nA, and a beam diameter of 20 μm. Analytical standards were albite, 
164 topaz, andradite, apatite, orthoclase, vanadinite, MnTiO3, Fe2O3, and MgO. 

165 The water content of the run product glasses was calculated by using a calibrated “by difference” method. 
166 The “by difference” method was calibrated by analyzing four rhyolite glass standards with variable water contents 
167 prior to and after all analyses as unknowns. The glass standards have the same major element composition (Table 1 
168 of Scaillet and Evans (1999)) but are anhydrous or contain 2.42, 4.24, and 6.38 wt.% water, which was previously 
169 determined by Karl Fischer titration (Scaillet and Evans, 1999). A linear regression of the known water content vs the 
170 analytical total was then performed and yielded the equation wt.% H2O = -0.82(analytical total) + 81.4. The 
171 concentration of Li2O and B2O3 measured by LA-ICP-MS were also included in the analytical total because its 
172 exclusion resulted in a clear overestimation of the water content for Macusani glasses where Li2O + B2O3 is ~1 wt.%. 
173 These rhyolite standards were also used to monitor diffusion of alkalis away from the election beam and 
174 reproducibility of the analyses. At the analytical conditions used here alkali diffusion away from beam is negligible. 
175 Additionally, across five analytical sessions the average glass compositions, normalized on an anhydrous basis, are 
176 within one standard deviation of the published compositions except for aluminum and potassium, which are within 
177 two standard deviations of published compositions.
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178 The concentration of trace elements (Li, Be, B, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Nb, Mo, Cd, In, Sn, 
179 Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W, Au, Pb, Th, and U) in the run product glasses was 
180 measured by laser ablation inductively coupled mass spectrometry (LA-ICP-MS) by using a RESOlution-SE 193 nm Ar-
181 F excimer laser with a S155 Laurin Technic sample cell coupled to a triple quadrupole Agilent 8900. Silicon was used 
182 as the internal standard and NIST610 was used as the external standard. Additionally, NIST612, BCR-2G, and BHVO-
183 2G were analyzed as unknowns to monitor the accuracy of the analyses, which were within the accepted values with 
184 a bias of less than 10 relative percent. Data reduction was performed using the program SILLS 
185 (https://mineralsystems.ethz.ch/software/sills.html) (Guillong et al., 2008). 

186 3.3. Uncertainties

187 Uncertainties in EPMA and LA-ICP-MS analyses are given in the supplementary tables as the standard 

188 deviations of the mean: 𝜎𝑚 =
1

𝑛 1 ∑𝑛
𝑖=1 (𝑥 𝑥)2

𝑛
 and all individual analyses are provided in the supplementary files. 

189 Uncertainties for solution ICP-MS and IC analyses are determined from the reproducibility of external standards.

190 4. Theoretical Framework

191 4.1. Fluid Speciation: Assumptions and Limitations

192 In order to step beyond Nernst-type partition coefficients, it is necessary to consider the speciation of metals in 
193 supercritical fluids. However, direct measurements of the fluid species present are not possible with the 
194 experimental techniques used in this study. This limitation necessitates the simplification of fluid speciation and the 
195 reliance on existing thermodynamic databases. We calculate the equilibrium concentration and Debye-Hükel activity 
196 coefficients for metals present as hydroxide, chloride, and fluoride species in the experimental fluids by using a 
197 mass balance and law of mass action approach modified after the equations of Crerar (1975). The equations used in 
198 this study, as well as a list of species considered, are provided in Table 4. Thermodynamic data are taken from 
199 SUPCRTBL (Johnson et al., 1992; Zimmer et al., 2016) and MINES19 (Gysi et al., 2023).  These data sources are 
200 compilations of numerous thermodynamic studies conducted over a wide range of pressure and temperature 
201 conditions including the conditions at which the experiments in this work were performed. The internally consistent 
202 set of species that have been considered were chosen on the basis of four conditions. First, the species are either the 
203 dominant species for their respective metal-ligand pairs at the conditions of interest, i.e. NaCl, KCl, CaCl2, CuCl-, or 
204 analogous metal-ligand pairs for similar charged elements at relevant oxidation states (Kouzmanov et al., 2012; 
205 Pokrovski et al., 2013; Tattitch and Blundy, 2017) and contain only one metal and one ligand. Second, the species 
206 must have thermodynamic data available in either SUPCRTBL or MINES19, which are internally consistent 
207 (Johnson et al., 1992; Zimmer et al., 2016; Gysi et al., 2023). The two databases comprise data from largely the 
208 same studies, with MINES19 offering additional species not present in SUPCRTBL, as well as updated data for 
209 select species. For details on the uncertainties in the thermodynamic data, when reported, the reader is referred to the 
210 SUPCRTBL (Johnson et al., 1992; Zimmer et al., 2016) and MINES19 (Gysi et al., 2023) databases and the 
211 references therein. Third, only one chloride, fluoride, or hydroxide species, when available, were selected for each 
212 metal in order to decrease the complexity of the system. Fourth, analogous chloride, fluoride, or hydroxide species 
213 for individual metals were chosen. For example, in the SUPCRTBL database various chloride species are available 
214 for La in the form of LaCl+2, LaCl2

+, LaCl3 and LaCl4
-, whereas the hydroxide species available is LaOH+2. In such 

215 cases were both LaCl+2 and LaOH+2 were chosen as the species present as they are analogous, i.e. similarly charged. 
216 Condition four was violated for the specific case of iron because iron is a major element in many systems, and the 
217 Fe2+ hydroxide and fluoride single cation/anion species available in SUPCRTBL are FeOH+ and FeF+, whereas the 
218 most relevant iron chloride species available is FeCl2 (other choice is FeCl+); see Scholten et al. (2019) and 
219 references therein. 

220 The assumption that each metal-anion pair is only present as one species limits the model’s accuracy at P-T-X 
221 ranges, wherein the speciation changes.  However, how large of an effect this has is unknown because information 
222 on the speciation of metals, particularly in complex, multi-component fluids, is known only for select metals 
223 (Kouzmanov et al., 2012; Pokrovski et al., 2013; Tattitch and Blundy, 2017). It may be argued that if a metal 
224 remains predominantly speciated to a single cation the change in the chloride species of that metal will have a 
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225 relatively smaller effect than if the speciation of a metal changes from one anion to another, i.e. chloride to fluoride, 
226 where that new metal-anion pair has not been considered. The latter effect may be particularly problematic due to 
227 the general incompleteness of thermodynamic databases. If thermodynamic data are not available, species cannot be 
228 incorporated into the present model and thus changes in speciation from one anion to another may severely limit the 
229 accuracy of the model in some circumstances. Thus, the reliance on existing thermodynamic databases combined 
230 with the necessity for simplification is a strong limiting factor and care should be taken when interpreting the results 
231 this model to ensure the metals of interest are sufficiently constrained. It is also important to note that the choice of 
232 species used in this study does not imply the absences of other species, but merely a simplification of a 
233 multicomponent fluid. 

234 All speciation calculations were performed in MATLAB. The scripts, as well as a compiled application (known 
235 as SoAP: Solutes in Aqueous Phases), used to perform speciation calculations are provided in a public GitLab 
236 repository (https://gitlab.com/agion18/SoAP.git). The speciation calculations performed in this work were compared 
237 against similar calculations performed in GEMS (Kulik et al., 2013) for a simple Li-Na-K-F-Cl-H-O system with 
238 Li:Na:K:F:Cl ratios of 0.5:1:1:0.1:1 at a temperature of 800°C and pressure of 200 MPa to confirm their accuracy. 
239 Aqueous species chosen in GEMS were single anion chloride, fluoride, and hydroxide species. The calculated 
240 concentrations of each species in the fluid are within ±10 relative% of GEMS, with the exception of H+, which is 
241 17% different.  Further, all calculated Debye-Hükel activity coefficients for all species were with ±1 relative% of 
242 GEMS. In the remaining text all mole fractions of species in the fluid are calculated values based on the bulk 
243 composition of that fluid, the chosen fluid species, and existing thermodynamic data.

244 4.2. Apparent Equilibrium Constants

245 Apparent equilibrium constants describing the exchange of metals between fluids and silicate melts are 
246 typically calculated (Holland, 1972) as e.g.

247

248 KK,Na = DK

DNa
= 𝐶𝐹𝑙𝑢𝑖𝑑

𝐾 𝐶𝑀𝑒𝑙𝑡
𝑁𝑎

𝐶𝑀𝑒𝑙𝑡
𝐾 𝐶𝐹𝑙𝑢𝑖𝑑

𝑁𝑎
, (1)

249 Where KK,Na is the equilibrium constant for the exchange of potassium and sodium, DK and DNa is the fluid/melt 
250 partition coefficients for potassium and sodium, respectively and 𝐶𝑖 is the concentration of potassium or sodium in 
251 the melt or fluid. However, this form does not consider multiple ligands (Cl, F, etc.) or the independent variation of 
252 each species in the fluid. Instead of taking this approach, we have utilized the equilibrium concentration of each 
253 species, as determined above, to calculate apparent equilibrium constants for the exchange of metals between a 
254 fluid and a silicate melt on a species-by-species basis. Such an approach accounts for variations in metal speciation, 
255 as well as for changes in fluid and melt composition. For example, the exchange of sodium and potassium between 
256 a supercritical fluid or low-salinity vapor and a silicate melt is

257

258 𝜇Fluid or Vapor
NaCl + 𝜇Melt

KO0.5
⇌𝜇Fluid or Vapor

KCl + 𝜇Melt
NaO0.5 , (2)

259

260 where 𝜇 is the chemical potential of the species or oxide in the fluid/vapor or melt. The relationship between the 
261 chemical potential of a component in a solution is expressed by 𝜇 =  𝜇0 +RTln 𝑎, where 𝜇0 is the standard state 
262 chemical potential of the pure component, and 𝑎 the activity of the component in a solution, R is the gas constant, 
263 and T is temperature in Kelvin. The exchange in equation 2 can then be accurately described by the equilibrium 
264 constant (KKCl) using the activities of the components, i.e. species in the melt or fluid, by

265

https://gitlab.com/agion18/SoAP.git
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266 KKCl =
𝑎Fluid or Vapor

KCl ∙ 𝑎Melt
NaO0.5

𝑎Fluid or Vapor
NaCl ∙ 𝑎Melt

KO0.5
 , (3a)

267

268 where 𝑎 is the activity of the aqueous species in the fluid/vapor or oxide in the melt and is manipulated into the 
269 apparent equilibrium constant (K′KCl)

270 K′KCl = KKCl
𝛾Fluid or Vapor

NaCl ∙ 𝛾Melt
KO0.5

𝛾Fluid or Vapor
KCl ∙ 𝛾Melt

NaO0.5

=
𝑋Fluid or Vapor

KCl ∙ 𝑋Melt
NaO0.5

𝑋Fluid or Vapor
NaCl ∙ 𝑋Melt

KO0.5
, (3b)

