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ABSTRACT

Magmatic volatile phases (MVPs) are multicomponent fluids that are a transport medium
for metals being transferred from deep magmatic sources to sites of ore formation. However, the
melt-to-fluid exchange of metals remains elusive because existing empirical simulations primarily
address metal transport through the fate of one chemical element. In this study, we use a
comprehensive thermochemical model to simulate the fractional crystallization of a silicate melt
that degasses a multicomponent MVP. We show that the major and trace element abundances in
MVPs formed from non-enriched magmatic systems are indistinguishable from MVPs found as
fluid inclusions in mineralized and non-mineralized systems. We therefore conclude that ore
formation is the consequence of repetitive intrusion-fractionation-degassing cycles common to
crustal systems without pre-enriched sources, as opposed to scenarios wherein a particular or
complex chemical system is required. Instead, the driving force of ore formation is a long-lived
system fueled by a H,O- and Cl-bearing melt. Variations in metal signatures of fluids therefore
reflect the PT path of melt ascent and changes in major element composition of the melt.
INTRODUCTION

Magmatic-hydrothermal ore deposits host vast resources. Porphyry deposits alone produce
60-70% of the Cu, ~95% of the Mo, 80% of the Re, 20% of the Au, and almost all of the Te and
Se worldwide (Sillitoe, 2010; John et al., 2016). The current paradigm for ore formation involves
the concentration of metals in melts and fluids followed by the precipitation of ore minerals (Fig.
1). The sources of the metals and the mechanisms that can enrich or deplete melts are a topic of
discussion and models generally invoke either: 1) Magmas that are pre-enriched in metals from
the melting of previously enriched rocks or the scavenging of pre-existing sulfides (Core et al.,

2006; Nadeau et al., 2010; Tang et al., 2020; Park et al., 2021; Holwell et al., 2022; Leong et al.,
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2023; Markovic et al., 2025) or 2) Non-enriched sources which accumulate through time and/or
have efficient metal extraction (Chiaradia and Caricchi, 2017; Lee and Tang, 2020; Chiaradia and
Caricchi, 2022; Grondahl and Zajacz, 2022). Although a consensus has not been reached, it is clear
that magmatic fluids play a vital role in the transport of metals (Hedenquist and Lowenstern, 1994;
Audétat, 2019).

These fluids are known as magmatic volatile phases (MVP; Candela, 1997) and primarily
comprise HoO-CO + Cl + F + S (Hedenquist and Lowenstern, 1994; Tattitch et al., 2021) with
variable major cation and trace metal contents. The exsolution of a MVP from the melt is due to
either decompression (first boiling) or crystallization (second boiling; Candela, 1997). MVPs may
be either intermediate-density fluids, low-salinity vapors, or high-salinity brines (Fig. 1).
Depending on the bulk salinity and PT path, intermediate-density fluids may undergo phase
separation resulting in co-existing vapor and brine (Bodnar et al., 1985; Driesner and Heinrich,
2007). The ascent of the MVP in the form of bubbles/plumes or channels is driven by their
relatively high buoyancy and are a medium for metal transport (Candela, 1997; Degruyter et al.,
2019). In order to assess potential metal sources, we used the model of Gion and Gaillard (2025),
which considers the multicomponent exchange of major, minor, and trace elements between
silicate melts, minerals, and aqueous fluids, to investigate the composition (44 elements) of MVPs
formed from non-enriched magma sources and compare these fluids to fluid inclusions in barren
and ore-bearing systems.

SIMULATION OF FLUID EVOLUTION IN THE CONTINENTAL CRUST

We simulated fractional crystallization of a melt by using the combined MELTS-FLUIDS

software packages (Antoshechkina and Ghiorso, 2018; Gion and Gaillard, 2025), which calculates

