
Vol.:(0123456789)1 3

Contributions to Mineralogy and Petrology (2022) 177:99 
https://doi.org/10.1007/s00410-022-01966-x

ORIGINAL PAPER

High‑pressure phase relations in the system Fe–Ni–Cu–S up to 14 GPa: 
implications for the stability of sulfides in the earth’s upper mantle

Christopher Beyer1  · Thilo Bissbort1,2 · Rebecca Hartmann1 · Jasper Berndt3 · Stephan Klemme3 · 
Raúl O. C. Fonseca1

Received: 4 July 2022 / Accepted: 27 September 2022 / Published online: 13 October 2022 
© The Author(s) 2022

Abstract
Base metal sulfides (Fe–Ni–Cu–S) are ubiquitous phases in mantle and subduction-related lithologies. Sulfides in the mantle 
often melt incongruently, which leads to the production of a Cu–Ni-rich sulfide melt and leaves a solid residue called mono-
sulfide solid solution (mss). However, the persistence of crystalline sulfide phases like mss in the Earth’s mantle at higher 
temperatures and pressures deep within the Earth has long been up for debate, as the presence of both mss and sulfide melt 
in mantle rocks implies the fractionation of chalcophile elements during mantle melting. Recent studies have shown that 
the average mantle sulfide (45 wt.% Fe, 16 wt.% Ni, 1 wt.% Cu, and 38 wt.% S), is fully molten at average mantle potential 
temperatures (1300–1400 ◦ C) up to 8 GPa (ca. 240 km). However, sulfide inclusions found in diamonds show a broad com-
positional spectrum, ranging from Ni-poor and Fe-rich (eclogitic), to Ni-rich and Fe-poor sulfides (peridotitic), with their 
Cu contents being generally low. The wide compositional variety of diamond-hosted sulfide inclusions raises the possibility 
that results on the melting properties obtained from this average mantle sulfide compositional may not reflect that found 
in those inclusions. As such, further investigation of the melting properties of sulfides from a wide compositional range is 
necessary. Here, we present the results of an experimental study where the melting properties of typical sulfide compositions 
found in diamond inclusions associated with eclogites and peridotites have been determined. Experiments have been carried 
out between 0.1 MPa and 14 GPa, and between 920 and 1590 ◦ C, on box muffle furnaces, end-loaded piston cylinder, and 
multi-anvil apparatuses. Results show that solid mss in Fe-rich, Ni-poor sulfide inclusions associated with eclogites persist 
to higher pressures and temperatures compared to their less-refractory, more Ni-rich peridotitic counterparts to the depth of 
the mantle transition zone (410 km depth). Our results have implications for the recycling of chalcophile elements during 
subduction-related processes and the entrapment of sulfides in diamonds.
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Introduction

Base metal sulfides (BMS – Fe–Ni–Cu–S +/- Co and Zn) 
are ubiquitous accessory phases in basalts, peridotites, and 
mantle xenoliths (Dromgoole and Pasteris 1987), and are 
the most frequent inclusions found in diamonds (Chaussidon 

et al. 1987; Pearson et al. 1998; Stachel and Harris 2008). 
Effectively, all the sulfur found in Earth’s mantle resides in 
discrete sulfides. This behavior contrasts with that of H 2 O, 
which can substitute into the common mantle silicates (e.g., 
olivine and pyroxenes—cf. (Padrón-Navarta and Hermann 
2017; Férot and Bolfan-Casanova 2012; Bolfan-Casanova 
et al. 2000), among others) and thus behaves like a trace 
element during mantle melting (e.g.,  Bolfan-Casanova 
et al. (2000)). Sulfur, on the other hand, does not. Of all 
trace elements in the mantle, only carbon is so incompat-
ible in silicates that it must form its own phase at typical 
mantle abundances (see review by Stagno (2019)). Due to 
their nature, sulfides are a sink for highly siderophile ele-
ments (HSE), as well as economically important chalco-
phile elements like Cu, Zn, Ag, and Pb. Sulfides strongly 
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affect chalcophile element behavior in a range of geological 
contexts and pressure and temperature conditions that are 
relevant to planetary formation and differentiation, making 
their study of paramount importance.

Over the last two decades, sulfide inclusions found in dia-
monds have been widely used to track the life cycle of dia-
monds and to gain insight into how they form (Pearson et al. 
1998; Westerlund et al. 2006; Aulbach et al. 2009). Because 
diamonds are inert to most of their inclusions and are stable 
over a wide range of pressures and temperatures prevalent in 
Earth’s interior, inclusions in diamonds are perfectly suited 
to track the evolution of Earth’s mantle. Diamond-hosted 
sulfide inclusions thus offer a window into sulfide forma-
tion and cycling in the deep Earth, as they are more likely to 
record the conditions of sulfide formation in Earth’s mantle 
when compared to sulfides found in mantle xenoliths, which 
are prone to metasomatic and thermal overprint (cf. Harvey 
et al. 2010).

Magmatic and metamorphic sulfides display a rich min-
eralogical diversity, with the most important sulfide min-
erals comprising the high-temperature monosulfide solid 
solution (mss) and intermediate solid solution (iss), which 
break down to the lower temperature pyrrhotite, pentland-
ite, and chalcopyrite upon cooling (see review by Eggler 
and Lorand 1993). These phases have distinct physical and 
chemical properties that determine their stability in P-T- fO2

-fS2 space, and thus determine the sulfur buffer capacity and 
partitioning of siderophile and chalcophile elements of their 
host rock. The effect of pressure, temperature, fO2 , and fS2 
on sulfide stability and their formation in Earth’s mantle is 
not yet constrained for compositions other than mss, and 
only up to pressures and temperatures as high as 8 GPa and 
1450 ◦ C, respectively (Tsuno and Dasgupta 2015; Zhang and 
Hirschmann 2016) (Fig. 1). Surprisingly, the range of sulfide 
compositions that have been studied experimentally covers 
only a narrow compositional domain (Bockrath et al. 2004; 
Ballhaus et al. 2006; Zhang and Hirschmann 2016). As such, 
most experimental studies have been restricted to investigat-
ing either the simple Fe–S–O system or the more complex 
Cu–Fe–Ni–S-(±O) system. Moreover, the narrow range of 
Ni concentrations in the bulk sulfides (15–20 wt.%) used 
in these studies is set by the equilibrium with upper mantle 
olivine (Fo90) with 3000 μg/g Ni (Eggler and Lorand 1993; 
Bockrath et al. 2004; Zhang and Hirschmann 2016). How-
ever, natural diamond- and olivine-hosted sulfide inclusions 
cover a much wider compositional space in the Fe–Ni–S 
ternary. For example, the amount of Ni in these sulfide inclu-
sions varies between 5 and ∼ 45 at.% (cf. Fig. 1 of Zhang 
and Hirschmann 2016). One reason for this reported vari-
ability is the paragenesis of the natural inclusions. Peridotitic 
inclusions are generally richer in Ni, whereas their eclogitic 
counterparts usually contain less than 12 wt.% Ni, based on 
a set of 40 inclusions from Yakutian diamonds (Bulanova 

et al. 1996) (Fig. 2). Intriguingly, some inclusions in dia-
monds that may have formed in the uppermost lower mantle 
contain low-Ni sulfides (e.g., pyrrhotite) with Ni concentra-
tions between 0.3 and 3 wt.%, which has been interpreted to 
represent an eclogitic origin for these diamonds (Bulanova 
et al. 2010).

