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Abstract

The understanding of the effect of partial melting and mantle-melt interaction
on the geochemistry of highly siderophile elements (HSEs) in the upper mantle
remains limited. To shed light on this matter, this study focuses on investigating the
HSE geochemistry and Os isotopes of the Kalaymyo ophiolitic peridotite. Previous
research has identified two distinct groups within the peridotite based on petrography
and geochemistry. Group 1 samples exhibit low spinel Cr# along with high whole-
rock AlbO; and CaO contents, indicating that they represent residual mantle
peridotite after a small degree of partial melting. On the other hand, Group 2 samples
display higher spinel Cr# and lower whole-rock Al,O3; and CaO contents compared
to Group 1, suggesting a higher degree of partial melting. Moreover, Group 2
samples show various mantle-melt interaction textures and higher spinel TiO-
contents. These intriguing set of features presented by the Kalaymyo ophiolitic
peridotite provide an excellent opportunity for us to explore and analyze the effects
of partial melting and mantle-melt interaction on the HSE and Os isotopic
compositions of the upper mantle peridotite in greater detail.

The whole-rock HSE contents are not significantly affected by the
serpentinization process. The concentrations of iridium-group platinum group
elements (IPGEs) increase with the degree of partial melting. According to the near-
fractional dynamic melting model, olivine emerges as the dominant host phase for
IPGEs after sulfide exhaustion. The significant differences observed in duplicate
analyses suggest that IPGE-rich phases also play an important role in controlling the
IPGE concentrations in highly depleted harzburgites, which is consistent with the
presence of IPGE-rich platinum group minerals in the harzburgite.

On the other hand, the concentrations of palladium-group platinum group
i



elements (PPGEs) in Group 1 samples remain constant or slightly decrease with
increasing degrees of partial melting, while Group 2 samples display more
significant variations. Peridotite samples with the lowest PPGE contents at a given
AlL,Os could be indicative of variations caused by partial melting. These trend are
best explained by the sulfide exhaustion model with a lower bulk partition coefficient
of PPGEs in comparison to that of IPGEs. The role of residual silicate and oxide
minerals in controlling PPGE geochemistry is thought to be limited.

In Group 2 samples, the primary sulfides are almost exhausted, as indicated
by the melting model. We suggest the higher Pd and Pt contents, along with elevated
Pd/Ir ratios, in some Group 2 samples compared to the partial melting model can be
accounted for by the addition of PPGE during mantle-melt interaction. This
hypothesis is supported by the occurrence of Pd-bearing Cu-Ni alloy and Pt-Fe alloys
associated with amphiboles and the sulfide addition model.

Rhenium behaves incompatibly during partial melting, showing progressive
decrease in Re with decreasing Al,O;. Interestingly, Re is not significantly enriched
during mantle-melt interaction and precipitation of secondary sulfides. This
phenomenon is likely ascribed to the oxidizing conditions associated with
subduction-related melt resulted, causing Re to behave as a lithophile element rather
than being compatible to secondary sulfide phases.

The Os isotope ratios of the studied samples range from 0.1249 to 0.1286,
except for one sample with a high value of 0.1331. The values are comparable to

those of modern abyssal peridotites without significant seawater contamination.

Keyword: Highly siderophile and chalcophile elements, Partial melting, Mantle-
melt interaction
Student Number: 2021-28917
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Chapter 1. Introduction

Partial melting and mantle-melt interaction are fundamental geological
processes that the upper mantle experiences. The upper mantle becomes depleted in
incompatible elements through partial melting, producing basaltic melts. The
residual mantle may interact with various types of melts in the lithosphere, which
modifies its geochemistry and mineralogy (Dijkstra et al., 2003). Understanding
these geological processes is crucial for unraveling the heterogeneity of the upper
mantle and the diversity of mantle-derived magmas.

While the behavior of lithophile elements during these processes is well-
documented, that of highly siderophile elements (HSEs), including the platinum
group elements (PGEs) and rhenium (Re), remains relatively poorly understood.
HSEs are known to have chalcophile characteristics and are primarily hosted in
sulfide phases in the upper mantle (Mithell and Keays, 1981). They are suggested to
undergo fractionation during partial melting, although the exact process that results
in the elemental fractionation remains debated. Previous studies have shown
depletion in palladium-group PGEs (PPGEs; Rh, Pd, Pt) relative to iridium-group
PGEs (IPGEs; Ru, Os, Ir) during partial melting (e.g., J. Liu et al., 2010; Pearson et
al., 2004). Rhenium behaves similarly to PPGEs. The more compatible behavior of
IPGEs compared to PPGEs and Re has been attributed to residual olivine and IPGE-
bearing PGMs (platinum group metals) (Fonseca et al., 2012; Brenan et al., 2016).
However, recent experimental studies suggested a wide variation in partition
coefficients between sulfide melt and silicate melt (D*!’*") for Pd, ranging from 2,000

to 536,000 (Mungall and Brenan, 2014; Zhang and Li, 2021), which requires further



investigation on the role of sulfide melts in HSE geochemistry during partial melting.

Additionally, the influence of melts produced by partial melting of the
asthenospheric mantle on the sulfide and HSE compositions of the lithospheric
mantle during upwelling remains to be investigated (Luguet and Reisberg, 2016).
The percolation of S-undersaturated melt would lead to the dissolution of residual
sulfides remaining after the partial melting event. The dissolution of sulfides would
result in a significant depletion in HSE concentrations (e.g., Lorand et al. 2003; Liu
et al. 2010;). Conversely, primary S-saturated melts produced by low degrees of
partial melting or volatile-rich evolved melts derived from S-undersaturated melts
would precipitate Cu-Ni-rich sulfides with elevated Pd contents (e.g., Lorand et al.,
2004). The interaction involving slab derived melt and oxidizing fluids occurs in
regions affected by subduction leading to preferential mobilization of Os and Pd over
the other HSEs (Alard et al. 2011). Nevertheless, the specific conditions varying
response to changes in pressure (P), oxygen fugacity (fO»), and sulfide saturation
and compositions of these melts are challenging to predict, thereby obscuring the
precise effects of mantle-melt interaction.

In terms of the Os isotope system, the daughter isotope '*’Os behaves
compatibly, whereas the parent isotope '®’Re behaves incompatibly in the mantle
environment. This behavior distinguishes it from other isotope systems such as Rb-
Sr, Sm-Nd, and U-Th-Pb where both daughter and parent isotopes behave
incompatibly (Shirey and Walker, 1998). The different compatibility between Re and
Os results in strong Re/Os fractionation, leading to distinctive isotopic signatures
such as substantially unradiogenic Os isotopes in the residual mantle and radiogenic
Os isotopes in the melts as they age. Because of the high Os contents in the residual
lithospheric mantle, it is likely that the mantle records the initial melt dep.letion
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events even after late-stage alteration and metasomatism (Walker et al., 1989).
Therefore, Os isotopic systematics can serve as valuable indicators for ancient
melting processes and provide insights into the geochemical evolution of mantle
rocks.

The Kalaymyo ophiolitic peridotites have experienced various degrees of
partial melting and mantle-melt interaction. Park et al. (2022) divided the peridotites
into two groups according to petrographic observation and spinel composition. The
Group 1 samples have low spinel Cr# (<0.3) and TiO: (<0.068 wt.%), representing
residual mantle peridotite after a small degree of partial melting. In contrast, the
Group 2 samples have higher spinel Cr# (>0.3) with varying TiO, contents (0.065-
1.874 wt.%), showing that they underwent a higher degree of partial melting and
varying mantle-melt interaction. The Group 2 samples have a moderately positive
correlation between Cr# and TiO, of spinel, which indicates that the origin of the
melt reacted with Group 2 samples is from the subduction zone. Therefore, the
Kalaymyo ophiolitic peridotites provide an excellent opportunity to examine the
effects of partial melting and mantle-melt interaction on the HSE and Os isotopic
compositions of the upper mantle peridotite.

In this study, I present HSE abundances and Os isotopic compositions for a suite
of peridotites from the Bophi-Vum region of the Kalaymyo ophiolite, Myanmar. The
microscale characterization of platinum group minerals (PGMs) using an electron
microprobe (EPMA) and Scanning Electron Microscope (SEM) was also carried out

to constrain the host phases of HSEs.



Chapter 2. Geological background

The ophiolites in Myanmar are composed of two north-south-trending belts that
are separated by the dextral strike-slip Sagaing fault zone (Fig. 1b). To the northeast
of the fault zone, ophiolites extend from Myitkyina to the Yalung-Tsangpo suture
(YZSZ), while in the southwest, they stretch from Manipur through Kalaymyo to
Andaman Island. The northeast ophiolites are estimated to have formed within the
time range of approximately 166-176 Ma, whereas the southwest ophiolites are
reported to have formed around 125 Ma (Yang et al., 2012; Liu et al., 2016a). It is
suggested that the older northeast ophiolites originated from the Meso-Tethys Ocean,
while the southwest ophiolites are associated with the Neo-Tethys Ocean (Liu et al.,
2016a).

The southwest ophiolites spanning the Indo-Burma Range exhibit diverse
geological characteristics. The Manipur ophiolite, located in the northern part of the
southwest ophiolites, is predominantly characterized by abyssal peridotites based on
mineralogical and geochemical analyses (Singh, 2013), whereas the Andaman
ophiolite in the southern region is believed to have formed in supra-subduction
environments (Ghosh et al., 2014). The Kalaymyo ophiolite, located in the central
part of the India-Burma Range, displays characteristics of both mid-ocean ridge
(MOR) type and supra-subduction zone (SSZ) type ophiolites (Liu et al., 2016b; Niu
et al., 2018; Park et al., 2022). This suggests that a variety of oceanic lithospheric
rocks have been juxtaposed during the process of obduction in this region.

The western part of the India-Burma Range, where the Kalaymyo ophiolite is

located, is composed of Cretaceous to Eocene sedimentary rocks, while the eastern



part consists of Triassic pelites and turbidites (Mitchell, 1981). The Kalaymyo

ophiolite is thrust over the western side of the India-Burma Range (Fig. 1c).
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Chapter 3. Samples and Methods

3.1. Sample selection

Outcrop and core samples were collected from the exploration area (12 km?) in
Kalaymyo based on preliminary investigations conducted by the Korea Institute of
Geoscience and Mineral Resources (KIGAM) and the Department of Geological
Survey and Exploration (DGSE) in Myanmar. From the collected samples, a careful
selection process was employed to choose representative peridotites for the purposes
of this study. Twelve Kalaymyo peridotite samples reported by Park et al. (2022)
were selected for this study, and their respective sampling locations are provided in
Table 1 and depicted in Fig. 2. Among these samples, six samples are Group 1
samples with varying degrees of partial melting, and the other six are Group 2
samples with higher degrees of partial melting and a wide range of mantle-melt
interaction. The Group 1 samples exhibit Cr# of 0.14-0.22 and demonstrate a
negative correlation between Cr# and TiO: content in spinel, following the trend of
fractional melting of depleted mid-ocean ridge mantle (Fig. 3). On the other hand,
the Group 2 samples display Cr# ranging from 0.31 to 0.68 with a positive

correlation between Cr# and TiO; content in spinel (Fig. 3).



