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Abstract 

Sulfide liquids that immiscibly separate from silicate melts in different magmatic processes 

accumulate chalcophile metals and may represent important sources of the metals in Earth’s 

crust for the formation of ore deposits. Sulfide phases commonly found in some primitive mid-

ocean ridge basalts (MORB) may support the occurrence of sulfide immiscibility in the crust 

without requiring magma contamination and/or extensive fractionation. However, the records of 

incipient sulfide melts in equilibrium with primitive high-Mg olivine and Cr-spinel are scarce. 

Sulfide globules in olivine phenocrysts in picritic rocks of MORB-affinity at Kamchatsky Mys 

(Eastern Kamchatka, Russia) represent a well-documented example of natural immiscibility in 

primitive oceanic magmas. Our study examines the conditions of silicate-sulfide immiscibility in 

these magmas by reporting high precision data on the compositions of Cr-spinel and silicate melt 

inclusions, hosted in Mg-rich olivine (86.9–90 mol.% Fo), which also contain globules of 

magmatic sulfide melt. Major and trace element contents of reconstructed parental silicate melts, 

redox conditions (ΔQFM = +0.1 ± 0.16 (1σ) log. units) and crystallization temperature (1200–

1285 ℃), as well as mantle potential temperatures (~1350 ℃), correspond to typical MORB 

values. We show that nearly 50 % of sulfur could be captured in daughter sulfide globules even 

in reheated melt inclusions, which could lead to a significant underestimation of sulfur content in 

reconstructed silicate melts. The saturation of these melts in sulfur appears to be unrelated to the 

effects of melt crystallization and crustal assimilation, so we discuss the reasons for the S 

variations in reconstructed melts and the influence of pressure and other parameters on the SCSS 

(Sulfur Content at Sulfide Saturation). 
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1. INTRODUCTION 

Sulfide-silicate immiscibility in mafic silicate melts is widely regarded as the starting point in the 

formation of magmatic Cu-Ni-sulfide deposits with high endowments of platinum-group 

elements (PGE) (e.g., Barnes et al., 2016; Maier, 2005; Naldrett, 2004 and references therein). 

Segregation of sulfide liquid in magmas becomes possible when the sulfur content in the silicate 

melt reaches the required value, regarded as Sulfur Content at Sulfide Saturation (SCSS). It has 

been established that melt composition (especially concentration of Fe and Ni), oxygen fugacity, 

temperature and pressure are the most important factors governing SCSS (e.g., Ariskin et al., 

2013; Beermann et al., 2011; Botcharnikov et al., 2011; Carroll and Rutherford, 1985; Fonseca et 

al., 2008; Haughton et al., 1974; Jugo et al., 2010; Katsura and Nagashima, 1974; Mavrogenes 

and O'Neill, 1999; Naldrett, 1969; O'Neill and Mavrogenes, 2002; Wallace and Carmichael, 

1992; Wohlgemuth-Ueberwasser et al., 2013). However, the net effect of these competing 

factors on SCSS during magmatic fractionation is uncertain. Numerous experimental works 

argued that sulfide solubility increases in silicate melts with decreasing pressure, thereby 

proposing that melts should be sulfide undersaturated in the upper crust (e.g., Ding et al., 2014; 

Fortin et al., 2015; Holzheid and Grove, 2002; Li and Ripley, 2005; Liu et al., 2007; Mavrogenes 

and O'Neill, 1999; Righter et al., 2009). However, conclusions drawn from these experiments are 

challenged by the presence of ubiquitous immiscible sulfide droplets in some primitive mid-

ocean ridge basalts (MORB) erupted at the seafloor (Ackermand et al., 2007; Czamanske and 

Moore, 1977; Francis, 1990; Kamenetsky et al., 2013; Kanehira et al., 1973; MacLean, 1977; 

Mathez, 1976; Mathez and Yeats, 1976; Moore and Calc, 1971; Patten et al., 2012; Patten et al., 

2013). It appears that investigations into the origin of Cu–Ni–PGE sulfide ores (see review by 

Naldrett, 2004) adopted an “experimental” point of view, which suggests that “unless a mafic 

melt has either undergone extensive low pressure fractionation, or has been able to assimilate S, 

it cannot arrive at the surface S saturated” (Mavrogenes and O'Neill, 1999). 
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Besides the proposed control on the SCSS from contamination by sulfur-rich crustal material 

and/or extensive fractionation, several other factors, such as low oxygen fugacity, lower 

temperature and low Fe and high Cu and Ni concentrations in the melt provide sulfide 

immiscibility at low pressure according to contemporary modelling of SCSS (Ariskin et al., 

2018; Ariskin et al., 2013; Ding et al., 2018; Smythe et al., 2017). In particular, sulfide globules 

in primitive olivine (Fo > 88 mol%) are of exceptional interest, as they represent the earliest 

manifestation of silicate-sulfide immiscibility in oceanic magmas. Records of incipient sulfide 

melts in equilibrium with high-Mg olivine and Cr-spinel are scarce (e.g., Kamenetsky and 

Kamenetsky, 2010), but they may support the occurrence of sulfide immiscibility in the crust 

without requiring magma contamination and/or extensive fractionation. In this regard, sulfide 

globules found in very primitive olivine phenocrysts in picritic rocks of MORB-affinity in 

Kamchatsky Mys (Eastern Kamchatka) are representative of naturally occurring immiscibility 

(Savelyev et al., 2018), whereas olivine-hosted silicate melt inclusions allow the reconstruction 

of chemical and physical parameters of the magmatic system.  

Primitive olivine-hosted sulfide melts contain substantial amounts of chalcophile metals (e.g., 

Cu, Ni), as well as PGE and gold (Savelyev et al., 2018), and their compositions fall into the 

range of compositions of sulfides in MORB glasses (e.g., Kamenetsky et al., 2013; Keith et al., 

2017; Patten et al., 2012; Peach et al., 1990; Yang et al., 2014). This is in contrast to still popular 

view that the earliest sulfide liquids are compositionally pyrrhotite- (FeS) dominated and become 

saturated with other elements through extensive interactions with evolving silicate melts (e.g., 

Naldrett, 2004; Zhang, 2015). An alternative hypothesis advocates for more complex sulfide 

melt compositions during the onset of immiscibility based on empirical (e.g., Kamenetsky et al., 

2013; Keith et al., 2017; Patten et al., 2012; Peach et al., 1990; Savelyev et al., 2018, Yang et al., 

2014) and experimental (e.g., Ariskin et al., 2018; Ding et al., 2018; Kiseeva and Wood, 2013, 

2015; Mungall, 2002; Smythe et al., 2017) studies.  
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This study examines silicate melt inclusions entrapped in primitive (~Fo90-87) olivine phenocrysts 

from Cretaceous picrites in Kamchatka (Far East Russia) and provides estimates on silicate melt 

compositions, temperature and fO2 at the onset of silicate-sulfide immiscibility. We found that 

their composition and crystallization conditions are typical for primitive MORB, and thus, this 

case of early sulfide-silicate immiscibility can be used for better understanding of early stages of 

MORB magmas evolution. 