271

272 where 𝑋𝐹𝑙𝑢𝑖𝑑 𝑜𝑟 𝑉𝑎𝑝𝑜𝑟 is the mole fraction of a given species on a single cation basis in the fluid/vapor calculated as 
273 described in section 4.1 and 𝑋𝑀𝑒𝑙𝑡 is the mole fraction of a given oxide in the melt on a single cation and volatile free 
274 basis. We use this approach in a generalized way to link the behavior of major and trace elements in multicomponent 
275 systems. Apparent equilibrium constants are calculated from the mole fractions and do not require the activities or 
276 activity coefficients to be known. The general form of the equilibrium is for a supercritical fluid or low-salinity vapor

277

278 𝑧 μFluid or Vapor
Na(Cl,F,OH,+) + μMelt

MeO0.5𝑧
⇌μFluid or Vapor

𝑖 𝑜𝑟 𝑗 +z μMelt
NaO0.5

(4)

279

280 and the apparent equilibrium constant is

281

282 K′𝑖 𝑜𝑟𝑗 =  
𝑋Fluid or Vapor

𝑖 𝑜𝑟 𝑗 ∙ 𝑋Melt
NaO0.5

𝑧

𝑋Fluid or Vapor
Na(Cl,F,OH,+)

𝑧
∙ 𝑋Melt

MeO0.5𝑧 
, (5)

283

284 where i is the chloride, fluoride, or hydroxide species and j is free cation species (e.g. Na+, K+, Ca2+) of interest in the 
285 supercritical fluid or vapor; MeO0.5𝑧 is the appropriate oxide component in the melt; z is the stoichiometric 
286 coefficient required to balance the equilibria and is equal to the charge of the cation in species i (e.g. for CaCl2, z = 
287 2). Note, that for simplicity, the apparent equilibrium constants that have a non-neutral charge are calculated as, for 
288 example,

289 3μFluid or Vapor
NaCl + μMelt

LaO1.5
 = μFluid or Vapor

LaCl+2 + 2μFluid or Vapor
Cl― + 3μMelt

NaO0.5 , (6a)

290 K′′LaCl+2 =
𝑋Fluid or Vapor

LaCl+2 ∙(𝑋Melt
NaO0.5

)3

(𝑋Fluid or Vapor
NaCl )

3
 ∙ 𝑋Melt

LaO1.5

, (6b)

291 where

292 K′′LaCl+2 =
K′

LaCl+2

(𝑋Cl―)2
 . (6c)
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293 For convenience and from this point forward, we will use the symbol 𝐊′𝐢 when referring to apparent 
294 equilibrium constants where i is a metal or hydrogen species in the fluid and each 𝐊′𝐢 refers to the exchange of a 
295 metal or hydrogen (see section below) with sodium as either a chloride, fluoride, hydroxide, or free cation species.

296 4.3. Hydrogen and the Hydrous Melt Component

297 Where hydrogen is the main cation (HCl, HF, and H2O), it is necessary to consider the hydrous 
298 aluminosilicate component in the melt as previously used by Candela (1990), Williams et al. (1997), and Frank et al. 
299 (2003). The hydrous aluminosilicate component of the melt was originally defined by Candela (1990) for 
300 peraluminous systems and describes the excess aluminosilicate component charge balanced by hydrogen instead of 
301 Na, K, or Ca. This fictive hydrous aluminosilicate component (H(fasc)Melt) is a stoichiometric convenience and does 
302 not need to have structural significance and is calculated as

303 H(fasc)Melt =  CMelt
Al ― CMelt

Na +  CMelt
K + 2CMelt

Ca , (7)

304 where C is the concentration of aluminum, sodium, potassium, and calcium in moles per kilogram of melt. Utilizing 
305 this component, the apparent equilibrium constant for the exchange of hydrogen with sodium can be written as

306 μFluid or Vapor
NaCl + μMelt

H(fasc) =  μFluid or Vapor
HCl + μMelt

NaAlO2 , (8a)

307

308 K′HCl = XFluid or Vapor
HCl ∙NaAlOMelt

2

XFluid or Vapor
NaCl ∙H(fasc)Melt

 , (8b)

309

310 where 𝑋Fluid
HCl  is the mole fraction of HCl in the supercritical fluid or vapor phase and NaAlOMelt

2   and H(fasc)Melt are 
311 in the same mole-based concentration units. Other expressions may be written to describe the equilibria of HCl with 
312 a silicate melt and the reader is referred to the supplementary information for additional information on the choice 
313 of equation 8 and the H(fasc)Melt parameter. Analytically, NaAlOMelt

2  can be expressed as the concentration of 
314 sodium in the melt. However, this definition is limited to peraluminous systems, because when CMelt

Al  < 
315 CMelt

Na +  CMelt
K + 2CMelt

Ca , H(fasc)Melt becomes negative. Therefore, we reconsider the definition of H(fasc)Melt. 
316 Note that we change from aluminosilicate components to aluminate components is for simplicity and to allow more 
317 flexibility in the model of Candela (1990); however, it is assumed the aluminate components are part of the silicate 
318 melt structure.

319 In the original definition of H(fasc)Melt, the hydrogen in the melt either charge balances the aluminum-
320 silicate complexes or is present as H2O. However, hydrogen may be present as both H2O and OH groups (Farnan et 
321 al., 1987; Zeng et al., 1999, 2000; Xue and Kanzaki, 2007; Le Losq et al., 2015). Considering only major element 
322 hydroxide complexes, the hydrogen mass balance is defined as

323

324 ∑ HMelt = 2H2OMelt
m + KOHMelt + NaOHMelt +H(fasc)Melt + SiOHMelt +2Ca(OH)Melt

2  , (9)

325

326 where H2OMelt
m  is molecular water in the melt. The mass balances for Al, Na, K and Ca, in moles per kilogram of melt, 

327 are thus
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328

329 ∑ AlMelt = NaAlOMelt
2 + KAlOMelt

2 +H(fasc)Melt + 2CaAl2OMelt
4 , (10)

330 ∑ NaMelt = NaAlOMelt
2 + NaOHMelt , (11)

331 ∑ KMelt = KAlOMelt
2 + KOHMelt , (12)

332 and

333 ∑ CaMelt = CaAl2OMelt
4 + Ca(OH)Melt

2 . (13)

334

335 Equations (9) and (10) can be re-arranged and added together to yield

336

337 2H(fasc)Melt = ∑ AlMelt ― ∑ NaMelt ― ∑ KMelt ― 2 ∑ CaMelt + ∑ HMelt ―2H2OMelt
m ― SiOHMelt . (14)

338 The total amount of Al, Na, K, and Ca was measured through standard electron microprobe analyses. The amount of 
339 molecular water was determined by considering the equilibrium 

340

341 H2OMelt
m + OMelt⇌2OHMelt (15)

342

343 and the equilibrium constant from Stolper (1982) of

344

345 KMelt
H2O = XMelt

OH
2

XMelt
H2Om∙XMelt

O
, (16)

346

347 where XMelt
OH , XMelt

H2Om, and XMelt
O  are the mole fractions of hydroxyl, molecular water, and anhydrous oxygen and are 

348 approximations of their respective activities. The mole fractions were iteratively calculated for by using equation (3) 
349 of Zhang and Ni (2010) and by assuming a KMelt

H2O  of 0.553 for a temperature of 800°C as calculated from the best-fit 
350 regression of Nowak and Behrens (2001), which has an uncertainty of ±15%.

351 In regards to SiOHMelt, Zeng et al. (2000) observed multiple AlOH and SiOH groups, as well as Al-OH-Si 
352 groups in the melt, and determined that both SiOH/∑ OH and AlOH/∑ OH vary as a function of the Si/Al ratio of the 
353 melt in a power law relationship, such that increasing Si/Al increases SiOH/∑ OH and decrease AlOH/∑ OH.  By 
354 utilizing the model and data of Zeng et al. (2000), and assuming that all Al-OH-Si groups were counted as AlOH 
355 groups, their data were refitted to show that SiOH/AlOH also vary as a function of Si/Al in a power law relationship 
356 where increasing Si/Al increases SiOH/AlOH such that

357
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358  RMelt
SiOH
AlOH

 = 6.098 ∙ Si
Al

Melt 0.04081
―5.56 , (17)

359

360 where RMelt
SiOH
AlOH

 is the ratio of SiOH groups to AlOH groups. Additionally, because all Al-OH-Si are considered AlOH groups 

361 the sum of all AlOH groups is equivalent to H(fasc)Melt.

362 Equation (14) was then written as

363

364 H(fasc)Melt =
∑ AlMelt ∑ NaMelt ∑ KMelt 2 ∑ CaMelt ∑ HMelt 2H2OMelt

m
2 RMelt

SiOH
AlOH

, (18)

365

366 which allows H(fasc)Melt to be calculated for both hydrous peraluminous and peralkaline granitic systems. There 
367 are four limitations of this approach. First, the minimum H(fasc)Melt is 0. Second, the maximum H(fasc)Melt is 
368 ∑ AlMelt. Third, because the present formalism is not able to calculate the amount of individual hydroxide species 
369 (NaOH, KOH, or Ca(OH)2) from bulk composition of the melt alone, the use of the concentration of sodium in the 
370 melt to approximate NaAlOMelt

2  in equation 8 is still required. Fourth, the choice of KMelt
H2O  is vitally important. In 

371 sufficiently hydrated melts, a KMelt
H2O   that is too large may result in H(fasc)Melt >  ∑ AlMelt, because a large KMelt

H2O  
372 results in a larger amount of OH groups, such that

373

374 ∑ OHMelt > RMelt
SiOH AlOH + 1 ∑ AlMelt + ∑ NaMelt + ∑ KMelt + 2 ∑ CaMelt . (19)

375

376 For example, for the Bishop Tuff with 12 wt.% water a KMelt
H2O  of 0.253 results in XMelt

OH  of 0.15 and H(fasc)Melt <  
377 ∑ AlMelt, whereas a KMelt

H2O  of 0.290 results in XMelt
OH  of 0.175 and H(fasc)Melt >  ∑ AlMelt. In such cases, KMelt

H2O  should 
378 be re-evaluated and, if reasonable, constrained such that H(fasc)Melt is infinitesimally smaller than ∑ AlMelt. Further, 
379 in sufficiently dry melts (<1 wt.%, but exact threshold is a function of melt composition), a negative H(fasc)Melt can 
380 be calculated, which indicates that a hydrous alumina group may not be present. 

381 4.4. Linking Fluid and Melt Thermodynamic Models

382 We link currently existing models with the theoretical framework presented in this section in order to 

383 construct a model for calculating the composition of magmatic fluids in equilibrium with silicate melts. We combine 
384 apparent equilibrium constants, excluding those for free cation species, determined in this work with 1.) MELTS 
385 (alphaMELTS for MATLAB) (Ghiorso and Sack, 1995; Gualda et al., 2012; Ghiorso and Gualda, 2015; 
386 Antoshechkina and Ghiorso, 2018), 2.) crystal-melt partition coefficients 3.) solubilities of halite (Thomas and 
387 Wood, 2023) and fluorite (Dolejš and Baker, 2006) and 4.) the behavior of NaCl (Tattitch et al., 2021).