Table 1. Whole-rock major element contents [wt.%] of the mantle peridotite

Group 1 Group 2
Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m,25.2-.3) BDH-12 BDHO05_2(F) BDH-05(e,15.6-.7) BDC-5/10 BDH-18
Type Outcrop Outcrop Outcrop Borehole Borehole Borehole Borehole Borehole Borehole Borehole Borehole Borehole
UTM (46Q) X 600214 600264 600414 601425 601693 601734 601195 601609 601359 601359 601262 601257
y 2573573 2573574 2573675 2572875 2571119 2569807 2571412 2571146 2572409 2572409 2570968 2572807
Top 94.1 71 24.1 25.2 12.7 15.95 15.6 24.5 9.85
Core depth [m]
Bottom 94.2 71.2 25.1 25.3 12.8 16.05 15.7 25.6 10
Reference This study Park et al. (2022) Park et al. (2022) This study Park et al. (2022)
Alteration 2 2 3 1 1 1 1 2 2 1 3 1
level*
SiO, 45.0 45.0 42.3 454 44.0 45.8 45.1 43.8 414 44.6 45.4 455
MgO 34.9 39.3 35.9 40.4 42.1 40.8 42.4 44.2 4.1 44.4 43.6 43.7
FeOyq 8.69 9.04 9.35 7.71 8.14 8.06 7.84 8.39 8.37 7.62 8.21 8.33
Al,O,4 3.58 2.64 2.22 2.00 1.55 1.89 154 112 0.93 1.24 0.85 0.55
CaO 314 1.92 2.48 2.40 2.07 211 1.82 119 0.54 0.96 0.66 0.66
TiO, 0.07 0.05 0.05 0.08 0.06 0.03 0.02 0.01 0.01 0.02 0.01 0.01
MnO 0.14 0.14 0.13 0.13 0.13 0.14 0.13 0.13 0.13 0.13 0.13 0.14
Na,O 0.06 0.04 0.04 0.12 0.10 0.19 0.22 0.19 0.03 0.18 0.20 0.18
K,0 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
P,0s 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
LOI 3.88 157 7.10 2.33 1.94 4.63 3.40 1.77 4.00 4.82 10.21 4.78
Total 99.5 97 " 96 " 983 " w2 7 91 ! 99.1 " 991 " 995 ! 99.1 " 990 7 91

*degree of alteration under the microscope and hand specimen as well as LOI; (1) only tiny portion of alteration mineral can be found; (2) each grain has intact portion more
than 50% in average; (3) each grain has intact portion but less than 50%; (4) Whole rock is composed of bastite, serpentine and iddingsite
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3.2. Whole Rock Major and Trace Element Analysis

Whole-rock major oxide concentrations were determined by a Shimadzu XRF-
1700 instrument at NCIRF (National Center for Inter-university Research Facilities
at SNU) using fused glass disks. The analytical uncertainties of the XRF data at
NCIRF were estimated by multiple analyses of the reference peridotites MUH-1
during each analysis. The outcrop samples (DKR1165, DKR1166, DKR1289) and
one core sample (BDHO5 2(F)) were analyzed in this study, while the remaining
samples were sourced from Park et al. (2022). The major elements data (> 1 wt%),
such as SiO,, AlLO;, FeO, MgO, and CaO, show percent differences of <2.8%
compared to the reported values.

Whole-rock trace elements were determined by laser-ablated inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the Korea Institute of Ocean
Science and Technology (KIOST), consisting of a 193 nm excimer LA system (ESI
NWR 193) coupled to an Agilent 7700 quadrupole ICP-MS. Data reduction was
performed with an iolite program based on the methodology of Paton et al. (2011).
The analyzed isotopes are 2’Al, Si, *Ca, *'Ti, >'V, **Cr, >*Mn, *’Fe, 3°Co, *'Ni, %Cu,
7Zn, "'Ga, Rb, *Rb, *Sr, Y, Zr, *Nb, '¥*Cs, ¥Ba, '*'La, '*Ce, "'Pr, °Nd,
1478 m, 13Eu, 157Gd, 1°Tb, 1Dy, 'Ho, 'Er, 'Tm, '75Yb, '"Lu, '7Hf, '$!Ta, 25Pb,
232Th, and 28U, where »Si is the internal standard in this study. The analyses were
conducted at a laser pulse rate of 7 Hz, an energy intensity of ~3 J/cm?, and a beam
size of 150 um. A BCR-2g glass was analyzed together in order to monitor the
precision and reproducibility of the analyses. A NIST612 reference material was

used as a primary standard. The accuracy monitored with MUH-1, BCR-2g was
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generally smaller than 15 %.
3.3. Whole-rock HSE Analysis

The whole-rock HSE contents of the Myanmar peridotite samples were
determined using a Ni-sulfide fire assay — isotope dilution technique described by
Park et al. (2012). Prior to analysis, the surface of rock chips was ground to remove
surface alteration and contamination. Three grams of powdered sample were mixed
with Na-borax (3 g), Ni (0.3 g), and S (0.15 g) in an inner crucible. A mixed spike
solution containing HSE (*’Ru, '%°Pd, '%5Re, '°!Ir, and '°°Pt) was added to the mixture.
The inner crucible was then placed in an outer crucible containing 0.5 g of flour. The
mixtures were dried at 100°C for 60 minutes in a furnace and then fused at 1200°C
for 20 minutes. Nitrogen gas was injected into the furnace during fusion to create a
reducing environment. After the fusion, the crucible was removed and subsequently
quenched. The nickel sulfide beads were separated from the quenched glass,
dissolved in 175 ml of 6 N HCl at 160°C, and then filtered through a Millipore filter
paper. The solution was completely digested in 4 ml of aqua regia, and the matrix
was changed into 5 ml of 2% HCI, which was refluxed at 100°C for 2 hours. The
final solution was analyzed by Agilent 8900 quadrupole ICP-MS, and the HSE
contents of the peridotites were calculated using the isotope dilution technique.

Procedural blanks were determined by conducting sample-free analyses using
6 g of sodium borax, 0.3 g of Ni, and 0.15 g of S for each session. The accuracy and
precision of the analytical method were assessed through replicate analysis of the

international standard MUH-1 (harzburgite). Procedural blanks for the method and
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HSE analyses of MUH-1 are provided in Table Al. The obtained procedural blanks
were subtracted from the data. The reproducibility of MUH-1 analyses is
approximately <20%, and the results are consistent with the preferred data of

standard samples (Meisel, personal communication).

3.4. Whole-rock Re-Os isotope system Analysis

The Re-Os concentration and Os isotope composition were determined for 12
samples by high-pressure asher (HPA-S) combined with the isotope dilution method.
3 g of sample powder was put into a 50 ml Teflon-sealed quartz glass tube together
with the mixed PGE spiked solution (enriched in *’Ru, 'Pd, #*Re, °°Os, “'Ir, and
198pt). Spiked sample powder was digested in 5 ml of distilled HNO; and 3 ml
distilled HCI mixture at 300 °C and 100 bar for 3 h using HPA-S. The solutions were
recovered and transferred into the PFA vials for the determination of Os
concentration and Os isotope compositions while the residues were kept for the Re
concentration measurement.

During digestion, Os is oxidized in the form of OsOs, which is volatile while
oxides of other elements are not. Thus, only OsOy is easily purged by directing the
carrier gas into the PFA vials containing the sample solutions, following the method
of Hassler et al. (2000) and Meisel et al. (2001). The OsO4 signals were directly
obtained by introducing the carrier gas directly into Agilent 7500 ICP-MS at the
University of Leoben. For each sample, the carrier Ar gas flow rate was optimized
for the highest Os signal intensity. '*¢Os, *7Os, '380s, ¥°Os, '°Os, and '*?Os signals
were measured while 'Re and '"’Ir signals were monitored together for the

undesired introduction of a solutions droplet by too strong bubbling.
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The mass fractionation and instrumental drift were externally corrected by
bracketing each sample with DROsS, Os isotope standard material (Luguet et al.,
2008). The corrected '*>0Os/'%80s ratio was used to determine the Os concentration
based on the isotope dilution method assuming the natural abundance of **Os and
1880s of samples. To obtain a true '¥’0s/!*¥Os ratio of the sample, the mixing curve
between the sample and spike was assumed. On the diagram of '¥70Os/!380Os versus
1990s/1880s, based on the curve calculated using the spike information and measured
data, a true "¥7Os/!'®30s was obtained assuming the natural abundance of '*°Os and
18805 of samples. After Os isotope measurements, the sample solution was combined
with the residue again.

Only supernatant was collected in the PFA vial, the same one used for Os
isotope measurement, and evaporated overnight on the hot plate. The sludge was
dissolved into 10 ml of 0.8 M HNOs and it is used for Re separation. Biorad 2 ml
disposable columns, which were soaked in 1:1 diluted HNOs heated up to 65 °C and
rinsed three times with deionized water, were used. They were filled with 2 ml of
pre-cleaned anion exchange resin AG1x8 (100-200 mesh in MQ). Before loading the
samples, the resin-filled columns were rinsed and conditioned with H,O, 6 N M
HNO:s, and 0.8 M HNO:s. After sample loading, the columns are rinsed sequentially
with 10 mL of 1 M HCl and 20 mL of 0.8 M HNOjs. Re was collected in 10 ml of 6
N HNO;j by eluting 12 ml of 6 N HNOs. The solution was dried down overnight and
re-dissolved into 2 % HNO;, which is used for Re concentration measurement
conducted by Agilent 8800 ICP-MS at the University of Leoben. The mass
fractionation was externally corrected by bracketing each sample with Re standard
solution. The Re concentrations were calculated by the isotope dilution method using
ratios of corrected counts rates of '®*Re/'®’Re. The Os and Re concentration and
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870s/1%80s of a reference material, MUH-1 (Montauniversitit Harzburgite) are
consistent with the reported values (Snortum and Day, 2020) within one sigma (Table

Al).
3.5. Mineral Chemical Analysis

The major element concentrations of olivine, orthopyroxene, and clinopyroxene
from selected samples were analyzed by a semiquantitative method using Oxford
instruments X-max 50mm energy-dispersive silicon drift detectors (EDS) attached
to JSM-7100F at the School of Earth and Environment Sciences, SNU. The analysis
was performed using a 10 mm working distance, with a process time of 5, a probe
current of 11 nA, and an accelerating voltage of 15 kV. I acquired 1,000,000 counts
for each data point, which corresponds to an acquisition time of approximately 60
seconds. Prior to each analysis session, I conducted energy calibration and beam
measurement using the JEOL cobalt standard. This calibration process used a process
time of 6 and 2,000,000 acquisition counts, corresponding to an acquisition time of
approximately 120 seconds. The compositions of the spinels are from Park et al.
(2022). The compositions of the spinel grains are sourced from Park et al. (2022).
The compositions of amphibole grains in Group 2 samples were determined using
an electron probe micro-analysis (EPMA) at NCIRF, utilizing the same analytical
conditions as the spinel analysis.