Shirey et al. (2019) emphasized that Fe–Ni–Cu–S inclu-
sions are more abundant than expected relative to silicate 
inclusions in diamonds, and proposed that a genetic link 
between sulfides and diamonds must exist. Hence, an experi-
mental investigation at conditions that overlap with the sta-
bility field of lithospheric and sub-lithospheric diamonds 
(4–16 GPa and 1000–1600◦ C) is long overdue. Sub-lith-
ospheric diamonds, in particular, might play a key role in 
understanding the cycling of volatile elements (e.g., species 
of C, O, H, N, and S) in the mantle transition zone and the 
uppermost lower mantle (Pearson et al. 2014; Thomson et al. 
2014; Beyer and Frost 2017; Shirey et al. 2019). This under-
lines the need to complement existing studies, conducted at 
conditions representative of the lithospheric mantle, with 
experiments carried out at sub-lithospheric mantle condi-
tions (i.e., below 200 km depths to the base of the upper 
mantle).

In this contribution, the nature of mantle sulfides, and 
their phase relationships, have been investigated at variable 
pressure (0.1 MPa to 14 GPa) and temperature (850–1590 
◦ C) over a range of bulk compositions typically found in 
inclusions hosted by peridotitic and eclogitic mantle xeno-
liths. We show that the persistence of liquidus crystalline 
sulfides along natural mantle geotherms is highly dependent 
on their Ni content and that sulfides of eclogitic affinity are 

Fig. 1  Range of high-pressure and high-temperature experiments 
conducted in the system Fe–Ni–Cu–S (Naldrett et al. 1967; Fleet and 
Pan 1994; Bockrath et  al. 2004; Tsuno and Dasgupta 2015; Zhang 
and Hirschmann 2016). Phase transitions are based on a model pyro-
lite (Stixrude and Lithgow 2005) calculated along a mantle geotherm 
(Anderson 1982). opx orthopyroxene, hpx high-pressure clinoen-
statite, wad wadsleyite, ol olivine, cpx clinopyroxene, rw ringwood-
ite, cpv Ca-perovksite, brd bridgmanite, fper ferropericlase



Contributions to Mineralogy and Petrology (2022) 177:99 

1 3

Page 3 of 16 99

overall more refractory than their peridotitic counterparts 
and thus more likely to persist as residual phases during 
melting at higher pressures and temperatures. These results 
have strong implications for chalcophile element cycling 
in subduction-related settings, and how these elements are 
recycled into Earth’s mantle.

Experimental and analytical methods

Experimental methods

Bulk compositions were prepared by adding Fe, Ni, and Cu 
metal powders to elemental sulfur, following a similar proce-
dure as outlined in Helmy et al. (2010) (Table 1). The mixes 
were then ground thoroughly in an agate mortar and placed 
inside 6 mm outer diameter SiO2 glass tubes and welded 
shut with a hydrogen-oxygen torch while under a vacuum 
(ca. 1 Pa). Sample powders were subsequently pre-reacted 
by stepwise heating to 900 ◦ C to form homogeneous sulfide 
phases. The pre-reacted sulfides were then reground until 
homogeneous and used for subsequent piston cylinder and 
multi-anvil experiments.

High-pressure experiments were carried out in a 630 t 
Walker-type multi-anvil apparatus located at the Ruhr-Uni-
versity Bochum. A 14/8 (14 mm octahedron edge length, 
8 mm truncated edge length) octahedral pressure medium 
was used for experiments carried out at 8 GPa and a 10/4 
octahedral pressure medium for experiments conducted at 

14 GPa. The octahedron consists of Cr2O3-doped magne-
sium oxide (Ceramic Substrates, Isle of Wight), a zirconium 
oxide insulator (OZ8C, Mino Ltd., Japan) and, depending 
on pressure, either a stepped graphite heater (up to 8 GPa) 
or a 50 � m thick rhenium-foil heater (14 GPa). The inner 
parts of the pressure medium were filled with crushable 
MgO (RM98TE, Rauschert GmbH) and ZrO2 (10/4) plugs. 
A type-D thermocouple (W97Re3-W75Re25 ) was introduced 
axially using a quad-bore alumina tube surrounded by a 
crushable MgO sleeve. Cavities around the thermocouple 
tip were padded with alumina powder to protect the ther-
mocouple during compression and prevent the deformation 
of the assembly around its tip. Both single-chamber and 
multi-chamber sample containers fabricated from crush-
able MgO and SiO2 glass have been used. The dimensions 
of the assemblies and capsules are shown in Fig. 3. Each 
experiment was slowly compressed to the target pressure 
(4–6 h), then heated to 800–1000 ◦ C, and held for 1 to 48 
h to reduce capsule porosity, stabilize the experiment, and 
mitigate the escape of sulfide liquid from the capsules along 
grain boundaries. After this sintering step, the temperature 
was raised to its nominal value at a heating rate of 100 ◦C/
min and kept at run temperature for 20–360 min (Table 2). 
Experiments were quenched by shutting off electrical power, 
which causes a drop in temperature to < 80◦ C within 2–3 s 
(logged by the Eurotherm temperature controller).

The multi-anvil press was calibrated at room tempera-
ture using the change in electrical resistivity of Bi I–II (2.55 
GPa, Bean et al. (1986)), Bi III–V (7.7 GPa – Bean et al. 