the composition of aqueous fluids at variable PTX conditions. The reader is referred to the
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supplementary methods and Gion and Gaillard (2025) for details of MELTS-FLUIDS. We
performed two categories of modeling 1) Fractional crystallization of an average continental
andesites (Kelemen et al., 2007) along variable PT paths and varying volatile (H2O and Cl)
contents and 2) Fractional crystallization of a melt with the composition of the upper continental
crust (UCC) (Rudnick and Gao, 2003). Initial trace element contents are those reported by
Kelemen et al. (2007) and Rudnick and Gao (2003) for their respective compositions. Some trace
elements (B, Ga, Mo, Cd, Tm) not provided by Kelemen et al. (2007) were set to bulk continental
crust values (Rudnick and Gao, 2003). The H»O, CI, and F content of each simulation ranged from
34108, 0.3t00.5,and 0.01 to 0.05 grams per 100 grams of volatile-free melt, respectively. See
supplementary files for the bulk composition and crystal-melt partition coefficients used for each
simulation. All fluid-melt and brine-vapor equilibria were calculated as detailed in Gion and
Gaillard (2025) and bulk crystal-melt partition coefficients (supplementary files) were median
values taken from the GERM partition coefficient database (earthref.org) for relevant
combinations of melt compositions (andesites/dacites and rhyolites) and mineral phases. Note,
sulfide precipitation was not included due to limitations within MELTS. All simulations were
divided into three stages (Fig. 1). The first stage was isothermal decompression from 500 MPa to
the emplacement pressure (400-150 MPa) in 10 MPa steps at 970°C. This temperature is consistent
with the generation of intermediate to silicic melts (Annen et al., 2006) and the pressure is such
that the system is initially fluid undersaturated. The second stage was isobaric cooling from 970°C
to between 750 and 700°C in 10 or 25°C steps at the emplacement pressure. In isobaric and
isothermal regimes, the oxygen fugacity was fixed to QFM+1 (Quartz-Fayalite-Magnetite). In the
third stage a MVP that exsolved from the melt at its emplacement pressure (e.g. 200 MPa) is

decompressed and cooled along a PT path as suggested by Hemley and Hunt (1992). This
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porphyry-forming stage takes place away from the melt in a rock-dominated system, but here we
focus only on the vapor-brine exchange of metals.

Figure 2 shows the results of a simulation for an andesite emplaced at 200 MPa. The results
of all other simulations are provided as supplementary files. During isothermal decompression the
melt becomes saturated with a supercritical fluid at 420 MPa (Fig. 2A). The major solutes in the
fluid are primarily (NaCl, FeCl,)>(CaCl,, KCI) and the fluid contains moderate amounts (hundreds
to thousands of ppm) of other transition metals, e.g. Cu and Zn, as well as minor amounts (tens to
hundreds of ppm) of other alkali and alkaline earth metals, e.g. Ba, Rb, and Sr, and trace amounts
(hundreds of ppb to several ppm) of the REEs (Fig. 2B). During isobaric cooling the melt remains
saturated with a MVP and the major solutes are NaCI>(FeCl,, KCl, CaCl»), as well as increasing
concentrations of most other elements as the melt crystalizes (Fig. 2B). The behavior of chlorine

(Supplementary Fig. S3) is consistent with previous experimental studies, wherein a calculated

gmd/ Melt Jecreases with decreasing pressure (Tattitch et al., 2021).

D

During the porphyry-forming stage, phase separation occurs at 90 MPa and ~790°C. The
salinity of the vapor phase decreases with decreasing pressure and temperature, whereas the
salinity of the brine phase increases (Fig. 2C). The brine phase has higher concentrations of most
elements and contains thousands of ppm of Cu and Zn; hundreds of ppm of Ba and Sr; and tens of
ppm Rb and several ppm Li (Fig. 2C).

The variation of MVP compositions in wt% of solutes as a function of emplacement depth
and volatile content are shown in Fig. 2D. In an isothermal regime, fluids exsolved at higher
pressures are more saline and salinity decreases with decreasing pressure. In isobaric regimes, the

salinity of the fluids increases as temperature decreases and crystallization proceeds. Such results

are consistent with early exsolving fluids and fluids exsolving from evolved systems having the