2. GEOLOGICAL SETTING AND SAMPLES 

Kamchatsky Mys (Russian for “Cape Kamchatka”; hereafter, “KM”) is one of three large capes 

on the east coast of Kamchatka (Far East Russia) and is notable for a large diversity of rocks 

within a relatively small area. KM occurs at the triple junction between the Eurasian, North 

American and Pacific plates (Kozhurin, 2004; Park et al., 2002; Pedoja et al., 2013; Pinegina et 

al., 2013), which resulted in a complex structural environment. This region is divided into two 

structural domains: i) the northern, which consists of the Paleocene–Eocene sedimentary rocks, 

and ii) the southern, which is part of an accretionary prism (Khotin and Shapiro, 2006) with a 

nappe–folded structure. Ultramafic complexes in the southern part contain blocks of the oceanic 

lithosphere that are considered to be of ophiolitic association (e.g., Boyarinova, 2007; Khotin 

and Shapiro, 2006). This complex is represented by tectonically fragmented peridotites 

(Batanova et al., 2014), as well as igneous (e.g., lavas, hyaloclastites, dykes and gabbros) and 

sedimentary (e.g., shales, limestones, cherts, jaspers) rocks (Fig. 1). Various geochemically 

distinct types of basalts, such as enriched and depleted MORB-type tholeiites, ferrobasalts, and 

alkaline OIB-type basalts, have been found in the ophiolite complex (e.g., Fedorchuk, 1992; 

Portnyagin et al., 2009; Portnyagin et al., 2008; Portnyagin et al., 2005; Saveliev, 2003). The age 

of these rocks was constrained using microfauna in sedimentary rocks as Albian-Cenomanian 

(Palechek et al., 2010) and U-Pb dating of zircons in plagiogranites of 74.7 ± 1.8 Ma 

(Luchitskaya et al., 2006), yielding an age estimate of ranging from Albian to Campanian (~112 

to ~72 Ma). 
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Olivine-phyric rocks were found in serpentinite melange around the Mt. Soldatskaya peridotite 

massif (Savelyev, 2014). Least altered rocks of picritic composition, where approximately 40 to 

60 vol.% is represented by olivine phenocrysts (Fig. 2a), were used in this study. Olivine 

phenocrysts are set in a fine-grained clinopyroxene–plagioclase–Ti-magnetite groundmass (Fig. 

2a). Sporadic phenocrysts (< 1 vol.% of the rock) of plagioclase and Cr-spinel are also present in 

studied rocks. The phenocryst to groundmass ratios vary between samples, as well as the size 

and proportions of crystals in the groundmass. Olivine phenocrysts contain crystallized silicate 

and sulfide melt inclusions (Fig. 2 c, d, e). Sulfide droplets of diverse shapes are also present in 

the matrix of the rocks. The petrographic features of the studied rocks are detailed in the 

Supplementary Materials. 

Sulfide melt inclusions were experimentally homogenized and analyzed by Savelyev et al. 

(2018). Their composition (33 – 36 wt.% of S, 40 – 44 wt.% of Fe, 13.3 – 17.4 wt.% of Ni and 

7.4 – 9.4 wt.% of Cu) corresponded to the composition of sulfide globules from the matrix, that 

were liquid or plastic during the eruption (Savelyev et al., 2018). 

3. APPROACH AND ANALYTICAL METHODS 

Approximately 20 kg of rocks were crushed to extract suitable olivine grains for melt inclusions 

study. Olivine fraction (0.5 – 2 mm) was separated from the crushed material by panning, 

sieving and handpicking. Further, more than a hundred of grains with silicate melt inclusions 

were extracted and examined under a binocular microscope. Part of them was selected for the 

heating experiments, taking into account the shape and size of melt inclusions, as well as the 

absence of fractures in their host-olivine. Olivine grains selected for heating experiments were 

divided in two nearly identical batches, placed into Pt capsules and heated to: 1) 1200 °C 

(hereafter, “subheated”), and 2) 1350 °C (hereafter, “superheated”), and quenched using a 

vertical furnace Nabertherm
®
 RHTV 1700 at the Vernadsky Institute of Geochemistry (Moscow, 

Russia). After preheating for 5 min at 750-800°C, set 1 was heated to 1203 ± 2°C for 5 min at 

0.1 MPa of CO2:H2 gas mixture corresponding to the QFM oxygen buffer (lgfO2 = -8.3). 
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Temperature was monitored with an S-type thermocouple while oxygen fugacity values were 

controlled by zirconia-based solid electrolyte oxygen sensor prior to and after the experimental 

run. Rapid quenching at the end of the experiment was performed by placing the capsule in room 

temperature water by zap-melting of the hanging thin Pt wire. Another set of melt inclusions was 

heated to 1350 ± 3°C at lgfO2 = -6.86 using the same technique. This method is described in 

Sobolev et al. (2016) and instrumental setup reported by Krasheninnikov et al. (2017). The 

superheated inclusions were heated at excessive temperature in an attempt to dissolve hosted 

daughter sulfides and thereby produce more accurate estimates of primary S content in the melts. 

After the heating experiments, olivine grains were mounted in epoxy resin, polished to expose 

melt inclusions on the surfaces and analyzed. 

Analyses of experimentally homogenized melt inclusions were performed using a JEOL JXA-

8200 electron microprobe (GEOMAR, Kiel), a JEOL JXA-8530F Plus field emission electron 

microprobe equipped with 5 tunable wavelength dispersive spectrometers (University of 

Tasmania, Hobart) and a JEOL JXA-8230 electron microprobe (Moscow State University). Sub-

heated inclusions were analyzed in UTAS and MSU, superheated inclusions – in GEOMAR. 

