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Abstract

Highly Siderophile Elements (HSEs; Os, Ru, Ir, Rh, Pt, Pd, Au and Re) combined with their
isotopic systematics (Re-Os and Pt-Os) are powerful tools for tracking evolution and genesis of
mantle derived magmas. Given sulfides (accessory sulfide minerals and/or molten sulfides) are the
primary hosts of HSEs in the mantle and low-degree carbonated melts are extracted from large
portions of mantle volume, partitioning of HSEs between sulfide and carbonated melt might play
a critical role in distributing HSEs between the mantle and crustal reservoirs. Although,
partitioning of HSEs and chalcophile elements between sulfide melt and silicate melt has been
previously studied, partitioning of these elements between sulfide melt and carbonated melts has
not received much attention. Here we use high P-T experiments to determine the partitioning of
HSESs and chalcophile elements (Ni, Co, Mo, Os, Ru, Pd, Pt and Re) between (i) sulfide melt and
carbonated silicate melt (CO2~17 wt.%) and (ii) sulfide melt and carbonatitic melt (CO2~ >30 wt.
%) at a pressure (P) of 3 GPa and temperatures (7) of 1300-1600 °C in graphite capsules. All
experiments produced quenched Fe-sulfide melt blobs + carbonated silicate melt matrix.
Concentrations of major elements were measured using electron microprobe, and HSEs and
chalcophile elements were measured using LA-ICP-MS. We find that all the elements measured

are compatible in the sulfide melt to varying degrees and their psuifide/card. melt

sequence is Mo < Co
< Ni < Re < Pt < Pd < Ru < Os varying from around 10 for Mo to 10° for Os. Comparing the
psvifide-card. melt vy pysulfidesilicate f5m previous studies, we show that the partition coefficients of
HSEs between sulfide and carbonated melts are lower than the partition coefficients of these

elements between sulfide and silicate melts, indicating greater mobilization of these elements in

carbonatites and carbonated silicate melts. Calculating bulk D (ﬁ) for carbonated peridotite using

our experimentally measured D values, we model the HSE contents of mantle derived low-degree
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partial melts using an aggregate fractional melting equation and compare the primitive mantle
normalized HSE patterns of our model with natural kimberlites, carbonatites, ocean island basalts,
and alkaline basalts. We also calculate proportions of sub-lithospheric continental mantle (SCLM)
xenolith detritus in the natural kimberlite and carbonatite samples from Karelian, Kaapvaal,
Canadian shield and North China craton by using mass balance calculations based on Ru
concentration in the primary carbonated melt and the SCLM xenoliths. Our calculations show that
detritus proportion in natural kimberlites are 2-28% for Karelian, 7-28% for Kaapvaal, and 6-16%
for Canadian shield, which are in agreement with previous studies using various other proxies. We
also show that the extent of Re/Os fractionation is less for events of carbonate melt metasomatism

as compared to similar events of basaltic melt metasomatism.

Keywords: Highly Siderophile Elements (HSE); sulfide; carbonatite; kimberlite; partition

coefficients; mantle xenoliths.
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1. INTRODUCTION

Sulfur (S) is one of the crucial multi-valent, volatile elements on Earth. The deep Earth
sulfur reservoir is controlled by melting-induced extraction and degassing of sulfur at plate
boundaries (e.g. Wallace and Edmonds, 2011; Ding and Dasgupta, 2017), convergent boundaries
(e.g. Alt et al., 1993; Chowdhury and Dasgupta, 2019; Li et al., 2020), intraplate ocean islands
(e.g. Brounce et al., 2017; Ding and Dasgupta, 2018; Moussallam et al., 2019), and subduction of
sulfides or sulfates back to deep Earth (Jégo and Dasgupta, 2013; Jégo and Dasgupta, 2014;
Tomkins and Evans, 2015; Canil and Fellows, 2017; Walters et al., 2020). In deep terrestrial
mantle, sulfur is primarily stored as accessory sulfide phases, either as solid or molten sulfide
solutions (e.g. Harvey et al., 2016). These sulfides are the major host of chalcophile elements (Cu,
Ni, Co, Mo etc.), Platinum Group Elements (PGEs - Os, Ir, Ru, Rh, Pt and Pd), and Highly
Siderophile Elements (HSEs - PGEs, Re and Au) (Brenan, 2008; Lorand et al., 2013; Mungall and
Brenan, 2014). To understand the formation and evolution of mantle derived rocks such as mid-
ocean ridge basalts (MORB - Rehkdmper et al., 1999; Bézos et al., 2005), ocean island and alkalic
basalts (Day et al., 2010; Day, 2013; Day, 2013; Gannoun et al., 2015), komatiites (Puchtel and
Humayun, 2001), kimberlites (Tappe et al., 2017; Maier et al., 2017), and carbonatites (Ackerman
et al., 2019; He et al., 2020) HSE geochemistry along with Re-Os and Pt-Os isotopic systematics
has been used because of the strong partitioning of these elements into accessory sulfides and
metallic phases co-existing with silicates and carbonated melts. Also, as the HSEs fractionate
during partial melting of the mantle through Earth’s history, there is variability of distribution of
these elements in the mantle and crustal reservoirs (Barnes et al., 1985; Mondal, 2011). Hence,
HSE partitioning during mantle melting is a crucial parameter in understanding how HSE

concentrations vary in different reservoirs and as a function of different melt compositions.
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Because HSEs and chalcophile elements are mostly concentrated in the sulfide phases in

the mantle, a number of laboratory experiments and analysis of natural samples have explored the

sulfide-silicate melt partition coefficients for HSEs (}Dg‘égide_smcate) and chalcophile elements (

}Dgﬁgﬁig‘oel;}ﬁilﬁﬁg‘inents), with estimated values ranging from 10 to 10® (e.g. Peach et al., 1990; Fleet

et al., 1996; Crocket et al., 1997; Pruseth and Palme, 2004; Fonseca et al., 2009; Li and Audétat,
2012; Kiseeva and Wood, 2013; Patten et al., 2013; Mungall and Brenan, 2014). These studies
constrained the D values and used these values to understand HSE and chalcophile element
systematics in upper mantle melting conditions such as beneath mid-ocean ridges (Li and Audétat,
2012; Kiseeva and Wood, 2013; Mungall and Brenan, 2014) and beneath arc volcanoes (Li and

Audétat, 2012). However, partitioning of these elements between sulfide and carbonated melts (

}Dﬁ‘g};ﬁde‘“rb- melt ind }Dgﬁﬁﬁlfoep}ﬁ?g‘;{gggms) has not received much attention (Jorgenson, 2017) in

spite of bulk portion of Earth’s sulfide saturated mantle beneath oceans and continents being
affected by CO2+H:0 induced melting (Dasgupta et al., 2013; Moussallam et al., 2015; Dasgupta,
2018) and extraction of deep carbonated melts (e.g., Keller et al., 2017). The deepest melts beneath
mid-oceanic ridges, depending on the oxygen fugacity of the mantle (e.g., Gaillard et al., 2015;
Eguchi and Dasgupta, 2018), are thought to be carbonatitic, which evolves to carbonated silicate
melts at shallower depths (Dasgupta et al., 2007b; Dasgupta et al., 2007a; Dasgupta and
Hirschmann, 2010; Dasgupta et al., 2013; Poli, 2015; Sun and Dasgupta, 2019). The first generated
melt at sub-continental lithospheric mantle (SCLM) is also thought to be silica undersaturated
carbonated silicate melt if the mantle oxygen fugacity is as reduced as sampled by continental
mantle xenoliths (Frost and McCammon, 2008; Stagno and Frost, 2010; Stagno et al., 2013).