388 A flow chart and step-by-step processes of the model and calculation procedure is given in Supplementary 
389 Fig. S1 and S2 and the MATLAB code is provided at https://gitlab.com/agion18/fluids.git. The available code can be 
390 used for modelling magmatic-hydrothermal systems where coexisting phases include a melt, crystals, and a 
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391 supercritical fluid or vapor. An additional add-on is included with the source code to calculated the compositions of 
392 coexisting vapors and brine based on previously reported vapor-brine partition coefficients and the H2O-NaCl phase 
393 properties of Driesner and Heinrich (2007) and Driesner (2007). However, this portion of the model is not the focus 
394 of the current study and has not been refined using new experimental data and thus is described elsewhere in the 
395 supplementary information. All calculations are limited to CO2 and sulfur-free systems. The model inputs (P-T-X) and 
396 calculation options (equilibrium crystallization, fractionation crystallization, etc.) are the same as those required for 
397 alphaMELTS, with the addition of crystal-melt partition coefficients. All calculations are iterative and alternate 
398 between FLUIDS (i.e. fluid-melt equilibrium code) and MELTS calculations. Crystal-melt trace element partitioning is 
399 calculated as a batch process, where all required parameters are updated at each P-T step, and partition coefficients 
400 are supplied by the user.

401 Fluid-melt equilibrium is an optimization problem that is solved with the fmincon MATLAB function. The 
402 fmincon function is built-in MATLAB minimization function that can be used to find the minimum of constrained 
403 nonlinear multivariable problems. The FLUIDS calculation searches for the optimal 𝑋Fluid or Vapor

HCl  and  𝑋Fluid or Vapor
HF  

404 (see results and discussion section for the variation of apparent equilibrium constants with HCl and HF), as well as 
405 𝑋Fluid or Vapor

H2O  and the moles of fluid/vapor,  that minimize the difference between the calculated and ideal values 
406 of four parameters and considering nonlinear constraints. The ideal parameters are those required to close mass 
407 balance and constrain behavior of chlorine and fluorine in melt-vapor (±brine; see supplementary information). 
408 These parameters are: 1) Total moles in the system, 2) Moles of hydrogen in the fluid, 3) Chlorine concentration in 
409 the melt, and 4) Fluorine concentration in the melt. The differences between the modelled and ideal parameters are 
410 aggregated into a scalar by taking the square root of the sum of the squares, which is the value minimized by the 
411 fmincon solver.

412 Parameter one is defined by a mass balance equation for the total number of moles in the system. 
413 Parameter two is defined by the solubility of water in the melt as calculated by MELTS where any hydrogen in the 
414 system not in the melt is present in the fluid.  Parameter three is defined by the ideal concentration of chlorine in 
415 the melt calculated from the equation of Thomas and Wood (2023): 

416

417 log10 𝐶𝑙― = log10 𝑎𝑀𝑒𝑙𝑡
𝑁𝑎𝐶𝑙 + 0.06 ― 2431𝑋𝑀𝑒𝑙𝑡

𝐶𝑎 3430𝑋𝑀𝑒𝑙𝑡
𝑆𝑖 2592𝑋𝑀𝑒𝑙𝑡

𝐹𝑒 3484𝑋𝑀𝑒𝑙𝑡
𝑁𝑎 4092𝑋𝑀𝑒𝑙𝑡

𝐾 2417
𝑇

, (20)

418

419 where Cl- is the chlorine concentration in the melt in wt.%, aMelt
NaCl is the activity of NaCl in the melt, 𝑋𝑀𝑒𝑙𝑡

ℎ  is the mole 
420 fraction of element h in the melt on a single-cation and anhydrous basis, and T is temperature in Kelvin. The activity 
421 of NaCl in the melt is calculated from the equilibrium

422

423 𝜇Melt
NaCl =  𝜇Fluid or Vapor

NaCl (21)

424

425 and the resulting equilibrium constant

426

427 K′NaCl =
XFluid or Vapor

NaCl equiv.

aMelt
NaCl

, (22)
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428

429 where XFluid or Vapor
NaCl equiv.  is the mole fraction of NaCl equivalent in the supercritical fluid or vapor. The NaCl equiv. is 

430 calculated from all non-water solvent species where MeClz = 1 z
2 NaCl equiv., e.g. 1 mole FeCl2 equals 1.5 moles 

431 NaCl equiv. as recommended by Tattitch and Blundy (2017). This is done to calculate the effective salinity, which is 
432 a colligative property, of fluids which may have significant salts that contain cations with >1+ charges. K′NaCl was 
433 calculated from the experiments performed in this work and the calibration dataset of Tattitch et al. (2021), where 
434 XFluid or Vapor

NaCl equiv.  is known and aMelt
NaCl is calculated from the measured chlorine concentration in the melt (equation (20)). 

435 K′NaCl with varies the density of fluid phase (Fig. 1) and is described by 

436

437 log10 K′NaCl =  ― 2.47( ± 0.23) ∙ 10 𝜌∙―5.9(±0.1)
10000  , (23)

438

439 where 𝜌 is the density of the fluid in kg/m3 as calculated from the equations of Driesner (2007). In FLUIDS aMelt
NaCl is 

440 calculated from XFluid or Vapor
NaCl equiv.  and K′NaCl is known at a given P-T condition. The relationship between the K′NaCl and 

441 𝜌 is consistent with previous observations on the relationship between fluid density and thermodynamic properties, 
442 as well as ionization constants of solutes such as NaCl, see for example Mesmer et al. (1988), Anderson et al. (1991), 
443 and related studies. In cases where aMelt

NaCl = 1 and there is chlorine that can neither be accommodated in the melt 
444 or in the fluid phase as defined by equation 22 and excess chlorine phase is defined. This excess chlorine phase may 
445 be interpreted as either: 1) a misfit in equation 23; 2) deviation from the relationship of aMelt

NaCl and Cl in the melt 
446 defined in equation 20; or 3) presence of a chlorine-bearing mineral, which are not considered by MELTS, or halite 
447 saturation if the fluid phases sufficiently saline, see Driesner and Heinrich (2007).

448 Parameter four is defined by the ideal concentration of fluorine in melt calculated from the equations of 
449 Dolejš and Baker (2006), reproduced here as equation 24a-d:

450

451 K′Fluorite =
aMelt

CaF2

XMelt
(CaO)∙ XMelt

F2O―1

c , (24a)

452

453 where aMelt
Fluorite is the activity of fluorite in the melt and XMelt

(CaO) and XMelt
(F2O―1) are anion fractions on an anhydrous 

454 basis and

455

456 log10 K′Fluorite = ―2.449Al2Oexc
3 + 4.902 , (24b)

457 𝑐 = ―0.92Al2Oexc
3 +4.902 , and (24c)

458 Al2Oexc
3  = Al2O3 ― Na2O ― K2O . (24d)
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459 Where Al2Oexc
3 , and Al2O3, Na2O, and K2O are in number of moles per hundred anions on an anhydrous basis. The 

460 aMelt
CaF2can also be calculated from the equilibrium

461

462 K′(2) Fluorite =
XFluid or Vapor

CaCl2
∙ XFluid or Vapor

HF
2

aMelt
CaF2

∙ XFluid or Vapor
HCl

2 , (25)

463

464 where K′(2) Fluorite is approximately 104 and calculated from fluorite saturated Bishop Tuff experiments from this 
465 work (BT-3-5, BT-4-2, and BT-4-5) where aMelt

CaF2 = 1 and the fluid composition in known.  

466 In order to solve the system of equations described above an initial guess of HCl and HF mole fractions is 
467 required. The initial guess for the fmincon solver is chosen by evaluating a grid of 𝑋Fluid or Vapor

HCl  and 𝑋Fluid or Vapor
HF  

468 values ranging from 10-10 to 10-2 and from 10-8 to 10-2, respectively and finding the minimum. The reader is referred 
469 the “Results and Discussion” section for the variation of K′i with 𝑋Fluid or Vapor

HCl  and 𝑋Fluid or Vapor
HF .  The starting value 

470 for 𝑋Fluid or Vapor
H2O  is 0.9. The starting point for the moles of fluid/vapor is the number of moles of water in the system 

471 that are not dissolved in the melt. Once the starting point is selected the calculation proceed as shown in 
472 Supplementary Fig. S1.

473 The mole fraction of all melt components, except for sodium, wherein the output of MELTS is used, is 
474 calculated by FLUIDS by:

475

476 𝑛𝑇𝑜𝑡𝑎𝑙
𝑙 = 𝑛𝑀𝑒𝑙𝑡

𝑙 + 𝑛Fluid or Vapor
𝑙  , (26a)

477 which is equivalent to

478 𝑛𝑇𝑜𝑡𝑎𝑙
𝑙 = 𝑋𝑀𝑒𝑙𝑡

MeO0.5z
∑ 𝑛𝑀𝑒𝑙𝑡 + 𝑋Fluid or Vapor

𝑖 ∑ 𝑛Fluid or Vapor . (26b)

479 The mole fraction of each metal can then be solved for as shown in equation 27.

480 𝑋𝑀𝑒𝑙𝑡
MeO0.5z

=
𝑛𝑇𝑜𝑡𝑎𝑙

𝑙

∑ 𝑛𝑀𝑒𝑙𝑡 𝑋Fluid or Vapor
𝑖

𝑋𝑀𝑒𝑙𝑡
MeO0.5z

 ∑ 𝑛Fluid or Vapor , (27)

481

482 where ratios of all species-melt oxide pairs are calculated from their respective apparent equilibrium constants.

483 5. Results and Discussions

484 5.1. General Experimental Observations

485 Experimental run products are primarily crystal-free glasses and a fluid.  In some fluorine-bearing Bishop 
486 Tuff experiments there is minor quartz with clusters of biotite and fluorite ± alkali feldspars all with sizes of <~10 
487 microns (Fig. S3). The glasses are hydrated equivalents (Supplementary Tables S1-S3) of the starting materials with 
488 modified sodium, potassium, chlorine, and fluorine concentrations due to equilibration with the chloride solutions 
489 (Fig. 2 and Supplementary Table S3). The Na/K ratio of the run product melts progressively decreases and the 
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490 chlorine concentration in the melt increases as the fluids become more NaCl- and KCl-rich (Fig. 2A).  The trace 
491 elements concentrations in the melt slightly decrease, e.g. Li and Rb, with increasing salinity of the fluid (Fig. 3) but 
492 are generally constant.  This decrease is the result of both 1) the dilution of the trace elements due to dissolution of 
493 water in the melt and 2) mass transfer of metals from the melt into the fluid. The mass transfer of metals from melt 
494 to fluid is relatively minor and is supported by the observation that the starting fluid phase and supercritical phase 
495 at pressure and temperature have roughly constant masses even in experiments with >1 mCl (Table 1). All fluids are 
496 representative of low-salinity (<11 wt.% NaCl equiv, i.e. <3 molal NaCl equiv.; Fig. 4), supercritical phases (Driesner 
497 and Heinrich, 2007). Fluids are predominantly sodium- and potassium-rich (Supplementary Table S3) and contain 
498 significant (thousands of ppm) Mg, Al, Si, Ca, and Fe (Fig. 5). The fluids also contain trace metals ranging from tens 
499 to several hundreds of ppm of Li, B, F, Cr, Mn, Co, Ni, Cu, Zn, Ga, Rb, La, Ba, and Pb; less than 1 ppm of Be, Sc, Sr, Y, 
500 REEs, Zr, Nb, Mo, Cd, Sb, and Hf; or are below detection in the case of Ge, Th, and U (Fig. 5). Fluids in Macusani-
501 bearing experiments can also contain up to thousands of ppm Li, B, and F. The variation in run product fluid 
502 chemistry, is primarily a function of the fluid salinity and, generally, the concentration of the trace elements in the 
503 fluid increases within increasing salinity (Fig 5). Note, data from several of the experiments (BT-1-S4, BT-1-S5, BT-2-
504 S4, BT-12-S5, BT-4-2-S4, and BT-7-S4) discussed in Gion et al. (2022) have been incorporated in this study and thus 
505 those data are included herein and in the supplementary files for completeness.