Fig. 2  a Histogram of sulfide inclusions found in eclogitic and peri-
dotitic diamonds (based on the data of Bulanova et al. (1996); West-
erlund et  al. (2006); Aulbach et  al. (2009), grey field). b Ternary 
diagram with O projected on S and Cu projected on Ni. Starting com-
positions in this study are eclogitic E1 and peridotitic P1, P2, and P3 
sulfides, and are reported in Table 1. They were selected to probe the 

compositional range of natural sulfide inclusions that are found in 
diamonds (grey field). Numbers refer to compositions that were used 
in previous studies, with Zhang and Hirschmann (2016) = 1, Bock-
rath et al. (2004) = 1, Sharp (1969) = 4, Boehler (1992) = 5, Boe-
hler (1996) = 6, Ballhaus et al. (2006) = 2, 3, Ryzhenko and Kennedy 
(1973) = 4, 6, Urakawa et al. (1987) = 7, 8
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(1986)), Zr � − � (7.96 GPa–Tange et al. (2011)), Pb I–II 
(13.4 GPa)(Bean et al. 1986), and ZnS (15 GPa – Piermarini 
and Block (1975)) using 4-wire sensing. The pressure cali-
bration at temperature was done using the following phase 
transitions:  CaGeO3 (garnet–perovskite, 1200 ◦ C, 5.61 GPa), 
 SiO2 (coesite–stishovite, 1200 ◦ C, 9.27 GPa) and the oli-
vine–wadsleyite (Stixrude and Lithgow-Bertelloni 2011) 
and olivine–ahrsenite (Chanyshev et al. 2021) binary loop 
at 1200 and 1400 ◦ C. The pressure calibration was comple-
mented by a temperature calibration using the melting curve 
of silver (Errandonea 2010) and gold (Akella and Kennedy 
1971). We corrected the temperature offset between the ther-
mocouple and sample based on the thermal model of our 
assemblies (Hernlund et al. 2006) and the average thermo-
couple distance to the sample, measured post-run. Thus, we 
applied a correction of + 40 ◦ C to the temperature of the 
10/4 experiments and + 20 ◦ C to the temperature of the 14/8 
experiments. Any effects of pressure on the electromotive 
force (emf) of the thermocouple were not considered.

Experiments at 2 GPa were carried out in an end-load 
piston cylinder apparatus (Voggenreiter Mavopress LPC 
250/30), using standard 1/2” talc-Pyrex pressure assemblies 
wrapped in 0.025 mm lead-foil to minimize friction. Experi-
ments were carried out using the hot-piston in method, 
where the sample was first taken to 90% of the target pres-
sure, and subsequently heated to 800 ◦ C. Samples were kept 
at 800 ◦ C overnight, to sinter the capsule and reduce poros-
ity, mitigating any potential loss of sulfide melt during the 
experiment. Subsequently, the temperature was raised 100 
◦ C below its target, and then, pressure and temperature were 
simultaneously raised to the final run conditions, dwelt for 
some time (see Table 2), and terminated by shutting off the 
electrical power to the heater.

Pressure was previously calibrated using the albite 
breakdown reaction at 900 ◦ C (Holland 1980), and the 
quartz–coesite phase transition at 1000 ◦ C (Bose and 
Ganguly 1995). A friction correction of 20 % was applied 

to the nominal pressure. The temperature was monitored 
using a type-D thermocouple, insulated by a corundum 
sleeve. A hollowed conic pyrophyllite plug was added at 
the point at which the corundum insulator intercepts the 
steel plug atop the pressure assembly. This step mitigated 
the extrusion of the thermocouple during compression and 
relaxation of the pressure assembly due to friction with the 
pressure vessel, which could otherwise lead to unreliable 
temperature monitoring during the experiment.

Complementary experiments were carried out at 0.1 
MPa, using each of the four bulk compositions, to obtain 
constraints of the sulfide phase relationships at atmos-
pheric pressure. In a similar fashion to the synthesis of 
each bulk composition, sample powders were evacuated 
at 1 Pa inside  SiO2 sealed glass tubes and reacted between 
920 and 1220 ◦ C using two MoSi2-powered high-temper-
ature furnaces (Nabertherm LHT17). The temperature 
was closely monitored by placing a Type-B thermocouple 
within 20 mm of the alumina crucibles containing the vac-
uum-sealed  SiO2-glass tubes. The temperature was found 
to be stable within 3 ◦ C from the set temperature over the 
course of the experiment. Experiments were quenched by 
quickly removing them from the oven and then dropping 
them into a beaker filled with cold water.

Experimental samples were subsequently embedded 
into epoxy and ground longitudinally to reveal a cross-
section of the sample. A succession of epoxy-bound 
diamond sanding plates and hard polishing discs with 
diamond paste, down to 1 μ m, yielded the best results in 
terms of the quality of the polished surfaces. All samples 
were stored in a desiccator to prevent oxidation of the 
exposed sulfides.

Analytical methods

Experimental run products, and their textural properties, 
were characterized by means of optical microscopy and 
electron microscopy using a JEOL JSM-7200F SEM at the 
Center for Interface-Dominated High-Performance Mate-
rials (ZGH) of the Ruhr-University Bochum (Germany). 
A JEOL 8530F Field-Emission Electron Microprobe 
(EMPA), hosted at the Institute for Mineralogy of the Uni-
versity of Münster (Germany), was used to measure the 
major element composition of the different sulfide phases 
present in each experiment. Samples were measured with 
15 kV and 15 nA using a 1–20 μm-diameter beam. The 
larger diameters were used to account for the heterogene-
ity of the quenched sulfide melts. Pyrite, chalcopyrite, and 
pentlandite were used as reference materials for S, Fe, and 
Ni. Periclase was used as reference material for O. The 
detection limit for O at the given analytical conditions 
was 0.1 wt.%.

Fig. 3  Sketches of the central section of high-pressure assemblies 
used for high-pressure experiments between 6 and 14 GPa
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Results

Experimental run products

In this study, we present the results of 66 experiments 
carried out at pressures between 0.1 MPa and 14 GPa in 
either a box furnace (0.1 MPa), a piston cylinder (2 GPa) 
apparatus and a multi-anvil press (6 - 14 GPa). A summary 
of experimental conditions, the capsule material used, and 
phases present in each experiment are given in Table 2.