Coexisting with carbonated silicate melt at these conditions, the stable sulfur-bearing phase is
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again thought to be molten sulfides (Chowdhury and Dasgupta, 2020). The effect of carbonated
melt metasomatism on the HSE systematics has been studied extensively (Lorand et al., 2004;
Alard et al., 2011; Aulbach et al., 2014; Burness et al., 2020) and there is some previous work on
HSE concentrations of carbonatites and kimberlites (Xu et al., 2008; Maier et al., 2017; Ackerman

et al., 2019; He et al., 2020) along with their Re-Os isotopic systematics (Ackerman et al., 2019;

He et al., 2020). All these previous studies used P)ﬁg}aﬁde‘““cate in part based on the assumption

that sulfide-silicate melt vs sulfide-carbonated melt elemental partitioning may be similar and in
part owing to the lack of any partitioning experiments of HSEs between sulfide and carbonated
silicate melts. However, the structure of basaltic melt and strongly carbonated melts that are
parental to natural carbonatite and kimberlite are quite different, with strongly ionic clusters in the
latter (e.g., Vuilleumier et al., 2015; Ghosh et al., 2017). The strong difference in melt structure
with very different extent of polymerization may lead to distinctly different elemental partitioning
in sulfide-silicate melt vs sulfide-carbonated melt systems. Hence, the partitioning of HSEs and
chalcophile elements between sulfide and carbonated melt need to be constrained to understand
the systematics of these elements in mantle derived carbonatites and carbonated silicate
(kimberlitic) melts as well as in mantle domains that experience carbonated melt metasomatism.
In certain areas like Phalaborwa, South Africa (Eriksson, 1989; Le Bras et al., 2020), and
Ipanema, Brazil (Fontana, 2006), there are carbonatite-phoscorite complexes, which are thought
to contain considerable amounts of HSEs, making them a potential source of these elements for
mineral exploration. There are several other studies which suggest large scale HSE deposits are
more likely to form in cratonic large igneous provinces (LIPs) instead of off-cratonic LIPs as
cratonic carbonated magmas can partially dissolve PGEs while ascending through SCLLM (Zhang

et al., 2008; Griffin et al., 2013; Burness et al., 2020), but to understand the HSE concentrations
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and its systematics in the cratonic carbonated silicate magmas, constraints on partitioning of these
elements between sulfide and carbonated melts are required at mantle conditions.

Here we experimentally determine the partitioning of 8 HSEs and chalcophile elements
(Ni, Co, Mo, Os, Ru, Pd, Pt and Re) between (i) sulfide melt and carbonated silicate melt (CO2~17
wt.%] and (ii) sulfide melt and carbonatitic melt (CO2~ >30 wt.%) at a single pressure (P) of 3
GPa and temperatures (7) of 1300-1600 °C. The pslfide/carb- melt ya]y1e5 for systems comprising two

different melt compositions (low- and high-CO2) were used to calculated bulk Ds (lﬁ) for

carbonated peridotite (garnet lherzolite, dunite, and wehrlite). The HSE content of low-degree
partial melts were calculated using the aggregate fractional melting model and our estimated bulk
Ds. Through comparison of natural kimerlite and carbonatite HSE inventories and our modeled
primary melts, we calculate the proportion of xenolith detritus in the natural kimberlites and
carbonatites that are necessary for various localities such as Karelian, Kaapvaal, Canadian shield,
and North China craton. We suggest that for different cratons, varying proportions of these detritus
SCLM materials need to get incorporated, modifying the original HSE contents of primary
kimberlitic and carbonatitic melts. We also discuss how the metasomatic signature of carbonatitic
vs basaltic melt is expected to differ, in terms of Re/Os systematics, if they derive from sulfide-

bearing mantle.

2. METHODS
2.1. Starting compositions

The starting compositions are two carbonated silicate melts with very different CO2 contents
similar to the study by Chowdhury and Dasgupta (2020) and are reported in Table 1. The lower

COz2 composition [~17 wt.%; CSL1 of Chowdhury and Dasgupta (2020)] is a carbonated silicate
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melt from an experiment by Dasgupta et al. (2013) and the one with higher CO2 [~31 wt.%; CSL2
of Chowdhury and Dasgupta (2020)] is a carbonatitic melt from the study of Sun and Dasgupta
(2019). The carbonated melts were prepared using reagent grade oxides (SiOz, TiOz, Al203, MgO,
Fe203, MnO2) and carbonates (CaCOs, K2COs, Na2COs), and natural dolomite. To avoid
adsorption and incorporation of surrounding water in the starting mixes, SiO2, TiO2, Al203 and
MgO were heated overnight at 1000 °C, Fe203 at 800 °C, MnOz at 400 °C, CaCOs at 200 °C and
K2COs and NaxCOs at 110 °C. Starting materials for sulfides consists of a stoichiometric FeS
doped with lithophile, HSEs, and chalcophile elements. HSEs and chalcophile elements were
added from a mix of 21 elements (Cu, Pb, Ag, Mn, Zn, Cr, Sb, Bi, V, Sc, Ga, Ge, Te, Ni, Co, Mo,
Os, Ru, Pd, Pt and Re) prepared from pure metals and oxides which were mixed in agate mortar
and pestle. Sulfides were doped with the trace element mix introducing ~500-7000 ppm of each
element. Thereafter, homogeneous mixtures of carbonated melt mix and the doped sulfides (FeS)
in a 9:1 mass ratio were prepared using a mortar and pestle under ethanol and stored in a drying
oven at 120 °C.
2.2. Experimental technique

The experiments were performed using an end-loaded piston cylinder (PC) apparatus at the
Experimental Petrology Laboratory of Rice University at a pressure of 3 GPa and temperatures of
1300 - 1600 °C. The half-inch PC assembly consisted of BaCOs3 pressure medium, crushable MgO
spacers, and straight-walled graphite heater, all contained in a Pb foil for housing friable BaCO3
assembly and to minimize friction in the experimental assembly. The pressure and temperature
calibration of this assembly are detailed in Tsuno and Dasgupta (2011). To monitor and control
the temperature of the PC experiments a type-C thermocouple oriented axially with respect to the

heater and located next to the capsule was used. Pressure and temperature uncertainties are
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estimated to be £ 0.1 GPa, £10 °C based on the P-T calibration of Tsuno and Dasgupta (2011).
Thick walled (~2-2.5mm) graphite capsules were used as containers for the starting mixes. In all
experiments, two different compositions were loaded into a multi-chambered graphite container
with two 1.5-2 mm diameter holes. In all experiments the graphite capsules were placed in the
hotspot of the PC assembly. After initial pressurization to the target pressure at room temperature,
all experiments were heated to 800 °C at a heating rate of 100 °C/min and sintered for 2-4 hours
to reduce the porosity in graphite capsule, which is known to prevent migration of sulfide-rich
melt through graphite (Buono and Walker, 2011; Buono et al., 2013; Tsuno and Dasgupta, 2015).
After the sintering step, the experiments were raised to the nominal target temperatures of 1300-
1600 °C, at a heating rate of 100 °C/min. The experiments were held at the target P-T for 8-24 h
and terminated by cutting off power to the heater after keeping for the desired duration. The lower
temperature experiments were run longer. The assemblies were slowly depressurized and the
retrieved graphite capsules were mounted in epoxy and ground transversely using 600-1200 grit
silicon carbide strip grinders until the top of the sample chambers were visible; the subsequent
grinding and polishing of the samples were done on dry nylon and velvet microcloth using 1-3 um
diamond powders. Because we used multi-chambered graphite containers, we didn’t cut open the
container longitudinally where there was a possibility of losing one sample. Thus, we are unable
to report the residual silicate phases expected to be present in the lower temperature experiments
(Chowdhury and Dasgupta, 2020), because they stabilize in the cooler, bottom ends of the piston

cylinder experiments.

2.3. Analytical techniques

2.3.1. Electron probe micro analysis (EPMA)
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Polished samples were carbon-coated and investigated using a JEOL JXA 8530F
Hyperprobe at the Rice University for phase identification using energy dispersive spectroscopy
(EDS), for textural relationship among phases using backscattered electron (BSE) images, and for
obtaining major element abundances and S content of nominally S-bearing phases using WDS
spectroscopy. Analyses were performed using a 15 kV (accelerating voltage), 10 nA (beam
current) electron beam with spot size of 20-40 um for carbonated and sulfide-rich melt pools and
focused spot size on residual silicate mineral grains. The peak counting times were 10 s, whereas
the background counting times were Ss for all the elements, including sulfur. Analytical standards
included natural basaltic glass (NMNH-113716; for Na, Si, Mg, Al, K, Mn and S), olivine (for Fe),
rutile (for Ti), and grossular (for Ca). A Smithsonian basaltic glass standard (USNM 111240) was

also used as a secondary standard for all elements, including S.

