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ABSTRACT

The highly siderophile element (HSE) or platinum group element (PGE) and Os isotope systematics 
of basaltic volcanics have recently received a significant attention because of their potential 
to constrain the petrological processes on magma generation and evolution. The HSE and Os 
isotope data, which are generally observed at very low concentrations in basalts and obtained by 
modern enrichment and analytical techniques, are frequently used in petrological studies. The 
HSE contents and ratios from whole-rock analysis of basalts, and combined evaluation with the 
theoretical knowledge and modelling of HSE behaviour during the partial melting of mantle and 
the differentiation of basaltic magma would provide opportunity for geochemical modelling on 
mantle melting. Besides, HSE contents and Pd-PGE/Ir-PGE ratios are important indicators for the 
nature of mantle sulfides, the sulfur saturation conditions of the mantle source, sulfide segregation, 
fractional crystallization, crustal assimilation and partial melting degrees in the origin and evolution 
of mantle-derived magmas. Therefore, in addition to the traditional whole-rock geochemical data 
obtained from Cenozoic aged basalts observed widely in Turkey, HSE and Os isotope systematics 
of these basalts can contribute to define the geochemical features of the mantle source, and to model 
petrological processes which are effective in the magma evolution.
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1. Introduction

The highly siderophile element (HSE) or platinum 
group element (PGE) contents of basaltic volcanics 
and their relative proportions have attracted wide 
attention in recent years due to their potential in the 
evaluation of petrological processes (partial melting, 
fractional crystallization, and assimilation), the effect 
of mantle melting-melt separation and understanding 
of the mantle-crust contribution (Shirey and Walker, 
1998; Carlson, 2005; Day, 2013; Gannoun et al., 
2016). HSE (or PGE) which is generally observed in 
basaltic volcanics at very low concentrations (<0.1 

ppb to several ppb; Day, 2013; Gannoun et al., 2016), 
is frequently used in petrogenesis studies of basaltic 
volcanics (Chesley and Ruiz, 1998; Rehkämper et al., 
1999a; McBride et al., 2001; Crocket, 2002; Crocket 
and Paul, 2004; Ivanov et al., 2008; Jung et al., 2011; 
Ma et al., 2013; Chu et al., 2013, 2017; Day, 2013; 
Izokh et al., 2016; Hopkins et al., 2016; Huang et al., 
2017; Waters et al., 2020) with the data obtained by 
modern sample enrichment-preparation and analysis 
methods in recent years (Shirey and Walker, 1995; Qi 
et al., 2007, 2011; Day et al., 2016).
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The HSE (or PGE) contents and ratios of basaltic 
volcanics obtained by whole-rock analysis are used 
together with the available literature information 
on the behavior of these elements during the partial 
melting of mantle and melt formation-separation, 
and using numerical models, allowing geochemical 
modeling of partial melting and melt generation 
events in the mantle. In addition, due to the different 
behavior of Re and Os during partial melting, contrary 
to Os, the preference of Re for melt phase due to its 
being more incompatible leads to Re-Os fractionation 
and Os isotopes enables monitoring the effects of 
melt separation processes and obtaining chronological 
information about partial melting processes (Barnes et 
al., 1985; Chesley et al., 2004; Qi and Zhou, 2008; 
Wang et al., 2010; Suzuki et al., 2011; Aldanmaz, 
2012; Huang et al., 2013; Aldanmaz et al., 2015; Zeng 
et al., 2016). Furthermore, it is claimed that post-
collisional basaltic volcanics (and mantle xenoliths, 
if any) formed in continental settings, provide direct 
and reliable information about the composition and 
geological history of the subcontinental lithospheric 
mantle (SCLM) (Aldanmaz, 2012; Day, 2013; Chu et 
al., 2013; Aldanmaz et al., 2015; Gannoun et al., 2016; 
Chu et al., 2017). The main reason for this is that 
the mantle melts formed in post-collisional settings 
differentiated by ascending to the surface along 
deep lithospheric profiles and thus basalts (and the 
mantle xenoliths it contains) partially have preserved 
their original composition (Crocket and Paul, 2004; 
Aldanmaz, 2012; Aldanmaz et al., 2015; Chu. et al., 
2017). Therefore, HSE contents and PPGE/IPGE 
ratios for the origin and evolution of mantle-derived 
magmas are important indicators for the nature of 
mantle sulfides, sulfur saturation conditions of the 
source mantle, sulfide segregation and fractional 
crystallization, melt-host rock interactions, crustal 
assimilation, and degree of partial melting (Barnes et 
al., 1985; Garuti et al., 1997; Rehkämper et al., 1999a; 
Crocket and Paul, 2004; Gannoun et al., 2016).

The first HSE geochemistry studies in mafic 
volcanic rocks around the world were carried out 
especially in large-volume igneous provinces (LIP; 
large igneous province) such as Siberia (Russia), 
Dekkan (India) and Emeishan (China) and Hawaiian 
volcanics (Crocket and Paul, 2004; Lightfoot and 
Keays, 2005; Qi et al., 2008; Qi and Zhou, 2008; 
Ireland et al., 2009; Wang et al., 2010, 2011). In these 
studies, most of the HSE data were obtained from 

tholeiitic-picritic basalts in large volume provinces 
and alkaline/transitional basalts in some small 
volume within-plate volcanic areas, and the processes 
controlling the HSE content of basaltic magmas were 
examined and discussed.

In Western Anatolia, Central Anatolia, Eastern 
Pontides and Eastern Anatolian orogenic belts 
(Turkey), collisional and post-collisional Cenozoic 
basaltic volcanics are common, and traditional whole-
rock and lithophile element isotope (especially Sr-
Nd-Pb-Hf isotope systematics) geochemistry data 
have generally been used in petrological studies on 
these volcanics so far. However, for the first time, 
Aldanmaz et al. (2015) revealed highly siderophile 
element (HSE) and Hf-Pb-Os isotope geochemistry of 
Middle Miocene active continental margin lavas and 
Late Miocene-Quaternary oceanic island (OIB) type 
within-plate mafic alkaline lavas in Western Anatolia, 
and then evaluated the mantle source characteristics 
of these volcanics and petrological processes that 
are effective in their evolution. Hence, petrological 
studies using only lithophile element geochemistry 
data in basaltic volcanics remains sometimes limited 
in the modeling of petrological processes such as 
mantle source areas where the parent magma derived, 
degrees of partial melting and crustal assimilation 
during magma evolution. Therefore, in studies on 
Cenozoic basaltic volcanic rocks in Turkey, if a 
new and modern analytical approach used, such as 
HSE and Os isotope geochemistry, may provide 
important constraints for the petrology of volcanics 
and the characteristics of mantle which they derived 
from. In this study, definition, analytical method, and 
geochemical behaviors of HSE, and new approaches 
to reveal petrological processes by using HSE and Os 
isotope systematics of basaltic volcanics are evaluated 
in the light of the current literature.

2. 	Definition and Terminology of Highly 
Siderophile Elements

Siderophile Elements (iron (=sideron) loving 
(=philia)); Goldschmidt, 1954) are transition metals 
with paramagnetic feature, which are ferromagnetic 
in high density and are also soluble in iron melt or 
solid solution, do not form any bonds with oxygen, but 
often with chalcophile (Cu–loving) elements. Some of 
these elements are also named as chalcophile elements 
which tend to be separated strongly by sulfide melt 
and some sulfide minerals.
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Siderophile elements are elements which are 
concentrated in the core and more sensitive to iron than 
sulfur. They are divided into three groups; i) slightly 
siderophile elements; (SSE: Mn, V, Cr), ii) moderately 
siderophile elements, (MSE: Ga, P, W, Co, Ag, Ni, Sb, 
As, Ge, Mo), iii) highly siderophile elements, (HSE: 
Re, Os, Ir, Ru, Pt, Rh, Au, Pd). These groups are 
determined according to the partition coefficients (D) 
calculated by the ratio of the amount of the element 
in the silicate melt to the amount in the metal. If this 
ratio is more than 10000, it is called HSE, if it is 
between 3 and 10000, it is called MSE, and if the ratio 
is above 1, it is called SSE (Walker, 2016). As with 
most trace elements, siderophile elements also change 
with parameters such as pressure and temperature, and 
for many siderophile elements, increasing temperature 
and pressure cause a decrease in D values. In addition 
to being a very useful element group, some moderately 
siderophile and highly siderophile elements also 
play important roles in geological studies with their 
radiogenic isotope systems (187Re-187Os, 190Pt-186Os 
and 182Hf-182W).

Highly siderophile elements (HSEs; Re, Os, Ir, Ru, 
Pt, Rh, Pd and Au) can also be defined as platinum 
group elements (PGEs; Os, Ir, Ru, Rh, Pt and Pd) 
+ (Re and Au). Platinum group elements are highly 
chalcophile elements (also defined as noble metals) 
and are divided into two groups as Ir-group (IPGE; Os, 
Ir, Ru) and Pd-group (PPGE; Pt, Pd, Rh) depending on 
the melting temperature and behavior of the mantle 
under P-T conditions (Keays, 1982; Barnes et al., 
1985). PGEs are highly refractory due to their high 
melting temperatures and show strong affinity for iron 
(siderophile) and sulfur (chalcophile) (Sharpe, 1982; 
Barnes et al., 1985). In the definition of PGE and 
HSE, there is a clear distinction in economic geology, 
industry, or biomedical studies.

3. 	Analytical Methods for Highly Siderophile 
Element and Osmium Isotope 

In whole-rock HSE and Os isotope geochemistry 
studies of basaltic volcanics; sample selection should 
be made by considering detailed field, petrographic, 
whole-rock lithophile element (major, trace-rare 
earth element, Sr-Nd-Pb-Hf isotope) geochemistry 
and Ar-Ar geochronology data. Samples of 400-500 
g selected for this purpose are first cut into small 
pieces and grinded up to approximately 250 mesh in 
an agate ring mill. Then, 10-15 gr for each sample are 

separated from the powdered samples and made ready 
for analysis.

Since HSE contents of basaltic volcanics are 
generally at very low concentrations, it requires 
different geochemical approaches and methods 
(Meisel and Horan, 2016) from traditional whole-
rock analysis. In order to analyze the very low HSE 
concentrations in basaltic volcanics, 2-3 g of fine 
powdered sample is passed through some special high 
temperature (~220-250oC) dissolution (Carius tube 
technique and its development; Shirey and Walker, 
1995; Qi et al., 2004, 2007; Day et al., 2016) and 
other modified acid dissolution (Qi et al., 2011) and 
enrichment processes, after that the mass spectrometry 
instruments (ID-TIMS and/or SF-ICP-MS, N-TIMS) 
is required for measuring accurately and precisely.

First of all, chemical separation and enrichment 
processes of HSE are performed from whole-rock 
powder samples. Whole-rock powder samples are 
dissolved using aqua regia (2:1 16 N HNO3 and 12 N 
HCl, 9 ml) and stabilized with enrichments of 185Re, 
190Os and 191Ir–99Ru–105Pd–194Pt. The dissolution 
process is continued by separating the element Os by 
CHCl3 solvent extraction (Cohen and Waters, 1996) 
and Os micro distillation (Birck et al., 1997). Elements 
Ir, Ru, Pt, Pd and Re are separated from the remaining 
solution using anion-exchange chromatography and 
then analyzed by inductively coupled plasma-mass 
spectrometry (ICP-MS). Isotope fractionation is 
corrected using standard Ir, Ru, Pd, Pt (E-pond) and 
Re (NIST 3143) solutions, which are analyzed linearly 
and with samples.