Operating conditions in UTAS were 40 degrees’ takeoff angle, and beam energy of 15 keV. The 

beam current was 10 nA, and the beam diameter was 10 µm. Elements were acquired using 

analyzing crystals LiFL for Cr Kα, Mn Kα, Fe Kα, PETL for Ca Kα, Ti Kα, P Kα, S Kα, Cl Kα, 

K Kα, TAP for Si Kα, Na Kα, Mg Kα, Al Kα, and LDE1L for F Kα. The standards were Rutile 

TiO2 P&H (B13) for Ti Kα, Rhodonite MnSiO3 P&H (B14) for Mn Kα, Eskolaite P&H (D12) 

for Cr Kα, Nickel Oxide NiO P&H (A8) for Ni Kα, Orthoclase P&H (D2) for K Kα, Celestine 

SrSO4 P&H (A16) for S Kα, Fluor-Apatite P&H (D11) for P Kα, Tugtupite Astimex (K18) for 

Cl Kα, Olivine San Carlos NMNH 111312-44 (J14) for Mg Kα, Anorthoclase Kakanui, NMNH 

133868 (J9) for Na Kα, Basaltic glass A-99, NMNH 113498-1 (H11) for Si Kα, Ca Kα, Fe Kα, 

Al Kα, Topaz (UTAS4 block) for F Kα, and Calcium vanadate Ca3(VO4)2 JEOL for V Kα.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Measurements at MSU were performed at 15 keV accelerating voltage, and 10 nA using a 5m 

spot beam. The following natural and synthetic materials were used as standards: basaltic glass 

NMNH-112240 (Fe, Mg, Al, Si), synthetic Cr2O3 (Cr), synthetic MnTiO3 (Mn, Ti), FeS2 (S), 

synthetic albite M4 (Na), natural glass NMNH-72854 (K), plagioclase NMNH-137041 (Ca), 

NaCl (Cl), and apatite NMNH-104021 (P). Cl, P, and S were measured by PETH crystal to 

increase signal intensity. For all elements except Na and K, counting time was 20s at peak 

position and 10s at each background. K and Na were measured first for 10s at peak and 5s each 

background to reduce the effect of alkalis loss during analysis. Three analyses of glass for each 

melt inclusion were acquired. VG-2 glass standard was measured repetitively each 20-40 

analysis to control instrument shift. The composition of VG-2 glass for the most of major 

elements was set after Jarosevich et al. (1980), for MgO after Gale et al. (2013), for S after 

Fortin et al. (2015). 

Analytical procedures of EMPA analyses carried out in GEOMAR were identical to those 

provided by Mironov et al. (2015). The data consistency of sulfur measurements was estimated 

on the base of VG2 secondary standard, the obtained values and correction coefficients are 

shown in Supplementary Table 1. 

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analyses of the 

“sub-heated” inclusions and their host-olivine were carried out using Agilent 7500cs quadrupole 

ICP-MS with a 193 nm Coherent COMPex Pro ArF Excimer Laser at CODES Analytical 

Laboratories (University of Tasmania). The analyses were performed using spot sizes of 20 µm 

and 60 µm, laser pulse frequency of 5 Hz and 10 Hz, and fluence of 7 and 3.5 J/cm
2
 for melt 

inclusions and olivine, respectively. Data obtained by 20 μm spot measurements were corrected 

using reference values. The glass reference material NIST SRM 612 (Jochum et al., 2011) was 

used for the external calibration. Analytical precision was monitored based on the repeated 

analyses of BCR-2G (Jochum et al., 2008) and GSD-1G (Jochum et al., 2011), as secondary 

standards, yielding <9.3% RSD for all elements (except boron – 20%) for glasses and < 2.65% 
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RSD for olivine, respectively. During later calculations, we used SiO2, TiO2, Al2O3, FeOtot, 

MnO, MgO, CaO, Na2O, K2O, P2O5, Cl and F contents for sub-heated inclusions measured by 

EPMA at UTAS, and S content measured by EPMA at MSU, on the basis of best fit of these 

element measurements in standards (Supplementary Table 1). The exceptions are compositions 

of D-1456-Mt4-gr2 and D-1456-Mt4-gr3 inclusions, which were measured only by LA-ICP-MS. 

More details on the standards and analytical conditions can be found in Kamenetsky et al. 

(2017). 

LA-ICP-MS analyses of superheated inclusions were carried out using an Agilent 7500s 

quadrupole ICP-MS equipped with a 193 nm Coherent GEOLAS ArF Excimer Laser at the 

Institute of Geosciences, Kiel University (Kiel, Germany). The analyses were performed using 

spot size of 44 µm, laser pulse frequency of 10 Hz, and fluence of 10 J/cm
2
. All other analytical 

conditions and procedures of data conversion to concentration values are similar to those 

described by Golowin et al. (2017) and Garbe-Schönberg and Müller (2014). Calibration for all 

elements was performed against recommended values for glass KL2-G (Jochum et al., 2006). 

Reference glasses BCR-2G (Norman et al., 1998) and GOR128-G (Jochum et al., 2006) were 

analyzed as unknown and yields no more than 2.98% RSD (except boron – 10.3%) 

(Supplementary Table 1).  

Cr-spinel inclusions in olivine and olivine phenocrysts hosting inclusions of spinel and 

superheated melt inclusions were analyzed using JEOL JXA8200 at GEOMAR (Kiel). The 

analyses were performed at an accelerating voltage of 15 kV, and at 20 nA for spinel and 100 or 

300 nA for olivine. The standardization and quality control was carried out using common 

reference materials: chromite NMNH117075, ilmenite NMNH96189 and olivine NMNH111312-

44 (Jarosewich et al., 1980). Detailed descriptions of the standards and analytical conditions of 

analogous measurements are presented in Nekrylov et al. (2018). Measurements of standards are 

detailed in Supplementary Table 1. 

            4. RESULTS 
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4.1 Mineral compositions 

The majority of studied olivine compositions range within 3 Fo units (87 – 90; where Fo is 

defined as the molar ratio of Mg/(Mg+Fe)*100) with only rare exceptions that are slightly 

outside of this range (Fig. 3). The maximum measured Mg# (Mg/(Mg+Fe
2+

) *100, mol. %) of 

olivine cores is Fo90.3 (Supplementary Table 2). Almost all phenocrysts have high-Fo and nearly 

constant compositions in the core that are surrounded by a thin rim with slightly lower Fo (0.5-

1.5 mol.%) than the core. 

The compositions of major oxides and trace elements in olivine phenocrysts are presented in 

Supplementary Table 2 and Figs. 3, 4. Contents of Mn, Zn, Co and Cu have near linear negative 

dependence from the olivine Fo and a narrow range of values at the same Fo content. The 

concentrations of other trace elements in olivine are significantly scattered at given Fo87-90, for 

example, Ni ranges from 1603 to 2987 ppm, Al from 120 to 510 ppm, Ca from 1120 to 2310 

ppm, Mn from 1068 to 1456 ppm and Cr from 161 to 572 ppm (Fig. 3, 4). Fe/Mn and Ni/Co 

ratios (59.8 – 75.5 and 13.4 – 20.5, respectively) in KM olivine correspond to liquidus olivine in 

peridotite-derived magmas (fields are roughly determined based on variation diagrams of 

Howarth and Harris (2017)).  