2.3.2. LA-ICP-MS Analysis

Concentrations of Co, Ni, Mo, Ru, Pd, Re, Os and Pt in the carbonated melt and sulfides
were determined using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) at Rice University using a ThermoFinnigan Element 2 magnetic sector mass
spectrometer equipped with a New Wave 213 nm laser ablation system. The standard reference
material for the laser ablation analyses were synthetic glasses, HOBA, NIST 610, and NIST 612.
HOBA, which is an iron meteorite (Campbell and Humayun, 2005), was used for analyzing the
HSEs, whereas NIST 610 and 612 was used for Co, Ni, and Mo. All the other elements used in
doping our starting mix was not analyzed due to unavailability of appropriate sulfide standard in
our laboratory. To account for different yields during ablation, >’Fe was used as the internal

standard for sulfide melts, whereas **Ca was used as the internal standard for carbonated melts.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mass-spectrometer
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The synthetic glass and meteorite standards and the experimental sulfide and carbonated melts
were ablated using spot analyses. 25 um diameter spots were used for sulfide melt blobs and 80
um diameter spots were used for carbonated melt pools, with a repetition rate of 10 Hz and a
fluence of ~15 J/cm?. Following each analysis, a 1-minute washout period brought the system back
to its background state. All ablations occurred in a helium (He) atmosphere before entering into
the plasma torch. Background counts were measured for 10 s prior to each ablation followed by
~40 s ablation signal. Measurements were performed with the ICP-MS using the medium mass
resolution mode (m/Am = 3000). Two to three scans were conducted in each of the glass, whereas
only one scan was conducted in each sulfide grain. Data were collected for the following masses:
3Co, Ni, **Mo, "'Ru, 1Pd, *Re, 1°°Os and '°°Pt. Analyses of unknowns were accompanied by
the analysis of SRM NIST 610 and NIST 612 before and after the sample acquisition, which
provided the calibration curves for determining element concentrations and for constraining
instrument drift. Data were processed using in house data reduction software, which determines
element concentrations based on ratios of count rates for samples and standards, known
concentrations in the standards, and the known concentration of an internal standard element in
the unknowns. Detection limits for each spot or line analysis can differ considerably from element
to element depending on background, count rate, and laser ablation parameters. In all cases data
are reported for signals that are distinguishable at 3 standard deviation above background. For

additional details on the LA-ICP-MS technique, please refer to Lee et al. (2008).

3. RESULTS
Figure 1 shows the back-scattered electron (BSE) images of some of the experiments from

this study. Table 2 reports the phase assemblages, major element compositions of carbonated melts
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along with the P-T conditions of the experiments, estimated fO2 of the experiments and measured
SCSS values. Supplementary Table S1 reports the major element composition of the sulfide melts
of this study. Table 3 reports the HSE and chalcophile elements concentration in sulfide and
carbonated melt, and Table 4 reports the partition coefficients of these elements between sulfide

and carbonated melt (Dsv!fide/carb. melty

3.1. Experimental textures

Two immiscible melt phases: a quenched carbonated melt and a quenched sulfide melt
(Fig. 1) are present in all experiments. We speculate that equilibrium silicate phases were present
in some of the experiments as such phases have been observed in previous experiments at similar
P-T and with similar bulk compositions (Chowdhury and Dasgupta, 2020). We are unable to
determine the identity of those phases because of our experimental design and the chosen sample
preparation approach as discussed in section 2.2. The texture of the carbonated melts is mostly
composed of dendritic crystals which include carbonates, silicates, and sub-micron sulfide
droplets. We assume that these sub-micron sulfide droplets formed during rapid cooling of the
melts and represent original sulfur that was dissolved in the carbonated silicate melt at
experimental temperatures. The small size of the quenched phases in the melt pools gave us the
ability to obtain an average composition of the melt with a defocused beam of 20-40 um using
EPMA and 25-80 pm using LA-ICP-MS. As the grain size of these quenched phases started to
increase near the vicinity of large sulfide globules, where they found a substrate to grow larger
crystals on, we chose to keep our melt analyses away from those to yield more accurate results.

Fig 1b shows a sulfide blob and quenched carbonated silicate melt with LA-ICP-MS pits.
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3.2. Assessment of chemical equilibrium

To assess an approach to equilibrium we can use several lines of evidence. (a) Sulfur
content in the carbonated silicate melts doesn’t show any discernible variability across the
experimental sample volume. (b) Although diffusivity for sulfur in carbonated melts are not known
to our knowledge, the diffusivity of S* in basaltic melt at sulfide saturation is known (Freda et al.,
2005). Applying those S** diffusivity in our experimental conditions, we get values of 1 x 10!
m?/s to 1.5 x 1071 m?/s, which when applied to our experimental durations show diffusion length
for S to be 1000-1050 um. The farthest edge of the container from the sulfide blobs are around
200- 500 um, which indicates that the entire volume of the experimental sample is expected to be
equilibrated within the experimental duration. Given diffusivity of most chemical species in
carbonated melts are faster than in more viscous silicate melts, equilibration within our
experimental duration is not expected to be an issue. (c) Comparing SCSS measured in the
experiments of the current study with the model of Chowdhury and Dasgupta (2020), we see less
than 5% deviation from the 1:1 line (Supplementary Fig. 1) indicating equilibrium has been

achieved in the experiments of this study.

3.3. Carbonated melt compositions, HSE and chalcophile element concentrations in sulfide
and melt

The difference in composition of the experimental melts from the starting mixes is
attributed to crystallization of silicates to a varying degree. For CSL1 and CSL2, SiOz contents are
27-32 wt.% and 14-17 wt.%, respectively and Al2O3 varies from 2.5 to 5 wt.% and 0.2 to 1.6 wt.%,
respectively. For experiments with these two starting compositions, FeO* contents are 9.5-12 wt.%

and 7-10 wt.%, MgO contents are 17-26 wt.% and 25-32 wt.%, whereas CaO varies from 25 to 32
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wt.% and 31 to 44 wt.%, respectively. CO2 content was estimated by the difference of 100 wt.%
and EPMA analytical total (following Lane and Dalton, 1994). It varies from 20 to 22 wt.% for
CSL1and from 33 to 40 wt.% for CSL2. Measured SCSS for these melts are 0.18-0.31 wt.% for
CSL1 and 0.08-0.2 wt.% for CSL2.

Similar to Chowdhury and Dasgupta (2020), we used the equilibrium presence of
carbonated melts in graphite capsule to determine the experimental oxygen fugacity, fO2 following
the calibration of Stagno and Frost (2010). Table 2 lists the calculated logfO2 of the experimental
assemblages, which vary between AFMQ of ~-1.88 to ~-2.38.

The HSE and chalcophile element concentrations in the carbonated and sulfide melts are
reported in Table 3. The psuifide/card-melt £, HSEg and chalcophile elements are calculated by ratio
of the concentration of these elements in sulfide melt and in carbonated melt (Table 4, Fig. 2).
Comparison of psulfide/card-melt o f HSEg (Os, Ru, Pt, Pd and Re) for melt with low CO2 (CSL1) and
high CO2 (CSL2) shows that psulfidelcard- melt ya1yeg are higher in the system where the melt CO:
content is lower (more silica rich), whereas, for chalcophile elements (Co, Ni and Mo) the behavior
is opposite (i.e. Dulfidelcad. melt yaeq are lower in the system where the melt CO: content is lower).

The psuifide/eard. meltya1yes do not show any significant variation as a function of temperature.

4. DISCUSSION
4.1. Comparison of Dsulfide/carbonated melt yith previously constrained Dsulfide/silicate melt

The partition coefficients of HSE and chalcophile elements between sulfide liquid and
carbonated melts determined by in sifu analysis in this study are compared with previous studies,
which have determined partition coefficients of these elements between sulfide melt and basaltic

silicate melt (Fig. 3). Past measurements for HSEs included both bulk analytical methods to
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determine the metal content of glass and sulfide (Peach et al., 1990; Fleet et al., 1996; Crocket et
al., 1997; Roy-Barman et al., 1998) as well as in situ LA-ICP-MS analyses (Mungall and Brenan,
2014). For other chalcophile elements (Co, Ni and Mo), measurements were done by in situ LA-
ICP-MS (Li and Audétat, 2012; Kiseeva and Wood, 2013). All the PGEs measured in this study
(Os, Ru, Pt and Pd) have psulfidelcad. melt yalyyeq Jower than psulfidessilicate melt yalyes measured by
Mungall and Brenan (2014), whereas HSE (Re) and the chalcophile elements (Co, Ni and Mo)
have D values higher than what was measured in previous studies (Li and Audétat, 2012; Kiseeva
and Wood, 2013; Mungall and Brenan, 2014). psuifide/earb- melt fo1- hoth the systems investigated in
this study (CSL1 and CSL2) show similar trends and the sequence is Mo < Co < Ni < Re <Pt <
Pd < Ru < Os. Between the two starting compositions, the one with higher CO2 (CSL2) has lower
psulfideicarb. melt yayes, indicating D values of HSEs decrease with increasing CO> content in the
melt. These difference in D values mean that the PGEs are more easily extractable via carbonated
silicate melt compared to silicate (basaltic) melt, whereas other HSE (Re) and chalcophile elements
behave oppositely. Carbonatitic and carbonated silicate melt can, hence, mobilize more PGEs as
compared to basaltic melts, which might result in higher PGE content in primary carbonatitic, and

kimberlitic melts compared to those in basalts.