Os concentrations and isotopic ratios are measured 
using negative-thermal ionization mass spectrometry 
(N-TIMS) (Creaser et al., 1991; Völkening et al., 
1991). Samples are loaded with concentrated HBr 
onto Pt filaments with Ba(OH)2 activators and then 
analyzed as OsO3

- in N-TIMS using a secondary 
electron multiplier in maximum jump mode. The 
measured Os isotope ratios are corrected using 
192Os/188Os = 3.08271 (Shirey and Walker, 1998) 
for oxygen isobaric interactions, enrichment (spike) 
contribution, instrumental mass fractionation.

Based on the measured 187Re/188Os and 187Os/188Os 
isotope ratios in basaltic volcanics as well as the 
absolute ages of the rocks and chondritic 187Re/188Os 
and 187Os/188Os isotope ratios; some calculations are 
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made such as initial Os isotope ratio (187Os/188Osi), 
gamma (γ)-Os parameter (percent deviation relative 
to chondritic osmium isotope composition at time 
of separation from the mantle), chondritic osmium 
isotope composition (187Os/188OsT) by age, and model 
age (TMA; Walker et al., 1989; Shirey and Walker, 1998) 
which represent the melt separation time from the 
chondritic mantle and is calculated according to Luck 
and Allègre (1984). In the calculations, the following 
formulas are used by taking the present-day chondritic 
values of 187Re/188Os=0.40186 and 187Os/188Os=0.127 
and 87Re decay constant (λ)=1.6668x10-11 y-1 (Selby 
et al., 2007).

187Os/188OsInitial = 
187Os/188OsSample – [(187Re/188OsSample) 

x (eλt-1)]	 (1)

γOs= [(187Os/188OsSample(t) / 187Os/188OsChondrite(t))-1]x100 
= [(187Os/188OsInitial / 187Os/188OsT)-1]x100	 (2)

187Os/188OsT = 187Os/188OsInitial + 
187Re/188OsChondrite  (eλ 

(4568000000) - eλt)	 (3)

TMA = 1/λ x ln [((187Os/188OsChondrite-187Os/188OsSample)/ ( 

187Re/188OsChondrite - 187Re/188OsSample))+1]	 (3)

4.	 Geochemical Behavior of Highly Siderophile 
Elements and Their Importance in Petrology

Highly siderophile elements show different 
behaviors during melting. Especially palladium 
group elements (PPGE) (Pt, Pd; melting temperatures 
<2000°C) and Re exhibit behaviors ranging from 
partial compatibility to partial incompatibility during 
melting and crystallization, while iridium group 
elements (IPGE) (Os, Ir and Ru; melting temperatures 
>2000°C) show quite compatible behavior (Barnes 
et al., 1985). The different behavior of siderophile 
elements during partial melting is explained by the 
melt derived from the mantle and the differences in 
the absolute and relative amounts of these elements 
in the remnant mantle rocks (Gannoun et al., 2016). 
In addition, since Pt is partially compatible, Re is 
partially incompatible and Os is quite compatible in 
melt formation, the Re-Os and Pt-Os isotope systems 
differ significantly from the more geochemically more 
useful lithophile element isotope systems (Rb-Sr; Sm-
Nd; Lu-Hf) which prefer melt in terms of both parent 
and daughter isotopes (Gannoun et al., 2016).

HSE contents and PPGE/IPGE ratios can be used as 
important geochemical data to determine petrological 

processes (such as degree of partial melting, the nature 
of the mantle source, crustal assimilation) about the 
origin and development of mantle-derived magmas 
(Barnes et al., 1985; Rehkämper et al., 1999a; 
Crocket, 2002; Crocket and Paul, 2004; Aldanmaz et 
al. , 2015; Zhang et al., 2015; Walker, 2016; Gannoun 
et al., 2016; Zeng et al., 2016; Hopkins et al., 2016; 
Chu et al., 2017; Huang et al., 2017). In addition, 
since PGE has a very high partition coefficient 
between sulfide liquids and silicate melt (Mungall and 
Brenan, 2014), the PGE contents of basaltic volcanics 
can also be a very sensitive indicator in determining 
sulfide segregation (Barnes et al., 2015). Therefore, 
the HSE geochemistry of basalts can reveal important 
limitations in petrological studies (Qi and Zhou, 2008; 
Ivanov et al., 2008; Wang et al., 2010; Huang et al., 
2013, 2017; Aldanmaz et al., 2015; Zeng et al., 2016; 
Chu et al., 2017). 

HSE and Os isotope geochemistry data are also 
used to illuminate petrological processes including 
metasomatic reactions associated with melt formation 
and transport due to different degrees of partial 
melting of the mantle peridotite (Allégre and Luck 
1980; Brandon et al., 1996; Alard et al., 2000, 2005; 
Meibom et al., 2002; Luguet et al., 2003; Bockrath 
et al., 2004; Büchl et al., 2004; Chesley et al., 2004; 
Pearson et al., 2004; Lorand et al., 2008; Ireland et 
al., 2009; Aldanmaz, 2012; Huang et al., 2017). In 
this context, when HSE or PGE relative proportions 
and Os isotope compositions of basalts developed in 
different tectonic settings are evaluated together, they 
play an important role in understanding petrological 
processes that affect the development of basaltic 
magmas (Shirey and Walker, 1998; Carlson, 2005; 
Day, 2013; Walker, 2016; Gannoun et al., 2016).

Studies on the age and magmatic development 
of the subcontinental lithospheric mantle (SCLM) 
revealed that the Re-Os isotope systematics is an 
important radiogenic isotope system in obtaining 
information about the melting of the mantle and the 
development of the lithosphere (Allégre and Luck, 
1980; Walker et al., 1989; Peucker-Ehrenbrink and 
Jahn, 2001; Schmidt and Snow, 2002; Rudnick and 
Lee, 2002; Powell and O'Reilly, 2007; Pearson et 
al., 2007; Ireland et al., 2009; Aldanmaz et al., 2015; 
Huang et al., 2017). Thus, it has been stated that there 
is a systematic increase in Re/Os ratios in the residual 
mantle with the partial melting degree and depending 
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on time, since the Os -which exhibits compatible 
behavior during the partial melting of the mantle- is 
kept in the residual mantle, but the more incompatible 
Re prefers the melt phase (Shirey and Walker, 1998; 
Walker et al., 1989; Schmidt and Snow, 2002; Walker, 
2016). In addition, it has been emphasized in the studies 
that the time-dependent change of partial melting 
degree and the effects of metasomatic processes 
developing after the melt generation-separation can 
be geochemically modeled with Os isotopes and HSE 
systematics (Lorand et al., 2004; 2008; Reisberg et 
al., 2005; Ackerman et al., 2009; Ireland et al., 2009; 
Harvey et al., 2010; Aldanmaz, 2012; Huang et al., 
2017).

5.	 Sulfide Mineral Phases Affecting Highly 
Siderophile Element Content in Basaltic 
Volcanics

It is very important to carry out analytical studies 
(ore microscopy, SEM, EPMA) on the petrography 
and mineral chemistry of primary sulfide minerals 
in basaltic volcanics. Because sulfide phases 
significantly affect the HSE content and geochemistry 
of basaltic volcanics. The first petrographic and 
mineral chemistry studies in sulfide mineral phases 
were carried out on magmatic sulfides associated with 
systems forming orthomagmatic Ni-Cu-PGE minerals 
(Mungall and Brenan, 2014; Barnes et al., 2017). In 
addition, in recent years, research has been carried 
out on magmatic sulfides in volcanic arc (Park et 
al., 2015; Keith et al., 2017; Georgatou et al., 2018; 
Savelyev et al., 2018) and continental post-collisional 
settings (Georgatou and Chiaradia, 2020). According 
to the formation, texture and composition of magmatic 
sulfides in post-collisional high-K calc-alkaline, 
shoshonitic and alkaline volcanic systems; it has been 
reported that sulfur saturation improves regardless of 
magma composition, geodynamic environment and 
whether or not it creates an economic mineral deposit 
(Georgatou and Chiaradia, 2020). In addition, it has 
been stated that the sulfide composition depends on 
the nature of the host mineral and the Ni/Cu ratio of 
sulfides decreases with magmatic evolution. In the 
early stage, Ni-rich and Cu-poor sulfides are hosted 
by early crystallized silicate minerals (olivine and 
pyroxene), while in the late stage, Cu-rich sulfides are 
hosted by Fe-Ti oxides. It has been suggested that the 
most common sulfides in the early saturation phase 
consist of Cu-poor and Ni-rich phases (pyrrhotite, 
pentlandite) and very little Cu-rich phases (cubanite, 

chalcopyrite), while late-phase sulfides consisting 
of Cu-rich phases (chalcopyrite, bornite, digenite; 
intermediate solid solution) are hosted only by 
magnetite and are found only in differentiated rocks 
(andesite and dacite) (Georgatou and Chiaradia, 2020).

Possible sulfide types can be listed as follows in 
accordance with the current literature with the presence 
of primary sulfide phases in basaltic volcanics as 
inclusions in silicate and Fe-Ti oxide minerals and 
in the groundmass and/or their textural properties: 
Type 1 sulfides are rare and only hosted by olivine 
phenocrysts. These can mostly consist of Cu-poor 
phases (pyrrhotite, pentlandite). Type 2 sulfides are 
the most abundant and are hosted by different minerals 
(pyroxene, amphibole, magnetite). These may consist 
of Cu-poor phase (pyrrhotite ± pentlandite) and Cu-
rich phase (cubanite, chalcopyrite). Type 3 sulfides are 
rare and hosted by magnetite. These can mostly consist 
of Cu-rich phase (chalcopyrite±chalcocite) and pyrite. 
Type 4 sulfides are hosted only by magnetite and may 
contain only Cu-rich phases (chalcopyrite-bornite ± 
digenite). Type 5 sulfides are present in groundmass 
as sulfide-oxide-silicate aggregates and are mostly 
Cu-poor phases.

6. 	Highly Siderophile Element and Osmium 
Isotope Geochemistry in Basaltic Volcanics

HSE contents in basaltic volcanics can generally 
be very low (<0.1 ppb to a few ppb; typically, ng/gr) 
(Day, 2013; Gannoun et al., 2016). Thus, sometimes 
Os content <0.1 ppb, Pt and Pd contents may remain 
at a few ppb level (Table 1; Figure 1). For example, 
HSE contents are Os=0.14 ppb, Ir=0.09 ppb, Ru=0.18 
ppb, Pt=2.93 ppb, Pd=5.43 ppb, Re=0.16 ppb in Izu-
Bonin and Grenada island arc basalts (McInnes et al., 
1999; Woodland et al., 2002), Os=0.187 ppb, Ir=0.074 
ppb, Ru=0.171 ppb, Pt=0.421 ppb, Pd=1.131 ppb, 
Re=0.106 ppb in NE China high-K basalts (Chu et 
al., 2013), Os=0.073 ppb, Ir=0.043 ppb, Ru=0.076 
ppb, Pt=0.292 ppb, Pd=0.307 ppb, Re=0.125 ppb in 
Central East China continental flood basalts (Chu 
et al., 2017) (Table 1; Figure 1). In addition, ÓPGE 
contents are generally 1.08 ppb in mid-ocean ridge 
basalt (MORB) (Bézos et al., 2005; Day, 2013), 4.58 
ppb in ocean island basalt (OIB) (Day, 2013) and 29.1 
ppb in primitive mantle (Becker et al., 2006).