Experimental run products consist of monosulfide solid 
solution (mss) and sulfide melt (L) depending upon pres-
sure, temperature, and bulk composition. For E1, the bulk 
composition with the lowest Ni concentration of 6.3 wt.% 
and M/S of 0.91, we also observed close to idiomorphic 
(Fe,Ni)S2 grains at pressures of 8 and 14 GPa. The com-
position and stoichiometry of the phase is close to that 
of pure pyrite (FeS2 ). The peridotitic compositions did 
not precipitate FeS2 except for composition P1 (M/S = 
0.92) at 14 GPa, where idiomorphic FeS2 grains coexist 
with sulfide melt. Note that the precipitate is found in the 
nominally colder part of the sample capsule, i.e., slightly 
off from the geometric center of the heater (Fig. 3). In 
some experiments, no distinct melt phase was observed, 
but the mss showed a deficit in Cu and Ni and an excess of 
Fe when compared to the bulk composition. This, coupled 
with the observation of sulfides along the grain boundaries 
of the capsule material (e.g., Electronic Annex Fig. 1), has 
led us to conclude that a melt fraction escaped from the 
capsule interior, leaving mss behind. The escaped sulfide 
melt pockets were too small to be measured using EMPA. 
This feature of our experiments mirrors similar observa-
tions made by Zhang and Hirschmann (2016) for some of 
their experiments, and we adopt their criteria and consider 
these experiments as having had coexisting mss and sulfide 
melt at run temperature and pressure.

Mss crystallized to massive polygonal grain aggregates, 
characteristic of sub-solidus crystallization, which showed 
varying diameters (10–100s μ m) and homogeneous chemi-
cal composition, irrespective of the bulk composition and 
the relative position in the sample chamber. Quenched 
sulfide melts showed, however, two different textures. 
The so-called “typical” texture consists of a matrix with 
Ni-, Cu-depleted roundish grains and an interstitial sulfide 
that is enriched in Ni and Cu. This texture is unequivo-
cally identified with a reflected light microscope and SEM 
(Fig. 4). In addition, we observed a sulfide melt texture 
that is much harder to identify. This “atypical” texture 
looks similar to mss at the first glance (Fig. 5), but the 
apparent grain boundaries have a curved shape, in contrast 
to the polygonal nature of mss. The interstitials are deco-
rated with a micron-sized layer of another sulfide phase. 

Fig. 4  Backscatter electron (BSE) images of typical experimental run 
products. A Overview of a 14/8 multi-capsule multi-anvil experiment 
(E306), where three identical compositions were run simultaneously. 
B Detail of experiment E306, composition P2, where both mss and 
sulfide liquid are clearly visible. C Example of sulfide melt from 
experiment E299, composition E1, carried out at 14 GPa, where liq-
uidus pyrite(FeS2) is present. mss = monosulfide solid solution, iss = 
intermediate sulfide solid solution, L = melt, ol = San Carlos olivine
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Because the electron density contrast in the BSE images 
between the matrix and the interstitial phase is sometimes 
very low and the width of the interstitial phase is below 
one micron, the texture was initially misinterpreted as 
being mss. In samples with mss and atypical sulfide melt, 
we confirmed our observations by collecting Fe, Ni, and 
Cu X-ray maps for every experiment. The element maps 
revealed a distinct difference in the composition of the 
mss (Ni-poor, Fe-rich) and the coexisting melt (Ni-rich, 
Fe-poor), as well as a sharp boundary between both phases 
(Fig. 5). Another indicator that the atypical texture is dif-
ferent from sub-solidus mss is its response to polishing. 
Mss grains usually break off at the corners and thus have 
a tendency to break out during polishing. The mechanical 
response to the polishing of the atypical sulfide melt is 
very similar to that shown by their typical counterparts, 
which yield a smooth surface finish with fewer cavities 
than regions consisting of mss. This observation highlights 
the difficulties in clearly identifying mss and sulfide melt 
in experiments carried out at high pressure, which may 
obscure their phase relations.

Chemical composition of the sulfide phases

Two distinct mineral-melt partitioning trends for the mss 
and sulfide melt as a function of Ni content of the melt 
were observed, which have been also previously reported 
and discussed in great detail in earlier studies (e.g., Zhang 
and Hirschmann (2016), Bockrath et al. (2004)). The sulfide 
melt is enriched in Ni and Cu, whereas the coexisting mss 
is enriched in Fe, relative to the bulk composition (Fig. 6). 
Sulfur is close to evenly distributed between mss and melt. 

We see a disparity in the mineral-melt partitioning coef-
ficients for Fe, Ni, and Cu between the Ni-poor composi-
tion and the three peridotitic Ni-rich compositions (P1, P2, 
P3). D mss∕melt

Cu
 decreases between 20 and 35 wt.% Ni-in-melt 

and remains constant for higher Ni concentrations. The P2 
and P3 compositions show decent agreement with the trend 
obtained by Zhang and Hirschmann (2016) for intermediate 
values of Ni-in-melt of 20 to 30 wt.%. The Ni-poor com-
position E1 (6.3 wt.% Ni) displays no obvious trends for 
D mss∕melt

Fe
 and D mss∕melt

Ni
 . Only D mss∕melt

Cu
 increases from 0.32 

to 0.52 over a Ni-in-melt interval from 6.3 to 10.2 wt.%. 
The combined datasets are too small to extract any obvious 
effect of temperature or pressure on the mineral-melt par-
titioning coefficients. The full set of chemical data is given 
in the Electronic Annex Table 1. The O contents for about 
a third of the experiments are below the detection limit of 
0.1 wt.%. 47 experiments have O concentrations above the 
detection limit, with a median of 0.16 wt.% and a standard 
error of 0.03 wt.%. The highest O concentrations of 0.94(6) 
wt.% were measured in sulfides encapsulated in silicate glass 
ampules that were used for the 0.1 MPa experiments.

Discussion

Solidi and liquidi calculation

To calculate the solidi and liquidi curves for each bulk 
composition, we employed the model proposed by Kechin 
(2001), which is based on the Simon equation for melting 
complemented by a dampening term (Eq. 1) (Fig. 7) to fit 

Fig. 5  BSE image of the P2 chamber of run E305 (8 GPa, 1270 ◦ C) 
showing atypical sulfide melt coexisting with mss. The insert depicts 
the Fe K-series X-ray map and emphasizes the compositional differ-
ence between mss and melt
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Fig. 6  Mineral-melt partitioning coefficients (D) between mss and 
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for comparison. The propagated uncertainties are within the size of 
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each curve through temperature brackets that are defined 
by our experiments. A priori, we used only the narrowest 
bracket for each pressure. Brackets were weighted by their 
width, e.g., 35 ◦ C for the bracket 1390– 1355 ◦ C. The 
accuracy of the curves was improved by experiments that 
contain only traces of mss or sulfide melt, implying that 
these experiments were close to their solidi and liquidi, 
respectively. Equation 1 was modified to take into account 
the effect of Ni and M/S on the melting curves to calcu-
late the solidi and liquidi curves within the Fe–Ni–S sys-
tem (Eqs. 1, 2). We followed the approach of Hirschmann 
(2000) and used a penalty function to fit a set of discrete 
observations, i.e., melt and no melt, and minimized the 
objective function by means of least-squares regression. 
Our experiments, namely those whose data were used 
to bracket the liquidus of each bulk composition, were 

combined with the experimental data set of Zhang and 
Hirschmann (2016).