4.2. Bulk partition coefficients applicable to carbonated melt generation from partial melting
of peridotite
In this section we estimate bulk partition coefficients relevant for carbonatite and

kimberlite generation at deep upper mantle conditions (Table 5, Fig. 4). A bulk partition coefficient

(I?) for an element is calculated for the residue/carbonated silicate melt system as a linear

combination of the proportions of sulfide melt and silicate minerals multiplied by their respective
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D’s. The silicate residue is considered to be represented by a garnet lherzolite (61% olivine, 18%
clinopyroxene, 5% orthopyroxene and 16% garnet), a dunite (100% olivine) and a wehrlite (75%
olivine and 25% clinopyroxene). The peridotitic mantle is assumed to be sulfide saturated with
bulk sulfur content of 250 ppm (McDonough and Sun, 1995). The D°/™! for HSEs are taken from
Brenan et al. (2003), D™ for Ru, Pt and Re are from Hill et al. (2000), Righter et al. (2002)
and Dasgupta et al. (2009), and D™ for Re is from Righter et al. (2002). D&/™! for Re was
taken from Dasgupta et al. (2009). Where data are unavailable, we assumed mineral-melt
partitioning based on similarity in ionic sizes (for cpx/melt), lesser compatibility of elements in
orthopyroxene compared to clinopyroxene (e.g., less than D™l by a factor of 10 for DOP¥/melt)
and a constant value of 0.39 for D&/™! [similar to D&/™! for Re from Dasgupta et al. (2009)].

Although several HSEs are compatible in spinel, D values are much lower in chromite than

in magnetite, lessening the effect on I? Also, low fO2 significantly reduces HSE incorporation in

spinel (Brenan et al., 2012) and very low modal abundances compared to olivine make spinel an
unlikely candidate to play a major role in HSE distribution between residue and carbonated melt
at fO2 conditions prevalent for carbonated peridotite melting at subcontinental lithospheric mantle
and oceanic mantle.

Compared to bulk partition coefficients for sulfide-bearing peridotite and silicate melt
systems (Mungall and Brenan, 2014), the bulk partition coefficients for sulfide-bearing peridotite
and carbonated melt systems are lower for PGEs (Os, Ru, Pt and Pd) but higher for Re for systems
with both higher- and lower-CO: carbonated melts as shown in Fig. 4. The increased affinity of
the PGEs toward carbonated melt during mantle melting is chiefly due to the lower psulfide/carb. melt
of these elements compared to psulfidesilicate melt “The T_PGEs (Ru and Os) show greater affinity

towards carbonated melt compared to the P-PGEs (Pt and Pd), but the extent of incompatibility is
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higher in the systems with lower CO2 content bearing melt. Calculating bulk D for a garnet
lherzolite, a dunite and a wehrlite residue shows very little difference because the presence of a
sulfide phase exerts primary control on the distribution of PGEs and HSEs in the mantle.

To calculate HSE concentrations of low degree mantle derived melts of carbonated

peridotites, HSEs are distributed between the carbonated silicate melt and residue (sulfide-bearing

garnet lherzolite, dunite, and wehrlite) using I? and the aggregate fractional melting model:

E=%x [1— (1 —F)V] 1)

where CL is the concentration of an HSE in the carbonated melt derived from the melting of

carbonated mantle peridotite, Co is the initial concentration of the HSE in the mantle (PM) taken

from McDonough and Sun (1995), |§ is the bulk D calculated for the sulfide-bearing residue and

carbonated melt system and F is the degree of melting. Fig. 5 shows the plot of HSEs normalized
by their primitive mantle values based on this aggregate fractional melting model for a low CO2
kimberlitic melt and a high COz carbonatitic melt. The plot shows that P-PGEs (Pt and Pd) and Re
are more enriched in the primary carbonatitic and kimberlitic melt than I-PGEs (Os and Ru) or
conversely, I-PGEs are retained in the sulfide-bearing mantle residue preferentially compared to

the P-PGEs and Re, after carbonated melt extraction.

4.3. The dependence of I? and HSE content of carbonated melt on S content of the mantle source

In the last section we established that the HSE content of carbonated melt is primarily
controlled by presence or absence of sulfide in the residue. To evaluate how the initial sulfur
content in the mantle affects the HSE distribution during mantle melting, we calculated - using the
aggregate fractional melting equation (Eqn. 1) - the HSE content of the carbonated melt for S

content in the mantle varying between 5 and 300 ppm, encompassing the primitive mantle (PM) S
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content of 250 ppm (McDonough and Sun, 1995) and covering the full range of estimated S content

of the Earth’s mantle (e.g., Saal et al., 2002; Salters and Stracke, 2004; Ding and Dasgupta, 2017).

The I? for the mantle residue-carbonated melt system in the presence of sulfide changes with

varying S content. In Fig. 6, we plot the HSE content of the carbonated melt normalized to PM
with varying S content in the mantle source. With decreasing bulk S content in the mantle source,
HSE mobilization via carbonated melt increases for both kimberlitic and carbonatitic melt
compositions by as much as 2 orders of magnitude, but the extent of mobilization is greater via

de/carb. melt values.

carbonatitic melt owing to lower D!t
4.4. Comparison of the modelled HSE contents of primary carbonated melts with the HSE
contents of natural carbonatites and kimberlites

Many studies have previously measured PGE and HSE contents of natural carbonatites and
kimberlites (Xu et al., 2008; Maier et al., 2017; Ackerman et al., 2019; He et al., 2020, Tappe et
al., 2020). Maier et al. (2017) documented the PGE systematics of kimberlites from Karelian,
Finland and Kaapvaal, South Africa to be characterized by two components, (i) a peridotitic
detritus of sub-continental lithospheric mantle (SCLM) with high I-PGE/P-PGE ratio and (ii) a
melt with low I-PGE/P-PGE ratio, similar to what we expect from our melting model for the
carbonated melt and the peridotitic residue. PGE systematics of carbonatites from China (Xu et
al., 2008), Kaapvaal, South Africa (Tappe et al., 2020), and Tamil Nadu, India (Ackerman et al.,
2019) show trends of low I-PGE/P-PGE ratio similar to primitive carbonatitic melt from our
aggregate fractional melting model, but the concentrations of PGEs are an order of magnitude
lower than those calculated from our model even with S content as high as 300 ppm in the primitive

mantle. The low PGE abundance of natural carbonatites can be due to significant modification of
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parental carbonatitic melts at Tamil Nadu, India by interaction with ambient crustal materials and
post-magmatic hydrothermal alteration (Ackerman et al., 2019) and can also be affected by
complex evolution history of carbonatites after their first formation in the mantle. Moreover,
magnetite, which can deplete PGEs further, has been documented during late evolution of Tamil
Nadu carbonatites (Capobianco et al., 1994). He et al. (2020) showed that carbonatites from
Dalihu, North China have significantly higher PGE contents compared to previous PGE
measurements in carbonatites (Xu et al., 2008; Ackerman et al., 2019). These authors (He et al.,
2020) attributed the higher PGE contents of their studied carbonatites to derivation from a mantle
domain where sulfide was transformed to sulfate owing to reactive implantation of sedimentary
carbonates as an oxidizing agent. In Fig. 7, we plot PM normalized concentration of HSEs (PGEs
and Re) from natural carbonatites, kimberlites, along with natural ocean-island basalts (OIBs) and
alkali basalts. We also plot HSE contents calculated using bulk D estimated using our experimental
psuifidelecard. melt apq aooregate fractional melting model for a S content in the primitive mantle
varying from 5 to 300 ppm. The OIB and alkali basalt HSE contents are taken from studies by Day
et al. (2010) and Day (2013), respectively, whereas carbonatites and kimberlites’ HSE contents
are taken from the aforementioned studies. In Fig. 7a, we plot the HSE contents according to bulk
Ds calculated for lower CO2 kimberlitic melt compositions. The alkali basalt HSE pattern can be
described by our aggregate fractional melting model for a sulfide saturated PM with 100-300 ppm
S. The Canadian shield, Premier, and Karelian kimberlites might need components from SCLM
peridotites to describe their HSE patterns as they differ from the calculated primary kimberlitic
melt pattern. This feature of kimberlites are also acknowledged in some previous studies (Tappe
et al., 2017; Maier et al., 2017). In Fig. 7b, we plot the HSE contents according to bulk Ds