Possible Ir, Ru, Pt and Pd depletion or enrichment 
in chondrite-normalized HSE element distribution 
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Table 1-	Abundances of highly siderophile element (HSE) or platinum group element (PGE) in chondrite, mantle, crust, and basaltic volcanics 
from different tectonic setting.

 
Os 

(ppb)
Ir 

(ppb)
Ru 

(ppb)
Rh 

(ppb)
Pt 

(ppb)
Pd 

(ppb)
Re 

(ppb)
ÓPGE Pd/Ir Pt/Pd Reference

Chondrite (C1) 450 424 631 130 864 563 37.3 3062 1.33 1.53
Fischer-Gödde et 
al. (2010)

Bulk silicate earth 3.9 3.5 7 1.2 7.6 7.1 0.35 30.30 2.03 1.07
Fischer-Gödde et 
al. (2010)

Primitive mantle 3.9 2.9 6.3 1.03 6.2 5.38 0.35 25.71 1.86 1.15

Barnes et al. 
(2015) (Re: 
Becker et al. 
(2006)

Lower continental crust 0.05 0.05 0.75 - 2.7 2.8 0.18 6.35 56 0.96
Rudnick and Gao, 
(2004)

Upper continental crust 0.031 0.022 0.34 - 0.5 0.52 0.198 1.41 23.64 0.96
Rudnick and Gao 
(2004)

Bulk continental crust 0.041 0.037 0.57 - 1.5 1.5 0.188 3.65 40.54 1
Rudnick and Gao 
(2004)

Mid-ocean ridge basalt 0.03 0.055 0.061 - 0.053 1.19 0.86 1.39 21.64 0.04
Bézos et al. 
(2005); Gannoun 
et al. (2007)

Ocean island alkaline basalt 0.07 0.17 0.34 - 2.6 1.4 0.39 4.58 8.24 1.86 Day (2013)
Ocean island tholeiitic basalt 0.64 0.45 1.11 - 2.27 2.2 0.38 6.67 4.89 1.03 Day (2013)
Ocean island basalt (Azore 
Islands) (n=30)

0.071 0.154 0.141 - 1.233 1.531 0.232 3.13 9.94 0.81
Waters et al. 
(2020)

Island arc basalt (Izu-Bonin 
and Grenada) (n=23)

0.14 0.09 0.18 - 2.93 5.43 0.16 8.77 60.33 0.54
McInnes et al. 
(1999); Woodland 
et al. (2002)

Island arc basalt (Kamchatka) 
(n=6)

0.28 0.078 0.32 - 2.74 11.71 0.31 15.13 150.13 0.23
Ivanov et al. 
(2008)

Continental flood basalt (N 
Vietnam) (n=11)

- 0.112 0.302 0.216 3.803 4.609 - 9.04 41.15 0.83 Li et al. (2016)

Continental flood basalt 
(Tarim, China) (n=11)

- 0.016 0.012 0.004 0.029 0.109 - 0.17 6.81 0.27 Yuan et al. (2012)

Continental flood basalt 
(Siberia, Russia) (n=21)

0.047 0.087 0.395 0.209 45.339 8.911 - 54.99 102.43 5.09 Izokh et al. (2016)

Continental within-plate basalt 
(Syria) (n=21)

0.044 0.036 0.085 0.022 0.384 0.306 0.094 0.88 8.50 1.25 Ma et al. (2013)

Continental within-plate basalt 
(N China Craton) (n=42)

0.041 0.029 0.072 0.017 0.170 0.126 - 0.46 4.34 1.35
Zhang et al. 
(2015)

Continental alkaline basalt (E 
China) (n=24)

- 0.086 0.195 0.057 0.365 0.355 - 1.06 4.13 1.03 Zeng et al. (2016)

High-K basalt (NE China) 
(n=18)

0.187 0.074 0.171 - 0.421 0.131 0.106 0.98 1.77 3.21 Chu et al. (2013)

Continental alkaline basalt 
(Central East China) (n=15)

0.214 0.194 0.377 - 0.633 0.472 0.106 1.89 2.43 1.34 Chu et al. (2017)

Continental tholeiitic basalt 
(Central East China) (n=6)

0.073 0.043 0.076 - 0.292 0.307 0.125 0.79 7.14 0.95 Chu et al. (2017)

Continental alkaline basalt (SE 
China) (n=14) 

- 0.287 0.428 0.170 0.755 0.554 - 2.19 1.93 1.36
Huang et al. 
(2017)

Continental tholeiitic basalt 
(SE China) (n=26)

- 0.084 0.215 0.037 0.252 0.184 - 0.77 2.19 1.37
Huang et al. 
(2017)

Kula basalt (Western Anatolia) 
(n=4)

0.02 0.20 0.13 - 1.57 0.26 0.17 2.18 1.30 6.04
Aldanmaz et al. 
(2015)

Çanakkale and Thrace basalts 
(Western Anatolia) (n=22)

0.10 0.09 0.18 - 2.66 0.25 0.13 3.28 2.78 10.64
Aldanmaz et al. 
(2015)
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diagrams of basaltic volcanics may reflect the 
segregation or addition of PGE-rich nano-nuggets 
such as native metals, alloys or platinum group 
minerals normally associated with sulfides (Figure 
2). In the basaltic volcanics positive correlation in Ir 
against other HSE diagrams and negative correlation 
in Ir versus Pd/Ir ratio diagram indicate that the IPGEs 
behave compatible in the basaltic magma origin, 
while the IPGE and PPGE are fractionated during the 
magma formation and/or evolutionary process. 

Although the 187Os/188Os isotope ratio of the 
primitive mantle is reported as 0.1296 (Meisel et al., 
2001), 187Os/188Os isotope ratio of ocean island basalts 
(OIB) is between 0.1082 and 0.22227 (Day, 2013), the 
187Os/188Os isotope ratio of mid-ocean ridge basalts 
(MORB) is between 0.126 and 0.148 (avg.= 0.133) 
(Gannoun et al., 2016) and the 187Os/188Os isotope 
ratio of subduction-related basalts varies in a very 
wide range between 0.1268 and 1.524 (Gannoun et 
al., 2016) (Table 2).

Os versus 187Os/188Os isotope composition variation 
in basaltic volcanics may indicate lithospheric mantle 

assimilation, fractional crystallization, and crustal 
assimilation. On the other hand, trends in 187Os/188Os 
isotope versus 1/Os and PdN/IrN diagrams can indicate 
whether primary sulfide and/or secondary sulfide 
addition exists (Figure 3).

Positive (+) γOs values calculated in basaltic 
volcanics are defined as enriched or radiogenic and 
show a long-term increasing isotope ratio of 187Re/188Os 
compared to chondrite. On the other hand, negative (-) 
γOs values are defined as depleted or non-radiogenic 
and show the isotope ratio 187Re/188Os decreasing for a 
long time compared to chondrite (Figure 4). The range 
of γOs values in basaltic volcanics varies considerably 
between (-10) and (+300). There are two possibilities 
regarding the negative (-) 187Os/188Osi and especially 
negative (-) γOs values observed in some samples: (1) 
Since the depleted mantle has negative (-) γOs values, 
small negative (-) values (such as γOs= -1 and -5) 
are due to olivine and/or clinopyroxene xenocrystals 
found as possible mantle residues in basaltic 
volcanics. (2) Negative (-) values (such as γOs= 
-200 and -500) are related to the modification of the 

Figure 1- 	Os (ppb) versus Re (ppb) variation diagram of basaltic volcanics. Fields are mid-ocean ridge 
basalts (MORB), ocean island tholeiitic basalts (OIB-T) and ocean island alkaline basalts 
(OIB-A) from Shirey and Walker (1998); Miocene-Quaternary Western Anatolian basalts from 
Aldanmaz et al. (2015); Miocene Central European basalts (Vogelsberg, Germany) from Jung 
et al. (2011); Quaternary potassic basalts (NE China) from Chu et al. (2013); mantle xenoliths 
within potassic basalts (Keluo, NE China) from Zhang et al. (2011).
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Table 2- Abundances of osmium isotope in chondrite, mantle reservoirs, and basaltic volcanics from different tectonic setting.

  Re (ppb) Os (ppb) 187Re/188Os 187Os/188Os γOs Reference

Chondrite (C1) 38.1 460.5 0.3924 0.1262 -
Horan et al. (2003); Fischer-Gödde 
et al. (2010)

Primitive mantle 0.35 3.9 0.4358 0.1296 -
Meisel et al. (2001) (Re and Os: 
Becker et al. (2006)

Enriched mantle-I (EM-I) - - - 0.148 16.5 van Keken et al. (2002)

Enriched mantle -II (EMII) - - - 0.150 18 van Keken et al. (2002)

High-µ mantle (HIMU) - - 0.150 18 van Keken et al. (2002)

Depleted MORB mantle (DMM) - - - 0.123 -3 van Keken et al. (2002)

Oceanic crust 0.7 0.05 - 0.15 Peucker-Ehrenbrink et al. (2012)

Continental crust 0.20 0.03 - 1.1 - Peucker-Ehrenbrink and Jahn (2001)

Mid-ocean ridge basalt (n=7) 1.168 0.027 - 0.1376 - Day (2013)

Mid-ocean ridge basalt (Pacific Ocean) 
(n=14)

1.40 0.01 2565.14 0.1320 - Gannoun et al. (2007)

Mid-ocean ridge basalt (Atlantic Ocean) 
(n=14)

1.14 0.02 981.86 0.1345 - Gannoun et al. (2007)

N-type mid-ocean ridge basalt (SW Indian 
Ocean Ridge) (n=14)

0.60 0.025 575.29 0.17282 - Yang et al. (2013)

Iceland basalts (n=15) 0.287 0.114 - 0.13307 - Debaille et al. (2009)

Ocean island basalt (n=24) 0.254 0.197 - 0.1318 - Day (2013)

HIMU-type ocean island basalt (Cook-
Austral islands) (n=21)

0.210 0.132 - 0.1446 Hanyu et al. (2011)

Ocean island basalt (Great Comoro island, 
Indian Ocean) (n=13)

0.23 0.058 42.78 0.1499 Class et al. (2009)

Ocean island basalt (Samoan islands, S 
Pacific Ocean) (n=19)

0.396 0.547 16.17 0.13255 Jackson and Shirey (2011)

Ocean island basalt (Galapagos islands) 
(n=23)

0.343 0.094 - 0.14959 15.42 Gibson et al. (2016)

Ocean island basalt (Azores islands) 
(n=30)

0.232 0.071 - 0.13526 - Waters et al. (2020)

Oceanic alkaline basalt (Cameroon) 
(n=13)

0.348 0.031 147.8 0.1545 - Gannoun et al. (2015)

Ocean island basalt (Tristan da Cunha) 
(n=3)

- - 506 0.1847 40 Rocha-Júnior et al. (2012)

Continental alkaline basalt (Cameroon) 
(n=8)

0.497 0.021 322.9 0.3157 - Gannoun et al. (2015)