The solidus curves were fitted based on our results only, 
and thus, the solidus is less well constrained compared to the 
liquidus (median bracket width: liquidus: 35 ◦ C, solidus: 60 
◦ C, and data density (number of data points: liquidus: 50 pts, 
solidus 27 pts). We have not used the Zhang and Hirschmann 
(2016) or Ballhaus et al. (2006) solidi, because we see a 
discrepancy in the shape and slope that is outside the range 
of typical experimental and analytical uncertainties. The 
discrepancy between the different solidi is best explained 
by the sensitivity of the solidus to the bulk starting M/S. 
Minor shifts of the M/S cause substantial variations in the 
solidus temperatures if the M/S of the bulk composition of 
the sulfide starting mix is close to 0.96, where pure FeS 
melts congruently (Waldner and Pelton 2004). As such, even 

Fig. 7  Phase relations of the sulfide bulk compositions used in this 
study. The dashed line represents the solidus, and the solid line the 
liquidus. The liquidi and solidi curves are calculated using the modi-

fied Simon equation (Eq.  1) and the parameters given in Electronic 
Annex Table 2. The experimental temperatures are corrected for the 
modeled thermocouple offset, as discussed in the Methods section
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small differences in the M/S between the bulk compositions 
studied here and those of Zhang and Hirschmann (2016) or 
Ballhaus et al. (2006) lead to large variations in the slope 
and shape of the respective solidi

with

where Tref is the solidus/liquidus temperature at 0.1 MPa, P 
is the pressure in GPa. A, b, and c are fitting parameters that 
are related to the volume change and enthalpy at the refer-
ence pressure (c.f. Eqs. 14–19, Kechin (2001)): M and n are 
empirical fitting parameters. M/S is the metal-to-sulfur ratio 
and Ni is the Ni content of the bulk composition in wt.%. We 
used the melting point of troilite (1196 ◦ C) (Boehler 1992) 
and the liquidus/solidus of �NiS (976 ◦ C / 807 ◦ C) (Kul-
lerud and Yund 1962) as boundary conditions to calculate 
the effect of Ni and M/S on the melting temperature along 
a hypothetical FeS - �NiS binary. The fitting parameters are 
given in Electronic Annex Table 2.

Using the fitted Eqs. 1 and 2, we calculated the liquidi of 
base metal sulfides in the system Fe–Ni–S between 6.3 and 
45 wt.% Ni and for an M/S between 0.92 and 1.12, to cover 
the variability seen in diamond inclusions (Fig. 2). Because 
of the experimental bracket width and temperature uncer-
tainties of the individual experiments, we estimated that the 
uncertainty of the liquidi is within 20 ◦ C below 3 GPa, and 
within 30 ◦ C between 3 and 14 GPa. As a result of the lower 

(1)Tmodel(
◦C) = Tref ×

[

P

a
+ 1

]b

exp[−cP(M∕S)Ni]

(2)Tref(
◦

C) = m((M∕S)Ni)2 + n((M∕S)Ni) + 1196,

data density and wider experimental brackets, we estimated 
the accuracy of the solidus to be 25 ◦ C below 3 GPa, and 40 
◦ C between 3 and 14 GPa.

Effect of bulk composition on the solidi and liquidi 
of base metal sulfides

The solidus and liquidus temperatures of all four bulk 
compositions rise monotonously with increasing pressure 
(Fig. 7). Melting temperatures vary primarily with the Ni 
content of the bulk composition and to a lesser extent with 
the M/S within the studied compositional spectrum (Fig. 8). 
The difference in the solidi and liquidi for the different bulk 
compositions is most significant at 0.1 MPa. The relative 
temperature difference between both curves is roughly con-
stant with increasing pressure up to ∼ 6 GPa. At pressures 
above 6 GPa, the melting curves from all compositions start 
to converge. The liquidus temperatures for the peridotitic 
compositions are almost identical above 11 GPa within the 
uncertainties of the experimental data. Eclogitic sulfide (E1) 
with 6.3 wt.% Ni and the Ni-rich, peridotitic sulfide (P3) 
with 45 wt.% Ni, which are the compositions with the larg-
est difference in their Ni content, exhibit a difference in the 
liquidus temperatures as large as 170 ◦ C at 0.1 MPa. The 
difference decreases significantly with increasing pressures 
and is reduced to 84 ◦ C at 14 GPa (Fig. 8a). A similar trend 
is mimicked for the solidus curves, as shown in Fig. 8b, 
although the convergence between E1 and P3 is not as clear 
as it is for the liquidus curves. Overall, Ni-poor composi-
tions are more refractory than Ni-rich compositions.

Fig. 8  Melting relations from previous sulfide experiments and 
results from this study. a Comparison of solidi. b Comparison of liq-
uidi. Our data are plotted together with previous studies on the melt-

ing curve of troilite (Boehler 1992) and mss (Bockrath et  al. 2004; 
Ballhaus et al. 2006; Zhang and Hirschmann 2016)
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For the time being, we have no definitive explanation for 
why the curves begin to converge around 6 GPa. As a basis 
for further discussion, we refer to the study of Urakawa et al. 
(2004), where the authors identified a spin transition in the 
high-pressure and high-temperature FeS V phase from a 
low-pressure high-spin phase (LPP) to a high-pressure low-
spin phase (HPP). The spin transition starts at around 7 GPa 

and ends at 12 GPa for pure FeS V at 927 °C. The transition 
is accompanied by an abrupt change in the unit cell volume 
and anomalous behavior in the thermal expansivity in the 
transient region between 4 and 9 GPa. The pressure interval 
coincides with the observed change in the melting curve. 
If this behavior is also persistent in Fe(1−x))S–Ni(1−x) S solid 
solutions, the change in the thermoelastic properties may 
affect mineral-melt partitioning and phase relations involv-
ing mss (Urakawa et al. 2004). As such, we consider it plau-
sible that this change in spin state and molar volume of mss 
will affect the shapes of the melting curves above 6 GPa as 
observed in our experiments.