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

highest salinity. The concentration of major elements in the fluid is directly correlated to the
pressure of MVP exsolution and the salinity of the fluid. All major cations (Na, K, Ca, and Fe)
decrease with decreasing salinity. However, Na is also higher, relative to K and Ca, in fluids that
exsolve at higher pressures. Additionally, the major cation concentrations are directly related to
the mineral phases, e.g. saturation with a spinel decreases Fe in the melt and thus limits Fe in the
fluid. Finally, the trace element concentrations are higher in more saline fluids, but are affected by
the timing of fluid exsolution and PT path of the melt (Fig 2D). It is also important to note that
although drier melts produce fluids with roughly similar salinities and compositions, the amount
of fluid produced is inherently smaller for similar sized melt bodies and thus limits mass transport
of metals. Additionally, chlorine-rich melts do not necessarily produce higher salinity fluids (Fig
2D). This is because the salinity is controlled by the PT conditions at the time of fluid exsolution
and the availability of cations such as Na, K, Ca, and Fe that exchange between the fluid and the
melt (Gion and Gaillard, 2025). However, the presence of chlorine does promote the removal of
metals from the melt and the transport of metals.

The compositions of the simulated supercritical fluids and coexisting vapor and brine
phases are compared to natural fluid inclusions from a variety of granitic systems including Cu,
Sn/W, and Mo deposits, as well as barren intrusions with compositionally similar fluids to
economic deposits (Audétat, 2019; Fig. 3). The simulated MVPs are consistent with intermediate-
density fluids (i.e. 5-15 wt% NaCl equiv.) in terms of both major and trace element concentrations.
We observe that in the simulation performed with an andesitic melt and an emplacement pressure
of 200 MPa, the concentrations of Na and K, as well as Li, Pb, and B are slightly lower than natural
inclusions (Fig 3). However, emplacement at 400 MPa with the same initial bulk composition

results in a MVP that more closely matches natural fluid inclusions for the major cations (Na, K,
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Ca, and Fe) and some trace elements (Mo and Pb) (Fig 3). Thus, the composition of the fluid is
greatly influenced by the PT path of the melt from which it exsolves. However, changing the PT
path does not resolve the differences in Li and B compared to natural fluids. To resolve this, we
consider a scenario where MVPs are exsolved from a magma with the initial bulk composition of
the UCC. We chose this scenario to determine the composition of fluids that exsolve from more
evolved melts. In this scenario the protracted fractionation results in a fluid that has a trace element
signature that closely matches natural inclusions (Fig 3).
IMPLICATIONS AND CONCLUSIONS

The consistency between the simulated MVPs and natural fluid inclusions calls into
question models that require pre-enriched sources for the formation of ore-deposits (Core et al.,
2006; Nadeau et al., 2010; Tang et al., 2020; Park et al., 2021; Holwell et al., 2022; Leong et al.,
2023). Because fluids derived from the fractional crystallization of a melt with an average andesitic
composition or the average UCC contain equivalent metal concentrations as known ore-forming
fluids, metal-rich sources are not necessary to produce potential ore-forming fluids. Instead, the
primary control on fluid compositions is the major element composition of the melt and its
evolution along various PT paths. Major elements (Na, K, Ca, Fe, etc.) are directly involved the
fluid-melt exchange of both major and trace elements (Gion and Gaillard, 2025) and thus variation
in melt composition, and the availability of such cations, influences the composition of exsolved
fluids (Fig 3). Additionally, protracted crystallization and fluid exsolution results in trace elements
(e.g. Li and B) that are consistent with natural inclusions. Therefore, the primary requirement for
ore formation is a long-lived system fueled by a H>O- and Cl-bearing melt, wherein MVPs
transport metals to sites of deposition (e.g. Virmond et al., 2024). The model of Gion and Gaillard

(2025) does not include sulfur-bearing species and thus our simulation lacks sulfur-complexed



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

metals. However, the presence of sulfur may increase the total metal load of a fluid (Tattitch and
Blundy, 2017). Thus, our results are consistent with sulfur being a secondary ligand (Fig. 3A) that
may not be required for the transportation of metals but is required for the precipitation of many
ore minerals (Holland, 1965; Blundy et al., 2015).

