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ABSTRACT
Loss of magmatic sulfides to the mantle is posited to explain the copper deficit of evolved 

arc magmas and the depleted Cu/Ag ratio of the continental crust. We address the question of 
whether saturating sulfides may instead be mechanically entrained with rising magmas, and 
how this would affect their geochemical fate in the upper crust. Entrainment is plausible con-
sidering sulfide wetting properties and settling velocities relative to magma ascent velocities. 
Entrained sulfide increases the pressure at which magmas become saturated with respect to 
H-O-S fluids in the upper crust by 10–100 MPa, with the pressure difference increasing with 
temperature, water content, and oxidation. Bubbles are likely to nucleate on sulfide particles, 
allowing transfer of S and Cu from the sulfide to the fluid over a small crystallization interval 
without limitations by diffusion through the silicate melt. This sequence of processes gives 
magmatic sulfides an active role in ore metal transport and enrichment to form porphyry 
copper deposits, and may have global implications for crustal Cu budgets.

INTRODUCTION
Porphyry copper deposits contain millions 

of tons of Cu enriched by orders of magnitude 
compared to common rocks. These extreme 
anomalies form by several enrichment steps 
from magma to fluid to ore (Sillitoe, 2010). The 
preceding evolution, by contrast, is currently 
envisioned to be a partial depletion step that is 
caused by sulfide saturation sequestering chal-
cophile metals originally present in primary arc 
basalts (e.g., Chen et al., 2020). A global deficit 
of Cu in arc volcanics above thick continental 
crust and in the bulk continental crust (Chi-
aradia, 2014), combined with common sulfide 
presence and partial Cu enrichment in lower 
crustal cumulates (Métrich et al., 1999; Rezeau 
and Jagoutz, 2020), is believed to indicate sig-
nificant loss of Cu and other chalcophile metals 
by recycling to the mantle (Lee et al., 2012; 
Jenner, 2017; Park et al., 2021). Paradoxically, 
the Cu deficit of magmatic arc rocks is largest 
in tectonic settings that also host the world’s 
premier porphyry copper provinces (Chiaradia, 
2014; Loucks, 2021). The widespread presence 

of accessory sulfide in magmas associated with 
porphyry copper deposits indicates that sulfide 
saturation in the lower crust is not detrimen-
tal to ore formation (Du and Audétat, 2020; 
Rottier et al., 2020). The suggested roles for 
magmatic sulfide in the formation of porphyry 
copper deposits have focused on upper crustal 
processes; e.g., transient chalcophile element 
storage, sulfide accumulation and remobiliza-
tion, bubble-flotation of composite particles, 
and wholesale or fractional sulfide decompo-
sition upon fluid saturation, which can affect 
the bulk Au/Cu ratio of resulting ore deposits 
(Hattori and Keith, 2001; Halter et al., 2004; 
Nadeau et al., 2010; Wilkinson, 2013; Mun-
gall et  al., 2015; Yao and Mungall, 2020). 
Most recent research has instead focused on 
identifying tectonic and magmatic conditions 
that minimize lower crustal Cu loss and opti-
mize chances of making ore deposits from the 
remaining Cu in evolving magmas (Richards, 
2015; Lee and Tang, 2020; Rezeau and Jagoutz, 
2020; Chelle-Michou and Rottier, 2021; Park 
et al., 2021).

We question the prevailing view that sul-
fide saturation in the lower crust necessarily 
means sulfide loss and consequent metal deple-

tion of the magma. We explore the alternative 
possibility that initial enrichment in magmatic 
sulfide is followed by mechanical entrainment 
of sulfide particles by ascending silicate melts 
(Core et al., 2006), and quantify its conse-
quences for magmatic fluid saturation in the 
upper crust and the transfer of chalcophile 
metals to this fluid.

PHYSICAL MOBILITY OF MAGMATIC 
SULFIDES

Experiments measuring dihedral angles 
between mantle minerals and FeS-rich sulfide 
melt show that the wetting characteristics of 
sulfide in contact with silicate grain surfaces 
favor isolated sulfide spherules in silicate melt 
(Wang et al., 2020). Grains of monosulfide 
solid solution commonly forming composite 
spherules with more Cu- and Ni-rich sulfide 
melt show no tendency for preferential attach-
ment to major oxides and silicates (e.g., Li and 
Audétat, 2012).