Continental within-plate basalt (S 
Australia) (n=9)

0.151 0.068 25.26 0.24779 95.08 McBride et al. (2001)

High-K basalt (NE China) (n=18) 0.106 0.187 3.67 0.14036 11.52 Chu et al. (2013)

Continental flood basalt (Parana, Brazil) 
(n=11)

- - 47.3 0.23382 3.05 Rocha-Júnior et al. (2012)

Within-plate basalt (Auckland, New 
Zealand) (n=26)

0.183 0.0521 - 0.27205 - Hopkins et al. (2016)

Continental alkaline basalt (Central East 
China) (n=15)

0.106 0.214 14.44 0.17466 34.67 Chu et al. (2017)

Continental tholeiitic basalt (Central East 
China) (n=6)

0.125 0.073 14.10 0.29061 126.07 Chu et al. (2017)

Kula basalt (Western Anatolia) (n=4) 0.17 0.020 40.97 0.39346 209.5 Aldanmaz et al. (2015)

Çanakkale and Thrace basalts (Western 
Anatolia) (n=22)

0.13 0.10 29.70 0.22067 77.7 Aldanmaz et al. (2015)
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Figure 2- Chondrite-normalized HSE distributions of basalts formed in different tectonic settings. Chondrite (C1) normalization values are 
from Fischer-Gödde et al. (2010). Primitive mantle from Barnes et al. (2015) (Re; Becker et al., 2006); Lower continental crust and 
Upper continental crust from Rudnick and Gao (2004); Mid-ocean ridge basalt from Bézos et al. (2005) and Gannoun et al. (2007); 
Ocean island alkaline basalt and tholeiitic basalt from Day (2013); Island arc basalts (Izu-Bonin and Grenada) from McInnes et al. 
(1999) and Woodland et al. (2002); Continental within-plate basalts (Syria) from Ma et al. (2013); High-K basalts (NE China) from 
Chu et al. (2013); Continental alkaline basalts (Central-East China) from Chu et al. (2017); Kula, Çanakkale and Thrace basalts

	 (W Anatolia) from Aldanmaz et al. (2015).

Figure 3- a) Os versus 187Os/188Os, b) 1/Os versus 187Os/188Os, and c) PdN/IrN versus 187Os/188Os variation diagrams. 
Lithospheric mantle assimilation, fractional crystallization, crustal assimilation, primary sulfide addition and 
secondary sulfide addition trends from Chu et al. (2013), 187Os/188Os and Os composition of lower continental 
crust (187Os/188Os= 0.8 and Os= 0.049 ppb) from Saal et al. (1998), Pd and Ir contents of lower continental crust 
from Rudnick and Gao (2004) and chondrite composition for the normalized ratio (PdN/IrN= ~42) from Fischer-
Gödde et al. (2010).



Bull. Min. Res. Exp. (2022) 167: 83-109

92

Re-Os systematic after eruption of basaltic volcanics, 
and generally reflect the trace of hydrothermal 
alteration associated with secondary sulfide formation 
(mostly pyrite) commonly developed in basaltic rocks. 

The Re-Os model ages (TMA) calculated in basaltic 
volcanics can reach very low or very high values, 
sometimes not meaningful for the actual age of the 
melt separation. Because model age (TMA) gives the 
real age when Re is not modified by later geological 
events, while it corresponds to older or younger ages 
when Re is added and depleted (Rudnick and Walker, 
2009).

Figure 4- Osmium isotope compositional range as γOs in basaltic volcanics and mantle reservoirs. Galapagos 
Plio-Quaternary ocean island basalts (Gibson et al., 2016); Tristan da Cunha Quaternary ocean island 
basalts (Rocha-Júnior et al., 2012); Brazil (Parana) Cretaceous continental flood basalts (Rocha-
Júnior et al., 2012); SE Australia Quaternary continental within-plate basalts (McBride et al., 2001); 
Central-East China Miocene continental basalts (Chu et al., 2017); NE China potassic basalts 
(Chu et al., 2013); Western Anatolian Miocene-Quaternary basalts (Aldanmaz et al., 2015); NW 
Anatolian mantle peridotite xenoliths (Aldanmaz, 2012), pyroxenites (Reisberg et al., 1991; Pearson 
and Nowell, 2004; Wang and Becker, 2015); eclogite xenoliths (Pearson et al., 1995); oceanic 
crust (Blusztajn et al., 2000; Peucker-Ehrenbrink et al., 2003; Dale et al., 2007; Day, 2013); lower 
continental crust (Saal et al., 1998); upper continental crust (Esser and Turekian, 1993; Peucker-
Ehrenbrink and Jahn, 2001; Chen et al., 2016); enriched mantle-1 (EM-I; γOs= 16.5), enriched 
mantle-2 (EM-II; γOs= 18), HIMU (high μ; μ=238U/204Pb; γOs= 18) and depleted mantle (DM; γOs= 
-3) (van Keken et al., 2002).

The geochemical behavior of the Re and Os 
elements checks the reliability of the Re-Os isotope 
geochemistry and thus the geochronology. Since both 
Re and Os elements are not hosted by silicate minerals, 
and are also insoluble in reducing aqueous fluids, there 
are only two ways of separating the phases containing 
the Re or Os elements from each other; 1) remaining 
adjacent to another phase with a comparable affinity 
for the element Re or Os under conditions that 
allow diffusion or 2) interacting with an oxidizing 
fluid (Stein and Hannah, 2015). An isolated sulfide 
mineral surrounded by silicates does not lose the Re 
or Os element, but surface alteration or any oxidizing 
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fluid interaction causes the Re-Os isotopic system 
to breakdown (Georgiev et al., 2012). However, it is 
known that it is possible to obtain the eruption age 
of basaltic magma by using Re-Os geochronology in 
whole-rock and/or mineral separations in Cenozoic 
basaltic volcanics.

7. Evaluation of Petrological Processes

7.1. HSE Characteristics of Parent Magmas and the 
Nature of the Mantle Source

HSE abundances in mantle-derived basaltic melts 
(magmas) are generally controlled by parameters such 
as the degree of partial melting, the mineralogy of the 
mantle source and sulfide segregation in the mantle 
source. PGE has a very high partition coefficient 
between sulfide liquids and silicate melt (Mungall 
and Brenan, 2014). Since Os and Ir (IPGE) are more 
compatible with olivine, HSE contents of basalts are 
important in determining sulfide segregation (Barnes 
et al., 2015). In general, it has been suggested that when 
the partial melting degree is low, S-saturated melts are 
produced causing the sulfides in the source mantle to 
not dissolve completely, and therefore PPGE bearing 
interstitial sulfide effectively fractionates from the 
silicates surrounded by IPGE bearing a mono-sulfide 
solid solution (Ballhaus et al.., 2006; Ireland et al., 
2009; Day et al., 2010; Day, 2013; Aldanmaz et al., 
2015).

Basaltic volcanics generally have low ÓPGE 
contents and relatively differentiated HSE distributions 
with much higher and variable Pd/Ir ratios than 
chondrite (Pd/Ir= 1.33; Fischer-Gödde et al., 2010), 
which can be interpreted as source characteristics, 
indicating that they may contain IPGE-depleted 
mantle source component (MORB). However, this 
case will still require effective consumption of PGE 
from the mantle source (possibly with PGE containing 
sulfides entering the melt), although this is S-saturated 
during melting in the mantle, the melts (magmas) will 
be S-undersaturated because of sulfide segregation by 
decompression during melt (magma) ascent (Ballhaus 
et al., 2006; Aldanmaz et al., 2015). Alternatively, 
differentiated IPGE/PPGE ratios may occur as a result 
of low to medium partial melting at moderately high 
oxygen fugacity, which will reduce the amount of 
sulfides to produce S-undersaturated melts (Mungall 
et al., 2006; Mungall and Brenan, 2014; Aldanmaz et 
al., 2015). 

Some HSE ratios (e.g., Pt/Pd and Pd/Ir) in mantle-
derived basaltic rocks are interpreted as indicators 
of mantle metasomatism (Maier and Barnes, 2004). 
While basalts formed by fluid-rich melting events in 
the metasomatized lithospheric mantle have Pt/Pd= 
~1-1.8 and Pd/Ir= ~2-40 ratios close to chondritic 
ratios, basalts derived from a mantle source without 
strong fluid/melt metasomatism are generally sub-
chondritic Pt/Pd and super-chondritic Pd/Ir ratios 
(Maier and Barnes, 2004).

The non-chondritic HSE distributions generally 
observed in basaltic volcanics are mostly due to 
partial melting and metasomatism processes in the 
lithospheric mantle (Rehkämper et al., 1999b; Alard 
et al., 2000; Lorand et al., 2009). HSE fractionation 
in subduction-related basaltic volcanics may be due 
to the mobility of HSEs in fluids/melts derived from 
the subducted plate (Brandon et al., 1996), and/or 
may result from the formation of PGE alloys during 
hydrous melting (McInnes et al., 1999; Kepezhinskas 
and Defant, 2001). On the other hand, collisional-post-
collisional magmatism usually includes partial melting 
of subcontinental lithospheric mantle (SCLM) which 
has undergone subduction-related metasomatism, and/
or lower crust melts (Hou et al., 2013; Locmelis et al., 
2016; Fiorentini et al., 2018; Holwell et al., 2019). This 
process can produce hydrous/anhydrous, alkaline-rich 
melts that emplace and differentiate at various depths 
of the crust (Richards, 2009). The heat source for 
melting is provided by asthenospheric upwelling due 
to lithospheric extension and/or slab break-off and 
delamination, and/or post-collisional thermal rebound 
(Richards, 2011).

When (187Os/188Os)i composition is correlated with 
(87Sr/86Sr)i and (143Nd/144Nd)i compositions in basaltic 
volcanics , they can be distributed over a wide range 
from sublithospheric mantle, continental lithospheric 
mantle to EM-I and HIMU mantle source areas (Figure 
5). In addition, initial Sr and Nd isotope changes 
against the initial Os isotope composition can reveal 
the importance of continental crust components in the 
petrological evolution of basaltic volcanics. However, 
the mismatches in the initial Os-Sr and Os-Nd isotope 
correlation distributions may result from early melt 
differentiation of the Re-Os isotope system (sensitive 
to sulfide fractionation) due to the fact that the Os 
element is siderophile, whereas the Rb-Sr and Sm-Nd 
isotope systems (sensitive to silicate fractionation) 
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are more sensitive in late-stage differentiation events 
since the Sr-Nd elements are lithophile.

7.2. Sulfur Saturation Conditions of Parent Magmas

The HSE geochemistry of basaltic volcanics is 
mainly closely related to the sulfur saturation condition 
in the source area during partial melting and in the 
ascending magmas. Most of HSE is hosted in sulfide 
phases with high sulfide/silicate partition coefficients 
up to 105 (Stone et al., 1990; Bezmen et al., 1994; 
Keays, 1995; Fleet et al., 1996; Crocket et al., 1997). 
Since Cu/Zr, Pd/Zr and Pd/Cu ratios (McDonough 
and Sun, 1995) use strongly incompatible elements 
in S-undersaturated magmas and thus concentrate 
in the residual silicate melt rather than silicate or 
oxide minerals formed in differentiating magmas, 
these ratios can be used to determine the S-saturation 
condition of the magmas that have undergone 
differentiation (Yuan et al., 2012). However, when 
magma reaches S-saturation, Cu/Zr, Pd/Zr and Pd/
Cu decrease due to the very high chalcophile nature 
of Cu and Pd; however, since Pd has a much greater 
sulfide/silicate partition coefficient than Cu, the Pd/
Cu ratio is particularly sensitive to sulfur saturation 
(Keays and Lightfoot, 2007). Low Cu, Ni and HSE 
contents and low Cu/Zr, Pd/Zr and Pd/Cu ratios reflect 
the characteristics of S-saturated magmas whose 
chalcophile elements have been segregated during 

the formation of immiscible sulfide melt (Keays, 
1995; Lightfoot et al., 1997; Vogel and Keays, 1997; 
Lightfoot and Keays, 2005).