506 In order to remain consistent with the literature we report partition coefficients for all metals of interest 
507 (Fig. 6, Supplementary Fig. S4, and Supplementary Table S4). However, if we compare, for example DFluid/Melt

Li , from 
508 this work and previous studies (Webster et al., 1989; Bos, 1990; Iveson et al., 2019) (Fig. 7), we find that the 
509 relationship of DFluid/Melt

Li  to 𝑚Fluid
Cl  varies from study-to-study, such that a given DFluid/Melt

Li  does not correspond to 
510 a specific salinity (Fig. 7).  The discrepancy between studies can be explained by a simple thought experiment 
511 wherein a melt has 1 mol/kg of sodium, 0.1 mol/kg lithium, and assume DFluid/Melt

Li =  1𝑚Fluid
Cl . For a fluid with 1 

512 mCl, there is then 0.1 mLiCl in the fluid and the remaining chlorine is present as 0.9 mNaCl. If 0.5 mCuCl is added to 
513 the fluid, and assuming it stays in the fluid phase, the chlorine content of that fluid is now 1.5 mCl (0.1 mLiCl + 0.9 
514 mNaCl + 0.5 mCuCl). In this scenario lithium cannot increase in the fluid because no chlorine is available to balance 
515 it and the initial relationship of DFluid/Melt

Li =  1𝑚Fluid
Cl  is no longer valid.  Instead DFluid/Melt

Li =  0.66 𝑚Fluid
Cl  

516 demonstrating that chloride-dependent partition coefficients are not generally applicable because Li and Cl are not 
517 independently variable components. Therefore, the choice for DFluid/Melt

Li  can be made somewhat arbitrarily and a 
518 more thermodynamically rigorous approach is needed.

519 5.2. Approach to Equilibrium

520 Equilibrium between the fluid and silicate melt was evaluated by considering the homogeneity of the melt. The 
521 major and trace element composition of the melt typically varies by <10 relative percent (Supplementary Table 1).  
522 Additionally, the homogeneity of the melt from rim-to-core can be qualitatively evaluated by performing semi-
523 quantitative energy dispersive spectroscopy (EDS) line scans (two per glass) for select glasses by using a ZEISS 
524 Merlin Compact SEM (Fig. S5). A subset of these lines scans (BT-2-S5, BT-2-S4, and BT-7) were previously 
525 discussed in Gion et al. (2022) and those results are expanded upon here. 

526 The Si/Na and Na/K can be used to evaluate if the melt reached equilibrium with the fluid phase during the 
527 experiment and if the composition of the glass and fluid were modified during quench. Generally, in rhyolitic melts 
528 silicon is one of the slowest diffusing elements and sodium and potassium are one of the fastest diffusing elements 
529 (Zhang et al., 2010). In these experiments, there is significant exchange of the alkalis with the fluid (Fig. 2A) and 
530 some exchange of silicon, although silicon in the fluid was not explicitly measured. Therefore, if diffusive 
531 equilibration was not reached, the Si/Na ratio of the glass should show a systematic change from rim-to-core 
532 because the rate at which they diffuse is significantly different. However, there is no systematic variation in Si/Na 
533 ratios from rim-to-core and changes in the Si/Na show no variation. Additionally, the change in the silicon 
534 concentration from rim-to-core is <5 relative percent with only a few experiments (Mac-5-S4 and Mac-8) exhibiting 
535 an increase in silicon at the rim. Thus, there is weak evidence for disequilibrium and thus we concluded that the 
536 fluid and melt have reached equilibrium by diffusion (Fig. S5). Furthermore, the glass frequently contained vesicles 
537 and thus the length scale of diffusion may not be the length of the entire glass chip (mm scale) but may be on the 
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538 order of the tens to hundreds of microns as the melt locally equilibrates with the fluid. We have previously shown 
539 that in these experiments the Na/K ratio is constant in Bishop Tuff experiments and that there is no evidence for ion-
540 exchange during both slow and rapid quench (Gion et al., 2022), as previously reported by Shinohara et al. (1989). 
541 We find similar results for the Macusani experiments performed herein and conclude that there is little to no 
542 modification of the fluid and/or glass composition during slow or rapid quench.

543 Equilibrium can also be evaluated by examining the variation of the partition coefficients with time. Partition 
544 coefficients for selected elements from fluorine-free Bishop Tuff experiments where solution S4 (Tables 2 and 3) 
545 was used are plotted as a function of run time in Fig. 8A and Macusani experiments in Fig. 8B. These experiments 
546 were selected because solution S4 was used in the majority of experiments and therefore the bulk salinity of these 
547 runs was constant, thus removing the effect of salinity on partition coefficients. Partition coefficients tend to be more 
548 variable at shorter run times. We also observe a slight increase in the partition coefficient for Cu for Bishop Tuff 
549 experiments with time; however, there is no significant variation in partition coefficients after ~5 days for Li, Na, K, 
550 Cl, Zn, Fe, Mn, Nd, and Cu in Macusani experiments with time, consistent with an approach toward equilibrium.

551 In addition to equilibration of the fluid with the melt, it is also necessary to examine equilibration of the 
552 melt/fluid with the gold capsule to determine if the system is truly closed or if there is migration of metals into or 
553 out of the capsule walls.  Mass balance calculations were performed as described in Gion et al. (2022) wherein the 
554 composition of the fluid phase was calculated from the composition and measured masses of the starting materials 
555 and the run product glasses and fluids. A comparison of measured and calculated fluid compositions for select 
556 elements is provided in Fig. 9. Fig. 9 clearly indicates that for most elements mass balances are inaccurate for 
557 determining the compositions of experimental fluids, particularly for metals that occur at concentrations of <1000 
558 ppm. This observation is consistent with the studies of Iveson et al. (2019) and Gion et al. (2022), who observed that 
559 uncertainties in mass balance calculations may arise from a variety of sources including poor estimations of the mass 
560 fractions of crystalline phases that may sequester metals, contamination during capsule preparation, and the trace 
561 element contents of noble metal capsules. Additionally, there is a significant influx of elements like nickel, 
562 chromium, and vanadium into the system, which translates into high concentrations in the run product fluids, despite 
563 the dearth of these element in the starting materials. Such elements are highly abundant in metal alloys that are 
564 frequently found in experimental laboratories in the form of tools and equipment, including the superalloys used for 
565 the construction of pressure vessels; thus, contamination is unsurprising. The discrepancy between measured and 
566 calculated fluid composition is less apparent for alkali metals, although mass balance calculations tend to 
567 overestimate sodium and potassium, likely due to the crystallization of minor phases (feldspars) that are 
568 unaccounted for due to their small crystal size and unknown proportions. There is strong agreement between 
569 measured and calculated measured chlorine contents of the fluid, which is consistent with a complete recovery of the 
570 fluid phase and its solute load because chlorine is strongly compatible in the fluid relative to all other phases. Thus, 
571 measured compositions of the fluids provide are a more robust and reliable than mass balance calculations.

572 5.3. Variation of Apparent Equilibrium Constants

573 We calculated K′i’s from the equilibrium concentration of 129 aqueous species present in the fluid 
574 (Supplementary Tables S5-S7), which are summarized in Fig. 6, as well as Supplementary Fig. S4, and are provided in 
575 Supplementary Tables S8-S12. If K′i is less than one, the reactants (metal oxides in the melt, e.g. KO0.5 and a sodium-
576 species in the fluid, e.g. NaCl) are favored over the products (metal species in the fluid, e.g. KCl and sodium oxide in 
577 the melt, e.g. NaO0.5), whereas if K′i is greater than one the products are favored. Apparent equilibrium constants 
578 vary depending on the metal-ligand pair. In general, monovalent and trivalent chlorides and most free cations have 
579 K′i of less than one (Fig. 6), whereas divalent chlorides and most fluorides and hydroxides have K′i values of equal to 
580 or greater than one (Fig. 6). 

581 We find that K′i is a function of the HCl and HF content of the fluid (Fig. 10), such that K′i can either increase 
582 or decrease with increasing HCl and increases with increasing HF. The change of K′i with HCl was interpreted by Frank 
583 et al. (2003) to be the result of HCl neutralization by NaOH groups in the melt, which we have expanded to include 
584 any metal hydroxide group present in the melt 

585
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586 z(HClFluid or Vapor) + Me(OH)Melt
z ⇌MeClFluid or Vapor

z + zH2O , (28)

587

588 where Me(OH)Melt
z  is a metal hydroxide complex in the melt and MeClFluid or Vapor

z  is the corresponding metal 
589 chloride in the fluid/vapor phase. The equilibrium constant is then

590

591 KHCl,Me(OH)z = 𝑋Fluid or Vapor
MeClz  ∙ 𝑓H2O

𝑧

𝑋Fluid or Vapor
HCl

𝑧
∙ 𝑋Melt

Me(OH)z

, (29)

592

593 where 𝑓H2O is the fugacity of water. In addition to this we consider the substitution of fluorine into an albitic melt 
594 (Dingwell and Mysen, 1985),

595

596 bF2OMelt
―1 +NaAlSi3OMelt

8 ⇌NaAlSi3O8―bFMelt
2b , (30a)

597

598 which can be modified to describe the incomplete substitution of fluorine into the sodium aluminate component of 
599 the melt by

600

601 𝑏HFFluid or Vapor + NaAlOMelt
2 ⇌NaAlO2―𝑏

2
FMelt

𝑏 + 𝑏
2

H
2

O , (30b)

602

603 where b is a stochiometric constant and the equilibrium constant is 

604

605 KNaAlF =
𝑋Melt

NaAlO
2―𝑏

2
F𝑏

 ∙ 𝑓H2O

𝑏
2

𝑋Fluid or Vapor
HF

𝑏
∙ 𝑋Melt

NaAlO2

. (31)

606

607 Considering the general form of the apparent equilibrium constant defined in equation 5, the melt components can 
608 be re-defined as

609

610 𝑋Melt
NaO0.5

 = 𝑋Melt
NaAlO2

+ 𝑋Melt
NaOH + 𝑋Melt

NaAlO
2―b

2
𝐹𝑏 (32a)

611 and 
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612  𝑋Melt
MeO0.5z

 = 𝑋Melt
MeAlzO2𝑧

+ 𝑋Melt
Me(OH)z

 , (32b)