Cr-spinel inclusions in olivine phenocrysts exhibit a wide range of Al2O3 (32.5 – 48.7 wt.%), 

Cr2O3 (16.9 – 32.6 wt.%) and TiO2 (0.25 – 0.43 wt.%) contents, with no dependence on the host-

olivine composition (Supplementary Table 3). The ranges of FeO (13.3 – 18.1 wt.%) and MgO 

(15.7 – 18.7 wt.%) contents are relatively narrow and show a weak dependence on the host-

olivine Fo-content. These features are reflected in the narrow range of Mg# from 68 to 76, 

Fe
+2

/Fe
3+

 – from 2.8 to 3.9 (Fig. 5a) and at the same time wide variations in Cr# (Cr/(Cr+Al) 

*100, mol. %) from 29 to 44 (Fig. 5b). The compositions of Cr-spinel phenocryst cores and Cr-

spinel inclusions in olivine are similar. The rims of some Cr-spinel phenocrysts are often 

replaced by Ti-magnetite. Spinel in the groundmass shows a wide range of compositions, 

ranging from Cr-spinel to Ti-magnetite. 
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Plagioclase phenocrysts have bytownitic compositions with normal zoning from ~An90 

(An=Ca/(Ca+Na), mol. %)) in the cores to ~An80-78 in the margins. Plagioclase laths in the 

groundmass have labradorite-bytownite compositions (~An80-50).  

4.2 Composition of reheated melt inclusions 

Sub-heated melt inclusions (reheated at 1200°C) typically have smoothed olivine faceting or 

ellipsoid shape. Melt inclusion usually contains shrinkage bubble(s), one or several sulfide 

globules, and sometimes contain small spinel grains (Fig. 6d). In some inclusions, two or three 

sulfide globules, or even numerous small globules occur on the surface of shrinkage bubble (Fig. 

6e). Sulfide globules typically occupy between 0.05 to 0.2 vol.% of the inclusion. Superheated 

melt inclusions (reheated at 1350°C) are dominantly ellipsoid and rarely display smoothed 

olivine faceting. The majority of these inclusions do not contain shrinkage bubbles and sulfide 

globules (Fig. 6b, c). It is noteworthy that most olivine grains showed robust behavior during 

heating and quenching, which may indicate a low pressure of entrapment, because melt 

inclusions entrapped at more than ~4 kbar often decrepitate or explode during heating (Tait, 

1992).  

The contents of FeO in both sets of melt inclusions have negatively correlating with the Fo 

values of the host-olivine (87 – 90 mol.%) (Fig. 6a), which demonstrates the effect of Fe-loss 

(Danyushevsky et al., 2000). This process is the consequence of re-equilibration of melt 

inclusions with the host-olivine by Fe-Mg diffusion at a temperature lower than the temperature 

of entrapment. This effect is clearly illustrated by the presence of daughter sulfide globules in 

sub-heated inclusions, where the trapped melt lost some amount of FeO, causing exsolution of 

sulfide phase (Danyushevsky et al., 2002). A reverse process (so-called Fe-gain) occurs during 

heating experiments, and at a higher temperature Fe is returned more efficiently. This explains 

the higher FeO content (7.1 – 9.5 vs. 5.0 - 7.1 wt.%) in the inclusions of superheated and the 

absence of sulfide globules in them. However, measured FeO in melt inclusions reheated at 

higher temperatures (superheated) could be higher than the initial values due to excessive 
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melting of host-olivine along the inclusion walls and re-equilibration at high temperature (see 

section 5.2.1). Furthermore, superheated inclusions in comparison with sub-heated are 

predictably enriched in MgO (12.3 – 16.7 vs. 7.1 – 11.0 wt. %) and depleted in Al2O3 (13.6 – 

15.9 vs. 17.2 – 18.7 wt.%), CaO (9.9 – 11.9 vs. 11.4 – 13.3 wt.%) and Na2O (1.0 – 2.3 vs. 2.0 – 

2.9 wt.%), due to overheating and dilution of the melt by the addition of olivine. Other 

incompatible major (TiO2, K2O, P2O5) and trace elements in melt inclusions show fewer 

differences between the two sets, because the effects of heating are masked by natural variability 

of highly incompatible elements in parental melts. Sulfur is a notable exception from the above 

systematics. Its concentration in glasses of superheated inclusions (741 ± 203 (1σ) ppm on 

average) is approximately 1.5 times higher than in sub-heated inclusions (433 ± 56 (1σ) ppm) 

(Supplementary Table 4), despite its incompatibility in olivine. The sulfur contents within 

superheated set range from 447 to 1510 ppm, whereas for sub-heated – from 317 to 533 ppm. In 

addition, Cu contents in sub-heated melt inclusions are lower compared to superheated (46 ± 15 

(1σ) ppm for vs 113 ± 35 (1σ) ppm, respectively) due to Cu redistribution into daughter sulfide 

globules, and its contents in superheated set show a weak correlation with the sulfur contents. 

5. DISCUSSION 

5.1 Are the silicate and sulfide melt inclusions co-magmatic? 

Sulfide globules in the most primitive olivine phenocrysts of KM picrites (Savelyev et al., 2018) 

demonstrate that the sulfide liquid was an intrinsic part of the magma at the very early stages of 

its evolution. The composition of the host-olivine is the only “anchor” that can be evaluated in 

terms of genetic relationships between these three types of inclusions. 

Forsterite content in olivine is commonly used as a measure of magmatic differentiation in 

common basaltic melts at a given oxygen fugacity. Host-olivine Fo ranges from 87.1 to 89.9 

mol.% for sulfide melt inclusions (Fig. 3, 4), from 86.9 to 90 mol. % for silicate melt inclusions 

and 86.4 to 89.9 mol. % for Cr-spinel inclusions. Therefore, the almost identical ranges and 

average Fo values for three types of inclusions (88.4 ± 0.6 and 88.8 ± 0.7, 88.9 ± 0.6 
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respectively) strongly indicate that they formed at the same stage of magma evolution. 

Concentrations of Ni, Ca, Mn, Zn, Co (Fig. 3, 4) and other trace elements in studied host-olivine 

phenocrysts are also indistinguishable. It should be noted that the olivine composition that 

crystallized in the presence of a sulfide liquid may be affected by partitioning of chalcophile 

elements in sulfide, but the overall effect of this process remains unknown and depends on the 

sulfide/silicate ratio (e.g., Duke, 1979). Nevertheless, olivine containing sulfide globules does 

not differ in composition from sulfide-free olivine phenocrysts in this study. Thus, we conclude 

that all studied olivine phenocrysts formed at the same stage of magmatic evolution. 