The generally low ÓHSE (or ÓPGE) contents of 
basaltic volcanics indicate that the mantle sources are 
probably S-saturated during partial melting (Keays, 
1995). This situation means that the sulfides in the 
source mantle peridotite will be stable during partial 
melting, and the basaltic melts formed as a result will 
be poor in sulfur and low in HSE content. Therefore, 
low Ni, Cu and HSE contents and low Cu/Zr, Pd/Zr 
and Pd/Cu ratios in basaltic volcanics show that they 
have been consumed in terms of chalcophile elements. 
In addition, most basaltic volcanics are like mid-ocean 
ridge basalts (MORB), which have been depleted in 
terms of Cu and HSE by the segregation of immiscible 
sulfides due to very low Pd and Cu contents and 
S-saturation (Hertogen et al., 1980; Keays, 1995; 
Bézos et al., 2005). 

In basaltic melts, changes in pressure, temperature, 
oxygen and sulfur fugacity and sulfur content in the 
surrounding mantle wall can cause changes in sulfur 
solubility and thus sulfur saturation conditions in 
basaltic magmas. The interactions between the primary 
basaltic magmas and the subcontinental lithospheric 
mantle (SCLM) increase the sulfur content in the 
melts, while the decrease in pressure and the increase 

Figure 5- a) Initial (87Sr/86Sr)i versus initial (187Os/188Os)i, and b) initial (143Nd/144Nd)i versus initial (187Os/188Os)i diagrams showing Os-isotope 
composition of the mantle source areas of basaltic volcanics. Depleted MORB mantle (DMM) composition from Hart et al. (1992) 
and van Keken et al. (2002), EM-I, EM-II and HIMU compositions from Zindler and Hart (1986), Shirey and Walker (1998), Walker 
et al. (2002) and Jackson and Shirey (2011), continental lithospheric mantle (CLM) composition from McBride et al. (1996) and 
Aulbach et al. (2016), sublithospheric mantle composition (arc-mantle peridotite representing depleted mantle-derived melts) from 
Tatsumoto et al. (1992), Hart et al. (1997), Handler et al. (2005) and Rocha-Júnior et al. (2012). 



95

Bull. Min. Res. Exp. (2022) 167: 83-109

in the oxygen fugacity of the ascending melts decrease 
the sulfur solubility (Haughton et al., 1974).

The behavior of Pd and Cu elements in basaltic 
volcanics is largely controlled by the S-saturation 
condition of the magma (Figure 6). Because although 
both are siderophile elements associated with sulfides, 
element Pd (~ 35000) has a much higher sulfide/silicate 
partition coefficient than element Cu (245 - 1383) 
(Peach et al., 1990; Keays, 1995; Maier et al., 1998). 
Cu/Pd>6500 (primitive mantle) indicates source 
S-saturation and/or melt development containing the 
sulfide fraction (Maier et al., 1998). High Cu/Pd ratios 
(>100000) and low HSE contents were observed in 
S-saturated Paleogene flood basalts having relatively 
low degree of partial melting in East Greenland 
(Momme et al., 2006). In addition, Cenozoic basalts 
in the North China craton have very high Cu/Pd ratios 
(193000-1400000) and low HSE contents, it has been 
suggested that these basaltic melts may have formed 
under S-saturated conditions with low-degree partial 
melting (Zhang et al., 2015). Since Cu has affinity for 
sulfur and Zr is absent, it has been suggested that the 
ascending magma may be in S-saturated state if Cu/
Zr <1 in basaltic volcanics (Lightfoot et al., 1994; 
Lightfoot and Keays, 2005). While the Cu/Zr ratio 
does not change during fractional crystallization in 
S-undersaturated magma, it decreases substantially 
when sulfide fractionation occurs in S-saturated 
magma (Figure 6).

7.3. Partial Melting

HSE changes in basaltic volcanics may also 
result from partial melting (Keays, 1995). Due to the 
different compatibility of PGEs, changes in the partial 
melting degree will produce different ratios of PGE. If 
the La/Sm ratio is taken as an indicator of the degree 
of partial melting, the Pd/Ir ratio will increase with 
increasing melt fraction (Greenough and Fryer, 1990; 
Greenough and Owen, 1992). It is suggested that most 
alkaline basalts are formed as plumes rising from the 
deep mantle source by relatively low-degree partial 
melting of enriched mantle sources at high pressure, 
while tholeiites are formed with high-degree partial 
melting at lower pressures (Jaques and Green, 1980). 
Melts of high partial melting degree (e.g., tholeiites) 
are expected to have lower Pd/Ir and higher Pt/Pd 
ratios than those of low partial melting degree (e.g., 
alkaline basalts).

Whether the magmatic sulfides are retained during 
the partial melting of the mantle has a critical effect 
on the PGE content of the melts (Barnes et al., 2015). 
Even a small amount of residual sulfide is sufficient to 
generate a strong PGE depletion in sulfide-saturated 
mantle melts in the source region (Hamlyn and 
Keays, 1986; Mungall and Brenan, 2014). Since the 
PGE content of the primary magma depends on the 
partial melting degree and the sulfur concentration 
in the mantle source, PGEs will be retained in the 
mantle source during low-degree partial melting under 

Figure 6- a) Cu versus Pd, and b) Cu/Zr versus (Pdx103)/Zr diagrams discriminating S-saturation in basaltic volcanics. Dashed lines dividing 
S-saturated and S-undersaturated magmas in Cu versus Pd diagram from Vogel and Keays (1997) and in Cu/Zr versus (Pdx103)/
Zr diagram from Lightfoot et al. (1994) and Lightfoot and Keays (2005), Mid-ocean ridge basalts (MORB) field from McDonough 
and Sun (1995).



Bull. Min. Res. Exp. (2022) 167: 83-109

96

S-unsaturated conditions, in which case the sulfides 
remain in the mantle due to the high sulfide/silicate 
melt partition coefficients (Fleet et al., 1991; Keays, 
1995). When there is at least ~ 25% partial melting in 
the mantle, S-undersaturated and non-PGE-depleted 
primary magmas can be formed by the complete 
depletion of sulfide in the mantle (Keays, 1995; 
Rehkämper et al., 1999a).

Due to the inverse relationship between sulfur 
solubility and pressure, most magmas in the lower 
crust will be sulfide saturated (Mavrogenes and 
O'Neill, 1999). During the ascent of the magma, 
sulfide liquid droplets containing a large part of the 
chalcophile element content will begin to redissolve in 
the silicate melt due to the increase in sulfur solubility 
in the magma because of the decrease in pressure 
(Kerr and Leitch, 2005). Magmas differentiating in 
the middle-upper crust and not saturated with sulfides 
(Mavrogenes and O'Neill, 1999) have the potential to 
carry highly fractionated chalcophile and siderophile 
elements that are depleted in Os, Ir, Ru and Rh but 
enriched in Cu and Au (and possibly Pt and Pd) 
(Holwell et al., 2019). 

Since anhydrous mafic magmas are associated 
with variable partial melting degrees that make up 
>15% of mantle melting, almost all sulfides in the 
mantle source are consumed and the chalcophile 
elements are effectively transferred to the melt 
(Naldrett, 2011). Low-degree partial melting 
(<10%) of metasomatized SCLM in post-collisional 
magmatism is suggested to be a trigger for the transfer 
and concentration of metals and volatiles (Holwell 
et al., 2019). In addition, the relatively low-degree 
partial melting of the metasomatized mantle source 
increases the concentration of preferably sulfur and 
incompatible trace metals with incongruent sulfide 
melting (Ballhaus et al., 2006). During the low-degree 
partial melting of the mantle, some Ni-Os-Ir-Ru rich 
monosulfide solid solution (mss) is left behind with 
the incongruent melting of sulfides, while Cu-sulfide 
and Au-Pt-Pd phases with low melting temperatures 
will be released, so mantle melts enriched with 
incompatible elements will occur (Ballhaus et al., 
2006). 

In order to estimate the amount of immiscible 
sulfide removal, the sulfur saturation condition can 
be modeled in the Pd against Cu/Pd diagram by using 

the primary PGE composition of the depleted MORB 
mantle (DMM) and selected different amounts of 
residual sulfides (Huang et al., 2017). In other words, 
it can be said whether there is residual sulfide in the 
mantle source area of basaltic volcanics and sulfide 
removal takes place during magma ascent or not 
(Figure 7).

7.4. Fractionation

Sulfides are the most important source for HSEs 
with their partition coefficients between sulfide and 
silicate (melt) at 104 levels (Peach et al., 1994). Thus, 
fractionation of small amounts of sulfides (at the ppm 
level) will significantly reduce the HSE content of the 
remaining magma. Sulfide fractionation is generally 
suggested for HSE separation from basaltic magma, 
resulting in the remaining melt being consumed for 
HSE. 

Pd and Ir have similar silicate-melt and sulfide-
melt partition coefficients (Fleet et al., 1991; Peach et 
al., 1994) and thus show similar compatible behavior 
during S-saturated differentiation. Since the Cu/Zr 
ratios of the basaltic magmas that are not depleted 
in terms of chalcophile metals are around 1, the Cu/
Zr ratios are lower in magmas that have undergone 
sulfide segregation (Lightfoot and Keays, 2005). Since 
Cu is much less chalcophile than Pd, in case of sulfide 
fractionation in a magma, the Cu/Pd ratio increases, 
and this ratio is an important indicator of sulfide 
fractionation (Barnes and Maier, 1999). On the other 
hand, if silicate, spinel, and possibly platinum group 
minerals (PGM) instead of sulfide are fractionated in a 
magma, the Cu/Pd ratio remains constant (Barnes and 
Maier, 1999). Therefore, the fact that the variable Cu/
Pd ratio in basaltic volcanics generally indicates that 
the melt (magmas) is S-saturated during magmatic 
differentiation, whereas the constant Cu/Pd ratios 
shows that the melt (magma) is S-undersaturated 
during magmatic differentiation (Figure 8).

Fractionation of olivine (Hart and Ravizza, 1996), 
chromite (Philipp et al., 2001) and sulfide (Burton et 
al., 2002) has been proposed for the changes in HSE 
content and PPGE/IPGE ratios in basaltic volcanics. 
Fractional crystallization of olivine and clinopyroxene 
will decrease Ni or Cr but increase the PGE content 
as the PGE partition coefficients for olivine and 
clinopyroxenes are <1 (Roy-Barman et al., 1998; 
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Burton et al., 2002; Ely and Neal, 2003; Brenan et al., 
2003, 2005), although the increase is slow.