Whether sulfide particles or droplets settle 
or remain entrained in the melt is determined 
by the sinking velocity of sulfide relative to the 
ascent velocity of the host silicate magma (Tom-
kins and Mavrogenes, 2003). The density dif-
ference between sulfide and silicate melt, Δρ, 
enters linearly into Stokes’ formula, whereas 
particle radius, r, enters by its square for a sili-
cate melt viscosity μ:

 Sinking velocity V   g r /  = 2 92∆ρ µ.  (1)

Evaluation of Equation 1 (see the Supplemen-
tal Material1) shows that the dominant compo-
sitional effects on viscosity—silica and water 
content—partly cancel, so that extrapolated 
curves for basalts approximate more frac-
tionated melts with higher water content at 
lower temperature (Fig. 1). The size of sulfide *E-mail: heinrich@erdw .ethz .ch
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 particles observed as inclusions in magmatic 
glass and phenocrysts is typically 1–100 μm 
(Halter et al., 2004; Du and Audétat, 2020; 
Georgatou and Chiaradia, 2020), and models of 
sulfide particle growth by diffusion and coales-
cence indicate an upper limit of ∼300 μm (Yao 
and Mungall, 2020).

Ascent velocities from U-Th series disequi-
libria are based on transfer duration between 
the mantle source and the surface that include 
periods of storage and therefore represent mini-
mum flow velocity (Turner and Costa, 2007). 
Diffusion-based speedometers yield similar 
estimates for lower crustal ascent and much 
faster velocities in the upper crust when fluid 
saturation initiates volcanic eruptions (Neave 
and Maclennan, 2020). The comparison (Fig. 1, 
gray bars) shows that sulfides not removed by 
inclusion in cumulate crystals may commonly 
be transported by silicate melts.

THERMODYNAMICS OF SULFIDE 
DECOMPOSITION DURING VOLATILE 
SATURATION

Lesne et al. (2015) showed that sulfur dis-
solved in silicate magmas increases the pres-
sure and depth of magmatic fluid saturation 
but they did not consider saturation of a sepa-
rate sulfide phase, which is the focus of our 
analysis. We explored the relative stability of 
pyrrhotite, anhydrite, and a H-O-S fluid phase 
in equilibrium with a variably crystallized 
magma. The stability and decomposition of 
Fe-S-rich monosulfide solid solution (simpli-
fied to non-stoichiometric FeS) is controlled 
by reactions linking the partial pressure of gas 
species to H2O(m) and FeO(m) in the coex-
isting silicate melt. At reducing conditions, 
the dominant S–II species forms as (Mungall 
et al., 2015):

 FeS s H O m FeO m H S g( ) ( ) ( ) ( ),+ = +2 2  (2)

and at oxidizing conditions, S+IVO2 forms as:

 

FeS s H O m FeO m H g

SO g

( ) ( ) ( ) ( )

( ),

+ = +
+

3 32 2

2  (3)

whereby H2O(m) controls the dominant fluid 
species H2O(g), and O2 fugacity (fO2) is con-
trolled by H2O(g) = 0.5O2(g) + H2(g). Interme-
diate-valency S2(g) and H2(g) are minor gas spe-
cies, with the latter limited by H2(g) + Fe2O3(m)    
2 FeO(m) + H2O(m).