By examining the width (i.e., the temperature range) of 
the mss plus melt two-phase field, which is bounded by the 
solidus and liquidus ( Δ T =  Tliqidus −  Tsolidus), we found a 
positive correlation between Ni and the dimensions of the 
two-phase field at a given pressure (Fig. 9). The observa-
tions made at 0.1 MPa are readily explained by superimpos-
ing our results on the Fe–Ni–S ternary and the Fe–S and 
Ni–S binary phase diagrams at 0.1 MPa (Raghavan 2004; 
Waldner and Pelton 2004, 2005). For compositions with M/S 
above the congruent mss composition ( ∼ 52 at.% S or M/S 
= 0.96 in the Fe–S system), the width of the two-phase field 
decreases with increasing M/S towards the eutectic of the 
Fe-rich portion of the phase diagram. This trend is mirrored 
for compositions with M/S below 0.96, i.e., on the S-rich 
side of the congruent melting point. E1’s composition is 
close to the congruent melting point of pyrrhotite ( Fe(1−x)S), 
which explains the narrow melting interval of 9 K. Overall, 

Fig. 9  Δ T =  Tliqidus −  Tsolidus calculated using Eq. 1 shown as a func-
tion of Ni (wt.%), in the system Fe–Ni–S. The M/S was fixed to 1. Δ T 
at 0.1 MPa and 0 wt.% Ni and 67.4 wt.% Ni are based on the melting 
temperatures given by Boehler (1992) and Kullerud and Yund (1962). 
The uncertainty displayed in the lower right corner represents an 
average uncertainty of 20 °C

Fig. 10  (Left) T–X phase diagram in the system Fe–S modified after Waldner and Pelton (2004). (Right) Phase diagram of the Fe–S system 
modified based on Fig.2 of Saxena and Eriksson (2015). fcc face-centered cubic iron, liq melt, pyr pyrrhotite
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our results agree with the phase diagrams calculated at 0.1 
MPa (Fig. 10).

With increasing pressure, the two-phase field becomes 
wider for a given Ni content and M/S. The Δ T increases with 
increasing pressure for Ni of up to 15 wt.%. This is in good 
agreement with the Fe–S binary, modeled at high-pressures 
(cf. Saxena and Eriksson 2015, Fig. 10). For Ni contents 
larger than 15 wt.%, Δ T peaks between 6 and 8 GPa and then 
decreases slightly with increasing pressure. Compared to the 
effect of Ni on Δ T at pressures below 2 GPa, Δ T becomes 
less sensitive to changes in the Ni content of mss at higher 
pressures. This implies that with increasing pressures, rela-
tive differences in the thermoelastic properties of the dif-
ferent end-member components (e.g., thermal expansivity 
and K’), as well as molar volume, that could affect phase 
relations are probably mitigated.

Comparison to previous work

The solidi obtained in this study are not in agreement with 
those published by Ballhaus et al. (2006), Bockrath et al. 
(2004) and Zhang and Hirschmann (2016). Our solidi are 
significantly shallower and are less concave. If we consider 
the phase diagram calculated by Saxena and Eriksson (2015) 
and compare the expanse of the two-phase field at 21 GPa 
with the expanse of the two-phase field at 0.1 MPa (Waldner 
and Pelton 2004), the width of the field increases from 190 
to 400 ◦ C for a mss with M/S of 1. The expansion of the 
two-phase field is reflected in our data. Note that the width is 
extremely sensitive to M/S for compositions that are close to 
the congruent melting point of Fe(1−x) S, which might explain 
the discrepancy between the solidi of Bockrath et al. (2004) 
and Zhang and Hirschmann (2016) and our own solidi data. 
Another reason why our solidi are less concave is the lim-
ited number of solidus observations at high pressures that 
are required to better constrain the curvature of the solidus 
over the studied pressure interval that was covered by our 
experiments (i.e., 0.1 MPa to 14 GPa).

We also compared our model with the tightly bracketed 
solidus (1175 ◦C–1185 ◦ C) at 1.5 for a Ni-poor composi-
tion (Li and Audétat (2012), cf. composition S03), similar 
to E1. The experiments were buffered in terms of oxygen 
fugacity to values between − 1.0 and 0.7 log units relative 
to the fayalite–magnetite–quartz (FMQ) buffer. Using our 
model, we calculated the solidus for this composition to be 
1215(25) ◦ C. Given the differences in Ni content (6.1 wt.% 
for E1 and 7.06 wt.% for S03) and the higher O content of 
the crystallized phases ( < 0.1 wt.% to 0.14(2) wt.% for E1 
and 0.4(2) to 1.0(7) wt.% for S03), the calculated solidus is 
in very good agreement to the experimental bracket.

The liquidi fitted to the experiments conducted by Bock-
rath et al. (2004) and Zhang and Hirschmann (2016) for an 
mss with 15.8 wt.% Ni and M/S 0.93 broadly agree with our 
trends up to 1 GPa (Fig. 8). At higher pressures, the Bock-
rath et al. (2004) liquidus becomes convex with pressure, as 
opposed to our results and those of Zhang and Hirschmann 
(2016), which yield concave liquidi. Also, the Bockrath 
et al. (2004) liquidus crosses the liquidus of pure pyrrhotite 
around 3 GPa, which is unrealistic as FeS is the most refrac-
tory component of the Fe–Ni–Cu–S system (see discussion 
in Zhang and Hirschmann (2016)). The more recent liquidus 
curve of Zhang and Hirschmann (2016) has a similar curva-
ture to the liquidi obtained for the bulk compositions used in 
this study. The E1 liquidus is above the melting curve of troi-
lite (Boehler 1992) below 10 GPa, but has a similar shape. 
Given the reported uncertainties of both experimental stud-
ies and the imperfections of the fitting, the curves are still in 
decent agreement. As discussed in the previous section, we 
partially attribute the discrepancy between the melting curve 
of pure FeS and the liquidus of E1 to their difference in M/S. 
We see a similar depression of the liquidus for compositions 
P1 (M/S = 0.92) and P2 (M/S = 1.12), where the P1 liquidus 
is at higher temperatures than that of P2, in accordance with 
previous observations that higher M/S lead to a depression 
in the liquidus (Ballhaus et al. 2006).

Although our experiments were not nominally buffered, 
comparing our O contents to the experiments of Zhang et al. 
(2018) for which the authors provide constraints on the oxy-
gen fugacity based on the Mg# and Fe diffusion profiles in 
coexisting olivine, we estimate the oxygen fugacity of our 
experiments between FMQ-2 and FMQ-4 (Electronic Annex 
Fig. 2). Thus, our experiments were largely reduced with 
oxygen fugacities that are within the range of what has been 
proposed for the lithospheric and sub-lithospheric mantle 
(Frost and McCammon 2008).