5.2.1 Crystallization conditions and reconstruction of KM parental melts 

Oxygen fugacity controls the Fe
2+

/Fe
3+

 in  liquidus Cr-spinel. The relationships between 

Fe
2+

/Fe
3+

 in silicate melt and Cr-spinel are described by empirical equation (Maurel and Maurel, 

1982). The Fe
2+

/Fe
3+

 ratio of KM Cr-spinel phenocrysts is well within the field of typical MORB 

spinel (Fig. 5). In addition, the redox conditions during olivine and Cr-spinel crystallization can 

be determined by oxygen geobarometry (Ballhaus et al., 1991) on the basis of the composition of 

coexisting spinel inclusions and their host olivine. Although the model was calibrated using 

experimental data for Opxsaturated experiments, it can be applied to calculate maximal oxygen 

fugacity in Opx-undersaturated systems (Ballhaus, 1993; Ballhaus et al., 1991). Assuming 

pressure is equal to 0.1 GPa, redox conditions for high-Mg olivine correspond to ΔQFM = +0.1 

± 0.16 (1σ) log units (Supplementary Table 3, Fig. 7, blue symbols). This value closely overlaps 

with typical redox conditions of MORB crystallization (according to the latest works ΔQFM = 

+0.2 ± 0.3; e.g., Berry et al., 2018; Cottrell and Kelley, 2011; O'Neill et al., 2018; Zhang et al., 

2018). The redox conditions estimated using the V partitioning model by Mallmann and O'Neill 

(2013) are also close to typical redox conditions of MORB crystallization (Fig. 7).  

Temperatures calculated using the Al-in-olivine model (Coogan et al., 2014) are within the range 

of 1271 – 1228 °C but weakly correlate with olivine Fo (Fig. 8a, Supplementary Table 3).  

Another geothermometer, based on Sc-Y partitioning between olivine and melt (Mallmann and 
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O'Neill, 2013) was also used for KM melt inclusions as independent method. This produces a 

very similar temperature range of 1199 – 1283 °C, with an average value of 1230 ± 19°C (Fig. 

8b). 

Correction for post-entrapment crystallization (PEC) and re-equilibration is critical for 

reconstructing parental melts from the composition of olivine-hosted melt inclusions 

(Danyushevsky et al., 2000). Fe-loss effect (section 4.2) represents the most significant problem 

for naturally cooled and experimentally reheated inclusions. This process leads to depletion of 

FeO in the residual melt, and determination of initial FeO abundance (total initial Fe content 

expressed as FeO, hereafter, FeOi) becomes a non-trivial task in melt reconstruction. The bulk 

composition of host-rocks is usually used for constraining FeOi content in parental melts, 

however, it may produce inaccurate estimates in the case of strongly olivine-phyric rocks with 

unknown melt fractions, such as the KM picrites in this study. The short duration of heating 

experiments cannot fully reverse FeO (by Fe-gain), thus melt inclusions reheated to the 

temperature of entrapment and even higher temperatures usually contain less FeO than the 

originally trapped melt (Danyushevsky et al., 2000). Increasing the duration of experimental re-

heating allows a return of more FeO to the melt. However, in a common case of partially re-

equilibrated inclusions (e.g., Danyushevsky et al., 2000) the initial melt composition cannot be 

confidently restored.  

The two sets of reheating experiments were purposely conducted at temperatures below (1200 

o
C, “sub-heated”) and above (1350 

o
C, “superheated”) the inferred temperature of entrapment in 

order to observe changes in melt compositions in relation to effects of temperature. The 

measured FeO contents in sub-heated inclusions are lower than in parental melts due to Fe-loss, 

while FeO in superheated inclusions is clearly higher due to intense Fe-gain and melting of the 

host olivine (Fig. 6). We further used the temperature of olivine crystallization inferred from 

olivine-spinel equilibrium to constrain the FeOi in melts. This is done through the simple 

expression of anhydrous basalt liquidus temperature dependence from melt composition (T (℃) 
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≈ 18*MgO (wt.%) + 1050 (Eggins, 1993)), the Kd ol-melt 
Fe-Mg

 [=(Xmelt
Mg

/Xolivine
Mg

)/(Xmelt
Fe2+

/ 

Xolivine
Fe2+ 

) ≈ 0.3 (Toplis, 2005)] and oxygen fugacity at ΔQFM = +0.1 log. units. The average 

equilibrium temperature of the most Mg-rich (primitive) pairs of olivine (Fo > 89 mol.%) and 

Cr-spinel equals 1247 ± 20 °C (Supplementary Table 3, Fig. 8), which gives ~ 10.94 ± 1.1 wt.% 

of MgO. Therefore, ferrous iron in the melt in equilibrium with olivine Fo90 was 7.22 ± 0.78 

wt.% and FeOtotal in the melt (according to Borisov and Shapkin (1990) at ΔQFM = +0.1 log. 

units) was 7.93 ± 0.8 wt.%.  

In order to correct for Fe-loss and other effects of interaction with host-olivine, the measured 

compositions of the melt inclusions were recalculated using the Petrolog3 software 

(Danyushevsky and Plechov, 2011) to match the equilibrium with the host-olivine at 7.93 wt.% 

of FeOi (Supplementary Table 5). Fe
+2

/Fe
3+

 in the melt was calculated using the model of 

Borisov and Shapkin (1990) and fO2 was assigned to the QFM buffer. The temperatures of the 

olivine-melt equilibrium at 0.1 MPa, obtained using the model presented by Ford et al. (1983), 

ranges from 1267 to 1196 °C (average temperature of 1237±18 °C (1σ)), while olivine 

composition varies from Fo90 to Fo86.9, respectively.  

5.2.2 Geodynamic provenance of KM magmatism  

Olivine and Cr-spinel are the first liquidus minerals to crystallize (see Supplementary Materials), 

and their compositional features provide important information on the origin of primary melts. 

The major and trace compositions of KM olivine are indistinguishable from those of MORB 

olivine (Fig. 3, 4), and thus imply crystallization from peridotite-derived melts (Herzberg, 2011; 

Howarth and Harris, 2017; Sobolev et al., 2007). The overall range of Ni contents and Fe/Mn 

ratios is greater than those typically recorded in MORB olivine from a single sample, however, 

this could be attributed to a larger number of analyses compared to other studies. Moreover, such 

variations in Mn and Ni contents are not unique for oceanic magmas (Balta et al., 2011; Husen et 

al., 2016; Matzen et al., 2013; Matzen et al., 2017a; Matzen et al., 2017b; Sobolev et al., 2007). 

Other trace elements in KM olivine, such as Со and Zn (Mn/Zn 20.3±0.8, Ni/Co 16.3±1.4 and 
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10000*Zn/Fe > 7.5±0.3; Fig. 4), also support parental melt derivation from a common peridotite 

source (Howarth and Harris, 2017). Furthermore, the Zn content in KM olivine (65 ± 2.4 ppm) 

matches with the values for MORB olivine from Macquarie Island picrites (Husen et al., 2016; 

Kamenetsky and Eggins, 2012), which ranges from 50 ppm Zn at 91 mol.% Fo to 70 ppm Zn at 

Fo87. 