We evaluated these reactions by Gibbs 
energy minimization using the solution models 
from Holland et al. (2018). Compared to ear-
lier modeling of melt-sulfide-fluid equilibria 
(cf. Mungall et al., 2015), the amounts of rock-
forming minerals in the magma vary simulta-
neously with the quantities of sulfide and fluid. 
The model chemistry is simplified compared to 
that of Yao and Mungall (2020) in that Cl and 
C are ignored, as is S solubility in the melt (a 
function of pressure [P], temperature [T], and 
melt composition, notably redox conditions; 
e.g., Matjuschkin et al., 2016). We disregard C 
because it adds an arbitrary degree of freedom 
to the model; calculations for plausible melt 
CO2 content show that while CO2 may cause 
fluid saturation at higher pressure, the quantity 
of fluid is so small that it has only second-order 
consequences for de-sulfidation (Fig. S1 in the 
Supplemental Material). Our approach is simpli-
fied but emphasizes the first-order consequence 
of crystallization for aqueous fluid production 
as a self-enhancing process because H2O loss 
from the melt in turn promotes crystallization. 
We chose the hydrous arc basalt composition of 
Rezeau and Jagoutz (2020), similar to that used 
by Chiaradia (2014) and others, which apply 
alternative melt models. Amphibole has been 
excluded because this solution model, implau-
sibly, suppresses magnetite stability, so that 

pyroxenes take the place of mafic minerals in our 
model system (see the Supplemental Material). 
We present results for fixed bulk compositions, 
rather than cooling paths of fractional crystal-
lization, to illustrate the effects of magmatic 
sulfide across a P-T region (Fig. 2). To intro-
duce S, 0.5 wt% FeS was added to the model 
basalt composition. The resulting S-content is 
near the high end of estimates for S in primitive 
arc basalts compared with S solubility at sulfide 
saturation (Chelle-Michou and Rottier, 2021) 
and of petrographic estimates of sulfide abun-
dance in sulfide-saturated mafic arc volcanics 
(Métrich et al., 1999; Larocque et al., 2000).

At lower crustal conditions, our melt-dom-
inated magma is fluid-free but saturated with 
pyrrhotite and anhydrite (which, in reality, is 
partly dissolved in the melt), with mafic miner-
als, and with + garnet ± feldspar giving way to 
magnetite-rich spinel + feldspar at mid-crustal 
pressures. Decompression causes fluid satura-
tion (solid purple curve in Fig. 2B), the pressure 
of which is increased by the presence of sulfur. 
The magnitude of this increase, ΔP(S), was 
obtained by equilibrating the same bulk compo-
sition without added FeS (stippled purple curve 
in Fig. 2B). ΔP(S) increases with increasing 
temperature, which promotes de-sulfidation by 
Reactions (2) and (3), so that above ∼1000 °C, 
the fluid saturation curve reverses its slope in 
the FeS-saturated system (Fig. 2B). With further 
crystallization, the release of H2O continues to 
promote de-sulfidation to the point where all 
available S is contained in the magmatic fluid 
phase (dashed lines “Po out,” “any out” in 
Fig. 2B). As a result, total S concentration in 
the fluid first increases with decreasing pressure 
but, after exhaustion of S minerals, decreases 
due to dilution by magmatic H2O (mol fraction 
XS,tot = XH2S + XSO2 indicated by scales of light 
to darker orange in Figure 2).

Lowering the bulk FeIII/Fetot at constant 
H2O content leaves the fluid saturation pres-
sure essentially unchanged except at high tem-
peratures (1000 °C), where FeS de-sulfidation 
is suppressed (Fig. 3A, thick green line) due 
to the lower stability of SO2 relative to H2S 
(symbol size in Fig. 3B). For the same rea-
son, final pyrrhotite disappearance shifts to 
lower pressures (Po out; dashed purple versus 
green lines in Fig. 3A). The SO2/H2S ratio in 
the fluid (Fig. 3B) relates to the redox state of 
the system as measured by buffer deviations; 
e.g., ΔlogfO2(QFM) (QFM—quartz-fayalite-
magnetite). Varying bulk FeIII/Fetot from 0.2 
to 0.5 increases ΔlogfO2(QFM) from +1.0 to 
+2.2 (see the Supplemental Material), which 
is reasonable in light of natural oxybarom-
eters (Richards, 2015; Matjuschkin et  al., 
2016). Halving the H2O content from 6 wt% 
to 3 wt% shifts all curves to lower pressure 
because fluid saturation requires higher degrees 
of crystallization.