To ensure the accuracy and precision of and EDS analyses, | monitored the
compositions of three reference minerals (NMMNHI111312-44 olivine,

NMNH117733 diopside, and NMNH117075 chromite) in each session. The major
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element compositions of olivine show a relative percent difference of less than 3.1%
compared to reported values, with a relative standard deviation of less than 0.7%.
The minor elements NiO (~0.43 wt.%) and MnO (~0.16 wt.%) exhibit slightly higher
relative standard deviations of about 13% and 15%, respectively. For the diopside,
the major element compositions show a relative percent difference of less than 1.7%
compared to the working standard value (n=29), with a relative standard deviation
of less than 0.6%. However, the minor elements Al,O3 (~0.26 wt.%) and FeOio
(~0.25 wt.%) show slightly higher relative standard deviations of about 21% and
14%, respectively. The major element compositions of chromite show a relative
percent difference of less than 2.0% compared to the reported values, with a relative
standard deviation of less than 0.8%. The minor elements TiO> (~0.12 wt.%) and
MnO (~0.22 wt.%) exhibit slightly higher relative standard deviations of about 16%
and 31%, respectively. I calculated the ferrous-to-ferric iron ratio of spinel based on
theoretical spinel stoichiometry (X*"Y»*"Oa) following the method described in Park

et al. (2012).

3.6. PGM analysis

PGM (platinum group minerals) analysis was conducted on polished thin
sections using a high-resolution JEOL JSM-7100F field emission scanning electron
microscope (FE-SEM) at the School of Earth and Environmental Sciences, SNU.
The analysis was performed at an acceleration voltage of 20 kV, a probe current of
11nA, and a working distance of 10 mm to qualitatively identify PGMs in the

backscattered mode. The brightness threshold of the backscattered electron image
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was adjusted to highlight particles with similar characteristics to sulfides and PGMs,
enabling the distribution of high atomic weight particles to be examined.
Quantitative analysis was not possible due to the small sizes of the PGMs (1-8 pum).
The major components of platinum group elements were confirmed through EDS

spectra.
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Chapter 4. Results

4.1. Petrography

The fresh part of the Kalaymyo peridotties used in this study is composed of
olivine (67-85 vol%), orthopyroxene (11-28 vol%), clinopyroxene (1.4-5.9 vol%),
spinel (~1 vol%) with traces of sulfide and PGMs (Fig. 4, 5). They have undergone
varying serpentinization degrees, which replaced the primary mantle minerals with
secondary minerals such as serpentine and magnetite.

A comprehensive examination of the petrography of the peridotites is presented
in Park et al. (2022). Below is a summary of their findings. Peridotites are
protogranular to porphyroclastic (Fig. 4a, b). Group 1 samples are composed of
lherzolites and harzburgites and exhibit vermicular to lobate-shaped spinel
associated with pyroxene (Fig. 4c). In contrast, Group 2 samples are composed of
harzburgites and have granular or polygonal-shaped spinel closely associated with
olivine (Fig. 4d). Olivine ovoidal inclusion and embayment texture are also observed
in Group 2 samples (Fig. 4e, ). The peridotites are penetrated by serpentine veins in
company with magnetite, with silicate minerals demonstrating serpentinization from
rim to core. The majority of samples contain only tiny amounts of alteration minerals,
or their grains have an intact portion of over 50% on average. However, DKR1289
and BDC-5/10 display a wide range of alteration, with an intact portion of less than
50%.

Sulfide and alloy grains in Kalaymyo peridotites occur as inclusions to mainly

interstitial and intergranular forms (Fig. 5, 6), with sizes varying from a few um to
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hundreds of pum. Sulfides are predominantly composed of Fe-Ni sulfide and
pyrrhotite aggregate rimmed by awaruite (Niz-sFe, Fig. 5a). Group 1 samples have
sulfide and alloy inclusions in silicate minerals (Fig 5b). In BDH-13(m) of Group 2
sample, interstitial sulfide associated with amphibole is observed within the cleavage
of clinopyroxene (Fig. 5c), and Cu-rich alloy can be seen inside amphibole
penetrating clinopyroxene (Fig. 5d).

Platinum group mineral (PGM) grains were identified in the studied thin section
of Group 2 samples via SEM, namely IPGE, Ir-Pt, and Pt-Fe alloy. (Fig. 6). The
IPGE-rich alloy, with a major and minor axis of ~8 and ~3 um respectively, is
attached to the rim of intergranular sulfide (Fig. 6e). This alloy is associated with a
sub-grain that is an Ir-Pt alloy. The host sulfide comprises of pyrrhotite rimmed by
magnetite. Within the pyrrhotite, prismatic pentlandite exsoulution and Fe-Co alloy
are grown.

The Pt-Fe alloy, presenting a ~1 um square shape (Fig. 6g), was found as an
inclusion within paragasitic amphibole (Fig. 6f) that penetrate along the cleavage of
the primary clinopyroxene. Additional minerals, including awaruite, pentlandite, and

a Pd-rich Cu alloy, were observed at the outer edge of the paragasitic amphibole.
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Figure 4. Microstructures of Kalaymyo peridotites. (a) Protogranular texture. (b)
Orthopyroxene porphyroclast enclosed within neoblastic olivine and clinopyroxene. (c)
spinel with a symplectitic shape in olivine with serpentine mesh. (d) Euhedral spinel with
olivine. (e) Olivine ovoidal inclusion in orthopyroxene. (f) Clinopyroxene with
orthopyroxene exsolution lamellae and olivine embayment Ol: olivine, Opx: orthopyroxene,
Cpx: clinopyroxene, Srp: serpentine, Mgt: magnetite, Spl: spinel, Brackets = spinel Cr#.
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Figure 5. Backscattered Electron (BSE) images of base metal sulfides (BMS) in Kalaymyo
peridotites. (a) Intergranular sulfide aggregate rimmed by awaruite. (b) Sulfide inclusion in
clinopyroxene with Cu-rich alloy (c) Interstitial sulfide associated with amphibole in the
clinopyroxene cleavage. (d) Amphibole penetrating clinopyroxene with Cu-rich alloy. Aw:
awaruite, Cpx: clinopyroxene, Amp: amphibole, Srp: serpentine, Ol: olivine, Opx:
orthopyroxene.
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Figure 6. Microstructures of platinum-group minerals (PGM) in Kalaymyo peridotites. (a, c,
e) Fe-Os-Ir-Ru alloy and associated textures, (b, d, f) Pt-Fe alloy and associated amphibole
and clinopyroxene. (g) Magnified view of the Pt-Fe alloy shown in (f). Ol: olivine, Opx:
orthopyroxene, Cpx: clinopyroxene, Amp: amphibole, Pn: pentlandite, Aw: awaruite, Po:
pyrrhotite, Mgt: magnetite.
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4.2. Whole-rock compositions

The major and trace element compositions of the Kalaymyo peridotites are
presented in Tables 1 and 2. With the exception of samples DKR1289 and BDC-5/10,
the majority of the samples show a moderate degree of serpentinization, as indicated
by low values of loss on ignition (LOI) ranging from 1.57-4.78 wt.%. DKR1289 and
BDC-5/10 are representative of serpentinized peridotites, displaying higher LOI
values of 7.10 and 10.2 wt.%, respectively. In the Al,O3/Si0O, versus MgO/SiO;
diagram (Fig. 8b), most of the analyzed peridotites plot near the terrestrial array
(Zindler and Hart, 1986; Jagoutz et al., 1979).

Group 1 and Group 2 samples exhibit distinct variations in major element
compositions. Group 1 samples display less refractory compositions, characterized
by low MgO contents ranging from 34.9-42.1 wt.% and high contents of SiO, (42.3-
45.8 wt.%), TiO2 (0.03-0.08 wt.%), FeOor (7.71-9.35 wt.%), CaO (1.92-3.14 wt.%),
and Al,Os (1.55-3.58 wt.%). In contrast, Group 2 samples exhibit more refractory
compositions with higher MgO contents ranging from 42.4-44.4 wt.% and lower
contents of SiO; (41.4-45.5 wt.%), Al,O3 (0.55-3.58 wt.%), TiO, (0.01-0.02 wt.%),
FeOuo (7.62-8.39 wt.%), and CaO (0.54-1.82 wt.%). The whole-rock concentrations
of Group 1 samples predominantly included within the field of abyssal peridotites,
while those of Group 2 samples plot within the SSZ peridotite field (Fig. 7). When
plotted on the anhydrous Al>,O3 vs. MgO diagram (Fig. 8a), the Kalaymyo peridotites
follow a trend consistent with residues after variable degrees of partial melting.

The Kalaymyo peridotites exhibit variable depletion patterns of chondrite-

normalized rare earth elements (REEs) (Fig. 9). The whole-rock trace element
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concentrations of the Kalaymyo peridotites are listed in Table 2. Lanthanum is not
reported because its concentrations of standard material is significantly higher than
the reported value. The Group 2 samples have a higher mean Ce/Nd ratio (1.20) than
the Group 1 samples (0.95). The chondrite-normalized REE patterns of Group 1
samples are included in the area of the abyssal peridotites (Niu, 2004). The
concentrations of REEs in the Kalaymyo peridotites show varying degrees of
depletion, ranging from 4.1 to 22.5% relative to the depleted MORB mantle (DMM)

in terms of heavy rare earth element (HREE) compositions.
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Table 2. Whole-rock trace element contents [ppm] of the mantle peridotite

Group 1

Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m,25.2-.3) BDH-12 BDHO05_2(F) BDH-05(e,15.6-.7) BDC-5/10 BDH-18