Similar to olivine, the KM Cr-spinel compositions significantly overlap with spinel fields from 

several MORB suites (Fig. 5), thereby further emphasizing the MORB affinities of the studied 

picrites. The high abundances and a large range of Al2O3 in the KM Cr-spinel represents both the 

recorded enrichment and variability of Al2O3 in the parental melts (Fig. 5c, d, Fig. 9).  

The crystallization temperatures obtained using three available geothermometers are nearly 

identical (section 5.2.1) and correspond to the temperature range of common MORB melts 

(Coogan et al., 2014). The average composition of melts in equilibrium with the most Mg-rich 

olivine (Fo89.5-90) is used for estimating potential mantle temperature (Tp; Herzberg and Asimow 

(2015)). The estimated KM potential mantle temperature of ~1350 °C is within the Tp range for 

the mantle source of MORB (1280 – 1400 °C; e.g., Falloon et al., 2007; Herzberg et al., 2007). 

The reconstructed melts have basaltic compositions and the contents of all major elements 

correspond well to those in the most primitive glasses from mid-ocean ridges (Fig. 9). Rocks 

(Savelyev et al., 2018) are depleted in trace elements by a factor of two in comparison with their 

average composition (Fig. 10a), which is in agreement with ca. 50 % of accumulated olivine 

phenocrysts.  

The fractionation pathways of the KM melts, as recorded by a narrow range of olivine 

compositions (Fig. 3), were relatively “short”, much shorter than in most MORB suites. This 

explains the lack of significant correlations between major oxides and trace element contents 

with MgO in melt inclusions. It appears that compositional ranges of contents of some of them 

(e.g. Al2O3, CaO, K2O, Rb, LREE etc.) are likely related to initial compositional heterogeneities 

in primary/parental melts. Highly incompatible element contents in these melts range by up to 2 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



orders of magnitude, La/Sm vary from 0.26 to 2.69, K/Ti – from 0.01 to 0.44, whereas 

moderately incompatible elements make up a rather narrow range, more depleted in comparison 

with average MORB compositions (Fig. 10a). Similar variations of incompatible trace elements 

could be observed in primitive MORB glasses and melt inclusions from a single location and 

single sample (e.g., Husen et al., 2016; Kamenetsky, 1996; Kamenetsky and Eggins, 2012; 

Nielsen et al., 1995; Sobolev, 1996).   

5.3 Sulfide saturation of KM melts  

5.3.1 Sulfur contents in the melt 

The content of sulfur in the studied melt inclusions is a key parameter for understanding the 

conditions of sulfide-silicate immiscibility in the KM magmatic system. Differences in sulfur 

abundances between the two series of experiments can be explained by the presence of sulfide 

globules in sub-heated inclusions and their absence in the majority of superheated inclusions 

(Fig. 3). Given the broad correlation between the volume of sulfide globules with the size of host 

melt inclusions (Fig. 11), most sulfides in KM melt inclusions must be daughter phases that 

formed due to Fe-loss and, consequently, decrease of SCSS upon the cooling and crystallization 

of melt inclusions (Danyushevsky et al., 2002).  

The sulfur content in daughter sulfide globules should be taken into account in order to evaluate 

the initial sulfur abundance in the melt inclusions at the time of their entrapment. The volume 

proportions of melt inclusions and daughter sulfide globules were determined by analyzing 

microphotographs in ImageJ software, while the sulfur contents in the globules were estimated 

using a sulfide density of 5 g/cm
3
, glass density of 2.7 g/cm

3
 and estimate of ~33 wt.% of sulfur 

in sulfides. The measured sulfur contents of 433 ± 56 ppm in the glass of the sub-heated melt 

inclusions (Supplementary Table 4) combined with sulfur stored in the daughter sulfide globules 

estimated the initial sulfur content in the melt to be 926 ± 306 (1σ) ppm (Fig. 12, Supplementary 

Table 4). Thus, in this particular case, the measured sulfur contents in the glass are not 

representative of the initial sulfur, which are depleted for > 50% (51 ± 13%) by in-situ sulfide 

immiscibility and the formation of daughter globules. Sulfur contents measured in the sulfide-
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free superheated melt inclusions are nearly the same as those reconstructed for sub-heated 

(865±217 ppm; 1σ) (Fig. 12). 

The sulfur content in the reconstructed melts of both sets is remarkably scattered by up to ~1000 

ppm (585 - 1505 ppm for sub-heated inclusions and 520 - 1606 ppm for superheated.) There are 

several inclusions with elevated sulfur contents that correlate with chalcophile elements, such as 

Cu and Pb. This enrichment can be explained by co-entrapment of small sulfide melt globules 

with the silicate melt. Modeling of mixing of KM sulfide and silicate melt for the superheated set 

showed that ~1200 ppm of S and ~200 ppm of Cu (inclusions D1454-14 and D1456-28) can be 

explained by partial melting of small (0.1 wt.%) heterogeneously co-trapped sulfide in such 

silicate melt inclusions.  

There are many factors that may be responsible for the observed variability of sulfur in the 

inclusions, even if they are all representative of initially sulfide saturated melts: 1) analytical 

error (up to 6 rel. % for S, see Approach and Analytical Methods); 2) uncertainties in estimations 

of daughter sulfide volume relatively to host melt inclusion due to measurement inaccuracies of 

the two dimensional overview, and the possibility that some sulfide globules remained 

unaccounted for because of their small size and/or presence on inclusions’ walls and behind 

vapor bubble (for sub-heated set); 3) possible heterogeneity of melt inclusions after the melting 

of daughter sulfides caused by the short duration of experimental heating; and 4) local processes 

of sulfide immiscibility and sulfur degassing during magma ascent and crystallization.  

5.3.2 Prediction of sulfide saturation 

Many studies have shown that SCSS strongly depends on the FeO content of the melt (e.g., 

Ariskin et al., 2018; Ding et al., 2018; Fortin et al., 2015; Haughton et al., 1974; Li and Ripley, 

2005; Liu et al., 2007; Smythe et al., 2017), and different models based on experimental and 

thermodynamic data allow for the prediction of the reconstructed KM parental melt composition. 