Figure 1. Sinking veloc-
ity of sulfide particles 
in silicate melts as a 
function of temperature 
(curves) estimated for 
three melt compositions 
(line colors, extrapolated) 
and two particle sizes (10 
μm and 100 μm; indicated 
by symbol size). Sulfide 
is entrained if sinking is 
slower than the ascent 
velocity of the magma 
(range shaded in gray).
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We conclude that sulfides in hot arc magma 
can persist to the upper crust, where they decom-
pose and transfer S to a hydrous fluid over a 
small P-T interval, well before the magma 
fully crystallizes (Figs. 2C and 2D). By con-
trast, along cooler geothermal gradients, the 
magma reaches fluid saturation at mid-crustal 
levels; the lower temperature and higher pres-
sure inhibit sulfide decomposition, leading to the 
dispersal of S-poor aqueous fluid from intrusive 
rocks that retain their magmatic sulfide phase 
(Fig. 2A). Both arc-magma cases contrast with 
volatile-poor, and typically hotter, melt-rich 
flood basalts, in which minor hydro-carbonic 
fluid exsolves as a consequence of decompres-
sion, with the result that magmatic sulfide per-
sists to near-surface pressures.

BUBBLE SATURATION AND 
TRANSFER OF ORE-FORMING 
COMPONENTS

Bubble nucleation in liquids is reduced 
by mineral surfaces, such that heterogeneous 
nucleation tends to occur on the mineral with 
the largest outer angle, Ψ, between mineral and 
vapor (Fig. 4A). In silicate magmas, typically 
Ψ is maximized by non-silicate minerals, mag-
netite, or sulfide (Fiege and Cichy, 2015). Com-

posite fluid + sulfide inclusions in magnetite 
(Georgatou and Chiaradia, 2020) indicate larger 
Ψ of vapor against sulfide compared with vapor 
against magnetite, implying that bubble nucle-
ation is most likely initiated on sulfide particles 
(Fig. 4A; Wang et al., 2020).

The subsequent growth of a H-O-S–domi-
nated fluid bubble is limited by the diffusion of 
H2O through the silicate melt, with H2O—which 
is known to diffuse rapidly—being the domi-
nant volatile component in the magma and the 
reactant driving de-sulfidation (Reactions 2 and 
3; Fig. 4B; Zhang and Ni, 2010). By contrast, 
the transfer of S, Fe, Cu, and other chalcophile 
metals from a decomposing sulfide particle to an 
attached fluid bubble requires no diffusive trans-
port through the silicate melt. Therefore, the 
growing bubble will directly incorporate S and 
metals from the decomposing sulfide, and bulk 
metal extraction from magma carrying separate 
sulfide particles may be faster and more com-
plete than from sulfide-undersaturated magma.

DISCUSSION
If sulfide saturation does not result in sul-

fide loss, it causes no bulk Cu depletion and 
is not a limiting factor for ore formation (cf. 
Chiaradia, 2014; Chelle-Michou and Rottier, 

2021). Our results show, to the contrary, that 
early magmatic sulfide saturation in arc magmas 
may be a first step in Cu enrichment, actively 
promoting later porphyry copper ore formation. 
Optimal conditions for sulfide entrainment and 
subsequent decomposition to ore-forming fluid 
match earlier observations of magmas enabling 
fertile ore provinces, including oxidizing condi-
tions and high water content. Both processes are 
favored by the rapid ascent of hot, hydrous mag-
mas toward Earth’s surface from constrained 
magma reservoirs fractionating at the base of 
thickened crust in compressive tectonic settings 
(Sillitoe, 2010; Loucks, 2021). Our arguments 
extend the model of Lee and Tang (2020) for 
porphyry copper ore formation, but little or 
no Cu needs to be lost at the base of the crust, 
and no extreme redox conditions due to garnet 
removal are required.