MVPs are also capable of transporting significant masses of elements that form gangue and
ore minerals. Assuming a magma injection rate of 10~ km?3/yr (Caricchi et al., 2014) and an
average andesite composition (Kelemen et al., 2007) with 8, 0.3, and 0.05 grams of H»O, CI, and
F per 100 grams of volatile-free melt, respectively (Fig 2A-B; supplementary files), ~103 to 10°
Mt of a MVP is exsolved from the melt in <2 Ma. This MVP transports 10! to 10° Mt of Fe, Na,
K, Ca and Cl, which are involved in the alteration of host rocks. We also find that the MVP
transports Cu, Zn, Pb, and Mo at masses equivalent to supergiant deposits on timescales of 0.1 to
2 Ma (Fig. 4); consistent with the previous observations of Chelle-Michou et al. (2017).

Our observations support metal-rich MVPs being derived from non-enriched magmatic
sources and highlight the potential for magmatic fluids as sources for a wide variety of metals.
Given these considerations, we conclude that ore formation is primarily a function of the total flux
of volatiles (Hogg et al., 2023). The total volatile flux depends on both the mass and volatile
content of the melt, wherein the total mass of H>O and C1 exsolved form the melt must be sufficient
enough to transport several million tonnes of metals. The efficiency of such mass transport through
the transcrustal system is itself dependent on the lifespan of the system, timing of volatile
saturation, and fluid flow paths (Chiaradia and Caricchi, 2017; Audétat, 2019; Chelle-Michou and

Rottier, 2021; Chiaradia and Caricchi, 2022).
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Figure Captions

Fig. 1: Schematic cross section of a transcrustal magmatic system after Chelle-Michou and
Rottier (2021). Fluid saturation and phase separation are marked by the dashed lines. Blue
arrows illustrate the three stages of the simulations. PT plot is a simulation for fractional
crystallization an average continental andesite with the mass fraction of phases in the system and
the distribution of Cu and Zn among those phases.

Fig. 2: Stacked area plots of simulation results for an average hydrous continental andesite. A)
Composition of simulated supercritical fluid during isothermal decompression. B) Composition
of simulated supercritical fluid isobaric cooling. C) Composition of vapor and brine during
decompression and cooling of the supercritical fluid. The left-hand axis is the concentration in
wt%. The inset values are the concentrations of grouped elements in ppm (bold, italic font) or
ppb (regular font) at the beginning and end of each stage. The right-hand axis is log;, X549 and
log;o XEWid, REE = Rare Earth Elements + Th + U. AA = Minor Alkali and Alkaline Earth
Metals. TM = Minor Transition Metals + Post-transition Metals + Metalloids. D) Comparisons of
supercritical fluids exsolved from andesitic melts with variable emplacement pressures, water,
and chlorine (grams per 100 grams of anhydrous melt) contents. Isothermal decompression and
isobaric cooling are denoted by a star and circle, respectively.

Fig. 3: Comparison of simulated MVPs exsolved from an andesite emplaced at 200 MPa and 400
MPa, as well as MVPs exsolved from the upper continental crust to natural fluid inclusions from
Audétat (2019) for ore-deposits and barren intrusion. A) Simulated supercritical fluids compared
to natural intermediate-density fluid inclusions. B) Simulated low-salinity vapors compared to
natural intermediate-density fluid inclusions; the database of Audétat (2019) does not include

low-salinity vapors. C) Simulated brines compared to natural brines. Violins are natural fluids.
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Note, the andesite emplaced at 400 MPa never enters a two-phase field. Each data point
represents one PT step.

Fig. 4: Mass of elements transported and mass of degassed MVP (supercritical fluid or vapor +
brine) in million tonnes (Mt) vs time (Ma) calculated using the MVP compositions in Fig 2A-B
and assuming a magma injection rate of 10~ km3/yr (Chiaradia and Caricchi, 2022). Colored
regions are determined by the thresholds (and subdivisions) of large, giant, and supergiant
deposits as defined by Laznicka (2014) for a given metal, as well as the time required to
transport an equivalent mass, i.e. mass of metal to cross a deposit size threshold, of that metal by

the simulated MVP; the mass of the MVP, Cl, Fe, Na, and K were not used to define these fields.
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