HSE compatibility during fractional crystallization 
in basaltic magmas can be compared with that during 
melt separation from the mantle (Os>Ir≥Ru>Pt>Pd>Re; 
Barnes et al., 1985); thus, the separation of mineral 
phases (olivine, clinopyroxene and less oxides and 
sulfides) in basaltic volcanics can be interpreted as 

increasing PPGE/IPGE ratios of melts (Aldanmaz et 
al., 2015). HSE provides information on fractionating 
mineral phases for mafic melts due to their relatively 
high crystal/liquid partition coefficients. The 
consumption of IPGE most likely reflects the early 
crystallization of olivine±chromite and associated 
phases with high crystal/liquid partition coefficient 
for IPGE (Pitcher et al., 2009; Aldanmaz et al., 2015).

Figure 7- Pd versus Cu/Pd diagram showing the degree of partial melting in the mantle 
and sulfide removal. Black curves represent simple batch-melting curves for 
peridotite with residual sulfide (the modal proportions of residual phases 
during the melting were accepted as 62% olivine, 14.9% clinopyroxene, 15% 
orthopyroxene, 8% garnet, 0.1-0.001% sulfide) (Huang et al., 2017). The 
depleted MORB mantle (DMM) composition is from Salters and Andreas 
(2004).

Figure 8- a) Cu versus Cu/Zr, b) Zr versus Cu/Zr, and c) MgO versus Cu/Pd diagrams showing sulfide and silicate fractionation trends. Silicate, 
olivine, and sulfide fractionation vectors are from Huang et al. (2017).
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Relationships between Ir versus PdN/IrN and MgO 
versus (Pd/Cu)x103 in basaltic volcanics may indicate 
sulfide and/or silicate fractionation in magma evolution 
(Figure 9; Aldanmaz et al., 2015). Correlation between 
Pd content and MgO in basaltic volcanics may be 
attributed to the fact that this element is outside of the 
early crystallizing phases (Aldanmaz et al., 2015), so 
this situation is consistent with experimental studies 
showing that Pd is moderately incompatible during 
fractionation of silicate minerals in basaltic magma 
(Pitcher et al., 2009). Re content does not show a 
significant correlation with MgO, which is interpreted 
as a result of the relatively incompatible behavior of Re 
with fractionated phases or Re fluctuation associated 
with the degassing of the basaltic magma before 
eruption (Jamais et al., 2008; Aldanmaz et al., 2015). 
Pt content does not show a systematic correlation with 
MgO, changes in Pt content are explained by events 
other than fractionating phases and are generally 
described as the nugget effect (Pitcher et al., 2009; 
Aldanmaz et al., 2015) and are associated with the 
presence of Pt-rich alloy consistent with the low 
solubility of Pt in the basaltic melt (Norman et al., 
2004; Ireland et al., 2009).

Although the role of spinel fractionation is not 
well constraint, some experimental results (Righter 
et al., 2004) show that Pd may be incompatible 
while Ir may be compatible in chromites under high 
temperature and pressure conditions. However, the 
studies on chromites of ophiolitic rocks using in-
situ analytical techniques shows that the previously 

reported high PGE content in chromites can simply 
reflect the presence of platinum group minerals and 
alloys as nano-sized inclusions, and high Al chromite 
(geochemically closer to spinel observed in basalts) 
is systematically poor in both PGE (≤0.1×chondrite) 
and platinum group minerals (González-Jiménez et 
al., 2011).

7.5. Crustal Assimilation

Since it has been suggested that HSE behaves 
compatible in general during mantle melting and also 
in the fractional crystallization process, it has been 
emphasized that these elements are very sensitive 
to petrological processes associated with crustal 
contamination or assimilation (Turner et al., 2009; 
Bezard et al., 2015). Besides, because Re and Os 
behave differently, Os isotopes are used as an indicator 
of crustal assimilation in basaltic volcanics since there 
is excessive fractionation between the continental 
crust (up to 187Os/188Os= 5; McBride et al., 2001) and 
mantle (187Os/188Os=0.12; Meisel et al., 1996) in terms 
of Os isotopic compositions (Gannoun et al., 2016).

It is suggested that the high 187Os/188Os ratios 
in subduction-related lavas are due to radiogenic 
Os enrichment due to crustal assimilation during 
magma ascent (Lassiter and Luhr, 2001; Suzuki et al., 
2011) and/or contamination of the mantle wedge by 
subduction-fluids/melts (Borg et al., 2000; Alves et 
al., 2002; Suzuki et al., 2011; Hopkins et al., 2016). In 
addition, considering the mantle melting and crustal 

Figure 9- a) Ir versus PdN/IrN and b) MgO versus (Pd/Cu)x103 diagrams showing sulfide and silicate fractionation trends (Aldanmaz et al., 
2015). Chondrite composition for normalized (N) values and dashed line chondrite ratio is from Fischer-Gödde et al. (2010).
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contribution in magma formation in different tectonic 
settings, since the oceanic and continental crust has 
a high Re/Os ratio and radiogenic Os isotopes will 
increase over time, the decay of 187Re to 187Os plays a 
distinctive role in revealing the crustal material cycle 
(Figure 10; Walker, 2016; Gannoun et al., 2016).

Os isotope systematics, unlike other isotope 
systems (Sr, Nd, Hf and Pb) where both parent 
and daughter elements preferentially pass into the 
melt, is used to distinguish petrological processes 
associated with the assimilation of crust having a high 
187Os/188Os ratio (Chesley and Ruiz, 1998; Widom et 
al., 1999; Shirey and Walker, 1998; McBride et al., 
2001; Chesley et al., 2004; Jung et al., 2011; Hopkins 
et al., 2016). In fact, the radiogenic Os isotope 
composition increases due to crustal contamination 
during the upward ascent of the basaltic magma in the 
old continental crust (McBride et al., 2001; Chesley 
et al., 2004; Rudnick and Walker, 2009). Therefore, 
Os isotope systematics together with HSE content 
can provide important constraints in determining the 
possible continental crust contribution (assimilation) 
in the evolution of basaltic magma (Chu et al., 2013; 
Aldanmaz et al., 2015; Hopkins et al., 2016).

It has been stated that basalts having Os content 
>0.004 ppb are less sensitive to crustal assimilation 
(Widom et al., 1999; Class et al., 2009). In addition, 

it has been suggested that when the Os isotope 
composition is low (mostly 187Os/188Os<0.15) in 
basalts, there is no significant crust assimilation (Chu 
et al., 2013; Sun et al., 2014), whereas continental 
crust (especially mafic lower crust) assimilation 
plays an important role in cases where the Os isotope 
composition is very high (187Os/188Os=1-3) (Chesley 
and Ruiz, 1998). However, basaltic magmas will 
probably take up some primary sulfides or PGE micro-
alloys of mantle origin during the mantle melting and/
or the ascent of magmas along the SCLM (Widom et 
al., 1999; Jackson and Shirey, 2011; Chu et al., 2013; 
Day, 2013; Hopkins et al., 2016), so they reach the 
crust with a certain Os content and magmas having 
high Os are formed (Chu et al., 2017). Therefore, it is 
not easy to limit the degree of crustal assimilation by 
AFC modeling (McBride et al., 2001; Xu et al., 2007). 
In addition, interstitial sulfides (formed along the 
border of silicate mineral grains, rich in Re, poor in Os, 
developed in high Re environment, having variable 
and radiogenic Os isotope and high Pd/Ir ratios) in 
the mantle source may preferentially be melted during 
mantle melting (Alard et al., 2005; Dale et al., 2007; 
Harvey et al., 2011; Day, 2013). In addition, basaltic 
magmas can selectively assimilate sulfide phases at the 
grain boundary with lower melting temperature while 
passing through the lithosphere, and thus increase 
their Pt and Pd concentrations and 187Os/188Os ratios 
(Sen et al., 2011; Wang and Becker, 2015). These 
factors make more complicated to constraint crustal 
assimilation by using Os isotopes (and PGE) (Chu et 
al., 2017).

The degree of crustal assimilation in basaltic 
volcanics can be evaluated by a simple binary 
mixture model using Os and 187Os/188Os isotope 
compositions (Figure 11; Chu et al., 2013). However, 
Ni-Os correlations in basaltic volcanics, instead of 
simple binary mixing, it can also be explained by 
the variable assimilation of the continental crust 
through assimilation-fractional crystallization (AFC) 
(Figure 12; Aldanmaz et al., 2015). In addition, even 
if the amount of assimilated crust is quite small, 
large differences may occur in Os isotope changes 
of basaltic volcanics due to the large compositional 
difference between mantle-derived magma (melt) and 
assimilated crust (Aldanmaz et al., 2015). Therefore, 
a small amount of crustal contamination that is not 
so apparent in lithophile element (Sr, Nd) isotope 
systematics will be represented by high 187Os/188Os 

Figure 10-	 1/Os versus 187Os/188Os diagram showing different 
degrees of crustal assimilation. Lines show binary 
mixing lines, and fields exhibit 2%, 3.5% and 8% 
lower continental crust assimilation of basaltic magma 
(Gannoun et al., 2016).
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ratio and low Os content in basaltic volcanics. 
Furthermore, wide variation ranges in Th/La and 1/
Pb ratios against the limited change in 187Os/188Os 
composition of basaltic volcanics may indicate a small 
amount of sediment contribution in addition to crustal 
contamination (Figure 12; Aldanmaz et al., 2015).

8. Results

Petrological studies to be carried out using 
whole-rock HSE and Os isotope systematics of 
basaltic volcanics can reveal data; 1) to determine 
the geochemical characteristics of the subcontinental 
lithospheric mantle (SCLM) from which the magmas 
are derived, 2) data that will contribute to the modeling 
of magmatic processes (partial melting, fractionation, 
crustal assimilation, etc.) that are effective during 
magma generation from the lithospheric mantle and 
magma-crust interaction.

It is suggested to use new and modern analytical 
approaches such as whole-rock HSE contents and 
Os isotope data as well as the traditional lithophile 
element geochemistry data (whole-rock major-trace 
element geochemistry and Sr-Nd-Pb-Hf isotope 
systematics) in order to the determine mantle source 
areas of partial melts that form the parent magmas, and 
to evaluate petrological processes such as fractional 
crystallization and crustal assimilation during magma 
evolution in widely observed Cenozoic basaltic 
volcanics in Turkey.

Figure 12- a) Ni versus Os, b) Th/La versus 187Os/188Os and c) 
1/Pb versus 187Os/188Os diagrams showing trends 
of fractionation, crustal assimilation and sediment 
addition to the source. Trends of olivine and sulfide 
fractionation, fractional crystallization accompanied 
with assimilation (AFC), crustal assimilation and 
sediment addition to the source from Aldanmaz et al. 
(2015), Os-isotope composition of lower continental 
crust (187Os/188Os= 0.8) from Saal et al. (1998), Th (1.2 
ppm), La (8 ppm) and Pb (4 ppm) contents of lower 
continental crust from Rudnick and Gao (2004).

Figure 11- Binary mixing model showing the assimilation between 
basaltic magma and the lower crust (Chu et al., 2017). 
187Os/188Os= 0.128 for parent magma (Chu et al., 2017), 
and 187Os/188Os= 0.8 and Os= 0.049 ppb for lower 
continental crust (Saal et al., 1998).
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Since the primary as inclusions and secondary 
sulfide minerals in groundmass that can be found in 
rocks will affect the whole-rock HSE and Os isotope 
abundances of basaltic volcanics, petrographic (ore 
microscopy) and mineral chemistry (SEM and/or 
EPMA) studies for these minerals will be of great 
benefit.