calculated for high-CO2 content carbonatitic melt compositions. It also shows that the HSE pattern
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of OIBs is very similar to a carbonatitic melt derived from a sulfide saturated PM with 100 ppm
S. The Dalihu carbonatites can be described using our aggregate fractional melting model with
100-300 ppm S in the PM for different PGEs. The Tamil Nadu, India carbonatites are very low in
HSE concentrations and cannot be reproduced by our aggregate fractional melting model HSE
pattern, which might be because of the fractionation of magnetite, which incorporate HSEs in the
late stage of evolution of a carbonatite (Ackerman et al., 2019). Another reason which can explain
the deviation of HSE pattern of carbonatites from our modelled liquid HSE pattern is that some of
the natural carbonatite bodies are not true liquid but rather are rich in cumulus phases. Hence, we
should not expect such natural carbonatite compositions to be identical to the HSE pattern of a

model carbonated peridotite melt.

4.5. Re-Os systematics of carbonated silicate melts

18705 with 1.5% isotopic abundance is a product of radioactive decay of '¥’Re (A= 1.666 x
107! year!) (Carlson, 2005). The partitioning behavior of HSEs (Fig. 4), and observations in most
mafic-ultramafic systems, show that partial melting of the mantle will produce a melt with high
Re/Os ratio, whereas the melt depleted peridotite residue will have low Re/Os ratio. Previous
studies have presented variations in '®’0s/!%0s in kimberlites, lamproites, and carbonatite
(Lambert et al., 1995; Araujo et al., 2001; Ackerman et al., 2019; Tappe et al., 2020). The
variations in '¥’Os/!®80s in these rocks was mainly attributed to lowering of oxygen fugacity in
the source of these rocks during metasomatism, leading to destabilization of Os-Ir-Ru alloys and
allowing a large proportions of Os to enter the melt (Andrews and Brenan, 2002). Other possible
explanation discussed in previous studies include assimilation of substantial quantities of mantle

xenoliths in these rocks (Carlson and Nowell, 2001; Le Roex et al., 2003) and mobilization of Os
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in fluids associated with mantle metasomatism (Carlson, 2005). These variabilities can also be
related to heterogeneity in the source regions.

However, based on the determined psvfide/eard- melt from this study and comparing with
psuifidelsilicate melt (Nfynoall and Brenan, 2014), we also expect a different extent of Re-Os
fractionation for carbonated melt-bearing systems versus silicate melt-bearing systems. In
particular: (i) carbonated melts generated from a sulfide-bearing mantle will have lower Re/Os
ratio than the silicate melts generated from a similarly sulfide-bearing mantle. (ii) a sulfide-bearing
peridotite residue from which a carbonated melt is extracted will have higher Re/Os ratio than a

sulfide-bearing peridotite residue from which a silicate melt is extracted. Both these features are

expected because }D(s)zsllfide/carb. melt < D(s)gtlfide/silicate an d’D ;glfide/carb. melt > D ;Iélfide/silicate'

The '870s/'*80s of carbonated melts i.e., the '¥’0s/'®¥Os ratio of parental kimberlites and

carbonatites will evolve to higher values than the melt depleted peridotites but will be lower than

. o Ifid b. melt Ifide/silicat
basaltic silicate melts because }D(S{: fide/carb. me < D;? fide/silicate and
Ifid b. it Ifide/silicat . . . .
}D;g fide/carb. melt Dpe fidefsilicate * hich leads to higher '®’Re/!'®0s in mantle-derived

basaltic melts than carbonated mantle melts. Using '%’Re/!%8Os ratio of a primary carbonated melt
calculated based on our estimated bulk D and the aggregate fractional melting equation, the
proportion of carbonate melt which metasomatizes the sub-lithospheric mantle peridotite xenoliths
can be calculated if (**”Os/'®®Os)initial and timing of the metasomatic event is known. We calculated
vOs and Re/Os of peridotite residue after carbonatitic partial melt extraction and a silicate partial
melt extraction at various times (3 Ga, 2 Ga and 1 Ga) in the past, from a sulfide-bearing mantle.
We used our calculated bulk D for the garnet lherzolite-carbonated melt equilibration and

psuifidelsilicate from Mungall and Brenan (2014) for the bulk D calculation and used that bulk D for
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garnet lherzolite-silicate melt equilibration. Fig. 8 shows a simple mixing between a carbonated
melt and silicate melt extracted at 0.5 Ga calculated using ('*’Os/!380s)inita = 0.1215 (Walker et
al., 1989) for a primitive mantle with various peridotite residues in a yOs vs Re/Os plot. We also
plot Kaapvaal craton and Siberia peridotites (Pearson et al., 1995) to see whether a single stage
melt extraction and carbonated melt or silicate melt addition can explain the yOs and Re-Os
systematics observed in the peridotites. Some of the Kaapvaal craton and Siberia peridotite
xenoliths show that they can be explained by silicate or carbonate melt extraction. Some of the
peridotites, however, require two-component mixing between depleted mantle residue and low
degree carbonated melt, whereas a few other xenoliths can be explained by mixing between
depleted mantle residue and silicate melt. Our calculations presented in Figure 8 show that to
explain the spread in Re/Os ratio observed in Siberian and Kaapvaal peridotitic mantle xenoliths,
carbonate melt metasomatism would require a greater proportion of melt implantation (~4-8
wt.%), whereas similar effects can be obtained by much lower extent of basaltic melt implantation
(~0.1-0.3 wt.%). Thus, Re/Os systematics of a depleted peridotite will be less prone to
modification with episodes of metasomatic enrichment caused by carbonated melt as opposed to

similar metasomatic enrichment by basaltic melt.

4.6. Estimating proportion of peridotite detritus in natural kimberlites and carbonatites
Kimberlites are characterized by high abundances of incompatible trace elements (e.g., Th,
Ba, Rb, LREE, Sr etc.) as well as of compatible elements like Mg and Ni. The abundances of both
compatible and incompatible elements are thought to be a reflection of mixing between primary
kimberlitic melt (rich in incompatible elements) and lithospheric mantle peridotite (MgO- and Ni-

rich) xenoliths (Kjarsgaard et al., 2009). The evidence of mixing is reflected in binary Ir vs Ru or
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Ir vs MgO plots and are well documented in Maier et al. (2017) for Karelian and Kaapvaal
kimberlites. Previous studies have aimed at quantifying the proportion of peridotite detritus and
kimberlitic melt using various different modelling approaches like mixing model of Os isotope
ratios (Pearson et al., 2003; Tappe et al., 2017) and Nd-Hf isotopes (Tappe et al., 2013). Some
studies have tried to calculate the primary kimberlitic melt composition from the composition of
non-xenocrystic olivine (Arndt et al., 2010), analysis of quenched kimberlitic melt (Price et al.,
2000; Kopylova et al., 2007) and by mass balance using Ir contents (Maier et al., 2017). In Fig. 9
we compare the PM normalized HSE pattern of a primary kimberlitic melt calculated by Maier et
al. (2017) and the pattern modelled using bulk Ds and aggregate fractional melting equation in this
study. The difference in all the HSE concentrations and the pattern in general between our
calculations and that reported in Maier et al. (2017) in Fig. 9 calls for modelling the natural
kimberlite composition as a product of mixing between the detritus SCLM peridotite and a true
kimberlitic melt.

Here we estimate the proportion of detrital material and the composition of the detrital
material in natural kimberlite from Karelian, Kaapvaal and Canadian shield craton using mass
balance of Ru contents in a method similar to mass balance by Ir content discussed in Maier et al.
(2017). Ru behaves similarly to Ir both being part of I-PGEs. Their abundances in low degree
carbonatitic and kimberlitic melts are very different from lithospheric peridotites. Also, Ru is
chosen for practical reasons; as our experiments lacked doped Ir, we couldn’t measure D values
for Ir between carbonated melt and sulfide melt.