Implications for the mobility of chalcophile 
elements and the formation of diamonds 
in the earth’s upper mantle

Sulfides are the major reservoir for chalcophile elements, 
e.g., HSE, Au, Ag, and Pb in the Earth’s mantle (e.g., Liu 
and Brenan (2015)). Intriguingly, eclogitic sulfides, here 
represented by the Ni-poor (6.3 wt.% Ni) composition E1, 
are mostly solid along continental geotherms with a surface 
heat flow of 30 to 50 mW/m2 , which are typical values for 
the cratonic lithosphere (Fig. 11). A recent study on the pro-
togenetic nature of eclogitic sulfide inclusions in diamonds 
from the Victor and Jericho kimberlite (Canada), with a cal-
culated average mss composition of Fe0.84(3)Ni0.07(4)Cu0.02(1)
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S1.0 , supports our findings that eclogitic sulfides remain solid 
within the cratonic lithosphere (Pamato et al. 2021). Only 
at pressures above 6 GPa and temperatures above 1250 ◦ C, 

eclogitic sulfides will begin to melt incongruently, within 
the pressure/temperature stability field of lithospheric dia-
monds. Accordingly, such low-Ni sulfides will fractionate 
chalcophile elements only at greater depths and/or higher 
temperatures. At pressures corresponding to the sub-lith-
ospheric mantle, i.e., above 9 GPa, eclogitic sulfides are 
partially molten and will only become fully molten when 
the sulfide liquidus crosses the mantle adiabat at around 14 
GPa. From this melting behavior, we can draw two con-
clusions. First, the fractionation of chalcophile elements in 
eclogitic sulfides is restricted to a pressure interval of 6 to 14 
GPa along a cratonic mantle geotherm and the mantle adi-
abat. Second, eclogitic sulfide inclusions found in diamonds 
formed at pressures below 6 GPa are protogenetic crystalline 
sulfides, entrapped by the diamond-forming fluid, whereas 
sulfides found in diamonds that formed at higher pressures 
probably represent partially or fully molten sulfides. These 
melts would then have a syngenetic relationship to the dia-
mond-forming fluid. This partial sulfide melt will fractionate 
chalcophile elements and will leave a Ni- and Cu-depleted 
restite behind.

In contrast to our findings on Ni-poor compositions, our 
data on peridotitic sulfides with Ni > 15 wt.% show that Ni-
rich sulfides are partially molten throughout nearly the entire 
pressure/temperature stability field of lithospheric inclusions 
in diamonds, which agrees with the findings of Zhang and 
Hirschmann (2016). However, we disagree that peridotitic 
sulfides may become crystalline again in the deeper mantle, 
because, based on our results, the liquidus and solidus of 
peridotitic sulfides do not cross the mantle adiabat in the 
sub-lithospheric mantle (Fig. 11). Zhang and Hirschmann 
(2016) interpretation is based on the extrapolation of their 
regression curves above 8 GPa, whereas our data cover an 
extended pressure regime of up to 14 GPa. Consequently, 
we propose that sulfide inclusions found in sub-lithospheric 
diamonds have likely formed syngenetic and are remnants 
of entrapped sulfide melts. However, any addition of carbon 
or oxygen will depress the solidus temperature by up to 80 
◦ C and will aid the formation of sulfide melts (e.g., Urakawa 
et al. (1987); Zhang et al. (2015)).

Several recent studies by Aulbach et al. (2017, 2019), as 
well as Smart et al. (2017) have proposed that the oxygen 
fugacity of Archean eclogites in cratonic settings, namely 
those that are diamond-bearing, to be between FMQ-1 
and as low as FMQ-4, which reflects the conditions of our 
experiments. Moreover, the transition to more metal-rich 
sulfide compositions by a reduction of oxygen fugacity with 
increasing pressure (Frost and McCammon 2008; Rohrbach 
and Schmidt 2011) will also decrease the melting tempera-
ture of sulfides. Thus, the results of our study mark the upper 

Fig. 11  a Pressure–temperature diagram showing a range of calcu-
lated solidi and liquidi for eclogitic inclusions with a bulk Ni concen-
tration of 5–12 wt.% plotted against continental geotherms with a sur-
face heat flow of 30 to 50 mW/m2 following Sclater et al. (1980) and 
the mantle adiabat with a mantle potential temperature of 1350 °C 
(Katsura 2022). The field of lithospheric inclusions is from Stachel 
and Harris (2008) and the field of sub-lithospheric diamonds is taken 
from Beyer and Frost (2017) and references therein, projected onto 
the mantle adiabat. Note that the pressure and temperature of the 
inclusions are based on geothermobarometry of silicates and do not 
represent the pressure and temperature of the sulfides. Thus, the areas 
need to be understood as the range of possible pressures and tempera-
tures for inclusions in diamonds. b Same pressure–temperature dia-
gram as given in Fig.  11a, but the liquidus and solidus for Ni-rich, 
peridotitic sulfides are shown. The range of Ni contents of the mss is 
between 15 wt.% and 45 wt.%. All solidus and liquidus curves were 
calculated for an M/S of 1.0
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ceiling in terms of sulfide melting temperatures with respect 
to the effect of carbon saturation (by diamond).

The assessment of the effect of carbon on sulfide solidi 
and how this impacts the significance of our data is more 
complicated. If we assume that the sulfide is in equilibrium 
with a carbon-bearing liquid from which the diamond pre-
cipitates, then we have to assume that the sulfide is carbon-
saturated and the liquidus and solidus temperatures are cor-
respondingly lower than the temperatures given in Fig. 11. 
Another possible scenario is that the sulfide formed protoge-
netic before it was entrapped during the diamond-forming 
process (i.e., redox-freezing of a carbonated silicate melt 
or C–O–H fluid). Only when the diamond-forming medium 
interacts with the sulfide/sulfide melt, may the sulfide 
become carbon-saturated, and an erstwhile solid crystal-
line sulfide might melt after entrapment. Interestingly, even 
though there are ample studies on the saturation of carbon 
in metal and sulfide melts with graphite as the carbon source 
(e.g., Zhang et al. (2015, 2018)), to our knowledge, no single 
study has investigated the carbon content of sulfides at dia-
mond saturation, despite the fact that sulfides are common 
inclusions in diamonds. Assuming that diamond is the more 
stable phase at mantle P–T conditions, could this also mean 
that less carbon is dissolved in sulfides in the presence of 
diamonds? This question remains a conundrum for the time 
being and can only be addressed by further experimental or 
computational studies in the future. Regardless of the poten-
tial effect of C and O on the sulfide solidi, our data clearly 
show that Ni-poor sulfide inclusions are those most likely 
to remain crystalline in Earth’s mantle, compared to Ni-rich 
inclusions, and that the effect of Ni content in sulfide is a key 
factor determining the P–T space covered by sulfide solidi.