Acknowledgements

This study was supported by the Scientific 
and Technological Research Council of Turkey 
(TÜBİTAK-ÇAYDAG, Project no: 117Y075). The 
authors would like to thank editor-in-chief Halim 
MUTLU, technical editor Oğuz ALTUN, assistant 
editor Pınar ŞEN and referees for their contributions.

References

Ackerman, L., Walker, R. J., Puchtel, I. S., Pitcher, L., 
Jelinek, E., Strnad, L. 2009. Effects of melt 
percolation on highly siderophile elements and Os 
isotopes in subcontinental lithospheric mantle: a 
study of the upper mantle profile beneath Central 
Europe. Geochimica et Cosmochimica Acta 73, 
2400–2414.

Alard, O., Griffin, W. L., Lorand, J. P., Jackson, S. E., 
O’Reilly, S. Y. 2000. Non-chondritic distribution 
of the highly siderophile elements in mantle 
sulphides. Nature 407, 891-894.

Alard, O., Luguet, A., Pearson, N. J., Griffin, W. L., Lorand, 
J. P., Gannoun, A., Burton, K. W., O’Reilly, S. Y. 
2005. In situ Os isotopes in abyssal peridotites 
bridge the isotopic gap between MORBs and their 
source mantle. Nature 436, 1005–1008.

Aldanmaz, E. 2012. Osmium isotope and highly siderophile 
element geochemistry of mantle xenoliths from 
NW Turkey: implications for melt depletion 
and metasomatic history of the sub-continental 
lithospheric mantle. International Geology 
Review 54 (7), 799–815.

Aldanmaz, E., Pickard, M., Meisel, T., Altunkaynak, Ş., 
Sayıt, K., Şen, P., Hanan, B. B., Furman, F. 2015. 
Source components and magmatic processes in the 
genesis of Miocene to Quaternary lavas in western 
Turkey: constraints from HSE distribution and 
Hf–Pb–Os isotopes. Contributions to Mineralogy 
and Petrology 170, 23.

Allégre, C. J., Luck, J. M. 1980. Osmium isotopes as 
petrogenetic and geological tracers. Earth and 
Planetary Science Letters 48, 148–154.

Alves, S., Schiano, P., Capmas, F., Allègre, C. J. 2002. 
Osmium isotope binary mixing arrays in arc 
volcanism. Earth and Planetary Science Letters 
198, 355–369.

Aulbach, S., Mungall, J. E., Pearson, D. G. 2016. 
Distribution and processing of highly siderophile 
elements in cratonic mantle lithosphere. Reviews 
in Mineralogy and Geochemistry 81, 239–304.

Ballhaus, C., Bockrath, C., Wohlgemuth-Ueberwasser, C., 
Laurenz, V., Berndt, J. 2006. Fractionation of the 
noble metals by physical processes. Contributions 
to Mineralogy and Petrology 152, 667-684.

Barnes, S. J., Maier, W. D. 1999. The fractionation of Ni, 
Cu and the noble metals in silicate and sulphide 
liquids. In: Keays, R. R., Lesher, C. M., Lightfoot, 
P. C., Farrow, C. E. G. (eds), Dynamic processes 
in magmatic ore deposits and their application to 
mineral exploration. Geological Association of 
Canada, Short Course Notes 13, 69–106.

Barnes, S. J., Holwell, D. A., Le Vaillant, M. 2017. Magmatic 
sulfide ore deposits. Elements 13, 91–97.

Barnes, S. J., Mungall, J. E., Maier, W. D. 2015. Platinum 
group elements in mantle melts and mantle 
samples. Lithos 232, 395–417.

Barnes, S. J., Naldrett, A. J, Gorton, M. P. 1985. The origin 
of the fractionation of platinum-group elements 
in terrestrial magmas. Chemical Geology 53, 
303–323.

Becker, H., Horan, M. F., Walker, R. J., Gao, S., Lorand, 
J. P., Rudnick, R. L. 2006. Highly siderophile 
element composition of the Earth’s upper mantle: 
constraints from new data on peridotite massifs 
and xenoliths. Geochimica et Cosmochimica Acta 
70, 4528–4550.

Bezard, R., Schaefer, B. F., Turner, S., Davidson, J. P., Selby, 
D. 2015. Lower crustal assimilation in oceanic 
arcs: insights from an osmium isotopic study of 
the Lesser Antilles. Geochimica et Cosmochimica 
Acta 150, 330–344.

Bezmen, N. I., Asif, M., Brügmann, G. E., Romanenko, I. 
M., Naldrett, A. J. 1994. Distribution of Pd, Rh, 
Ru, Ir, Os, and Au between sulfide and silicate 
metals. Geochimica et Cosmochimica Acta 58, 
1251-1260.

Bézos, A., Lorand, J. P., Humler, E., Gros, E. 2005. Platinum 
group element systematics in mid-oceanic ridge 
basalt glasses from the Pacific, Atlantic and 
Indian oceans. Geochimica et Cosmochimica 
Acta 69, 2613–2627.



Bull. Min. Res. Exp. (2022) 167: 83-109

102

Birck, J. L., Barman, M. R., Capmas, F. 1997. Re-Os isotopic 
measurements at the femtomole level in natural 
samples. Geostandards Newsletter: The Journal of 
Geostandards and Geoanalysis 20, 19–27.

Blusztajn, J., Hart, S. R., Ravizza, G., Dick, H. J. B. 
2000. Platinum-group elements and Os isotopic 
characteristics of the lower oceanic crust. 
Chemical Geology 168, 113–122.

Bockrath, C., Ballhaus, C., Holzheid, A. 2004. Fractionation 
of the platinum-group elements during mantle 
melting. Science 305, 1951–1953.

Borg, L. E., Brandon, A. D., Clynne, M. A., Walker, R. J. 
2000. Re-Os isotopic systematics of primitive 
lavas from the Lassen region of the Cascade arc, 
California. Earth and Planetary Science Letters 
177, 301–317.

Brandon, A. D., Creaser, R. A., Shirey, S. B., Carlson, R. 
W. 1996. Osmium recycling in subduction zones. 
Science 272, 861–864.

Brenan, J. M., McDonough, W. F., Dalpé, C. 2003. 
Experimental constraints on the partitioning of 
rhenium and some platinum-group elements 
between olivine and silicate melt. Earth and 
Planetary Science Letters 212, 135-150.

Brenan, J. M., McDonough, W. F., Ash, R. 2005. An 
experimental study of the solubility and 
partitioning of iridium, osmium and gold between 
olivine and silicate melt. Earth and Planetary 
Science Letters 237, 855-872.

Burton, K. W., Gannoun, A., Birk, J. L., Allègre, C. J., 
Schiano, P., Clocchiatti, R., Alard, O. 2002. The 
compatibility of rhenium and osmium in natural 
olivine and their behaviour during mantle melting 
and basalt petrogenesis. Earth and Planetary 
Science Letters 198(1), 63-76.

Büchl, A., Brügmann, G., Valentina, G., Batanova, V. G. 
2004. Formation of podiform chromitite deposits: 
implications from PGE abundances and Os 
isotopic compositions of chromites from the 
Troodos complex, Cyprus. Chemical Geology 
208, 217-232.

Carlson, R. W. 2005. Application of the Pt-Re-Os 
isotopic systems to mantle geochemistry and 
geochronology. Lithos 82, 249–272.

Chen, K., Walker, R. J., Rudnick, R. L., Gao, S., Gaschnig, 
R. M., Puchtel, I. S., Tang, M., Hu, Z. H. 2016. 
Platinum-group element abundances and Re–Os 
isotopic systematics of upper continental crust 
through time: evidence from glacial diamictites. 
Geochimica et Cosmochimica Acta 191, 1–16.

Chesley, J. T., Ruiz, J. 1998. Crust–mantle interaction in 
large igneous provinces: implications from the 
Re–Os isotope systematics of the Columbia River 
flood basalts. Earth and Planetary Science Letters 
154, 1–11.

Chesley J. T., Righter K., Ruiz J. 2004. Large scale mantle 
metasomatism: a Re–Os perspective. Earth and 
Planetary Science Letters 219, 49–60.

Chu, Z. Y., Harvey, J., Liu, C. Z., Guo, J. H., Wu, F. Y., 
Tian, W., Zhang, Y. L., Yang, Y. H. 2013. Source 
of highly potassic basalts in northeast China: 
Evidence from Re–Os, Sr–Nd–Hf isotopes and 
PGE geochemistry. Chemical Geology 357, 52–
66.

Chu, Z., Yan, Y., Zeng, G., Tian, W., Li, C., Yang, Y., Guo, J. 
2017. Petrogenesis of Cenozoic basalts in central-
eastern China: Constraints from Re–Os and PGE 
geochemistry. Lithos 278–281, 72–83.

Class, C., Goldstein, S. L., Shirey, S. B. 2009. Osmium 
isotopes in Grand Comore lavas: a new extreme 
among a spectrum of EM-type mantle end 
members. Earth and Planetary Science Letters 
284, 219–227.

Cohen, A. S., Waters, F. G. 1996. Separation of osmium from 
geological materials by solvent extraction for 
analysis by thermal ionisation mass spectrometry. 
Analytica Chimica Acta 332, 269–275.

Creaser, R. A., Papanastassiou, D. A., Wasserburg, G. J. 
1991. Negative thermal ion mass spectrometry 
of osmium, rhenium, and iridium. Geochimica et 
Cosmochimica Acta 55, 397-401.

Crocket, J. H. 2002. Platinum-group elements in basalts 
from Maui, Hawaii: low abundances in alkali 
basalts. Canadian Mineralogist 40, 595–609.

Crocket, J. H., Fleet, M. E., Stone, W. E. 1997. Implications 
of composition for experimental partitioning 
of platinum-group elements and gold between 
sulfide liquid and basalt melt: The significance 
of nickel content. Geochimica et Cosmochimica 
Acta 61, 4139-4149

Crocket, J. H., Paul, D. K. 2004. Platinum-group elements 
in Deccan mafic rocks: A comparison of suites 
differentiated by Ir content. Chemical Geology 
208, 273–291.

Dale, C. W., Gannoun, A., Burton, K. W., Argles, T. W., 
Parkinson, I. J. 2007. Rhenium-osmium isotope 
and elemental behavior during subduction of 
oceanic crust and the implications for mantle 
recycling. Earth and Planetary Science Letters 
253, 211–225.



103

Bull. Min. Res. Exp. (2022) 167: 83-109

Day, J. M. D. 2013. Hotspot volcanism and highly siderophile 
elements. Chemical Geology 341, 50–74.

Day, J. M. D., Pearson, D. G., Macpherson, C. G., Lowry, 
D., Carracedo, J. C. 2010. Evidence for distinct 
proportions of subducted oceanic crust and 
lithosphere in HIMU-type mantle beneath El 
Hierro and La Palma, Canary Islands. Geochimica 
et Cosmochimica Acta 74, 6565–6589.