The following mass balance equations apply:

[Ci(km) x f(km)] + [Ci(d) x f(d)] = Ci(sample) )
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where Ci(km) is the concentration of an HSE in the primary kimberlitic melt calculated using our
bulk D and aggregate fractional melting equation, f(km) is the fraction of the primary kimberlitic
melt, Ci(d) is the concentration of HSE in the detritus SCLM peridotite and f(d) is the fraction of
the detritus. Here, f(d) = 1- f(km) 3)
Arranging accordingly from equation (2), we get,

Ci(d)= {Ci(sample) — [Ci(km) x f(km)]} / [1- f(km)] 4)

To get the fraction of peridotite detritus we need to find the fraction of kimberlitic melt first and
then equate for f(d) using equation (3).

f(km)= [Ci(sample) — Ci(d)] / [Ci(km) — Ci(d)] (5)

To solve equation (5) using Ru as the element for mass balance, Cru(d) is taken from previous
studies that have measured Ru concentration in the mantle xenoliths of Karelian, Kaapvaal and
Canadian Shield craton recovered from kimberlite pipe (Irvine et al., 2003; Maier et al., 2012) and
Cru(km) is taken from our aggregate fractional melting model for bulk Ds calculated for low-CO2
kimberlitic melt for an extent of melting of 0.3 wt.%.

The compositions of mantle xenoliths are shown to be very homogenous for Karelian and
Kaapvaal craton (Maier et al., 2017) at 6.33 ppb Ru for Karelian xenoliths, 5.98 ppb for Kaapvaal
xenoliths and 6.69 for Canadian shield craton (Irvine et al.,2003). Calculations using equation (5)
followed by equation (3), suggest that the fraction of detritus lithospheric mantle peridotites
contribute ~2-28% of the material in Group I and II kimberlites from Finland. For the two Premier
samples, the contribution from detritus is 25-40%. For Canadian shield craton samples, the
contribution is 6-17%. These estimates overlap with Maier et al. (2017) for these samples (3-22%
for Finland; 19-28% for Premier) and Tappe et al. (2017) for Canadian kimberlites (2-30%).

Calculating the model detritus xenolith from equation (4) we see that all other HSEs fall within
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the range of measured peridotite xenoliths from Karelian, Kaapvaal and Canadian shield craton
(Fig. 10).

For carbonatites from Dalihu, China we calculated proportion of mantle xenolith detritus
using equation (5) and (3). The Cru(d) is taken from previous studies that have measured Ru
concentration in the mantle xenoliths from North China Craton (Zhang et al., 2008; Liu et al.,
2010) and Cru(carb. melt) is taken from our aggregate fractional melting model for bulk Ds
calculated for high CO: carbonatitic melt representing 0.01% melting degree. Calculation suggests
that the proportion of detritus from North China Craton (NCC) in the Dalihu carbonatites is
between 6-35 %. One sample with higher Ru content shows 52% assimilation of detritus. Fig. 11
shows calculation of other HSEs based on our mass balance model using Ru concentration yield a
model detritus xenolith composition, which lies within the natural NCC peridotites.

The mass balance calculation using Ru concentrations can therefore be used as an
additional method to look into natural kimberlite and carbonatitic compositions and determine the
volume of peridotite detritus as an assimilant. This method shows good correlation with methods
previously used to determine detritus volume using Os isotopic composition (Tappe et al., 2017),
Nd-Hf isotopes (Tappe et al., 2013), and mass balance using Ir contents (Maier et al., 2017). Thus,
our experimentally measured D values of HSEs between carbonated melt and sulfide melt can be
used to calculate the bulk Ds and furthermore applied in melting models to calculate HSE
concentrations for primary carbonated melt and investigate natural carbonated melt samples to
understand HSE and PGE systematics of kimberlites and carbonatites in cratonic lithospheric
mantle.

4.7. Association of carbonated magmas and PGE deposits
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The variable proportions of mantle detritus necessary to explain the geochemistry of
kimberlites from places like Kaapvaal, Karelian, and Canadian shield suggest that HSEs are indeed
scavenged by the low degree carbonated and kimberlitic melts. This carbonated melt-SCLM
interactions could be responsible of high Os contents of Large Igneous Provinces (LIPs), which
eventually leads to formation of large PGE deposits such as that seen in Kaapvaal craton (Zhang
et al., 2008). Beneath cratons, plume induced melting, which eventually results in the formation
of LIPs also causes generation of kimberlitic melt from previously metasomatized, carbonated
lithospheric mantle (Sun and Dasgupta, 2020). Kimberlitic melts formed through melting of
deeper, SCLM domains can percolate to thinner parts of the continental mantle where melting is
more focused and variable degrees of interactions between the melt and SCLM result in formation
of Ni-Cu-PGE deposits (Griffin et al., 2013). The presence of carbonated melts mainly enhances
the availability of PGEs to form economically important deposits because D values of PGEs
between sulfide and carbonated melts are lower than D values of PGEs between sulfide and silicate
melts, resulting in higher concentrations of PGEs in processes involving carbonated melt-

lithosphere interactions rather than basaltic melt-lithosphere interactions.

5. CONCLUSION

Our experimentally determined partition coefficients of HSEs (Os, Ru, Pt, Pd and Re) and
chalcophile elements (Co, Ni and Mo) between sulfide melt and carbonated melt suggest that these
elements are very compatible in sulfide melt with D values of Mo being on the order of 10!, Co
on the order of 102, Ni on the order of 10%, Pt, Pd, and Re on the order of 10* and Ru and Os on
the order of 10° for melts with low CO: (kimberlitic). For more CO:-rich carbonatitic

compositions, D values of Mo are on the order of 10!, Co on the order of 10%, Ni and Re on the
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order of 10° and Os, Ru, Pt and Pd are in the order of 10*. Comparison with previous studies on
sulfide-silicate melt system reveals that the D values for sulfide melt-carbonated melt systems are
lower, making HSEs more mobile in carbonated melts than in silicate melts (basalts). Among
carbonated melt-bearing systems, the sulfide-melt Ds are lower for carbonatitic melt- compared to
kimberlitic melt-bearing systems. We calculated bulk D values assuming a garnet lherzolite, a
dunite, and a wehrlite residue after melt extraction from a carbonated peridotite and calculated
HSE concentrations in the low degree (0.1-1 wt.%) kimberlitic and carbonatitic melts using an
aggregate fractional melting equation. Comparing primitive mantle normalized HSE patterns from
our calculations with natural kimberlites and carbonatites show that some carbonatite patterns
(from Tamil Nadu, India, and China) match with low degree melt patterns but the concentrations
are much lower and need fractionation of magnetite to describe their HSE contents. Other
carbonatites (Dalihu) can be described by derivation from a lower S content primitive mantle or
can be explained by the presence of lithospheric mantle xenolith detritus. Kimberlites from
Karelian, Finland; Kaapvaal, South Africa, and Canadian shield Craton, Canada shows evidence
of presence of mantle xenolith detritus. Using Ru concentrations and mass balance calculation, we
show that the proportion of these xenolith detritus is 2-28% for Karelian, Finland, 25-40% for
Kaapvaal, South Africa, and 6-16% for the Canadian shield, all of which overlap with modelled
calculations shown by previous studies using various other proxies. Modelling similarly for Dalihu
carbonatites, we obtain 6-35 % xenolith detritus in the carbonatites. HSE systematics, thus, suggest
the contribution of both low-degree primary carbonated mantle melt and assimilated lithospheric
mantle peridotite in explaining the HSE geochemistry of natural kimberlites and carbonatites.
Comparison of our estimated Dre/Dos for sulfide-bearing peridotite-carbonated melt systems with

the same ratio for sulfide-bearing peridotite-basaltic melt systems suggest lesser fractionation of
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Re/Os during extraction of carbonated melt. Hence with similar extent of melt metasomatism,
peridotite domains would show lesser extent of resetting in Re/Os systematics if the agent of

metasomatism is a carbonatitic melt as opposed to a basaltic melt.
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879

880  Table 1: Starting compositions used in this study.

CSL1 CSL.381
Si02 29.87 15.2682
TiO2 1.33 0.7q3
AI203 4.98 0.51
FeO 9.96 48784
MnO 0.25 0.1485
MgO 19.08 26.16g¢
Ca0 16.59 18.11
Na20 0.91 23887
K20 0.03 0.3888
CcO2 17.01 31.6439
Total 100.00 100.0,
Sulfide 891
Fe 63.53 892
S 36.47 Q07

894  *starting compositions are from Chowdhury and Dasgupta (2020)
895



896  Table 2: Experimental run conditions, oxygen fugacity and major element composition of experimental quenched melts (in wt.%) measured using EPMA.