Type Outcrop Outcrop QOutcrop Borehole Borehole Borehole Borehole Borehole Borehole Borehole Borehole Borehole
Ti 4785 366.0 360.9 310.6 192.1 222.6 100.8 157.0 1155 167.2 98.5 120.9
\% 96.2 62.2 65.7 70.5 61.2 63.1 41.9 47.8 28.9 40.0 36.8 42.7
Cr 3877.8 2477.4 2788.1 2917.1 2402.1 2965.5 2508.7 27245 2506.2 2666.3 2933.0 2905.0
Mn 1067.0 983.4 1063.7 1079.9 1100.9 1069.8 987.9 1066.5 950.2 1026.3 1087.0 1105.9
Fe 23299.5 24811.2 23770.8 27654.6 23536.7 22951.4 22191.8 23214.3 22067.3 222137 30088.9 23506.8
Co 101.1 103.5 108.6 110.0 116.5 115.0 111.6 122.8 1145 1147 121.4 112.9
Ni 3089.6 3708.4 3450.3 2149.2 2293.4 2350.7 2262.4 24773 2432.4 23535 2445.9 2183.4
Cu 30.4 315 25.6 28.7 19.4 35.7 17.8 16.4 115 5.1 72 9.3
Zn 53.1 42,5 41.3 42.0 431 394 37.0 36.6 37.1 33.0 42.3 37.9
Ga 36 21 26 22 19 21 1.2 16 11 12 11 0.9
Sr 0.680 0.899 0.742 0.948 0.721 0.556 0.142 0.603 0.683 0.216 0.649 0.391
Y 2.313 1.674 1.330 1.331 0.990 0.962 0.334 0.605 0.278 0.429 0.269 0.210
zr 0.781 0.848 0.699 0.614 0.453 0.475 0.339 0.410 0.570 0.465 0.465 0.328
Ce 0.029 0.029 0.023 0.053 0.058 0.054 0.007 0.025 0.077 0.016 0.072 0.009
Pr 0.011 0.015 0.007 0.007 0.008 0.007 0.002 0.004 0.009 0.003 0.008 0.002
Nd 0.113 0.125 0.072 0.045 0.029 0.031 0.012 0.026 0.040 0.020 0.036 bdl
Sm 0.115 0.086 0.060 0.039 0.027 0.028 0.012 0.019 0.017 0.014 0.016 0.006
Gd 0.206 0.152 0.119 0.101 0.065 0.074 0.024 0.045 0.024 0.027 0.021 0.009
Tb 0.044 0.037 0.025 0.026 0.020 0.018 0.007 0.013 0.005 0.009 0.006 0.004
Dy 0.372 0.260 0.198 0.196 0.148 0.153 0.048 0.092 0.042 0.053 0.035 0.028
Ho 0.088 0.063 0.052 0.049 0.037 0.037 0.015 0.024 0.012 0.015 0.009 0.008
Er 0.276 0.204 0.172 0.162 0.133 0.125 0.044 0.081 0.040 0.059 0.038 0.029
Yb 0.304 0.215 0.189 0.192 0.154 0.159 0.072 0.100 0.061 0.093 0.053 0.043
Lu 0.047 0.034 0.033 0.032 0.027 0.025 0.011 0.019 0.010 0.015 0.010 0.007
Hf 0.060 0.046 0.039 0.030 0.022 0.020 0.010 0.018 0.021 0.019 0.014 0.008
Ta 0.060 0.060 0.060 0.008 0.007 0.005 0.005 0.006 0.061 0.006 0.008 0.006
Th 0.002 0.003 0.002 0.009 0.008 0.017 0.003 0.009 0.011 0.004 0.018 0.003
u 0.002 0.007 0.003 0.006 0.004 0.004 0.003 0.003 0.004 0.002 0.004 0.002

(bdl - below detection limit)
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Figure 9. Whole-rock REE composition of the Kalaymyo peridotites normalized to chondrite
(McDonough and Sun, 1995) and non-modal fractional melting model from a DMM (Salters
and Stracke, 2004). Equations are derived from Johnson et al. (1990). The grey dashed lines
are modeled peridotite compositions after 5%, 10%, 15%, 20%, 25%, and 30% partial
melting. The grey area indicates the compositional range of abyssal peridotites, as presented
by Niu (2004).
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4.3. Whole Rock HSE and Os isotopic compositions

The whole-rock concentrations of HSE and Os isotopic ratios in the Kalaymyo
peridotites are presented in Table 3. Group 1 samples exhibit HSE contents ranging
from 3.25-5.90 ppb for Os, 3.20-4.59 ppb for Ir, 5.91-8.47 ppb for Ru, 1.11-1.45 ppb
for Rh, 6.62-8.59 ppb for Pt, 6.13-8.59 ppb for Pd, and 0.17-0.35 ppb for Re. The
HSE concentrations in Group 1 samples are generally similar to those of primitive
upper mantle (PUM), with the exception of one sample, DKR1289 (Fig. 10a).
DKR1289 stands out with lower Pd (4.94 and 4.75 ppb) and Re (0.063 and 0.069
ppb) values compared to other Group 1 samples. As the whole-rock Al,Os content
increases, IPGE and Rh concentrations increase, while Pd and Pt concentrations
remain constant or slightly decrease (Fig. 11). On the other hand, Group 2 samples
display a wider range of HSE concentrations, ranging from 2.30-8.52 ppb for Os,
2.89-6.17 ppb for Ir, 4.98-11.12 ppb for Ru, 0.95-1.73 ppb for Rh, 5.46-12.94 ppb
for Pt, 3.09-7.43 ppb for Pd, and 0.01-0.21 ppb for Re, exhibiting a more diverse
pattern compared to Group 1 (Fig. 10b). It should also be noted that several Group 2
samples (BDH-05(e,15.6-.7), BDC-5/10, BDH-18) show significant differences in
HSE concentrations between duplicate analyses (Fig. 11). In terms of inter-
correlation between HSEs, Ir shows positive correlations with Os and Ru, to a certain
extent with Rh and Pt. However, a broad negative correlation is observed between Ir
and Re (Fig. 12). Palladium does not exhibit any significant inter-correlation with
other HSEs (Fig. 12e).

The whole-rock '®’0Os/"*¥Os ratios of the Kalaymyo peridotites generally exhibit

subchondritic values ranging from 0.1239 to 0.1286, with the exception of one
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sample, DKR 1165, which displays a suprachondritic ratio of 0.1331 (Fig. 13). This
range is consistent with the isotopic composition of residual peridotites. However,
no correlation is observed between the whole-rock isotopic ratio and whole-rock

187Re/1880s, Al,O5 content, or Cr# of spinel (Fig. 13).
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Table 3. Whole-rock HSE [ppb] and Os isotope compositions of the mantle peridotite

Sample Group Os Ir Ru Rh Pt Pd Re 3IPGE Pd/lr 'Re/880s 8705/180s 20
DKR_1165 33 32 5.9 11 6.6 6.7 0201 26.82 209 0.2530 0.1331 0.0032
Duplicate 34 34 6.4 1.2 74 6.7 - 28.48 1.98
DKR_1166 54 47 75 1.2 77 49 0.063 3145 1.06 0.8556 0.1259 0.0025
Duplicate 49 45 7.5 12 75 48 0069 3031 1.07
DKR_1289 46 4.0 1.7 15 75 7.2 0203 3246 1.78 0.2450 0.1239 0.0034
Duplicate Group 1 49 43 8.0 14 83 7.2 0177 3415 170
BDH-OG 50 39 638 13 74 6.6 0244 31.09 1.69 0.3248 0.1263 0.0016
Duplicate 45 36 63 13 71 6.2 0258 29.13 173
BDH-93(71) 39 37 67 12 62 6.1 0297 27.78 1.66 0.4987 0.1275 0.0014
Duplicate 44 34 6.5 1.2 6.2 6.2 0352 2789 1.83
BDC-_15/01 51 43 7.8 14 83 6.4 0180 3335 149 0.2708 0.1274 0.0012
Duplicate 59 46 8.5 1.4 8.6 6.7 0247 3576 147
BDH-13(m,25.2-.3) 54 41 7.1 11 71 59 0204 3061 1.45 0.1734 0.1249 0.0029
Duplicate 51 35 6.5 10 70 63 0121 2949 1.78
BDH-12 41 32 6.1 1.0 6.4 52 0182 2598 1.60 0.3048 0.1286 0.0021
Duplicate 42 35 6.0 1.0 6.7 50 0211 2631 145
BDHO05_2(F) 42 38 71 14 68 80 0045 3132 212
- 0.0907 0.1253 0.0023
Duplicate Group 2 40 39 73 13 65 74 0050 3042 190
BDH-05(§,15.6-.7) 65 50 8.3 1.8 78 34 0019 3277 0.68 0.0454 0.1252 0.0011
Duplicate 85 62 111 1.7 9.8 38 0.008 4110 0.61
BDC?5/10 23 29 5.0 11 59 31 nd 2026 1.07 0.0792 0.1258 0.0023
Duplicate 38 44 70 15 55 33 0014 2547 0.75
BDH-18 46 49 7.4 16 129 6.1 0.010 3746 1.24 0.0367 0.1268 0.0017
Duplicate 49 43 6.7 12 108 7.2 0.010 3509 167

20 =2 standard deviation

n.d. = not determined
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Figure 10. Primitive mantle normalized PGE patterns for (a) Group 1 and (b) Group 2
samples. Normalizing values after Becker et al., (2006).
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Figure 11. Variations of HSE with respect to whole-rock Al,O3 contents in peridotites (Black
column: Primitive Mantle from Becker et al., 2006). The grey diamonds are compiled data
of abyssal peridotite from Barnes et al. (2015). The purple x marks are data of the Kalaymyo
peridotite from Niu et al. (2018). Lines are the near-fractional melting models assuming
fractionation resulting from partitioning between sulfide liquid and silicate melt. The green
line is a melting model which includes partition coefficients between silicate mineral and
silicate melt (Dsimivsitmelty The dashed and dash-dotted line is based on partition coefficients
between sulfide melt and silicate melt (D*'7*) from Mungall and Brenan (2014) and Fleet et
al. (1996), respectively. Numbers on figures are D75 used for the melting model. The
partition coefficient values and references used in models are presented in Table 9.
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4.4. Mineral compositions

The compositions of selected spinel grains in the Kalaymyo peridotites from
Park et al. (2022) are supplied in Table 4. Spinel grains from Group 1 samples exhibit
Cr# values ranging from 0.14-0.22 and Mg# ratios of 0.72-0.76, with TiO» content
below 0.069 wt.%. Spinel grains in Group 2 samples display comparable Cr# values
ranging from 0.31-0.68 and Mg# ratios from 0.44 to 0.70, with TiO» content varying
from 0.065 to 0.187.

The major element compositions of silicate minerals, including olivine,
orthopyroxene, clinopyroxene, and amphibole, in the Kalaymyo peridotites are listed
in Tables 5-9, respectively. Olivine grains in the Kalaymyo peridotites exhibit a
narrower compositional range compared to other minerals. Their Fo numbers (Fo =
molar Mg/(Mg+Fe)*100) range from 90.1-91.4, with MgO contents of 49.0-50.3 wt.%
and FeO contents of 8.47-9.80 wt.%. The NiO and MnO values range from 0.36-
0.46 wt.% and 0.11-0.17 wt.%, respectively. The compositions of olivine and spinel
plot on the olivine-spinel mantle array (OSMA), with Group 1 and 2 samples
aligning well with the area corresponding to abyssal and oceanic SSZ peridotites
(Fig. 14).

The pyroxenes in the Kalaymyo peridotites show distinct compositions for each
group. Orthopyroxenes in Group 1 samples have Mg# values of 89.9-90.5, Al,O;
contents of 3.13-4.23 wt.%, and Cr,Os3 contents of 0.48-0.67 wt.%. In Group 2,
orthopyroxenes display a compositional range with Mg# values of 90.8-94.0, Al,O;
contents of 1.18-3.67 wt.%, and Cr,Os contents of 0.71-0.80 wt.%. Similarly,

clinopyroxenes in Group 1 samples have Mg# values of 91.0-93.0, CaO contents of
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21.9-23.5 wt.%, and Al,Os contents of 3.60-5.66 wt.%. In Group 2, clinopyroxenes
exhibit a compositional range with Mg# values of 92.3-94.0, CaO contents of 21.0-
24.3 wt.%, and Al,Os contents of 1.18-3.93 wt.%. Most of the pyroxenes in Group 1
and 2 samples plot within the areas corresponding to abyssal and SSZ peridotites,
respectively (Fig. 15).