Physical transport of sulfides and their 
decomposition upon fluid saturation shifts the 
focus from chemical modeling of element dis-
tribution between sulfide, silicate melt, and fluid 
(e.g., Chen et al., 2020; Rottier et al., 2020; 
Chelle-Michou and Rottier, 2021) to the ques-
tion of surface interaction between sulfide par-
ticles (solid or molten) and major minerals that 
are removed during fractional  crystallization 

A

B C D

Figure 2. Simplified thermodynamic model for sulfide-saturated hydrous arc basalt. (A) Predicted phase proportions along a hot-zone geother-
mal gradient. (B) Pressure–temperature (P-T) phase diagram section for hydrous (6 wt% H2O) basaltic magma containing 0.5 wt% pyrrhotite, 
with phase stability boundaries of S-hosting phases in red to purple colors and main Al-FeIII phases in light blue; mafic minerals and melt 
coexist at all temperatures above the solidus; two crystallization transects (gray lines) approximate cooling along a geothermal gradient 
above a magma-rich hot zone in the lower crust (A), or near-adiabatic decompression approximating rapid magma ascent (C,D). ΔP(S) is the 
increase in the fluid (F) saturation pressure due to magmatic S (thick purple line in A) compared to the corresponding S-free model system 
(stippled line). The cartoon (C) emphasizes the small pressure interval between fluid saturation and sulfide exhaustion (“Po out”) due to 
crystallization-driven fluid generation.

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/50/10/1101/5695214/g50138.1.pdf
by ETH-Bibliothek user
on 21 September 2022



1104 www.gsapubs.org | Volume 50 | Number 10 | GEOLOGY | Geological Society of America

(Yao and Mungall, 2020). Net S and chalco-
phile metal depletion would occur by sulfides 
preferentially attached to major minerals. If 
 sulfides form isolated globules in silicate melt, 
as available evidence suggests (Wang et al., 
2020), the bulk magma may experience net sul-
fide enrichment so that Cu becomes transiently 
concentrated like an incompatible element 
(Cline and Bodnar, 1991) for subsequent trans-
fer to the fluid phase. Such ore metal enrich-

ment can result simply from the entrainment of 
sulfides with the fractionating silicate melt and 
does not require prior physical accumulation 
of sulfides. If re-mobilization of lower-crustal 
sulfide accumulations indeed adds to further 
enrichment (Core et al., 2006), as suggested by 
other researchers (e.g., Chiaradia, 2014; Du and 
Audétat, 2020), then physical mobilization by 
rapid magma extraction seems more likely than 
chemical mobilization, which would require a 

fundamental magma-chemical change from 
sulfide precipitation to sulfide re-dissolution. 
Added buoyancy by sulfide attachment to bub-
bles and the presence of molten sulfide may 
enhance enrichment in upper-crustal reservoirs 
(Mungall et al., 2015), but these conditions are 
not essential for avoiding metal loss.

The fraction of Cu that can be physically 
transported to the upper crust depends on sul-
fide quantity. For 0.2–0.5 wt% FeS and assumed 
distribution coefficients of Cu or Ag between 
monosulfide solid solution and silicate melt (400 
or 60, respectively; Li and Audétat, 2012), the 
sulfide phase can carry 45–66% of the initially 
available Cu to the upper crust (but <20% of 
initial Ag; see the Supplemental Material). 
This amount is comparable to the deficit of 
Cu in volcanic rocks above thick continental 
crust compared to arc rocks above thin crust 
(∼70%; Chiaradia, 2014) and the Cu/Ag defi-
cit in the bulk continental crust compared to 
primitive arc basalts (∼50%; Chen et al., 2020). 
Selective depletion of the most chalcophile pre-
cious metals (Au, Pd, and Pt) by removal of a 
small amount of sulfide may explain the giant 
Cu-only deposits of Chile (Park et al., 2021). 
However, the low concentration of Pd and Pt in 
ore deposits is not a conclusive argument against 
sulfide entrainment and subsequent transfer to 
magmatic fluid: all these elements are highly 
soluble at magmatic temperatures (e.g., Sullivan 
et al., 2022) and their abundance in ore depos-
its therefore depends on selective precipitation 
efficiency. Future modeling may combine our 
approach with partitioning of elements between 
fluid, sulfide phases, and silicate melt, including 
dissolved S. Our first-order estimate suggests 
the possibility that some of the global deficit of 
chalcophile metals could be due to dispersion 
via magmatic fluids to the hydrosphere and recy-
cling by sediment subduction (cf. Soyol-Erdene 
and Huh, 2012) rather than cumulate loss to the 
mantle alone.
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