Phase .

0 f02 : : : * a b
Run No. P (GPa) T (°C) (AFMQ) | asseblages’ time (hours) n S102 TiO2 Al203 FeO MnO MgO CaO K20 Na20 S Total CO2
B476a°% 3 1600 -2.06 qm-+sb 2 18 28.44 1.87 3.59 9.68 0.74 26.62 27.14 0.07 1.54 0.31 100 20.38
lo 1.43 0.26 0.71 0.92 0.06 1.24 1.05 0.01 0.37 0.06
B476b* 3 1600 -2.05 qm-+sb 2 14 17.22 1.47 1.66 10.44 0.68 32.17 31.68 0.38 4.1 0.2 100 33.68
lo 1.17 0.47 0.25 0.97 0.08 1.47 1.31 0.04 0.82 0.07
G631a® 3 1500 -2.15 qm-+sb 15 15 32.14 1.87 2.66 10.25 0.54 25.64 25.24 0.04 1.34 0.28 100 22.14
lo 1.88 0.47 0.88 1.14 0.03 1.06 0.97 0.01 0.21 0.04
G631b* 3 1500 -2.38 qm-+sb 15 12 15.27 1.14 1.18 11.22 0.87 31.44 34.21 0.57 3.88 0.22 100 34.77
lo 0.84 0.21 0.39 0.85 0.06 1.38 1.14 0.11 1.07 0.04
G633a’ 3 1300 -2.11 qm-+sb 24 9 27.29 2.49 5.26 12.37 0.75 17.45 32.49 0.11 1.61 0.18 100 22.76
lo 0.83 0.12 0.25 0.35 0.04 1.01 0.45 0.03 0.41 0.04
G633b* 3 1300 -1.88 qm-+sb 24 13 14.83 0.99 0.18 6.93 0.86 25.92 44.74 0.31 5.16 0.08 100 40.38
lo 0.58 0.11 0.04 0.44 0.02 0.83 1.26 0.03 0.72 0.001

897

898  *FeO total

899  ?Total and the major element oxide concentrations of the melts are reported on a CO2-free basis.

900  °CO:z based on difference of EPMA analytical sum from 100 wt.%

901  °n=number of EPMA spot analyses used to obtain the average melt compositions

902  ~All the experiments had observable qm: quenched carbonated silicate matrix and sb: sulfide blobs. Because we cut the containers transversely, to obtain polished surfaces of two bulk compositions at once, we could
903  not document possibly equilibrium minerals that are present at the cooler end (bottom) of the capsule chambers. Comparing our experimental conditions with those of Chowdhury and Dasgupta (2020) who conducted
904  sulfide solubility and phase relations using the same melt compositions, we have insights on the expected mineral assemblage that can be present at the cooler end of capsule chambers for the following experiments —
905  Go631a: olivine + orthopyroxene + clinopyroxene; G633a: olivine + orthopyroxene + garnet, whereas B476a is expected to be super-liquidus. For other experimental samples, similar comparison could not be made, as
906  complete phase assemblage information was also not available in Chowdhury and Dasgupta (2020) given the focus of that study was sulfur solubility at sulfide saturation for carbonated melts.

907  SThese experiments used CSL1 as the starting mix.

908  "These experiments used CSL2 as the staring mix.
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Table 3: Mean values of HSE and chalcophile elements in quenched melt and sulfide melt measured using LA-ICP-MS (in ppm).

CSL 1 (Kimberlitic)

CSL 2 (Carbonatitic)

B476a Sulfide Melt lo Carbonated Melt lo B476b Sulfide Melt lo Carbonated Melt lo
n=2 n=4 n=3 n=3
Co 4065 158 7.96 1.12 Co 3331 202 6.96 0.87
Ni 4101 274 1.20 0.47 Ni 3350 189 0.9 0.22
Mo 568 98 58.40 5.42 Mo 1476 87 18.68 1.91
Ru 979 102 0.01 0.002 Ru 2181 136 0.04 0.01
Pd 1401 122 0.06 0.004 Pd 815 98 0.05 0.02
Re 5175 274 2.30 0.16 Re 985 75 0.5 0.05
Os 2007 136 0.01 0.002 Os 2107 147 0.04 0.006
Pt 3856 265 0.24 0.08 Pt 2800 212 0.15 0.02
G631a Sulfide Melt lo Carbonated Melt lo G631b Sulfide Melt lo Carbonated Melt lo
n=1*% n=3 n=2 n=4
Co 3411 - 11.04 1.35 Co 4206 309 9.1 0.91
Ni 4175 - 2.04 0.38 Ni 3781 236 1.2 0.34
Mo 647 - 83.84 6.87 Mo 1500 128 18.83 1.06
Ru 2237 - 0.02 0.001 Ru 1897 189 0.03 0.006
Pd 1684 - 0.05 0.003 Pd 983 133 0.06 0.01
Re 5303 - 2.39 0.47 Re 524 92 0.4 0.12
Os 3147 - 0.02 0.001 Os 2287 274 0.05 0.008
Pt 4178 - 0.17 0.08 Pt 3241 341 0.17 0.07
G633a Sulfide Melt lo Carbonated Melt lo G633b Sulfide Melt lo Carbonated Melt lo
n=2 n=3 n=2 n=>5
Co 4113 213 11.9 0.97 Co 3148 281 8.4 1.32
Ni 4098 183 1.38 0.21 Ni 2540 227 0.7 0.14
Mo 522 97 71.17 3.47 Mo 1355 125 15.77 1.66
Ru 1020 126 0.01 0.002 Ru 1964 179 0.05 0.004
Pd 1064 113 0.04 0.003 Pd 656 104 0.04 0.007
Re 6905 269 2.8 0.14 Re 534 117 0.3 0.01
Os 2104 194 0.02 0.001 Os 2371 273 0.03 0.002
Pt 2276 165 0.13 0.05 Pt 3893 320 0.22 0.04

* 1o based on replicate analyses. As only one sulfide analysis was done, we don’t report 1o for G631a.
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Table 4: Sulfide melt- carbonated silicate melt partition coefficients

CSL 1 (Kimberlitic)

CSL 2 (Carbonatitic)

Dsulfidelcarb.melt o Dsulfidelcarb.melt 1o
Co 388 24 439 64
Ni 2811 104 3500 122
Mo 8 0.47 82 3.54
Ru 103906 2541 52349 987
Pd 27876 874 16354 414
Re 2455 135 1686 176
Os 154380 3458 59155 1024
Pt 19382 697 18475 865
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Table 5: Calculated bulk Ds applicable for peridotite-derived carbonated melts (carbonatite and kimberlite) under upper mantle melting conditions.

Low CO2 (Kimberlitic) Melt Mass fractions Gt- Lherzolite Dunite Wehrlite
Olivine 0.61 0.99975 0.749
Cpx 0.18 0 0.249
Opx 0.05 0 0
Garnet 0.16 0 0
Sulfide 0.00025 0.00025 0.00025
DOl/carb. melt DCpx/carb. melt DOpx/carb. melt DGt/carb. melt Dsulﬁde/carb. melt Bulk D Bulk D Bulk D
Co 28 0.95¢ 28 1.78¢8 388 1.87 2.10 1.83
Ni 10* 32 42 5% 2811 8.34 10.70 8.94
Mo 0.11° 0.016¢ 0.0039¢ 0.003¢ 8 0.07 0.11 0.09
Ru 1.6 1° 0.5 0.39 103906 27.22 27.58 27.42
Pd 0.021 0.12 0.01 0.39 27878 7.07 6.99 7.02
Re 0.001 0.18f 0.013f 0.39¢ 2455 0.71 0.61 0.66
Os 0.001 0.18 0.013 0.39 154380 38.69 38.60 38.64
Pt 0.009 1.5 0.15 0.39 19382 5.19 4.85 5.23
High COz (Carbonatitic) Melt Mass fractions Gt- Lherzolite Dunite Wehrlite
Olivine 0.61 0.99975 0.749
Cpx 0.18 0 0.249
Opx 0.05 0 0
Garnet 0.16 0 0
Sulfide 0.00025 0.00025 0.00025
DOVearb. melt Cpx/carb. melt DOpx/carb. melt pGt/carb. melt Dsulfide/carb. melt Bulk D Bulk D Bulk D
Co 28 0.95¢ 28 1.78¢8 439 1.89 2.11 1.84
Ni 10* 3 42 5% 3500 8.52 10.87 9.11
Mo 0.11° 0.016¢ 0.0039¢ 0.003¢ 82 0.09 0.13 0.11
Ru 1.6 le 0.5 0.39 52340 14.33 14.68 14.53
Pd 0.021 0.12 0.01 0.39 16354 4.19 4.11 4.13
Re 0.001 0.18¢ 0.013f 0.39¢ 1686 0.52 0.42 0.47
Os 0.001 0.18 0.013 0.39 59155 14.88 14.79 14.83
Pt 0.009 1.5° 0.15 0.39 18475 4.96 4.63 5.00