Amphiboles in the Kalaymyo peridotites are mostly paragasitic composition
according to the classification diagram of Leake et al. (1997) (Fig. 16a). These
amphiboles are specifically found in the Group 2 samples. These amphiboles are
calcium-rich (BCa/ZB > 0.925) and have Si contents ranging 6.2-6.5 apfu and (Na+K)
contents of 0.59-0.66 apfu. They exhibit narrow ranges of Na,O (2.00-2.40 wt.%),
CaO (12.61-12.66 wt.%), and SiO» (44.18-46.43 wt.%), and their compositions plot
within the areas corresponding to both suprasubduction and ophiolitic amphiboles
(Fig. 16).

Platinum group minerals (PGMs) were identified in two Group 2 samples.
BDH-13(m,25.2-3) contains Pt-Fe alloy and Pd-rich Cu-Ni alloy, while BDC-5/10
contains an IPGE alloy and an Ir-Pt subgrain together (Fig. 6). Quantitative analysis
using electron microprobe was limited due to the small grain size of PGMs and their
location within or in close proximity to silicates or base metal sulfides. Based on
EDS spectra, the PGMs mainly consist of alloys such as Fe-Os-Ir-Ru alloy (IPGE

alloy), Ir-Pt-rich alloy, Pt-Fe alloy, and Pd-rich Cu-Ni alloy (Fig. 17).
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Table 4. Mean chromite compositions of selected mantle peridotite measured by electron probe micro-analyzer [wt.%]

Group 1 Group 2
Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m) BDH-12 BDHO05_2(F) BDH-05(e) BDC-5/10 BDH-18
n 3 3 3 3 3 4 4 3 3 6 13 5
S0, value 0.02 0.01 0.03 0.04 0.03 0.02 0.05 0.04 0.07 0.08 0.01 0.05
lo 0.01 0.01 0.01 0.02 0.02 0.00 0.01 0.01 0.03 0.02 0.02 0.02
TiO, value 0.06 0.05 0.07 0.04 0.03 0.04 0.07 0.07 0.09 0.11 0.10 0.19
lo 0.00 0.02 0.01 0.01 0.01 0.03 0.01 0.00 0.01 0.04 0.02 0.02
ALO, value 54.0 51.9 52.7 49.7 47.8 47.2 39.9 37.3 37.1 34.2 28.1 15.4
lo 2.3 0.3 0.5 0.5 0.6 1.9 0.5 0.5 11 0.6 0.5 0.9
cr0, value 135 14.9 15.4 17.4 19.9 20.1 274 315 315 339 40.7 49.7
lo 25 0.8 0.6 0.8 0.5 2.2 0.5 0.4 0.8 15 0.8 11
FeO* value 11.2 10.9 11.4 12.3 12.1 11.8 12.4 12.7 11.8 135 14.9 21.1
1o 0.3 0.2 0.1 0.4 0.8 0.7 1.2 0.4 12 0.9 0.7 1.0
Fe,0* value 0.9 1.0 0.8 1.6 1.0 24 2.4 2.0 16 18 16 34
1o 0.1 0.3 0.2 0.2 0.5 0.4 0.4 0.2 0.3 0.7 0.3 0.8
MO value 0.13 0.12 0.14 0.17 0.16 0.14 0.22 0.14 0.20 0.21 0.24 0.42
1o 0.02 0.03 0.01 0.01 0.03 0.03 0.01 0.03 0.01 0.02 0.02 0.03
MgO value 18.7 18.4 18.5 17.7 17.4 17.8 16.6 16.4 16.8 15.4 13.8 8.1
lo 0.3 0.1 0.0 0.2 0.7 0.3 0.9 0.3 0.9 0.6 0.5 0.7
cao value 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.03 0.00 0.03 0.04 0.01
lo 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.04 0.05 0.01
NiO value 0.34 0.31 0.30 n.d. 0.28 0.22 n.d. n.d. n.d. n.d. n.d. n.d.
lo 0.02 0.02 0.03 - 0.08 0.06 - - - - - -
Total 98.7 97.6 99.3 98.9 98.8 99.8 99.0 100.1 99.2 99.3 99.5 98.4
Mg value 74.9 75.0 74.2 71.9 71.9 72.8 70.4 69.8 71.7 66.9 62.3 40.7
lo 0.8 0.4 0.2 0.8 21 14 3.2 1.0 3.1 2.2 2.0 31
cr value 14.4 16.2 16.4 19.0 21.8 22.2 31.6 36.2 36.3 39.9 49.3 68.5
lo 2.8 0.8 0.6 0.8 0.6 2.6 0.5 0.6 1.2 14 0.9 17
1o = 1 sample standard deviation
n.d. = not determined
*ferric and ferrous iron content of spinel are calculated on the basis of stoichiometry
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Table S. Mean olivine compositions of mantle peridotite measured by EDS [wt.%]

Group 1 Group 2
Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m) BDH-12 BDHO05_2(F) BDH-05(¢) BDC-5/10 BDH-18
n 3 5 3 3 4 3 4 3 3 3 3 3

SiO, value 40.83 40.02 40.41 39.89 40.30 40.21 40.30 39.76 40.20 40.26 40.29 40.16
TiO, value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AlL,O, value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr,03 value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeOyy value 9.80 9.38 9.49 9.76 9.11 9.27 8.50 8.99 8.47 8.47 8.78 8.93
MnO value 0.16 0.14 0.15 0.13 0.14 0.14 0.13 0.15 0.17 0.14 0.11 0.14
MgO value 50.0 49.0 49.6 48.6 49.3 49.6 50.2 49.5 50.3 50.1 49.9 49.9
CaO value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NiO value 0.39 0.44 0.39 0.37 0.36 0.40 0.46 0.40 0.41 0.34 0.41 0.42
Total 101.2 99.0 100.0 98.8 99.3 99.6 99.6 98.8 99.6 99.3 99.4 99.6
Mg# value 90.1 90.3 90.3 91.0 90.9 91.6 91.3 90.7 91.4 91.3 91.0 90.9
Cr# value 90.1 90.3 90.3 91.0 90.9 91.6 91.3 90.7 91.4 91.3 91.0 90.9
':'x-i-! o 1'. 5]
| 11 T
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Table 6. Mean orthopyroxne compositions of mantle peridotite measured by EDS [wt.%]

Group 1 Group 2
Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m) BDH-12 BDHO05 2(F) BDH-05(e) BDC-5/10 BDH-18
n 3 5 3 3 4 2 3 4 3 3 3 3

Sio, value 54.3 54.6 54.0 54.0 53.8 55.2 54.3 54.4 54.6 55.1 55.2 55.1
TiO, value 0.08 0.14 0.14 0.10 0.11 0.10 0.10 0.06 0.07 0.06 0.05 0.03
AlL,O; value 4.23 3.92 3.80 3.96 4.16 3.13 3.67 3.13 3.34 2.88 2.10 1.18
Cr,03 value 0.52 0.48 0.56 0.53 0.67 0.56 0.78 0.80 0.79 0.74 0.71 0.72
FeOyy value 6.57 6.41 6.34 6.39 6.30 6.35 5.82 5.98 5.59 5.60 5.70 2.07
MnO value 0.17 0.16 0.16 0.16 0.15 0.19 0.13 0.16 0.13 0.14 0.16 0.15
MgO value 32.8 33.2 32.7 32.7 32.2 34.0 32.9 329 33.3 33.8 33.3 18.2
CaO value 0.88 0.70 0.89 0.90 1.58 0.64 1.27 1.50 1.42 0.83 1.68 24.27
NiO value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Total 99.5 99.5 98.5 98.7 98.9 99.9 99.0 99.0 99.2 99.0 99.2 101.5
Mg# value 89.9 90.2 90.2 90.1 90.1 90.5 91.0 90.8 91.4 91.5 91.2 94.0
Cri# value 7.5 7.7 8.9 8.2 9.9 10.7 12.5 14.6 13.7 14.6 18.5 28.6

.':l-.\,‘i-! _._": - -
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Table 7. Mean clinopyroxene compositions of mantle peridotite measured by EDS [wt.%]

Group a hazrburgites Group a hazrburgites
Sample DKR1165 DKR1166 DKR1289 BDH-06 BDH-03(71) BDC-15/01 BDH-13(m) BDH-12 BDHO05_2(F) BDH-05(¢) BDC-5/10 BDH-18

n 3 5 3 3 4 3 4 3 3 3 3 1

SiO, value 51.3 51.0 51.2 50.7 50.8 51.6 51.9 51.7 52.0 51.9 52.1 55.1
TiO, value 0.34 0.30 0.35 0.25 0.18 0.21 0.15 0.13 0.19 0.20 0.08 n.d.
ALO; value 5.66 5.10 5.10 4.62 4.99 3.60 3.62 3.93 3.55 3.28 2.75 1.18
Cr,04 value 0.89 0.84 0.83 0.90 1.00 0.90 1.15 1.23 1.20 1.22 1.35 0.72
FeOyq value 2.85 2.60 2.73 2.67 2.78 2.26 2.25 2.60 2.22 2.18 2.59 2.07
MnO value n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO value 16.1 16.2 16.1 16.4 17.1 16.8 16.8 17.3 16.9 16.6 18.8 18.2
Ca0 value 22.1 22.1 22.3 22.6 219 235 23.0 22.3 22.7 229 21.0 24.3
NiO value 0.61 0.62 0.66 0.31 0.26 0.18 0.37 0.23 0.44 0.49 0.41 n.d.
Total 99.9 98.7 99.2 98.5 99.0 99.1 99.2 99.5 99.3 98.8 99.2 101.5

Mg value 91.0 91.8 91.3 91.6 91.7 93.0 93.0 92.3 931 93.1 92.8 94.0
Cri value 9.6 9.8 9.7 11.6 11.9 145 17.5 17.4 18.2 19.8 24.8 28.6
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Table 8. Major element compositions of amphibole from Group 2 samples [wt.%]

Point Phase Si0, TiO, ALO; Cr,0; FeO,,; MNO MgO CaO Na,0O K,O Total '
#1 Paragasite 4459 0554 1342 219 272 0025 181 1261 212 0.01 96.339
#2 Edenite 46.43 0508 119 0.992 3.09 0.039 19.23 1264 2 0.003 96.832
#3 Paragasite 4418 0.86 14.07 2.09 311 0.032 1818 12.66 24 0.007 97.8
Atoms per formular unit (O=23)

Point

Si AV Ti AM Cr Fe** Fe* Mn Mg Ca Na K Sum Mg/(Mg+Fe) Na+K
#1 63 17 01 06 02 02 00 00 38 19 06 00 156 0.99 0.64
#2 65 15 01 05 01 03 00 00 40 19 06 00 155 1.00 0.59
#3 62 1.8 01 05 02 03 00 00 38 19 07 00 156 0.99 0.66
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Table 9. Dmineralsilicate melt for highly siderophile elements

phase olivine orthopyroxene clinopyroxene spinel sulfide (Max) sulfide (Min)
Os 0.03" - 0.08° - 1150000 ° 30000 ™
Ir 2° 0.6° - 1° 1900000 ° 26000
Ru 2° - - 4° 485000 ° 6400
Pt 0.01° - 0.1’ 0.2° 3450000 ° 2000 *
Pd 0.006 ° 0.0051° - 0.2° 536000 ° 200
Re 0.01" 01° 03" 01° 800 * 50

References for partition coefficients data are as follows: 1 = Burton et al. (2002); 2 = Brenan et al. (2005); 3 = Brenan et al. (2003) ;
4 =Mallmann and O’Neill (2007); 5 =Zhang and Li (2022); 6 = Watson et al. (1987); 7= Brean et al. (2016); 8 = Brenan et al. (2012);
9 = Mungall and Brenan (2014); 10 = Brenan (2008); 11 = Fleet et al. (1996); 12 = Luguet and Reisberg (2016); 13 = Fonseca et al. (2007)
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Chapter 5. Discussion

5.1. Effects of seawater weathering and serpentinization

Ophiolitic peridotites may undergo varying degrees of seawater weathering (0-
100°C) and serpentinization (25-400°C). Such alterations can affect mineral

assemblages and geochemistry of the rocks (Snow & Dick, 1995; Bach et al., 2004;
Paulick et al., 2006; Klein et al., 2013; Malvoisin 2015). Seawater weathering in an
oxidizing environment leads to the formation of alteration minerals, including
iddingsite and carbonate veins (Bach et al., 2004), and results in the destabilization
of sulfide, which is the dominant host of HSEs in peridotites, transforming it into
metal oxides (Becker and Dale, 2016). As no oxidative veins were observed and the
weathered surfaces of rock specimens were excluded in this study, the influence of
seawater weathering on whole-rock HSE geochemistry can be excluded in this study.