Whether sulfide melt can escape from a crystalline sili-
cate matrix and percolates through the mantle, depends upon 
the wetting properties of the melt, which largely hinge on 
the S and O contents of the sulfide melt (Gaetani and Grove 
1999; Terasaki et al. 2005). For example, if eclogite formed 
from an average modern-day MORB with bulk Fe3+/Σ Fe 
of 0.16 (Cottrell and Kelley 2011), it has the potential to 
increase the O content of a coexisting sulfide liquid. Indeed, 

at least at 0.1 MPa, sulfide may dissolve as much as 12 wt.% 
O at oxygen fugacities around the fayalite-magnetite-quartz 
redox equilibrium (cf., and references therein Fonseca et al. 
(2008)). Moreover, Walter et al. (2008) demonstrated that 
sub-lithospheric inclusions with a basaltic origin conserve 
an oxygen fugacity above the diamond stability field down to 
the lower mantle. Under the premise that the observations of 
Gaetani and Grove (1999) and Terasaki et al. (2005) can be 
applied to silicate assemblages comprised of majoritic gar-
net, clinopyroxene, and an olivine polymorph, then sulfide 
liquids have the potential to migrate and efficiently redis-
tribute chalcophile elements within Earth’s mantle. Indeed, 
the role of sulfide melt migration in promoting metasoma-
tism in peridotites, and affecting their chalcophile element 
content, has been indicated in multiple studies (e.g., Luguet 
et al. (2008); Harvey et al. (2010)). However, if such a melt 
interacts with a reduced environment, e.g., depleted man-
tle domains, it will stop migrating and becomes trapped 
within the silicate matrix. This process of redox-freezing 
is already well known from C–O–H fluids (Rohrbach and 
Schmidt 2011).

Concluding remarks

We showed that without invoking the presence of C or O, 
Ni-rich sulfide melts are partially molten throughout the 
upper mantle, and are fully molten in the sub-lithospheric 
mantle. Ni-poor sulfides, i.e., eclogitic sulfides, however, 
are more refractory and barely melt in the cratonic mantle 
without the depression of their solidus by trace components 
such as C or O. Our data reveal that a more comprehen-
sive knowledge of the effect of Ni/(Ni+Fe), and M/S, on 
the melting relationships of base metal sulfides is required 
to decipher the nature of sulfide inclusions in diamonds. 
Future studies might investigate the basic thermodynamic 
properties of base  metal sulfides in the system Fe(1−x)
S–Ni(1−x) S at high pressures and high temperatures, taking 
into account the spin transition in Fe(Ni) sulfide, to establish 

Table 1  Compositions of the 
starting materials (nominal 
composition based on the 
weighted portions)

Ions per formula unit Weight% M/S

Fe Ni Cu S Fe Ni Cu S

P1 0.54 0.37 0.01 1.0 35.7 25.7 0.8 37.9 0.92
P2 0.70 0.41 0.01 1.0 40.8 25.1 0.7 33.5 1.12
P3 0.30 0.69 0.01 1.0 18.6 45.0 0.7 35.7 1.00
E1 0.81 0.09 0.01 1.0 54.4 6.3 0.8 38.5 0.91
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Table 2  Experimental 
conditions and run products

Experiment # Pressure T (uncorrected) T (corrected) Duration Capsule Phases
(GPa) (°C) (°C) (minutes)

P1(Fe
0.54

N
i0.37

Cu
0.01

S
1.00

)
 P1_ 2022_ 2 0.0001 950 950 5670 SiO

2
mss

 P1_ 970 0.0001 970 970 2540 SiO
2

mss
 P1_ 1007 0.0001 1007 1007 4020 SiO

2
mss

 L86 2 1050 1060 70 MgO mss
 E302 8 1215 1235 90 MgO mss
 P1_ 1030 0.0001 1030 1030 2420 SiO

2
mss + L

 L87 2 1110 1120 30 MgO mss + L
 E305 8 1250 1270 60 MgO mss + L
 E306 8 1335 1355 60 MgO mss + L
 E315 14 1360 1400 20 MgO mss + L
 P1_ 1070 0.0001 1070 1070 2640 SiO

2
L

 P1_ 2022_ 1 0.0001 1220 1220 5670 SiO
2

L
 L84 2 1180 1190 120 MgO L
 E307 8 1370 1390 60 MgO L
 E308 8 1400 1420 120 MgO L
 E309 8 1385 1405 150 MgO L
 E326 14 1440 1480 60 MgO L + FeS

2

P2(Fe
0.70

N
i0.41

Cu
0.01

S
1.00

)

 P2_ 920 0.0001 920 920 4050 SiO
2

mss + iss
 P2_ 2022_ 2 0.0001 950 950 4050 SiO

2
mss

 E302 8 1215 1235 90 MgO mss
 P2_ 970 0.0001 970 970 2540 SiO

2
mss+ L

 P2_ 1007 0.0001 1007 1007 4020 SiO
2

mss + L
 P2_ 1030 0.0001 1030 1030 2420 SiO

2
mss + L

 L87 2 1110 1120 30 MgO mss + L
 E228 6 1250 1270 120 SC ol mss + L
 E305 8 1250 1270 60 MgO mss + L
 E306 8 1335 1355 60 MgO mss + L
 E313 14 1315 1355 60 MgO mss + L
 E314 14 1350 1390 34 MgO mss + L
 P2_ 2022_ 1 0.0001 1220 1220 1150 SiO2 L
 L84 2 1180 1190 120 MgO L
 E307 8 1370 1390 60 MgO L
 E309 8 1385 1405 150 MgO L
 E308 8 1400 1420 120 MgO L
 E312 14 1420 1470 30 SiO

2
L

P3(Fe
0.30

Ni
0.69

Cu
0.01

S
1.00

)

 E319 14 1300 1340 50 MgO mss
 P3_ 920 0.0001 920 920 4050 SiO

2
mss + L

 P3_ 2022_ 2 0.0001 950 950 5670 SiO
2

mss + L
 P3_ 970 0.0001 970 970 2540 SiO

2
mss + L

 L87 2 1120 1130 30 MgO mss + L
 L82 2 1120 1130 30 MgO mss + L
 E324 8 1200 1220 120 MgO mss + L
 E314 14 1350 1390 34 MgO mss + L
 P3_ 1007 0.0001 1007 1007 4020 SiO

2
L

 P3_ 2022_ 1 0.0001 1220 1220 1150 SiO
2

L
 L84 2 1180 1190 120 MgO L
 E306 8 1335 1355 60 MgO L
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a thermodynamic model that is applicable to the variance of 
base metal sulfides seen in Earth’s mantle.            
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