(2003) and the numbers in italics are assumed.

from Kelemen et al. (2003); “from Dunn and Sen (1994); from Adam and Green, (2006); *from Hill et al. (2000); ‘from Righter et al. (2004); &from Dasgupta et al. (2009); underlined data are from Brenan et al.,
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Sulfide blob

Qu_enc':hed Carbonted silicate melt

B476: 1600 °C; 3GPa

~ Sulfide blobs’

LA-ICP-MS pits .

i

- Quenched Carbonted silicate melt
921 L | . G631: 1500 °C; 3GPa

922  Figure 1: Phase assemblage and texture of the experiments: (a) A part of the capsule showing
923  the sulfide blobs and the quenched melt. The quenched melts and sulfide melt blobs were
924 analyzed with a 20-40 um beam in EPMA. (b) Quenched melt and sulfide melt blobs along with

925  LA-ICP-MS pits.
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Figure 2: Partition coefficients of chalcophile (Co, Ni, Mo) and Highly-Siderophile Elements (Os,
Ru, Pt, Pd, Re) between sulfide melt and carbonated melt (Dsu!fide/card- melty for Jow-CO2 (CSL1) and

high CO2 (CSL2) melt, reported from Table 3.
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Figure 3: Partition coefficients of chalcophile (Co, Ni, Mo) and Highly-Siderophile Elements (Os,
Ru, Pt, Pd, Re) between sulfide melt and carbonated melt (Ds¥fide/card- melty for [ow CO2 (CSL1) and
high CO2 (CSL2) melt. Plotted for comparison are the Dstfidesilicate melt o previous experiments
for comparison. MB 2014 - Mungall and Brenan (2014); FCS 1996 - Fleet et al. (1996); KW 2013

- Kiseeva and Wood (2013) and LA 2012 - Li and Audétat (2012).
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Figure 4: Bulk partition coefficients of HSEs applicable to carbonated melt generation from garnet
lherzolite. Orange symbols and line: low CO2 melt (this study); blue symbols and line: high CO2
melt (this study), and grey symbols and line [nominally COa-free, basaltic silicate melt; Mungall
and Brenan (2014)]. All plotted bulk D values are based on bulk sulfur content of 250 ppm,

assuming all sulfur is in the form of sulfide.
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Figure S: Primitive Mantle (PM) normalized HSE pattern of a kimberlitic and carbonatitic melt
assuming the primitive mantle is sulfide saturated and has 250 ppm S. Calculation is based on
bulk D for garnet lherzolite and for a low degree of melting of F=0.3 wt.% using the aggregate
fractional melting equation (1). I-PGEs (Os, Ru) are depleted in the melt whereas P-PGEs (Pt,

Pd) are enriched, indicating low I-PGE/P-PGE ratios for carbonatitic and kimberlitic melts.
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Figure 6: Primitive Mantle (PM) normalized HSE pattern for (a) kimberlitic (low CO2) melt and
(b) carbonatitic (high CO2) melt for a range of degree of melting (0.1-2 wt.%). The mantle is

sulfide saturated with S content varying from 5 to 300 ppm. The lower concentrations (lower end
of each thick line) for each bulk S content denote 0.1 wt.% melting and the higher concentrations

(higher end of thick lines) denote 2 wt.% melting.
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Figure 7: Primitive mantle normalized HSE pattern for (a) kimberlitic (low CO2) melt and (b)
carbonatitic (high CO2) melt for a range of degree of melting (0.1-2 wt.%). The mantle is sulfide
saturated with S content varying from 5-300 ppm. Also plotted in (a) are natural kimberlites from

Kaapvaal craton (Premier) (Maier et al., 2017), Karelia craton (Maier et al., 2017) and Canadian
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shield craton (Tappe et al., 2017) and ocean island alkali basalt (Day et al., 2010). In (b) we also
plot natural carbonatites from Dalihu, North China (He et al., 2020), Kaapvaal, South Africa
(Tappe et al., 2020) and Tamil Nadu, India (Ackerman et al., 2019) along with Ocean Island
Basalts (Day, 2013). We can see from the figure that the ocean island alkali basalt HSE patterns
matches with a low degree kimberlitic melt of sulfide saturated mantle, whereas Ocean Island
Basalts (OIBs) HSE pattern matches with a low degree carbonatitic melt of sulfide saturated

mantle.
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Figure 8: y Os vs Re/Os plot for mantle xenoliths from Kaapvaal craton (orange circles) (Pearson

et al., 1995) and Siberia (yellow squares) (Pearson et al., 1995) compared with models of

carbonated or silicate melt depleted residue and carbonated melt addition (dashed black and dotted

black lines) and silicate melt addition (dashed red and dotted red lines) based on the expected

fractionation of Re-Os. Solid grey line shows the path of a residue after extraction of a silicate

melt (1-10 wt.%) at 3 Ga, 2 Ga and 1 Ga. Green squares show a residue after extraction of

carbonated melt (0.1-1 wt.%) at 3 Ga, 2 Ga, and 1 Ga. The black dashed line shows two-component

mixing between 10 wt.% silicate melt extracted peridotite residue with a 0.5 wt.% carbonated melt

extracted at 1 Ga, whereas the black dotted line shows mixing between 0.5 wt.% carbonated melt

extracted peridotite residue with a 0.5 wt.% carbonated melt extracted at 0.5 Ga. The fractions of
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melt component are indicated in italics. The red dashed line shows mixing between 10 wt.%
silicate melt extracted peridotite residue with a 0.5 wt.% carbonated melt extracted at 1 Ga,
whereas the red dotted line shows mixing between 0.5 wt.% carbonated melt extracted peridotite
residue with a 0.5 wt.% carbonated melt extracted at 0.5 Ga. The fractions of melt component are
indicated in italics. The carbonated melt and silicate melt extracted at 1 Ga is calculated using

('870s/'8808 )initial = 0.1215 (Walker et al. 1989) for a primitive mantle.
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Figure 9: Primitive mantle normalized HSE content of a primary kimberlitic melt calculated by
mass balance using Ir concentrations (blue stars) by Maier et al. (2017) compared with a low
degree (0.3 wt.%) primary kimberlitic melt calculated using bulk D and aggregate fractional
melting equation from this study (black circles) for a sulfide saturated garnet lherzolitic mantle

with 250 ppm S.
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Figure 10: PM normalized HSE pattern for natural kimberlite rocks from (a) Karelia (red stars),
(b) Kaapvaal (green squares) and (c) Canadian shield Craton (violet triangles). Low degree (0.3
wt.%) primary kimberlitic melt calculated using bulk D and aggregate fractional melting

equation from this study (black circles) for a sulfide saturated garnet lherzolitic mantle with 250



1004  ppm S is plotted along with model SCLM detritus HSE contents (yellow triangles) which are
1005  calculated by mass balance using Ru concentrations. The PM normalized HSE pattern of the

1006  peridotitic xenoliths for these cratons are plotted as grey bands.
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Figure 11: PM normalized HSE pattern for Dalihu carbonatite, North China (blue triangles).
Low degree (0.3 wt.%) primary carbonatitic melt calculated using bulk D and aggregate
fractional melting equation from this study (black circles) for a sulfide saturated garnet
lherzolitic mantle with 250 ppm S is plotted along with model SCLM detritus HSE contents
(yellow triangles), which are calculated by mass balance using Ru concentrations. The PM
normalized HSE pattern of the North China Craton peridotitic xenoliths are plotted as grey

bands.