However, the samples used in this study have undergone varying degrees of
serpentinization. The majority of samples exhibit minimal alteration based on
petrographic observations. They contain only small amounts of alteration minerals,
and their grains have an intact portion of over 50% on average. However, DKR1289
and BDC-5/10 display significant serpentinization, with an intact portion of less than
50%. The degree of serpentinization can also be estimated by LOI (loss of ignition).
Most of the peridotite samples have a small LOI of < 5%, suggesting the limited
degree of serpentinization. However, samples DKR1289 and BDC-5/10 have high
LOI values of 7.1 and 10.2% respectively, indicating that they are more serpentinized.

The Kalaymyo peridotites predominantly plot below the ‘terrestrial array’ (Zindler
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and Hart, 1986) in the Al,03/Si0,-MgO/SiO; diagram (Fig. 8B), representing a Mg
loss during the process of serpentinization (Niu, 2004)

Serpentinization also affects the stability of host minerals of HSEs. The studied
samples contain alloys such as awaruite and native coppers, along with characteristic
serpentinization minerals like serpentine and magnetite (Fig. 4, 5). Serpentinization
processes result in desulfidation, transforming minerals from Fe-Ni sulfide and Cu-
rich sulfide into awaruite and Cu-rich alloys, respectively (Fig. 5) (Klein and Bach
2009; Schwarzenbach et al., 2021; Eslami et al., 2021).

Previous studies have suggested that serpentinization may interrupt the
870s/'880s ratio (e.g., Snow & Reisberg, 1995; Standish et al, 2002) and
concentration of Re and Pd (e.g., Luguet et al., 2003; Harvey et al., 2006). For
example, seawater has a higher Os isotope ratio (~1.06; Levasseur et al., 1998) than

peridotites (e.g., 0.1296 = 6, Primitive Upper Mantle; Meisel et al. 2001), but low Os

concentrations of seawater (3.8 fg/g; Sharma et al. 1997) is not enough to disrupt Os
isotope ratio of peridotite. The effect on Re and Pd was accounted for by their
mobility in fluids (e.g., Luguet et al., 2003, Harvey et al., 2006). However, recent
studies have suggested that these are not affected by serpentinization but may be
influenced by sampling bias, as there is no correlation with LOI even in highly
serpentinized rocks (e.g., Liu ef al., 2008; Day et al., 2017).

The results from Kalaymyo peridotites suggest that there is no significant
correlation between LOI, HSE and Os isotope (Fig. 14, 15). This lack of correlation
may indicate that the transformation from sulfide to alloy through desulfurization
does not significantly influence the HSE and Os isotope composition at whole-rock
scale, because they remain stable under reducing conditions during serpentinization

(Snow & Schmidt, 1998; Becker et al., 2006; Liu et al., 2009; Marchesi et _alll., 2013).
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A slight negative correlation between Pd and LOI could potentially a result of
sampling bias. Furthermore, negative correlation between Re and LOI of
serpentinized peridotites indicates that serpentinization does not increase Re
contents as confirmed by previous study (e.g., Becker et al., 2006; Liu et al., 2008;
Day et al., 2017) Therefore, the whole-rock HSE and Os isotopes observed in this
study can be considered as the primary magmatic signature, independent from the

secondary alteration processes.
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5.2. Partial melting of Kalaymyo peridotites

Partial melting is a crucial magmatic process that occurs in the mantle and plays
a significant role in governing the concentration of HSEs. Therefore, it is essential
to quantify the degree of partial melting before discussing the concentration of
peridotites during partial melting. Park et al. (2022) calculated the degree of melting
based on the Cr# of spinel. However, this approach indirectly represents the degree
of melting and Cr# of spinel in Group 2 samples can be significantly affected by the
mantle-melt interaction. Thus, it is necessary to select another index that can directly
and accurately represent the degree of partial melting before discussing the mantle
HSE content.

In this study, I inferred the degree of partial melting by using whole-rock Al,Os3
content, a commonly used indicator of partial melting in mantle rocks, based on the
bulk partition coefficient suggested by Niu (1997). As a result, Group 1 samples are
estimated to have undergone ~3.1-15.0% partial melting, while Group 2 samples
have undergone 15.1-20.9% partial melting from the preferred mantle source (Niu
1997). Although the whole-rock Al,O3 content can be lowered by the mantle-melt
interaction after partial melting, the degree of partial melting obtained through this
method shows a good correlation with the results inferred from the whole-rock
HREE melting model (Fig. 20). Hence, the whole-rock Al,O3 content can be used as
an indicator of the minimum degree of partial melting.

Partial melting has an overall effect on the whole-rock and mineral composition,
making it useful for tracking the partial melting history (e.g. Dick and Fisher, 1984).

Since melting occurs from minerals with a low melting point, clinopyroxene is
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exhausted first, at least in the melting of spinel lherzolitic peridotites, followed by
the melting of orthopyroxene and olivine. The whole-rock chemical composition
reflects the predominant melting of clinopyroxene. As clinopyroxene and
orthopyroxene melt predominantly, the whole-rock SiO,, TiO,, CaO, and Al,Os3
contents are reduced with melting, and MgO, which is abundant in the remaining
olivine, tends to increase. As seen in Fig. 7, this trend means that the partial melting
degree gradually increases as it changes from Group 1 to Group 2. In the mineral
chemical composition, Fo and Mg# gradually increases while Al,O; gradually
decreases (Fig. 14 and 15). Additionally, in the spinel composition of Group 1, Cr#
and TiO, show a negative correlation (Fig. 3). This indicates that, as mentioned in
Park et al. (2022), the chemical composition of Group 1 samples was differentiated
based on the partition coefficient of each element during partial melting, and there
was limited effect of the mantle-melt interaction in Group 1 samples.

Platinum group elements are classified into two groups according to the melting
point and similar geochemical behavior; IPGEs with a melting point higher than
2000°C and PPGEs with a melting point lower than 2000°C (Barnes et al., 1985,
Woodland et al., 2002). The PGEs are mainly included in sulfides due to their strong
chalcophile affinity and are greatly influenced by the sulfide phase during various
geological processes in the oceanic mantle (Barnes et al., 1997).

There were two scenarios for understanding the behavior of HSEs during the
partial melting of mantle rocks. The first scenario suggests that sulfide matte is
produced by high-temperature and high-pressure melting, where HSEs are controlled
by their D! and dominated by sulfides (Fonseca et al., 2011; Mungall and Brenan,
2014). If these partition coefficients are different among HSEs, they might cause
fractionation during mantle melting. The second scenario involves partial melting of
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the upper mantle at relatively low temperatures, resulting in the preferential removal
of Cu-rich sulfide melt by incongruent melting of sulfide (Bockrath et al., 2004).
During partial melting of sulfide, IPGE is predominantly distributed in Fe-enriched
MSS (monosulfide solid solution; [Fe, Ni]i«S), while PPGE is distributed in Cu-
enriched ISS (intermediate solid solution; [Cu, Fe]ixS) (Bockrath et al., 2004;
Brenan et al., 2016). This selective separation leads to a decrease of PPGE over IPGE
in the residual mantle, resulting in the enrichment of IPGE relative to PPGE and a
gradual decrease in the Pd/Ir ratio during the partial melting of the mantle. However,
recent experiments on a range of sulfide contents indicate that sulfide exists as a
partially to totally molten state at upper mantle conditions (Zhang and Hirschmann,
2016). Therefore, the first scenario should be adopted for tracing the HSE
composition of ophiolitic peridotites.

The change in HSE according to partial melting can be investigated by plotting
the whole-rock Al,O3 content in a binary diagram together with the analyzed HSE
concentration. The partial melting model utilized in this study is based on a near-
fractional melting model, as described by Rehkdmper et al. (1999). The model
follows a specific procedure consisting of several steps. First, a small melt fraction
of 1% is generated through non-modal batch melting. Next, this melt fraction is
completely separated from the residual material. Finally, an additional increment of
0.1% melt fraction is introduced to the depleted mantle source. The initial modal
abundances and melting reaction coefficients used in the model are consistent with
those presented in the work of Rehkdmper et al. (1999). The HSE composition of the
melting model starts from the primitive upper mantle of Becker et al. (2006). Sulfur
content of the initial mantle is assumed to be 150 ppm (O'Neill, 1991) and the sulfur
concentration of the melt removed is set to 1000 ppm (Mavrogenes and O’Neill,
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1999). Thus, sulfur and sulfide are completely exhausted at 18% melting in this
model. The degree of partial melting (%) is also converted to Al,O3 using Niu (1997).
The partition coefficient between silicate mineral and silicate melt is also considered
in this model as green lines. Detailed assumptions such as partition coefficients
between sulfide and silicate melts are presented in Fig. 11 along with the results of
PGE and Re partial melting models. In the model, as the degree of partial melting
increases, elements with high partition coefficients for the sulfide melt increase (Fig.
11a, b, c), and elements with low values tend to decrease (Fig. 11d, e, f). The sulfide
model rapidly decreases around the Al,O; content of ~1 wt.% because the sulfide in
the mantle is exhausted and PGEs no longer remain and escape from the rock.
Based on the analyzed data, the IPGEs such as Os, Ir, and Ru behave in a
manner that is consistent with their high partition coefficient. The data shows that
their content in the residual mantle generally increases with an increasing degree of
partial melting. The partition coefficients between sulfide liquid and silicate melt
(D35 used in the melting model range from thousands to millions, which is in
agreement with previous studies (Fleet et al., 1996; Mungall and Brenan 2014).
The PPGE content in Group 1 shows a consistent or slightly decreasing trend.
This is best explained by a D"'"s! value of 3000, which corresponds to the low
partition coefficients in the range of 2000 to 6000 as proposed by Zhang and Li
(2021). This is also supported by data from abyssal peridotites compiled by Barnes
et al. (2015) (Fig. 11d, e). One possible explanation for this discrepancy is that the
melting started from a lower concentration. However, it is difficult to explain this
decreasing trend solely by lower starting composition with the single phase melting
model. Instead, it may be plotted between the models with the high (Mungall and
Brenan, 2014) and low distribution coefficient (200; Luguet and Reisberg 2016).
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Therefore, it is possible that the concentration of Pt and Pd is controlled by other
partition coefficients.