613 where 𝑋Melt
MeAlzO2𝑧 is the corresponding aluminate component in the melt for a metal. Substituting equations (32a) 

614 and (32b) into equation (5) and applying binomial theorem then re-arranging yields

615

616 K′𝑖 =
1  

𝑐1

𝑋Fluid or Vapor
HCl

 c3 𝑋Fluid or Vapor
HF

𝑏
𝑧

1
𝑐2

𝑋Fluid or Vapor
HCl

𝑧∙ 

∙ K′0,𝑖 , (33a)

617

618

619 where 

620

621 K′0,𝑖 = 𝑋Fluid or Vapor
𝑖 ∙ 𝑋Melt

NaAlO2

𝑧

𝑋Fluid or Vapor
NaCl

𝑧
∙𝑋Melt

MeAlzO2𝑧

 (33b)

622

623

624 and is the exchange of species i between the fluid and the respective aluminate components in the melt (Frank et 
625 al., 2003) at infinite dilution of HCl and HF and 𝑐1 , 𝑐2 , 𝑐3, and 𝑏 are fitted parameters

626

627

628 𝑐1 =
𝑋Fluid or Vapor

NaCl  ∙𝑓H2O

K
HCl,NaOH

𝑋Melt
NaAlO2

 , (33c)

629

630 𝑐2 =  𝑋
Fluid or Vapor
𝑖  ∙ 𝑓H2O

𝑧

K
HCl,Me(OH)z

𝑋Melt
MeAlzO2𝑧

, (33d)

631 and

632 𝑐3 =  
K′NaAlF

𝑓H2O

𝑏
2 . (33e)

633

634
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635 Depending on the values of c1 and c2 the apparent equilibrium constants may either decrease or increase 
636 with increasing 𝑋Fluid or Vapor

HCl . Consider a fluorine-free system 𝑋Fluid or Vapor
HF = 0  and a species where z =1. In such 

637 systems, as 𝑋Fluid or Vapor
HCl  approaches zero, the limit of equation (33a) is

638

639 K′i =
𝑐1

𝑐2
∙ K′0,i . (34)

640

641 Because c1 and c2 are inversely related to the neutralization of HCl by NaOH and other metal hydroxides, if KHCl,NaOH 

642 < K
HCl,Me(OH)z

𝑧―1

, as 𝑋Fluid or Vapor
HCl  decreases K′i will increase. Therefore, if c1 is greater than c2 as 𝑋Fluid or Vapor

HCl  

643 decreases K′i will increase and if c1 is less than c2 as 𝑋Fluid or Vapor
HCl  decreases K′i will decrease.

644 We fit our experimental derived data to equation (33a) for all species and generate predictive models for 
645 K′i as a function of HCl and HF. The five best fit parameters (K′0,i, c1, c2, c3, and b) for each species were determined 
646 by minimizing the standard error of the regression (SE) with the ga function in MATLAB. The SE was calculated as

647

648 ∑ log10(𝐾𝑓𝑖𝑡)  log10(𝐾𝑒𝑥𝑝)  2

𝑁 2
 , (35)

649

650 where 𝐾𝑓𝑖𝑡 is the calculated apparent equilibrium constant from equation (33a), 𝐾𝑒𝑥𝑝 is the apparent equilibrium 
651 constant calculated from the experimental data (Supplementary Tables S8-S12), and N is the number of experimental 
652 observations. The minimization was constrained to reduce the range of c1, c3, and b values calculated. This 
653 assumption is made because the c1 and c3 terms are the same regardless of the species of interest being, i.e. c1 and 
654 c3 only concern KHCl,NaOH, K′NaAlF, 𝑓H2O, and sodium species in the melt and fluid (equation 33c and 33e), but do not 
655 concern other metal species. Therefore, for a given set of experiments all of the variables that constitute c1 and c3 
656 are the same for all K′i’s, whereas in c2 the melt and fluid species are different for each K′i. The b parameter is a 
657 stoichiometric coefficient that, in a given system, should also be constant. This assumption resulted in a bimodal 
658 distribution of c1, c3, and b, which is likely due to a misfit in other best fit parameters. All fitting parameters including 
659 the SE and R2 values are provided in Supplementary Table S13. Additionally, 3D surface plots of the fits, with 
660 experimental observations, are provided as MATLAB figures at https://gitlab.com/agion18/fluids.git.

661 Calculated apparent equilibrium constants for HCl (Fig. 6; Supplementary Table S12) were supplemented 
662 by with the work of Simon et al. (2004) and Williams et al. (1997) (Supplementary Table S14) and increase with 
663 decreasing pressure and increase with increasing fluid/(fluid + melt), see Fig. 11. The K′HCl can be fit to the equation

664

665 log10(K′HCl)  = ―5.93( ± 1.25) + 10P∙―0.004(±0.002)+ Fluid or Vapor
(Fluid or vapor)+ Melt

∗1.79(±0.26)
, (36)

666
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667 where P is pressure in MPa and 
Fluid or Vapor

(Fluid or vapor)  Melt is the mass fraction of fluid in the fluid + melt portion of the 

668 system. The correlation of log10(K′HCl,NaCl) with pressure is consistent with previous observations (Shinohara and 
669 Fujimoto, 1994; Williams et al., 1997; Shinohara, 2009); and is not a function of the quench rate (Shinohara et al., 
670 1989; Gion et al., 2022), see above discussion on equilibrium; or the vapor/(vapor + brine) (Williams et al., 1997) 
671 ratio because all experiments were performed in the one-phase field. The variation of K′HCl with fluid/(fluid + melt)  
672 is may be an artifact of the experimental design of this and previous studies, which often used high fluid fractions 
673 (e.g. >50 wt.%). Such large fluid/(fluid + melt) may affect the K′HCl in one of two ways. First, high fluid/(fluid + melt) 
674 values may result in a significant portion of the melt dissolving into the fluid and the production of more HCl, and 
675 thus a higher XFluid or Vapor

HCl  relative to H(fasc)Melt as compared to experiments with low fluid/(fluid + melt). Second, 
676 it has been observed that HCl does not become a primary species in the fluid phase until the melt reaches the 
677 solubility limit of chlorine and there is significant chlorine, such that the amount of chlorine exceeds that of the 
678 cations it can speciates with in the fluid (Webster and Holloway, 1988). Thus, in experiments with large fluid/(fluid 
679 + melt), wherein that fluid has wt% levels of chlorine it is likely that the melt approaches the solubility limit of chlorine 
680 and HCl become a more prominent species. In the context of the experiments performed here, the solubility limit of 
681 the Bishop Tuff and the Macusani Rhyolite are ~0.3-0.4 wt% and ~0.4 to 0.6 wt% Cl, respectively (Thomas and Wood, 
682 2023) at the present conditions. The run product glasses have chlorine concentrations far below these values and 
683 have ratios of measured/maximum concentrations of chlorine of <0.5 (mean of 0.2). However, the studies of 
684 Williams et al. (1997) and Simon et al. (2004) utilize larger fluid/(fluid + melt) and have ratios of measured/maximum 
685 concentrations of chlorine of 0.2-1 (mean of 0.6). Further, in the present study the H/(Na+K) ratio is low in the high 
686 salinity experiments (solution S4 and S5) such that there is little excess chlorine to form HCl. Conversely, Williams et 
687 al. (1997) and Simon et al. (2004) us HCl/∑ Cl from 0.03 to 0.3 in their high salinity experiments, which is 2-3 orders 
688 of magnitude greater than solutions S4 and S5. In regards to our low-salinity experiments with solutions S1-S3, the 
689 fluid/(fluid + melt) is low enough such that there is a sufficient amount of alkalis in the melt that can be leached and 
690 form NaCl or KCl species as opposed to HCl. Thus, inclusion of the fluid/(fluid + melt) term is necessary to compare 
691 experiments conducted at different fluid fractions and to account for the either the effect of melt dissolution into 
692 the fluid or reaching the solubility limit of chlorine. However, in natural systems the fluid/(fluid + melt) is likely to be 
693 <0.5, for example at complete degassing a melt with an initial water content of 15 wt.% will have a maximum 
694 fluid/(fluid + melt) of ~0.15. At these low fluid/(fluid + melt) values K′HCl will only vary as a function of pressure and 
695 the fluid/(fluid + melt) term has minimal effect. Additionally, log10(K′HF) and log10(K′H2O) calculated from our 
696 experimental results and can be described by a linear relationship (R2 = 1 for both fits) with log10(K′HCl).

697

698 log10(K′HF) = log10(K′HCl) + 3.93 (37)

699 log10(K′H2O) = log10(K′HCl) + 9.23 (38)

700

701 Analytical uncertainties, and assuming negligible uncertainty in the thermodynamic data, translate to a 
702 maximum ~20 relative percent for all apparent equilibrium constants.

703 5.4. Consistency with the Literature

704 The results of our experiments are broadly consistent with previous studies when compared on the basis 
705 of partition coefficients (Holland, 1972; Flynn and Burnham, 1978a; Candela and Holland, 1984; Manning and 
706 Henderson, 1984; Urabe, 1987; London et al., 1988; Webster et al., 1989; Bos, 1990; Webster, 1990; Keppler and 
707 Wyllie, 1991; Webster, 1992b; Williams et al., 1997; Chevychelov and Chevychelova, 1998; Bai and Koster van 
708 Groos, 1999; Schaefer et al., 1999; Reed et al., 2000; Simon et al., 2006; Zajacz et al., 2008; Borchert et al., 2009; 
709 Borchert et al., 2010a; Borchert et al., 2010b; Borisova et al., 2012; Zajacz et al., 2012; Pokrovski et al., 2013; Tang 
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710 and Zhang, 2015; Tattitch et al., 2015; Tattitch and Blundy, 2017; Iveson et al., 2019; Tattitch et al., 2021) (Fig. 6, 
711 Fig S4, and Supplementary Tables 4 and 8-11). The reader is referred to Gion et al. (2022) for a direct comparison 
712 of select partition coefficients from several experiments used here. We will restrict this discussion to the 
713 comparison of previously determined apparent equilibrium constants. There is, at present, a dearth of studies 
714 reporting K′i for individual species and therefore the K′i presented in this study are unique among experimental 
715 results. Numerous studies have reported ratios of partition coefficients relative to sodium, i.e. equation (1); 
716 however, because there is a of lack information of the individual ligands these may be considered “bulk” apparent 
717 equilibrium constants. We can then compare K′i from the current study with previously reported “bulk” apparent 
718 equilibrium constants for species that are dominantly chlorides.