Recent studies (Ariskin et al., 2018; Ding et al., 2018; Smythe et al., 2017) argued that elevated 

Ni and Cu in melts significantly decrease SCSS, and this factor should be taken into account 
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along with the content of the major elements in the melt in the case of the Ni- and Cu-rich 

sulfides in the KM picrites (Savelyev et al., 2018). Thus, we applied the silicate melt – sulfide 

melt partitioning model by Kiseeva and Wood (2013, 2105) to the measured composition of the 

sulfide melt globule in primitive olivine (89.6 mol.%; analysis №6 in Table 6 by Savelyev et al., 

2018) and the silicate melt composition that was calculated using melt inclusions in olivine of 

similar composition. Unfortunately, the Ni and Cu values in studied melt inclusions are not 

realistic due to effect on Ni and Cu of daughter sulfide globules (Fig. 2d, 6 d, e) and effect of 

host olivine on Ni (Fig. 3), however, a comparison can be done using similar melt compositions 

among MORB glasses worldwide (e.g., Jenner and O'Neill, 2012). The calculated Ni and Cu 

values (154 and 111 ppm, respectively) using the Kiseeva and Wood (2013, 2015) are within the 

error from the primitive MORB glass compositions (Ni = 156 ± 13 and Cu = 96 ± 12 ppm, 

respectively), recorded in nine glasses by Jenner and O'Neill (2012). 

Sulfur abundances, measured in melt inclusions and corrected for S in sulfide globules (Fig. 12), 

correspond to SCSS, which can be predicted for parental KM melts by different models (Ariskin 

et al., 2018; Ding et al., 2018; Smythe et al., 2017; Wallace and Carmichael, 1992) taking into 

account their uncertainty. Moreover, these values fit the composition of primitive MORB glasses 

(MgO > 8 wt.%) from different localities worldwide (e.g., Jenner and O'Neill, 2012; Shimizu et 

al., 2016). A broad co-variation of S and FeO contents in MORB glasses presents clear evidence 

of sulfide saturation of MORB melts (e.g., Jenner et al., 2010; Le Voyer et al., 2015; Wallace 

and Edmonds, 2011). A similar conclusion follows from the correlation between Ni and Ni/Cu in 

mss and MgO in MORB glasses (Keith et al., 2017). 

It is important to note that all SCSS models employed show a weak dependence of SCSS on FeO 

at low-FeO in MORB glasses. Therefore, the published SCSS models (excluding Wallace and 

Carmichael, 1992) predict much higher sulfur concentrations at a given FeO for sulfide saturated 

sub-heated melt inclusions than those that were actually observed (Fig. 12a). The measured 
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sulfur concentrations in these inclusions are in good agreement with the experimental curve of 

sulfide saturation of basaltic melts at 1200 °C, as demonstrated by Haughton et al. (1974). 

5.3.3 Causes of KM sulfide-silicate immiscibility.  

Extensive fractionation, during which sulfur accumulated as an incompatible element, and 

assimilation of sulfur-rich crustal material are two usual scenarios for achieving of sulfide 

saturation in oceanic magmas (Li and Ripley, 2005; Mavrogenes and O'Neill, 1999; Ripley and 

Li, 2013). The extent to which these two processes could affect sulfur enrichment in the case of 

KM melts is considered below.  

Although “extensive fractionation” to attain the SCSS for MORB-like melt was estimated to be 

< 10 % (e.g., Li and Ripley, 2005), the occurrence of sulfide globules in the most primitive 

liquidus olivine in our samples cannot be attributed to fractionation. According to the Herzberg 

and Asimov (2015) model, the primary melt should have been in equilibrium with Fo90.5, which 

is almost identical to the composition of the sulfide-bearing olivine phenocrysts in our study. 

Possible assimilation of sulfur-rich material from altered oceanic crust is not supported by the Sr 

isotope composition of the KM olivine-phyric rocks (
87

Sr/
86

Sr ~0.70244; Savelyev et al., 2018), 

which is extremely unradiogenic in contrast to the sea-water dominated 
87

Sr/
86

Sr ratio of altered 

MORB and oceanic sediments (e.g., Alt, 1994). Therefore, KM parental melts, which have 

typical MORB features, such as major and trace element contents, temperature and redox 

crystallization conditions, were apparently sulfide-saturated earliest stages of crystallization. 

At the same time, the appearance of sulfide globules in equilibrium with the groundmass of 

studied rocks (as evidenced by their plastic state and the absence of dissolution; see section 4.2) 

could be explained by two possible scenarios. In the first scenario, sulfide liquid appeared at the 

earliest stages of crystallization and coexisted with the silicate melt until eruption. The 

alternative hypothesis is that sulfide saturation could have been achieved during the melt 

crystallization twice: once at elevated pressure (e.g., Fortin et al., 2015) and before the eruption 

and at lower pressure due to magmatic differentiation. The main argument in favor of the first 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



scenario is the similarity in composition of sulfide melt inclusions in high-Mg olivine and in the 

groundmass (Fig. 5a in Savelyev et al., 2018), whereas in the second case, the sulfide 

composition should reflect changes in the silicate melt composition (e.g., Rajamani, Naldrett, 

1978). Furthermore, the saturation in sulfide at elevated pressure due to the crystallization of 

primitive olivine (section 5.2.1) remains unsubstantiated. It is more likely that the reconstructed 

composition of KM melts reflects near primary melts, which were sulfide-saturated at upper 

crustal conditions, prior to eruption. Furthermore, the effect of pressure on SCSS in crustal 

conditions, especially at decreasing temperature, could be insignificant, as shown in the 

experiments of Liu et al. (2007).  

We argue that sulfide saturation of these typical MORB primary melts at upper crustal 

conditions was not caused by sulfur-rich material assimilation or fractionation, and that the effect 

of pressure on SCSS (e.g., Mavrogenes and O'Neill, 1999) could be overestimated, at least in the 

case of magmas generated in the spinel- and plagioclase-peridotite asthenosphere. 

6. CONCLUSIONS 

Olivine-phyric rocks of Kamchatsky Mys (Russia) contain unaltered high-Mg olivine 

phenocrysts with entrapped silicate and sulfide melt inclusions, which assist in constraining the 

earliest stages of sulfide-saturated basaltic melt evolution: 

- Major and trace element composition of reconstructed silicate melts, their crystallization 

conditions and potential mantle temperature are typical for primitive glasses from 

MORBs; 

- Host-olivine for sulfide and silicate melt inclusions have the same ranges and variations 

of major and trace element contents, which indicates that early sulfide saturation affected 

the whole magma volume; 

- The relative size of sulfide globules in melt inclusions suggests an in-situ origin; 

- Measured sulfur content in glass of sub-heated inclusions should be corrected by adding 

sulfur from the daughter sulfide phases; 
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- Reconstructed initial sulfur contents of the KM sulfide-saturated parental melts are 

similar to those in primitive MORB glasses; 

- Near primary MORB magma could be sulfide saturated independent of crystal 

fractionation and/or crustal assimilation.  
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FIGURE CAPTIONS 

Fig. 1 Schematic geological map of Kamchatsky Mys (modified after Boyarinova, 2007) 

showing location of studied rocks (star). 