On the other hand, the PPGE content in Group 2 exhibits higher values than
predicted by the melting model. While it could be explained by high partition
coefficients similar to [IPGE, it is more likely that the higher PPGE content in Group
2 is a result of mineral precipitation due to mantle-melt interaction, which seems to
be a more plausible process.

The partition coefficient of Re is varied with fO, and fS, conditions, with
reported values ranging from 1 to 50 by Fonseca et al. (2012) and 400 to 800 by
Brenan (2008). Thus, rhenium is characterized to be less partitioned to sulfide
compared to PGEs. Therefore, the whole-rock Re content is expected to decrease
significantly as partial melting proceeds. As shown in Fig. 11f, the whole-rock Re
content tends to decrease to a lower value than the melting model and does not
increase in Group 2, indicating that Re was depleted by partial melting and was not
significantly introduced in the subsequent magma activity.

The whole-rock HSE melting models that consider the partition coefficient
between silicate mineral and silicate melt (silicate melting model) are also suggested
as green lines with the sulfide melting model (Fig. 11). The silicate melting model
does not significantly differ from the sulfide melting model before sulfides are
exhausted. However, the high compatibility of IPGE for olivine can explain the
residual high IPGE concentration of Group 2 samples. On the other hand, the low
compatibility of PPGE for olivine does not strongly affect the sulfide melting model,
which means that PPGE cannot remain in residue after sulfide exhaustion occurred.

It is known that PGEs present in sulfides are redistributed to other phases by
the decomposition of sulfide during desulfurization by partial melting (Luguet.et al.,
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2007; Lorand et al., 2010; O’Driscoll and Gonzalez-Jiménez 2016). According to the
melting model, Group 2 samples with Al,Os less than ~1 wt.% are expected to have
any primary sulfide remained, as it is exhausted at Al,O; content ~1 wt.%. During
the process of partial melting of sulfides, Pt and Pd are preferentially removed from
sulfides due to their relatively lower partition coefficient to sulfides. Furthermore, Pt
remains as a Fe-Pt-Ir alloy, while Pd is removed in the form of a Cu-Ni sulfide melt,
which has been experimentally confirmed by Peregoedova et al. (2004). This can be
observed in the Kalaymyo sample through the decrease in Pd/Pt throughout the
sample due to partial melting (Fig. 17b). Additionally, in the correlation chart
between PGEs, Ir shows a correlation with all but Pd, which supports the distribution
of Os-Pt to related mineral assemblages and Pd to other phases (Fig. 13). Therefore,
it is likely that the content of PGEs other than Pd in Group 2 is controlled by platinum
group minerals (PGMs).

The IPGE-bearing minerals in the residual mantle are known as Pt-Ir alloy, Os-
Ir-Ru alloy, and Ru-Os-bearing sulfide (O’Driscoll and Gonzalez-Jiménez, 2016,
and references therein). These phases are expected to be stable at the degree of partial
melting just before the liquid sulfide in harzburgites is consumed in the process of
experimentally lowering {S; (e.g., Fonseca et al., 2012; Mungall and Brenan, 2014;
Brenan et al., 2016). The IPGE-containing minerals, such as Fe-Os-Ir-Ru alloy and
Ir-Pt sub-grain (Fig. 6e, Fig. 17), found in Group 2 support that this kind of PGE
distribution occurred in these samples, resulting in a high IPGE content
heterogeneity between Group 2 duplicate analyses due to the nugget effect of PGM.

To reduce the nugget effect of sulfide, the ratio of PGE can be used since the
absolute concentration of PGE may be affected by this phenomenon (Rehkédmper et
al., 1999). In Group 1 samples, the Pd/Ir ratio and Pd content are best explained by
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a melting model from the PUM with a Pd DU"s!! of 3000 (Fig. 11e, 21a), which is
consistent with the range of 2000-6000 suggested by recent experiments (Zhang and
Li, 2021) and is considered suitable for low PGE content in the unit of several ppb.
However, some Group 2 samples (BDH-05 2(F), BDH-18) show high Pd/Ir ratios
that do not match the model (Fig. 11e, 21a), indicating that the Pd/Ir ratio in Group

2 was controlled not only by partial melting but also by additional magma activity.
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5.3. Mantle-melt interaction

The preceding discussion indicates that Group 2 samples underwent post-
melting reactions. Ophiolitic peridotites are subject to various mantle-melt
interaction that alter their lithology, texture, and chemical compositions during their
evolution and exhumation processes (Dilek and Furnes, 2014, and references
therein). Melts that react with ophiolitic peridotites can affect variously on the host
peridotite. For instance, MORB is known to precipitate secondary clinopyroxene and
plagioclase in the reacted mantle and significantly increase the TiO, contents of
spinel (Saunders and Tarney, 1979). Conversely, the subduction-related boninitic
melt, which forms by melting the highly depleted mantle, is rich in compatible
elements such as Mg and lacks incompatible elements such and Ti, leading to the
dissolution of pyroxene in the reacted rock and the precipitating olivine (Zhou and
Robinson, 1997). By examining the mineral and chemical compositions of the rock,
it is possible to trace the characteristics of the melt.

The previously studied Kalaymyo peridotites exhibit distinct textural and
geochemical characteristics in peridotites, which can be attributed to the degree of
partial melting as well as various mantle-melt interactions (Liu et al., 2016b; Park et
al., 2017; Niu et al., 2018; Park et al., 2022). Niu et al. (2018) reported evidence of
a mantle-melt interaction between Kalaymyo peridotites and MORB, based on the
olivine inclusions in orthopyroxene. In contrast, Liu et al. (2016b) and Park et al.
(2017) revealed a gradual increase in the amount of olivine towards dunite,
suggesting a selective dissolution of pyroxene by the Mg-rich melt (Zhou and

Robinson, 1997). Additionally, Park et al. (2017) suggested that this melt not only
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transformed spinels from anhedral to euhedral shapes but also contributed to an
increase in their components, such as TiO».

Evidence of mantle-melt interactions are also observed in the Group 2 samples.
Park et al. (2022) suggested that olivine appears as embayment and ovoidal
inclusions in pyroxene, and as neoblast near porphyroclastic primary silicates.
Primary pyroxene is replaced by olivine and amphibole (Fig. 5c, d). These
petrographic pieces of evidence indicate significant reaction of Group 2 samples with
Mg-rich melts. Additionally, the presence of paragasitic amphibole suggests that this
melt is a hydrous subduction zone melt (Fig. 16). Geochemical analysis from Park
et al. (2022) also reveals that both whole-rock and mineral major elements fall within
the range of SSZ peridotite (Fig. 7), and the trend between Cr# and TiO; of spinel
shows a positive correlation towards boninitic-IAT (Fig. 3). These petrographic and
geochemical changes demonstrate that subduction-related melts had a significant
effect on Group 2 samples.

Mantle-melt interactions can also have variable effects on the whole-rock
content of HSE (Luguet and Reisberg, 2016 and references therein). Since HSE are
highly chalcophile, their changes are largely dependent on the S-saturation of the
reacted magma. If the magma is S-saturated, it is known to precipitate additional
sulfide and introduce HSE into the rock (e.g. Dai et al., 2011). On the other hand, S-
undersaturated melt is known to dissolve sulfide and deplete HSE (e.g. Liu et al.,
2010; Xu and Liu 2019).

Based on the previous discussion, it is evident that the Group 2 samples have
undergone a mantle-melt interaction with arc-related basaltic melt, as indicated by
the euhedral shape and positive correlation between TiO, and Cr# of spinel (Fig. 3,
4d) and amphibole replacing primary silicates (Fig Sc, d). While these reactions are
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typically associated with S-undersaturated conditions (Hamlyn et al., 1985), the
saturation of sulfur is influenced by various mechanisms, and there are cases where
basaltic melts have precipitated sulfides in the mantle (Dai et al., 2011).
The precipitation of sulfides can significantly affect the PPGE content and
Pd/Ir ratio. Some Group 2 samples have the Pd/Ir ratios higher than the expected
value from partial melting models (Fig. 21a), and there are large differences in Pd
contents between duplicate analyses (Fig. 11¢). Unlike other PGEs, Pd has a high
solubility in silicate melt and does not form an alloy (Mungall and Brenan, 2014 and
references therein). Therefore, the difference in Pd content between duplicate
analyses is unlikely to be caused by Pd alloy formation. Additionally, the effect of
residual sulfide can be ruled out as the primary sulfide has already been exhausted
by partial melting in the highly depleted Group 2 samples. These observations
suggest that the Pd content of Group 2 sample was controlled by the addition of
secondary sulfide.
As a result of the mantle-melt interaction between depleted residual mantle and
a pyroxene-undersaturated melt accompanied by sulfide addition, the whole-rock
Al>;O3 content decreases, and Pd/Ir increases. The observed high Pd/Ir ratio can be
successfully modeled by considering the introduction of sulfides derived from melts,
as illustrated in Fig. 22. The calculation parameters used in the model are based on
the work of Rehkémper et al. (1999), with an assumption of 50 ppm segregation of
sulfide liquid for each melt ratio (Xme/Xres). The starting point of the model is
determined based on the most depleted sample in terms of Pd content. The PGE
concentration of sulfide is determined using partition coefficients based on sulfide
saturation (as presented in Table 4 of Rehkdmper et al., 1999). The calculated Pd/Ir
values of Group 2 samples align well with the sulfide from sulfide undersaturated
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melts (Sulfide addition D). According to the model, the mantle-melt interaction with
Kmelt/ Xres Tatios ranging from 0 to 3 can account for the observed increase in Pd/Ir in
Group 2 samples. This process successfully replicates the significant variation in Pd
and Pd/Ir ratios observed in Group 2 samples as a result of the mantle-melt
interaction.

On the other hand, the negative correlation between IPGE and Cu in Group 2
suggests that [IPGE was not significantly introduced in the form of secondary sulfide
by the mantle-melt interaction (Fig. 23b). This is because added composition does
not have enough Ir abundances to enhance whole-rock Ir components. Microscale
textural evidence further confirms the addition of Pd. Primary silicate minerals in
Group 2 samples were observed infiltrated by amphibole (Fig. 6b, d), and interstitial
Cu-Ni alloy is precipitated between the rim of amphibole and the cleavage of
clinopyroxene, which has a high Pd concentration (~1000ppm). The Cu-Ni alloy is
thought to undergo desulfurization by serpentinization after being precipitated from
the melt.