719 The most commonly reported apparent equilibrium constants (eq. 1) are for potassium. Reported bulk 
720 apparent equilibrium constants range from 0.45 to 0.75 (Gammon et al., 1969; Holland, 1972; Shinohara et al., 
721 1989; Williams et al., 1997; Schaefer et al., 1999; Student and Bodnar, 1999; Frank et al., 2003; Zajacz et al., 2008), 
722 which is consistent with the present study. However, the relationship between  K′KCl and 𝑋Fluid

HCl  for low-salinity 
723 supercritical fluids that we observe (Fig. 10A) is the opposite trend of that observed by Frank et al. (2003) (Fig. 5 of 
724 their study) for high-salinity brines. These differing trends are consistent with K′HCl,NaOH > K′HCl,KOH in vapor-
725 dominated systems and K′HCl,NaOH < K′HCl,KOH in brine-dominated systems, i.e. equation (34). Therefore, when HCl 
726 is present in a vapor phase it is a more efficiently neutralized by NaOH in the melt and preferentially produces 
727 NaCl, whereas when HCl present in brines it is more efficiently neutralized by KOH in the melt and preferentially 
728 produces KCl.  This is consistent with the observations of Sublett et al. (2018) who reported that sodium has a 
729 slight preference for a low-salinity vapor phase whereas potassium has a slight preference for the high-salinity 
730 brine phase. Zajacz et al. (2012) also examined the exchange of potassium between vapor and an andesitic melt 
731 and observed an average apparent equilibrium constant of 1.23. Zajacz et al. (2012) noted that in their system 
732 there was no correlation with the HCl content of the fluid and that the apparent equilibrium constant was greater 
733 than in felsic systems. In regard to the lack of correlation with HCl, we suggest that the HCl content of the fluid was 
734 too large to capture this effect.  Zajacz et al. (2012) reported mHCl > 2 ∙ 10―4, whereas in our study we observe 
735 the effect of HCl at 𝑋Fluid

HCl ≅10―6 ≅𝑚HCl  and values significantly higher than this will produce an equilibrium 
736 constant defined by K′ex,(KCl) (equation (33b)). The effect of temperature may also play a role because experiments 
737 in many felsic system are performed at <900°C, whereas the experiments of Zajacz et al. (2012) were performed at 
738 1000°C. Further, the variation of activity coefficients in the melt components with P-T-X parameters is unknown, 
739 which may result in variable apparent equilibrium constants.

740 Apparent equilibrium constants, as ratios of partition coefficients, have also been reported for Li, Be, Rb, 
741 Sr, Fe, Cu, Ca, Mg, Mn, Zn, U, Th and REEs in supercritical or vapor phases. Apparent equilibrium constants for Be 
742 (100), Rb (0.61 to 0.77), Sr (0.28 to 0.5), Cu (<~200) and Th (300) (Carron and Lagache, 1980; Candela and Holland, 
743 1984; Webster et al., 1989; Bos, 1990; Candela and Piccoli, 1995; Williams et al., 1995; Simon et al., 2006) are all 
744 consistent with the K′BeCl2, K′RbCl, K′′SrCl+, K′CuCl―2  , and K′ThF4 we report (Fig. 6 and Supplementary Tables 8 and 9).  
745 Apparent equilibrium constants reported for lithium range from 1 in haplogranites to 40 in fluorine-rich systems 
746 (London et al., 1989; Webster et al., 1989; Bos, 1990; Candela and Piccoli, 1995) the latter of which are 
747 considerably higher than the K′LiCl we observe (maximum ~3; Fig. 6 and Supplementary Table 8). However, 
748 considering that K′LiCl increases with increasing of HCl and HF, it is possible to achieve values >10 at 𝑋Fluid

HF  > 0.04.  
749 Apparent equilibrium constants for iron (Simon et al., 2004; Zajacz et al., 2008; Zajacz et al., 2012) are <~13, with 
750 Zajacz et al. (2012) reporting the lowest values in andesitic systems. These previously reported values overlap with 
751 but are slightly lower than K′FeCl2 reported here (minimum of ~3; Fig. 6 and Supplementary Table 8) and this 
752 difference is likely due to the effect of the HF we observed. Similar comparisons can be made for Ca, Mg, Mn, and 
753 Zn, where literature values (Holland, 1972) are typically lower than the values we report, but the range of those 
754 values are within the range of possible apparent equilibrium constants considering the effect of HCl and HF.

755 Reed et al. (2000) reported apparent equilibrium constants for most REEs and Candela and Piccoli (1995) 
756 recast the data of Flynn and Burnham (1978b) for cerium and ytterbium. Reed et al. (2000) observed that apparent 
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757 equilibrium constants decreased with decreasing 8-fold ionic radius such that for Nd, K′ = 0.40 and for Lu K′

758 = 0.11. Reed et al. (2000) also noted that La and Ce do not follow this trend due to the presence of hydration 
759 shells. Likewise, Eu falls of the trend of Reed et al. (2000) probably due to its presence as both a 2+ and 3+ cation. 
760 The values for K′′REECl2+  we report vary considerably with HCl and HF and the values reported by Reed et al. (2000) 
761 are within the this range.  Additionally, the variation of the apparent equilibrium constant with ionic radius 
762 reported by Reed et al. (2000) is observed in the median K′′REECl2+  (but less so for fluorides; Supplemental Fig. 4). 
763 There is an overall decreasing K′′REECl2+ with decreasing ionic radius, as well as two distinct trends such that the 
764 K′′REECl2+ decreases from La to Eu, as well as decreasing from Gd to Lu. 

765 Our experimental results are either consistent with previously reported apparent equilibrium constants or 
766 the values can be reproduced by considering their variation with the HCl and HF content of the fluid. The only 
767 exception to this is for uranium where the previous apparent equilibrium constant is 0.4 (Keppler and Wyllie, 1991; 
768 Candela and Piccoli, 1995) and is several orders of magnitude lower than the values we report. The discrepancy in 
769 the behaviour of U is likely a result of the assumptions of our model.  The speciation of uranium is restricted to 
770 either U3+ or UOH2+ due to missing chloride and fluoride species in the chosen datasets. The study of Keppler and 
771 Wyllie (1991) clearly indicate that uranium is speciated as either a fluoride or chloride species and the lack of 
772 fluoride and chloride species used in our speciation calculations is a clear limitation of this model. However, 
773 Keppler and Wyllie (1991) report partition coefficients of <0.5, which are consistent with the partition coefficients 
774 reported here. Thus, should thermodynamic data, that is consistent with the SUPCRTBL database become 
775 available, it is expected the apparent equilibrium constants for uranium chloride and fluoride species be consistent 
776 with Keppler and Wyllie (1991).

777 5.5. Validation of Linked Fluid and Melt Models

778 In order to validate the linked fluid and melt model we used the bulk composition (starting fluid + starting 
779 glass) of each experiment as input to our model and equilibrated the systems at 200 MPa and 800°C and suppressed 
780 all crystalline phases. For experiments where the starting materials were chlorine- or fluorine-free, e.g. many Bishop 
781 Tuff experiments, 0.01 wt.% of Cl and F were added to stabilize the calculation. Comparisons of experimentally 
782 measured and modelled partition coefficients are given in Fig. 12. The modelled and experimental partition 
783 coefficients fall along a 1:1 line for alkalis, transition metals, REEs, and anions. In some low-salinity experiments, 
784 there are deviations from a 1:1 line for elements such as Zn, Pb, and Fe. In the case of Zn and Pb this indicates that 
785 other Zn species are likely present. More specifically only ZnCl2 or Zn2+ species have been considered here due to 
786 the lack of the analogous Zn(OH)2 species in SUPCRTBL. In this case, systems with low chlorine concentrations are 
787 likely to underestimate the concentration of zinc, because it is not able to speciate zinc has a hydroxide. Similarly, a 
788 the lead hydroxide species Pb(OH)2 has not been considered, resulting in a deviation from the 1:1 relationship. Such 
789 scenarios may lead to anomalous partition coefficients due to the underlying assumptions of the model. In the case 
790 of Fe the deviation from a 1:1 relationship maybe be due to either iron contamination of the run product fluids, and 
791 thus higher experimentally determined partition coefficients or the exclusion of other iron-bearing complexes such 
792 as ferric iron chlorides or hydrated ferrous/ferric iron species (Scholten et al., 2019). Additionally, if speciation 
793 changes for a given metal-anion pair, e.g. REE speciation from REECl+2 to REECl2

+, REECl3 or REECl4
- , the effect 

794 of this change will go unaccounted for and may lead to further deviation from a the 1:1 relationship.

795 We also compare modelled to experimental (i.e. calculated from the assumed stable species) apparent 
796 equilibrium constants for select chloride and hydroxides (Fig. 13).  Similar to the partition coefficients, we find a 
797 general agreement for both chlorides and hydroxides, excluding those experiments where 𝐥𝐨𝐠𝟏𝟎 𝐊′𝐢 > 5, which again 
798 suggests missing species for those elements and thus a misfit for those species considered.  It is also worth noting 
799 that for some elements such as Nd we broadly reproduce the overall behavior but poorly fit 𝐊′𝐢 for chlorides and 
800 have improved, but uneven, fitting for hydroxide species.  We can use the comparisons of predicted to observed 
801 behaviors to identify elements, e.g. Cu, Zn, and REEs, where additional work is required on their speciation in fluids 
802 and thermodynamic properties. These comparisons highlight the need to further explore the speciation of fluid in 
803 magmatic-hydrothermal fluids and determine if the observed relationship to HCl and HF continues or if allocation of 
804 Cl and F to other species not considered here removes this relationship and produces a single apparent equilibrium 
805 constant. Although, Fig. 12 displays a relatively restricted number of elements, similar fitting behaviors can be 
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806 expected for groups of elements (alkalis, transition metals, REEs etc.). All fitting parameters for all species and 
807 goodness of fits are provided in the supplementary information to allow for further evaluation. Overall, we are 
808 broadly able to predict the behavior of a wide array of elements, particularly where thermodynamic data for multiple 
809 species (hydroxide, chloride, and fluoride) are available or where one species is dominate.

810 5.6. Application and Implications

811 One of the primary applications of the model constructed in this work is to predict the behavior of elements 
812 in both experimental and natural magmatic-hydrothermal systems. Here we will focus on the application of this 
813 model to “unknown” experimental systems, i.e. experiments that have been conducted in P-T-X space outside of that 
814 of experiments used for model calibration, but for which partition coefficients are known.  Applying this model to 
815 such systems tests its robustness and provides an example of the model’s predictive power. The “unknown” 
816 experimental systems include 1) Trace element partition experiments performed by Iveson et al. (2019) and 2) the 
817 dataset of chlorine partition coefficients originally compiled by Tattitch et al. (2021) Webster and Holloway (1988), 
818 Shinohara et al. (1989), Webster (1992a), Bureau et al. (2000), Signorelli and Carroll (2000), Botcharnikov et al. 
819 (2004), Chevychelov et al. (2008), Stelling et al. (2008), Alletti et al. (2009), Webster et al. (2009), and Alletti et al. 
820 (2014), including those data from Iveson et al. (2019). The dataset of Iveson et al. (2019) was chosen as it is a self-
821 consistent study at P-T conditions from 850 to 1050°C and pressures of 60 to 220 MPa with data available for a 
822 number of trace elements, as well as various melt compositions. Likewise, the chlorine partition coefficient database 
823 includes melt compositions from basalt to rhyolite to phonolites and fluid salinities of up to 10s of wt.% NaCl 
824 equivalent with experimental conditions ranging from temperatures of 725 to °C and pressures of 50 to 600 MPa. 
825 Given the model requires that the bulk composition of the system to be provided, i.e. starting fluid + starting glass, 
826 only experiments where the composition of the starting fluid and starting glass, as well as their relative proportions 
827 is known were included.  In order to improve the stability of the MELTS and FLUIDS calculations, a small amount 
828 (0.1 or 0.001 wt.%) of FeO, MnO, MgO, and Cr2O3 was added to albite (Bureau et al., 2000) or haplogranite 
829 (Shinohara et al., 1989) melts. Additionally, in fluorine-free experiments 0.01 wt.% fluorine was added to the bulk 
830 compositions. 