Fig. 2 Petrographic features of KM olivine-phyric rocks: olivine phenocrysts and their 

relationship with the groundmass of the rocks in (a) cross-polarized and (b) plane-polarized light; 

(c) sulfide globule in the groundmass of the rock; (d) naturally crystallized silicate melt inclusion 

with daughter sulfides in olivine; (e) sulfide melt inclusion in olivine; (f) naturally crystallized 

silicate melt inclusion in olivine phenocryst (BSE image). Ol – olivine, Pl – plagioclase, CPx – 

clinopyroxene, Mt – magnetite, MI – melt inclusion, S – sulfide, G – glass, SB – shrinkage 

bubble.  

Fig. 3 Trace element chemistry of olivine phenocrysts from KM rocks compared with available 

literature data. Ni, Fe/Mn, Ca and Mn vs Fo content are the same in composition in grains 

without inclusions, as well as those hosting silicate and sulfide melt inclusions. Open circles 

show MORB olivine and small crosses represent Hawaiian olivine from Sobolev et al. (2007). 

Grey fields show the olivine from peridotite-derived magmas according to Herzberg (2011). 

Fig. 4 Cr and Ni/Co values in olivine of studied olivine-phyric rocks vs. its Fo (mol.%) 

correspond to those of MORB olivines (Sobolev et al., 2007) and have been interpreted to 

represent melting of a peridotitic source component. Ni/Co values > 20 are suggested to indicate 

a pyroxenitic 

component in the mantle source (e.g., Sobolev et al., 2007; Foley et al., 2013). 10000 Zn/Fe vs 

100 Mn/Fe and Ni (ppm) vs Mn/Zn ratio for KM olivine phenocrysts illustrating the composition 

of olivine in equilibrium with peridotite melts. The fields of olivine from peridotite- and 

pyroxenite-derived magmas and representative olivine compositions from the Etendeka and 

Karoo continental flood basalts are shown after Howarth and Harris (2017). Colors of symbols 

for KM olivine are the same as in Fig. 3. 
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Fig. 5 Composition of Cr-spinel grains included in olivine phenocrysts from studied KM rocks 

and their host (a, b, c); spinel Al2O3 vs. Al2O3 in melt in equilibrium with the same composition 

of olivine (d). Average Al2O3 values in spinel inclusions (in KM olivine of equal Fo) and 

reconstructed melts (from the same Fo olivine) are shown by large symbols. Composition of 

spinel and melt from different geodynamic settings, as well as compositional fields on plot (c) 

and the empirical curve on plot (d) are shown using data from Kamenetsky et al. (2001).  

Fig. 6 (a) Negative dependences of FeOt in sub-heated (1) and superheated (2) melt inclusions 

from the host-olivine Fo. Microphotographs of representative superheated (b, c) and sub-heated 

(d, e) melt inclusions. Details of estimates of S content hosted by daughter sulfide phases are 

discussed in section 5.2.1. Phase labels are the same as in Figure 1. 

Fig. 7 ΔQFM (oxygen fugacity compared to the quartz–fayalite–magnetite buffer) was estimated 

using the equilibrium between olivine and Cr-spinel (Ballhaus et al., 1991) and the partition of V 

between olivine and melt (Mallmann, O'Neill, 2013). The error bars (if they exceed the symbol 

size) for model of Ballhaus et al. (1991) corresponds to 2σ of results of ΔQFM calculation for 3 

or 4 olivine measurements per one spinel inclusion. The error bars for Mallmann and O'Neill 

(2013) model correspond to two times the error calculated for the equilibria by authors – 0.16 

log. units. Grey field from (Evans et al., 2012) shows the oxygen fugacity of typical MORB 

spinel inclusions calculated according to Ballhaus et al. (1991). Green line corresponds to the 

value of oxygen fugacity in MORB (ΔQFM = +0.2 ± 0.3) from recent studies (e.g., Berry et al., 

2018; Cottrell and Kelley, 2011; O'Neill et al., 2018; Zhang et al., 2018). 

Fig. 8 (a) Temperature of KM olivine crystallization, calculated following the Al olivine-spinel 

geothermometer (Coogan et al., 2014), shown by yellow squares and field. The errors calculated 

are the average of 4 measurements of the one mineral pair (2σ). (b) Temperatures were obtained 

from Fe/Mg olivine-melt partitioning (Ford et al., 1983) (red circles) and are based on Sc/Y 

(Mallmann, O’Neill, 2013) geothermomether (green triangles). The error bars for Sc/Y 
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partitioning correspond to the reported error of ±30°C (2σ). The error bars for Fe/Mg (±24 – 27 

°C) were based on the uncertainty of the given FeO. Large symbols show average values. 

Fig. 9 Harker diagrams showing the composition of sub-heated and superheated melt inclusions 

and composition of reconstructed melts in comparison with typical MORB glasses (Jenner, 

O’Neill, 2012; Shimizu et al., 2016) and KM olivine-phyric rocks. Average sulfur concentration 

in melts was reconstructed on the basis of sub-heated inclusions obtained by different approach 

(see section 5.2.1) are shown with different symbols. 

Fig. 10 Primitive-mantle-normalized (McDonough and Sun, 1995) trace-element diagrams for 

studied melt inclusions of olivine-phyric rock from KM. (a) individual compositions and average 

of KM melts in comparison with the composition of their host-rocks (Savelyev et al., 2018); (b) 

KM melts in comparison with the average D-MORB, N-MORB and E-MORB compositions 

(Gale et al., 2013) and primitive (MgO > 8 wt.%) glasses from MORBs (Shimizu et al., 2016). 

Fig. 11 Daughter sulfide volume of unexposed sub-heated inclusions relative to the volume of 

glass. Average value is 0.113 ± 0.082 (1σ) vol.% of sulfide in melt inclusions. 

Fig. 12 (a) Measured S and FeO contents in sub-heated inclusions fall on the empirical curve of 

Haughton et al. (1974).(b) Melts reconstructed on the basis of sub-heated and superheated 

inclusions compared with S abundances in primitive (MgO > 8 wt.%) MORB glasses and the 

field the MORB glass field, which shows a general S dependence from FeO content (Jenner, 

O’Neill, 2012; Shimizu et al., 2016). Note, that sulfide saturation curves as a functions of FeO 

(according to models of Wallace and Carmichael, 1992; Smythe et al.,2017; Ding et al.,2018; 

Ariskin et al., 2018) are consistent with the MORB field, however, with the exception of Wallace 

and Carmichael (1992), they are much higher in the low-FeO region. For the calculations by the 

models of Smythe et al. (2017) and Ding et al. (2018), we used the average primitive KM’s 

sulfide composition (Savelyev et al., 2018) at 1200 °C and 1 atm. 
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Highlights: 

- Parental melts of sulfide-bearing KM rocks have near primary MORB-like composition 

- Crystallization of these S-saturated melts occurred in near-surface conditions 

- Extensive fractionation and crustal assimilation are not the causes of S-saturation 

- S content in melts can be restored by accounting for daughter sulfide globules 
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