Platinum is predominantly found in the form of alloys in the supra-subduction
zone mantle with low fS; and high fO, (Defant and Kepezhinskas, 2001;
Kepezhinskas et al., 2002; Xu and Liu, 2019). Platinum exists as a sulfide or alloy
in the residual mantle and remains relatively constant during partial melting in Group
1 samples (Fig. 11d). In contrast, in Group 2 samples, it is increased from the melting
model like Pd. The addition of Pt is supported by Pt-Fe alloy included in paragasitic
amphibole (Fig. 6d). The origin of the Pt-Fe alloy in the depleted mantle is generally
attributed to subsolidus decomposition of sulfide, but in Group 2, it is also observed
as inclusion in metasomatic mineral (Fig. 6d). This is not surprising, as Pt is stable
in the alloy region in the subduction zone environment (O’Driscoll and Gonzélez-
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Jiménez 2016). Therefore, this suggests that Pt was introduced in the form of an alloy
by the subduction zone melt.

The IPGE alloy observed in this study provides important insights into the
behavior of PGEs during the mantle-melt interaction. The alloy is predominantly
composed of IPGEs and has a length of 8 um in the major axis and 3 pm in the minor
axis (Fig. 6e). This alloy is not associated with fluid-mobile elements, which rules
out the possibility of it being a product of alteration. The host sulfide of the IPGE
alloy is euhedral and has an assemblage of pyrrhotite and exsolved pentlandite,
which is indicative of the decomposition of the original magmatic sulfide due to
lowering temperatures (Becker and Dale 2016; Mansur et al. 2021). The sulfide is
also rimmed with magnetite and awarutite (Fig. 6¢), which is a common mineral
assemblage observed during the serpentinization of base metal sulfides (Klein and
Bach, 2009).

The IPGE alloy contains more than 35 wt.% of Os and shows a higher Os
content than other PGEs. According to Fonseca et al (2012), Os is the least soluble
element among the HSEs with a solubility of ~40 ppm in sulfide matte. Therefore, it
is not uncommon for IPGE alloys to have Os-rich components when exsolved from
sulfide matte. This suggests that the IPGE alloy observed in this study likely formed
through the exsolution of IPGEs from sulfide matte during the high degree of partial
melting. The mass balance of PGE can be confirmed by estimating the volume of
this IPGE alloy. Assuming that the primary sulfide is an octahedron and the IPGE
alloy is an ellipsoid, the sulfide must have an average PGE concentration of 2.5 wt.%.
However, the presence of these high-PGE sulfides at the typical 0.1 modal % in SSZ
peridotite is unlikely given that the typical whole-rock PGE concentration in
peridotite is in the ppb range. Therefore, it is reasonable to regard the PGE
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concentrated in the IPGE alloy as the result of redistribution by magmatic process
rather than originating from exsolution in a single grain.

The EDS spectra of IPGE alloy exhibit a high Os peak and low Ir and Ru peak
(Fig. 17), but their concentrations in the whole-rock show a good correlation (Fig.
13). This can be explained by the partitioning of Ir and Ru into residual Ir-Pt alloy
and euhedral Cr spinels, respectively, as suggested by Peregoedova et al. (2004) and
Park et al. (2012). The PGE hosted in PGM may be redistributed during the partial
melting and mantle-melt interaction and remained constant in terms of the whole-
rock concentration. In summary, it is thought that the influx of IPGE did not occur
through the mantle-melt interaction, but rather the redistribution of the mineral phase
containing IPGE occurred. Therefore, the concentration of IPGE is greatly
influenced by the PGM alloy.

In general, when a sulfur-saturated melt reacts with the mantle to precipitate
sulfide, chalcophile Re is partitioned into the sulfide, increasing the Re content of
the mantle, whereas when a sulfur-undersaturated melt reacts, the primary sulfide in
the mantle is dissolved, and the Re content is decreased (Luguet and Reisberg 2016).
However, in the case of Group 2 samples, the Re concentration tends to decrease
during mantle-melt interaction, even though secondary sulfide is introduced (Fig.
11f). While Pd is introduced by secondary sulfides, Re behaves incompatibly, despite
its abundance in the melt. This suggests that other factors may affect the partitioning
of Re into sulfides.

Rhenium is the least partitioned to sulfides among HSEs and behaves like a
lithophile element, especially in high fO, environments (Mallmann and O'Neill 2007;
Fonseca et al. 2007). Experimental studies have shown that in high fO, systems, Re
is preferentially partitioned into silicate minerals rather than sulfides (Burton et al.
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1999). Since Group 2 samples have reacted with a subduction-related melt that is
highly oxidized (Wang et al. 2020), Re is not distributed to sulfides during the
mantle-melt interaction process and behaves incompatibly. Therefore, Group 2
samples that have undergone mantle-melt interaction do not show enriched Re
compositions, despite the introduction of secondary sulfides and abundance of Re in

the melt.
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5.4. Os isotope geochemistry

The whole-rock Os isotope system is a useful tool for interpreting partial
melting and mantle-melt interactions in peridotites (Reisberg 2021). In this system,
the parent element Re is more incompatible than the daughter element Os, unlike in
other lithophile isotopic systems such as Rb-Sr, Sm-Nd, and U-Th-Pb. As a result,
the ancient Re/Os concentration and the radiogenic '®’Os produced in peridotites
decrease with increasing degrees of partial melting. Consequently, the whole-rock
1870s/"*80s ratio of peridotites also decreases with increasing degrees of partial
melting (Shirey and Walker, 1998; Meisel et al., 2001).

During the mantle-melt interaction process that follows partial melting, the
percolating melt with a higher Os isotopic ratio is less likely to disturb the Os isotopic
composition of the host rock due to its relatively low Os concentration (0.100 ppb)
compared to normal peridotites (3-4 ppb) (Walker et al., 1989; Chesley et al., 2004;
Harvey et al., 2006). Therefore, a higher Os isotopic ratio is only observed when
radiogenic Os is predominantly introduced by the mantle-melt interaction (Rudnick
and Walker, 2009; Lorand et al., 2013). This high Os isotopic ratio serves as evidence
for the introduction of radiogenic Os through melt percolation.

The Kalaymyo peridotites studied here show a range of Os isotopic ratios from
0.1239 to 0.1331, indicating some degree of heterogeneity. However, overall, the
samples have lower Os isotopic ratios than the PUM value of 0.1296 (Meisel et al.,
1996), indicating that there has been no significant addition of radiogenic Os.
Additionally, there is no clear correlation between the Os isotopic ratios and the

ALO; contents or '¥7Re/!%80s of the whole-rock samples, as shown in Fig. 13. This
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suggests that the Os isotopic variations in the Kalaymyo peridotites are not related
to partial melting processes, but rather to other factors such as source heterogeneity.

Several possible explanations exist for the lack of correlation between
1870s/1%80s and '®’Re/'®80s and whole-rock Al,O; contents. First, the disturbance by
the mantle-melt interaction was not occurred by a low Os concentration of melt as is
commonly known. This can be supported by the global distribution of the Os isotope
of the mantle wedge that radiogenic '®’0Os/'*¥Os is observed with Os content less than
1 ppb (Liu et al., 2012). Alternatively, a short time (~125Ma) after melting may not
have resulted in sufficient radiogenic ingrowth despite the Re/Os fractionated by
partial melting. Therefore, the scattered Os isotopic ratios could be attributed to the
heterogeneous nature of the mantle. The absence of correlation with other indicators
suggests that they are not genetically related, but rather are located in close proximity
tectonically. This is consistent with previous studies showing that the Neo-Tethyan
mantle is highly heterogeneous in terms of Os isotopes (e.g., Niu et al., 2015, Xu et
al. 2020). Therefore, this study provides further evidence to support the notion that
the upper mantle is heterogeneous in Os isotopes (Snow and Dick, 1995; Parkinson
et al., 1998; Walker et al., 2005; Harvey et al., 2006; Liu et al., 2008; Schulte et al.,

2009).
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Chapter 6. Summary

The Kalaymyo ophiolitic peridotites exhibit various textures and chemical
compositions due to partial melting and mantle-melt interaction. For my study, I
divided the samples into two groups, Group 1 and Group 2, based on their spinel
compositions with a cutoff value of 0.3 Cr#. Group 1 represents peridotites that have
undergone partial melting without mantle-melt interaction, while Group 2 comprises
peridotites that have experienced both partial melting and mantle-melt interaction.
The alteration process has some impact on major elements, but it does not affect the
HSE and Os isotopic compositions.

The effects of partial melting are clearly observed in the behavior of most HSEs.
In Group 1, the changes in IPGE content align well with a partial melting model,
with high D", On the other hand, the behavior of Pt and Pd in Group 1 is best
explained by a melting model with a partition coefficient of 3000 between sulfide
melt and silicate melt. The melting model including the partition coefficient between
silicate minerals and silicate melt provides a better explanation for the high IPGE
contents, indicating that silicate minerals can act as hosts for IPGEs after sulfide
exhaustion. The significant differences in duplicate analyses of IPGE content are
attributed to the existence of PGMs formed during extensive partial melting, which
is supported by the presence of IPGE and Ir-Pt alloys attached to magmatic sulfide.
The Re content decreases with increasing degrees of partial melting in both groups,
confirming the effect of partial melting.

The effect of mantle-melt interaction is different for HSEs. The wide variation

of Pd and Pt contents in Group 2 samples can be attributed to mantle-melt interaction,
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which is supported by the presence of secondary sulfides and Pt-Fe alloys associated
with hydrous minerals derived from subduction zones. However, the IPGE content
does not show significant changes in response to mantle-melt interaction.
Additionally, the reacted melt fails to introduce Re due to its high oxidation state.
The Os isotopic ratios do not show a specific correlation with the indices of
partial melting or mantle-melt interaction. Most samples display sub-chondritic Os
isotopic compositions, which are indicative of residual peridotites. The lack of
correlation suggests the absence of ancient Re influx during the mantle-melt
interaction process and the preservation of the initial isotopic composition due to the
high Os content in the residual mantle. This indicates that Neo Tethys was

heterogeneous in terms of Os isotopes.
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Appendix Table

Table A1. HSE analyses of procedural blanks and MUH-1 standard (ppb)

Sample Os Ir Ru Rh Pt Pd Re Ost Re? 187(yg/188g
Procedural blank (n=3) 0.007 0.001 0.001 0.007 0.018 0.084 0.017 - - -
MUH-1
This study 3.445 3.429 6.619 1.085 7.188 8.905 0.197 5.204 0.191 0.1268
This study 4,989 4,179 8.049 1.158 8.225 11.300 0.159 4,292 0.192 0.1270
This study 4,191 4.105 8.830 1.124 7.938 8.363 0.182 5.696 0.189 0.1248
Average (n=23) 4,209 £ 0.205 3.904 + 0.068 7.833+0.333 1.122+0.035 7.784+0.212 9.523 + 0.267 0.180+ 0.008 5.064 0.191 0.1262 + 0.0016
Preferred data® 413 3.80 7.23 1.40 9.8 8.9 0.2 4.13 0.2 0.1263 + 0.0007°

1 Data from montanuniversitaet leoben
2 Meisel, personal communication
3 Snortum and Day (2020)
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