831 The modelled partition coefficients for trace metals are compared to reported values from Iveson et al. 
832 (2019) for K, Li, Mn, Cu, Zn, Rb, Sr, Mo, Ba, and Pb in Fig. 14A. The model is able to reproduce the reported 
833 partition coefficients for K, Li, Mn and Rb and slightly overestimates the partition coefficients for Cu and Zn. 
834 Partition coefficients for Sr and Ba are systematically overpredicted by ~1 order of magnitude. The most likely 
835 reason for this overestimation is that the thermodynamic database utilized in this study does not have data available 
836 for SrCl2 or BaCl2, which are suggested to be the dominate species (Iveson et al., 2019), and instead the chloride 
837 species SrCl+ and BaCl+ were used. Thus, the formulation of 𝐊′𝐢 as presented in equation 6, may over predict the 
838 compatibility of charged species in the fluid phase. This misfit is also evident when comparing 𝐊′𝐢 for Nd for both 
839 chlorides and hydroxides. Partition coefficients for Mo are unevenly reproduced, with approximately half of the 
840 values being underpredicted and half of the values falling along the 1:1 line. The partition coefficients for Pb are 
841 reproduced reasonably well, but tends to overestimate, particularly at values >1 to 2. 

842 The modelled 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭
𝐂𝐥  are compared to reported values in Fig. 14B. At a broad level the model is able 

843 to reproduce, within uncertainty, 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭
𝐂𝐥 for a large range of melt compositions over a broad range of 

844 temperatures and pressures. Melt compositions including rhyolites, rhyodacites, phonolites, albite, (trachy)dacites 
845 are reproduced with the most accuracy. Basaltic melts are often underpredicted with reported 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭

𝐂𝐥 ranging 
846 from 1 to 15 and modeled 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭

𝐂𝐥 clustering around 1-2. Lastly, the modelled 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭
𝐂𝐥  for haplogranties are 

847 systematically underpredicted by a factor of ~2.5. We also note that in select experiments from Signorelli and 
848 Carroll (2000), Webster and Holloway (1988), Chevychelov et al. (2008), and Shinohara et al. (1989) the system 
849 appears to be in a two-phase regime and a small fraction of brine is present, thus in those experiments the salinity of 
850 the vapor-and brine are fixed according to the phase relationships in the NaCl-H2O system (Driesner, 2007; Driesner 
851 and Heinrich, 2007). The general agreement between modelled and reported 𝐃𝐅𝐥𝐮𝐢𝐝 𝐌𝐞𝐥𝐭

𝐂𝐥  is evidence of the 
852 robustness of this model to predict the behavior of chloride complexing elements.  Although many of the studies in 
853 this database do not report partition coefficients for major or trace elements, i.e. Na, K, Fe, Ca, Li, Cu, Zn etc., 
854 because these elements are strongly chloride complexed, we can conclude that the their behavior can be reasonably 
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855 predicted, similar to the predictions of our model for Iveson et al. (2019) and that behavior can be determined in a 
856 wide range of P-T-X space.

857 In summary, the comparison of predicted vs reported partition coefficients reveals several elements/groups 
858 of elements that are easily reproduced, and others were some refinements is needed.  The model presented here is 
859 most accurate for cations that are in the 1+ oxidation state, such as Na, K, Li, and Rb. Elements in higher oxidation 
860 states or those that may be present in a 2+ oxidation states are well produced, with the condition the species being 
861 considered are neutrally charged, such as Zn and Mn.  In cases where thermodynamic data are not available for 
862 neutral species, and non-neutral species are considered, there is a systematic offset in predicted partition 
863 coefficients, such as for Sr and Ba. For non-neutral species where thermodynamic data is abundant, for example Cu 
864 as CuCl2

-, which is a proxy for the copper species (Na,K)CuCl2 (Tattitch and Blundy, 2017), the offset is less 
865 pronounced. This caveat is also likely to be the case for elements with higher oxidations states, and thus, it is evident 
866 that additional work on the speciation of highly charges elements in aqueous phases needs refinement.  Further, 
867 given that many metals are strongly chloride complexed predicting the behavior of chlorine in magmatic-
868 hydrothermal systems is now relatively straightforward. Future developments of the type of modelling presented in 
869 this work will require additional testing of species that have not been considered here due to either lack of 
870 thermodynamic or experimental data. Such testing will further refine modelling fits and accuracy of the model.  
871 Despite the limitations discussed above, at present, the linked fluid-melt model, based on the exchange of metals 
872 between an aqueous fluids and silicate melts, is able to predict the behavior of metals and chlorine in magmatic-
873 hydrothermal systems at wide P-T-X ranges and can now be applied to a variety of systems.  Such applications, have 
874 broad implications on understanding and predicting the transfer to metals in the continental crust, the degassing of 
875 volcanic systems, and formation of ore deposits.

876 6. Conclusions

877 Experiments were conducted in rhyolitic systems in order to characterize the multicomponent exchange of 
878 metals between magmatic fluids and silicate melts.  The apparent equilibrium constants for the exchange of 42 
879 major and trace elements, which are present as hydroxide, chloride, or fluoride species, were calculated by using 
880 existing thermodynamic data.  We find that the apparent equilibrium constants vary as a function of the HCl and HF 
881 content of the fluid, which is a response to the acid-base neutralization of HCl by metal-hydroxide groups in the 
882 melt, as well as the incorporation of fluorine into the melt structure.  By combining the experimentally determined 
883 apparent equilibrium constants, and their variation, with the MELTS family of software, crystal-melt partition 
884 coefficients, the solubility of halite and fluorite, and the behavior of NaCl, we constructed a model that is capable of 
885 calculating fluid-melt equilibria in multicomponent magmatic-hydrothermal systems. This model is capable of 
886 predicting the partitioning behavior between fluids and melt for a wide range major and trace elements in a large P-
887 T-X space and thus can be used to constrain the evolution of fluids in magmatic-hydrothermal systems.

888
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906 Metals Between Magmatic Fluids and Silicate Melts" at https://doi.org/10.5281/zenodo.13122240. These data 
907 include experimental conditions, compositions of run products including individual point analyses for EPMA and 
908 LA-ICP-MS, results of melt and fluid speciation calculations, calculated partition coefficients and apparent 
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910 fluid speciation calculations is available for download at https://gitlab.com/agion18/SoAP.git. This code includes 
911 the standalone applications SoAP, as well as tutorials on performing calculations are different systems. The 
912 MATLAB code for FLUIDS calculations is available at https://gitlab.com/agion18/fluids.git, including a brief tutorial 
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918 discussion for justification and alternatives to the H(fasc) component, as well as additional equations describing 
919 the speciation calculations used in the present study. 
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Figure Captions

Fig. 1: Variation of K′NaCl with density of the fluid phase with line of best fit (equation 23). Literature data are 
sourced from the calibration dataset of Tattitch et al. (2021), which includes data from Tattitch and Blundy (2017) 
and Botcharnikov et al. (2015).

Fig. 2: A) Na/K (mol) ratio and B) chlorine concentration of run product glass compositions plotted as a function of 
the molal concentration of Cl in the fluid phase.

Fig. 3: Concentration (ppm) of minor and trace elements in run product glasses plotted as a function of the molal 
concentration of Cl in the fluid phase.

Fig. 4: Stacked bar graph (left y-axis) of the concentration of species present as chlorides, fluorides, hydroxides, or 
free cations for each experimental. Inset shows low-salinity experiments with low metal loads. Note, that for a 
given molality of chlorine in the fluid the addition of minor amounts of fluorine results in an increase in the total 
metal load of the fluid. The influence of fluorine is clearly displayed by the jagged appearance of the mole fraction 
of metals (excluding sodium and potassium), such that Macusani-bearing experiments have higher metal loads 
than Bishop Tuff-bearing experiments with equivalent chlorine concentrations.

Fig. 5: Concentration (ppm) of minor and trace elements in run product fluids plotted as a function of the molal 
concentration of Cl in the fluid phase.

Fig. 6: Box-and-whisker plots of the apparent equilibrium constants (K′i) for A) experimentally determined partition 
coefficients, B) chlorides, C) fluorides (right, blue axis is for NbF5 MoF6 and ThF4), D) hydroxides, and E) free 
cations. All K′i are calculated from the equivalent form of equation 3b for the given species and the appropriate 
sodium species, i.e. NaCl, NaF, NaOH, or Na+. Partition coefficients and apparent equilibrium constants for the 
individual REES are shown in Supplementary Fig. S4. Red dots are apparent equilibrium constants calculated from 
ratios of partition coefficients from the literature, see text for additional details. Black dots are outliers that are 
greater or less that the 25th and 75th percentiles by 1.5 times the interquartile range.

Fig. 7: Partition coefficients for lithium between fluid and melt as a function of the molal concentration of chlorine 
in the fluid. The data points are partition coefficients with standard deviations of the mean from the present work. 
Black data points are for Macusani experiments, maroon data points are experiments for fluorine-free Bishop Tuff 
experiments, and green data points are fluorine-bearing Bishop Tuff experiments. Regression are best fit line as 
described in the original studies.
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Fig. 8: Variation of fluid/melt partition coefficients plotted against the duration of the experiment for A) fluorine-
free Bishop Tuff experiments and B) Macusani experiments with S4 as the starting solution. Lines are moving 
averages of the two experiments.

Fig. 9: Comparison of measured and calculated fluid compositions. Mass balance fluid compositions were 
calculated as described in Gion et al. (2022).

Fig. 10: Variation of the K′KCl as a function of  A) log10 XFluid
HCl  and B) log10 XFluid

HF  and K′CaCl2 as a function of C) 
log10 XFluid

HCl  and D) log10 XFluid
HF .

Fig. 11: Variation of K′HCl,NaCl as function of A) fluid/(fluid + melt) and B) pressure. Experiments from Williams et al. 
(1997) at 50 MPa were performed at 850°C, all other experiments shown were performed at 800°C. The 
combination of plots A and B can be fit to a surface according to equation 33a. Williams et al. (1997) and Simon et 
al. (2004) determined the HCl content of their experimental fluids by measuring the pH of the quenched fluid and 
in this work HCl is calculated as described in the supplementary files.

Fig. 12: Comparison of modelled and experimentally determined partition coefficients for each experimental run. 
Experiments Mac-2-S5, Mac-3-S4, Mac-5-S5, BT-1-S3, BT-3-5, BT-4-1, and BT-4-5 are not shown due to either 
compositional spaces that fail to equilibrate in MELTS (3 experiments) or failures to converge to a global minimum 
within the set number of iterations (4 experiments). Uncertainties on modelled partition coefficients is estimated 
to be a maximum of ~20 relative percent.

Fig. 13: Comparison of modelled and experimentally determined apparent equilibrium constants for A) hydroxide 
and B) chloride species. See Fig. 12 caption for additional detail on experiments shown. Uncertainties on modelled 
apparent equilibrium constants is estimated to be a maximum of ~20 relative percent.

Fig. 14: A) Comparison of modelled and previously reported fluid/melt partition coefficients for trace elements and 
chlorine. Previously report partition coefficients are taken from Iveson et al. (2019). B) Modelled and previously 
reported Cl fluid/melt partition coefficients. See text for literature sources. Red outline for data points indicates a 
poor fit for parameters 1 through 4 described in the section 4.4. Uncertainties on modelled apparent equilibrium 
constants is estimated to be a maximum of ~20 relative percent.
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Table 1: Composition of Starting Glasses

wt% Bishop Tuff (n=10)   Macusani (n=9)

SiO2 76.1(2) 72.4(2)

Al2O3 12.5(1) 15.9(1)

TiO2 0.06159(3) 0.03477(4)

FeO 0.65(4) 0.55(5)

MnO 0.0321(3) 0.054(5)

MgO 0.1 b.d.

CaO 0.47(1) 0.20(1)

Na2O 3.61(4) 4.17(3)

K2O 5.11(4) 3.79(4)

Li2O 0.01 0.69

B2O3 0.02 0.57

P2O5 b.d. 0.55(2)

F b.d. 1.23(2)

Cl b.d. 0.065(4)

-O = F,Cl 0   0.5

Total 98.7(2) 99.7(2)
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ASI 1   1.49

ppm Bishop Tuff (n=5) Macusani (n=5)   Bishop Tuff (n=5) Macusani (n=5)

Be 4.3(1) 37.584(3) La 25(5) 0.80(1)

Sc 3.48(3) 3.07(1) Ce 48(5) 1.872(2)

V 0.33(1) 0.05(4) Pr 5.6(8) 0.23(1)

Cr 0.78(3) 0.3(1) Nd 19(2) 0.86(2)

Co 35.2(4) 0.03(7) Sm 4.0(2) 0.39(3)

Ni 2.0(3) b.d. Eu 0.041(1) 0.01(8)

Cu 5.4(1) 1.40(1) Gd 3.5(1) 0.42(3)

Zn 27.8(3) 86.11(1) Tb 0.54(1) 0.10(2)

Ga 14.9(1) 33.77(1) Dy 3.61(4) 0.55(2)

Ge 1.78(4) 4.65(2) Ho 0.72(1) 0.09(2)

Rb 174.5(7) 1,127.954(4) Er 2.22(2) 0.23(1)

Sr 5.6(1) 1.05(1) Tm 0.325(4) 0.04(5)

Y 21.1(2) 2.797(4) Yb 2.35(3) 0.24(3)

Nb 21.5(2) 43.208(5) Lu 0.34(1) 0.03(6)

Mo 6.4(1) 0.2(1) Ta 2.48(2) 21.10(1)

Cd 0.07(1) 0.09(4) W 375(9) 69.99(1)
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In 0.0228(4) 0.888(9) Au 0.011(1) 0.01

Sn 2.66(2) 193.83(1) Pb 27.3(2) 8.92(1)

Cs 5.12(2) 519.098(3) Th 19.3(3) 0.94(1)

Ba 8.0(1) 1.05(2)  U 6.8(1) 18.74(1)

Composition of staring Bishop Tuff and Macusani glass starting materials. The composition of the starting glasses are given in wt% for 
major element and ppm for trace elements.  Uncertainty in the last digit(s) reported is given in parentheticals. N equals number of 
analyses. Major elements determined by EPMA and trace elements, including Li2O and B2O3, were determined by LA-ICP-MS.

Table 2: Composition of Starting Solutions

M S1 S2 S3 S4 S5

NaCl 0 0 0 0.25 1

KCl 0 0 0 0.25 1

HCl 0 0.0001 0.1 0.0001 0.0001

The compositions of the aqueous solutions are given in molar (M).

Table 3: Experimental run conditions

Run Group and 
Run Solutiona

Starting Glass 
(mg)

Starting 
Fluid (mg)

Starting 
Quartz 
(mg)

Meltb 
(mg)

Supercritical 
Fluidb (mg)

Fluorine Mixture + 
Amorphous Silicac 

(mg)

Pressure 
(MPa)

Temperature 
(°C)

Duration 
(hours)d

Oxygen 
Fugacity 
(ΔQFM)e

Total Wt 
Difference 

(mg)f

Mac-2 S2 49.5 50.2 40.3 53.7 47.7 - 196 800 116 0.12(1) 0.2
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S3 50 50.2 39 53.4 47.8 - 0.2

S4 50.7 51.4 30.1 54.8 49.1 - 0.3

 S5 50.9 54 35.6 55.2 50.9 -     0.3

Mac-3 S1 49.9 50.4 37.6 49.7 51.9 - 201 800 166.5 -0.31(3) 0.3

S2 50.2 50.6 40.8 55.4 48.9 - 0.2

S3 51.3 51.6 35.1 54.2 51.1 - 0.2

 S4 50.3 49.7 29.2 53.1 48.3 -     0.2

Mac-4 S4-3 26.4 5 42.5 n/a 4.1 - 198 800 141.5 0.08(2) 0.9

Mac-5 S2 47.8 24.2 41 52.1 21.4 - 192 800 141 0.024(5) 0.2

S3 47.3 24.4 52.8 51.7 21.4 - 0.2

 S5 48.4 26.2 21.7 53.8 22.5 -     0

Mac-6g S4 18.9 10 27.3 14.9 12.7 - 200 800 450 Vessel 0.5

Mac-7g S4 19.8 10.2 26.3 21.5 9.3 - 200 800 644 Vessel 0

Mac-8*g S4 50.1 50.3 11.5 52.3 48.5 - 200 800 163 +1 0.090(8) 0.4

BT-1 S1 24.4 24.6 35.9 26.6 24.4 - 192 800 142.75 -0.354(4) 0.2

S2 24.7 25.1 27.1 31.9 25.1 - 0.2

S3 24.6 25.1 27.1 23.2 24.8 - 0.1

S4 25.4 25.4 29.4 26.8 25.8 - 0.1

 S5 24.6 27.2 26.9 24.6 27.4 -     0
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BT-2 S1 48.6 25.3 18.8 50.8 23.7 - 198 800 141.75 -0.376(5) 0

S2 49.2 25.1 27.9 50.3 25.9 - 0.3

S3 48.8 25.5 32.9 53.6 23.7 - 0.2

S4 48.9 23.9 26 49.4 22.8 - 0.4

 S5 52.4 26.7 35.3 52.5 25.6 -     0.3

BT-3 S4-5 24.3 26.1 31.6 29.1 28 1.7 + 4.4 198 800 237.5 0.6(1) 0.5

BT-4 S4-1 39.8 20.8 37.2 41 19.8 191.6 800 263 0.418(8) 0.3

S4-2 39.7 26 31.2 43.7 25.2 1.4 + 1.5 0.4

S4-4 40.5 21.1 4.8 24.3 19.5 1.2 + 4.8 0.1

 S4-5 39.8 20.7 25.9 51.1 19.3 1.7 + 6.5     0.3

BT-5g S4 21 10.2 38.6 21.5 9.1 - 200 800 450 Vessel 0.5

BT-6g S4 31.8 10.3 31.8 29.5 9.6 - 200 800 644 Vessel 0.3

BT-7*g S4 51.4 50.6 28.7 55.3 49.1 - 200 800 163 +1 0.090(8) 0.1

aRun Group refers to the experimental run and Run Solution refers to the solution (Table 2) added to the experiment. Mac refers to experiments performed with the 
Macusani starting glass and BT refers to experiments performed with the Bishop Tuff Starting Glass.  For example, the Mac-2 group has five capsules each with a 
different solution (S1-S5) and those 5 capsules were loaded into the IHPV at the simultaneously. Additional numbers included in the run solution (e.g. "-1" in "S4-1") 
indicate replicates of each solution.

bMelt and Supercritical Fluid refer to the mass of the melt and supercritical fluid phase present during the experiment at the temperature and pressure of the run.

cFluorine Mixture refers to the mass of NaF:KF:AlF3 mixture added the experiment.

dThe duration of experiment BT-7-S4/Mac-8-S4 include one additional hour before drop quench.

eThe digit in parenthetical is the uncertainty in the last digit in measured oxygen fugacity by CoPd sensors. Oxygen fugacities marked "Vessel" are buffered by the 
cold-seal pressure vessel and are ~NNO. 
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fThe Total Wt Difference is the absolute value of the difference between the total weight of the capsule before and after the run, experiments with differences greater 
than 1 mg were rejected. n/a indicates not available.

 gAdditionally, pairs of experiments Bt-6-S4/Mac-7-S4, BT-5-S4/Mac-6-S4, and BT-7-S4/Mac-8-S4 were performed simultaneously in cold-seal pressure vessels.

*Indicates drop quench experiments

Table 4: Species considered in Speciation Modelling

Chlorides Fluorides Hydroxides Free Cations/Anions

LiCl - LiOH Li1+

BeCl2 BeF2 - Be2+

NaCl NaF NaOH Na1+

- AlF3 AlOH3 Al3+

KCl - KOH K1+

CaCl2 - - Ca2+

- - ScOH2+ Sc3+

- CoF+ VOH2+ V3+

FeCl2 FeF+ FeOH+ Fe2+

CoCl+ - CoOH+ Co2+

NiCl+ NIF+ NiOH+ Ni2+
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CuCl2- - CuOH2
- Cu1+

ZnCl2 - - Zn2+

- - GaOH2+ Ga3+

RbCl RbF RbOH Rb1+

SrCl+ SrF+ SrOH+ Sr2+

- - YOH2+ Y3+

CdCl2 CdF2 - Cd2+

BaCl+ BaF+ BaOH+ Ba2+

PbCl2 PbF2 - Pb2+

- - UOH2+ U3+

LaCl2+ LaF2+ LaOH2+ La3+

CeCl2+ CeF2+ CeOH2+ Ce3+

PrCl2+ PrF2+ PrOH2+ Pr3+

NdCl2+ NdF2+ NdOH2+ Nd3+

SmCl2+ SmF2+ SmOH2+ Sm3+

EuCl2+ EuF2+ EuOH2+ Eu3+

GdCl2+ GdF2+ GdOH2+ Gd3+

TbCl2+ TbF2+ TbOH2+ Tb3+
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DyCl2+ DyF2+ DyOH2+ Dy3+

HoCl2+ HoF2+ HoOH2+ Ho3+

ErCl2+ ErF2+ ErOH2+ Er3+

TmCl2+ TmF2+ TmOH2+ Tm3+

YbCl2+ YbF2+ YbOH2+ Yb3+

LuCl2+ LuF2+ LuOH2+ Lu3+

MgCl2 - - -

MnCl2 - - -

CrClOH - - -

- NbF5 - -

- MoF6 - -

- ThF4 - -

- - BOH3 -

HCl HF H2O H+

- - - Cl-

- - - OH-

- - - F-
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