Day, J. M. D., Waters, C. L., Schaefer, B. F., Walker, R. 
J., Turner, S. 2016. Use of hydrofluoric acid 
desilicification in the determination of highly 
siderophile element abundances and Re-Pt-Os 
isotope systematics in mafic-ultramafic rocks. 
Geostandards and Geoanalytical Research 40(1), 
49-65.

Debaille, V., Trønnes, R. G., Graham, D. W., Brandon, A. 
D., Waigh, T. E., Lee, C. T. A. 2009. Primitive 
off-rift basalts from Iceland and Jan Mayen: Os-
isotopic evidence for a mantle source containing 
enriched subcontinental lithosphere. Geochimica 
et Cosmochimica Acta 73, 3423–3449.

Ely, J. C., Neal, C. R. 2003. Using platinum-group elements 
to investigate the origin of the Ontong Java 
Plateau, SW Pacific. Chemical Geology 196, 
235–257.

Esser, B. K., Turekian, K. K. 1993. The osmium isotopic 
composition of the continental crust. Geochimica 
et Cosmochimica Acta 57, 3093–3104.

Fiorentini, M. L., LaFlamme, C., Denyszyn, S., Mole, D., 
Maas, R., Locmelis, M., Caruso, S., Hao Bui, 
T. 2018. Post-collisional alkaline magmatism 
as gateway for metal and sulfur enrichment 
of the continental lower crust. Geochimica et 
Cosmochimica Acta 223, 175-197.

Fischer-Gödde, M., Becker, H., Wombacher, F. 2010. 
Rhodium, gold and other highly siderophile 
element abundances in chondritic meteorites. 
Geochimica et Cosmochimica Acta 74, 356-379.

Fleet, M. E., Stone, W. E., Crocket, J. H. 1991. Partitioning 
of palladium, iridium, and platinum between 
sulfide liquid and basalt melt: effects of melt 
composition, concentration, and oxygen fugacity. 
Geochimica et Cosmochimica Acta 55, 2545-
2554.

Fleet, M. E., Crocket, J. H., Stone, W. E 1996. Partitioning 
of platinum-group elements (Os, Ir, Ru, Pt, Pd) 
and gold between sulfide liquid and basalt melt. 
Geochimica et Cosmochimica Acta 60, 2397-
2412.

Gannoun, A., Burton, K. W., Schiano, P., Parkinson, I. J., 
Alard, O., Thomas, L. E. 2007. The scale and 
origin of the osmium isotope variations in mid-
ocean ridge basalts. Earth and Planetary Science 
Letters 259, 541–556.

Gannoun, A., Burton, K. W., Barfod, D. N., Schiano, P., 
Vlastélic, I., Halliday, A. N. 2015. Resolving 
mantle and magmatic processes in basalts from 
the Cameroon volcanic line using the Re–Os 
isotope system. Lithos 224–225, 1–12.

Gannoun, A., Burton, K. W., Day, J. M. D., Harvey, J., 
Schiano, P., Parkinson, I. 2016. Highly Siderophile 
Element and Os Isotope Systematics of Volcanic 
Rocks at Divergent and Convergent Plate 
Boundaries and in Intraplate Settings. In: Harvey, 
J. and Day, J. M. D. (Ed.). Highly Siderophile 
and Strongly Chalcophile Elements in High-
Temperature Geochemistry and Cosmochemistry, 
Reviews in Mineralogy and Geochemistry, 
Mineralogical Society of America 81, 651-724.

Garuti, G., Oddone, M., TorresRuiz, J. 1997. Platinum-
group-element distribution in the subcontinental 
mantle: Evidence from the Ivrea zone (Italy) and 
the Betic-Rifean cordillera (Spain and Morocco). 
Canadian Journal of Earth Sciences 34, 444-463.

Georgatou, A. A., Chiaradia, M. 2020. Magmatic sulfides in 
high-potassium calc-alkaline to shoshonitic and 
alkaline rocks. Solid Earth 11(1), 1–21.

Georgatou, A. A., Chiaradia, M., Rezeau, H., Walle, M. 2018. 
Magmatic sulfides in Quaternary Ecuadorian arc 
magmas. Lithos 296–299, 580–599.

Georgiev, S., Stein, H. J., Hannah, J. L., Weiss, H. M., 
Bingen, B., Xu, G., Rein, E., Hatlø, V., Løseth, H., 
Nali, M., Piasecki, S. 2012. Chemical signals for 
oxidative weathering predict Re–Os isochroneity 
in black shales, East Greenland. Chemical 
Geology 324-325, 108-121.

Gibson, S. A., Dale, C. W., Geist, D. J., Day, J. A., Brügmann, 
G., Harpp, K. S. 2016. The influence of melt 
flux and crustal processing on Re–Os isotope 
systematics of ocean island basalts: Constraints 
from Galápagos. Earth and Planetary Science 
Letters 449, 345–359.

Goldschmidt, V. M. 1954. Geochemistry. Clarendon Press, 
London, 730s. 

González-Jiménez, J. M., Proenza, J. A., Gervilla, F., 
Melgarejo, J. C., Blanco-Moreno, J. A., Ruiz-
Sánchez, R., Griffin, W. L. 2011. High-Cr and 
high-Al chromitites from the Sagua de Tánamo 
district, Mayarí-Cristal ophiolitic massif 



Bull. Min. Res. Exp. (2022) 167: 83-109

104

(eastern Cuba): Constraints on their origin from 
mineralogy and geochemistry of chromian spinel 
and platinum-group elements. Lithos 125,101-12.

Greenough, J. D., Fryer, B. J. 1990. Distribution of gold, 
palladium, platinum, rhodium, ruthenium and 
iridium in Leg 115 Hotspot basalts: implication 
for magmatic processes. In: Duncan, R. A., 
Backman, J., Peterson, L. C. (Ed.). Proceedings 
of the Ocean Drilling Program, Scientific Results 
71–84.

Greenough, J. D., Owen, J. V. 1992. Platinum-group element 
geochemistry of continental tholeiites-analysis of 
the Long-Range Dyke Swarm, Newfoundland, 
Canada. Chemical Geology 98, 203-219.

Hamlyn, P. R., Keays, R. R. 1986. Sulfur saturation and 
second-stage melts; application to the Bushveld 
platinum metal deposits. Economic Geology 81, 
1431-1445.

Handler, M. R., Bennett, V. C., Carlson, R. W. 2005. Nd, Sr 
and Os isotope systematics in young, fertile spinel 
peridotite xenoliths from northern Queensland, 
Australia: A unique view of depleted MORB 
mantle? Geochimica et Cosmochimica Acta 
69(24), 5747-5763.

Hanyu, T., Tatsumi, Y., Senda, R., Miyazaki, T., Chang, Q., 
Hirahara, Y., Takahashi, T., Kawabata, H., Suzuki, 
K., Kimura, J. I., Nakai, S. 2011. Geochemical 
characteristics and origin of the HIMU reservoir: 
A possible mantle plume source in the lower 
mantle. Geochemistry, Geophysics, Geosystems 
12(2), Q0AC09.

Hart, S. R., Ravizza, G. E. 1996. Os partitioning between 
phases in lherzolite and basalt. In: Basu A. and 
Hart S. (Ed.). Earth Processes: Reading the 
Isotopic Code. Washington: American Geophys 
Union Monograph 95, 123–134.

Hart, S. R., Hauri, E. H., Oschmann, L. A., Whitehead, J. 
A. 1992. Mantle plumes and entrainment: isotopic 
evidence. Science 256, 517-520.

Hart, W. K., Carlson, R. W., Shirey, S. B. 1997. Radiogenic 
Os in primitive basalts from the northwestern 
U.S.A.: implications for petrogenesis Earth and 
Planetary Science Letters 150, 103–116.

Harvey, J., Dale, C. W., Gannoun, A., Burton, K. W. 2011. 
Osmium mass balance in peridotite and the effects 
of mantle-derived sulfides on basalt petrogenesis. 
Geochimica et Cosmochimica Acta 75, 5574–
5596.

Harvey, J., Gannoun, A., Burton, K. W., Schiano, P., Rogers, 
N. W., Alard, O. 2010. Unravelling the effects 
of melt depletion and secondary infiltration on 

mantle Re-Os isotopes beneath the French Massif 
Central. Geochimica et Cosmochimica Acta 74, 
293–320.

Haughton, D. R., Roeder, P. L., Skinner, B. J. 1974. 
Solubility of sulfur in mafic magmas. Economic 
Geology 69, 451-467.

Hertogen, J., Janssens, M. J., Palme, H. 1980. Trace 
elements in ocean ridge glasses: implications 
for fractionation during mantle evolution and 
petrogenesis. Geochimica et Cosmochimica Acta 
44, 2125-2143.

Holwell, D. A., Keith, M., Fiorentini, M., McDonald, I., Lu, 
Y., Giuliani, A., Smith, D. J., Locmelis, M. 2019. 
A metasomatized lithospheric mantle control on 
the metallogenic signature of post-subduction 
magmatism. Nature Communications 10, 3511.

Hopkins, J. L., Timm, C., Wilson, C. J. N., Millet, M. A., 
Poirier, A., Leonard, G. S. 2016. Os isotopic 
constraints on crustal contamination in Auckland 
Volcanic Field basalts, New Zealand. Chemical 
Geology 439, 83–97.

Horan, M. F., Walker, R. J., Morgan, J. W., Grossman, J. N., 
Rubin, A. 2003. Highly siderophile elements in 
chondrites. Chemical Geology 196, 5–20.

Hou, Z. Q., Zheng, Y. C., Yang, Z. M., Rui, Z. Y., Zhao, 
Z. D., Qu, X. M., Jiang, S. H., Sun, Q. Z. 2013. 
Contribution of mantle components within 
juvenile lower-crust to collisional zone porphyry 
Cu systems in Tibet. Mineralium Deposita 48, 
173–192.

Huang, X. W., Su, B. X., Zhou, M. F., Gao, J. F., Qi, L. 
2017. Cenozoic basalts in SE China: Chalcophile 
element geochemistry, sulfide saturation history, 
and source heterogeneity. Lithos 282–283, 215–
227.

Huang, X. W., Zhou, M. F., Wang, C. Y., Robinson, P. T., 
Zhao, J. H., Qi, L. 2013. Chalcophile element 
constraints on magma differentiation of 
Quaternary volcanoes in Tengchong, SW China. 
Journal of Asian Earth Sciences 76, 1–11.

Ireland, T. J., Walker, R. J., Garcia, M. O. 2009. Highly 
siderophile element and 187Os isotope systematics 
of Hawaiian picrites: implications for parental 
melt composition and source heterogeneity. 
Chemical Geology 260, 112–128.

Ivanov, A. V., Perepelov, A. B., Palesskii, S. V., Nikolaeva, I. 
V. 2008. First data on the distribution of platinum 
group elements (Ir, Os, Ru, Pt, and Pd) and Re in 
island-arc basalts of Kamchatka. Doklady Earth 
Sciences 420(4), 597–601.



105

Bull. Min. Res. Exp. (2022) 167: 83-109

Izokh, A. E., Medvedev, A. Y., Fedoseev, G. S., Polyakov, 
G. V., Nikolaeva, I. V., Palesskii, S. V. 2016. 
Distribution of PGE in Permo-Triassic basalts 
of the Siberian Large Igneous Province. Russian 
Geology and Geophysics 57, 809–821.

Jackson, M. G., Shirey, S. B. 2011. Re–Os isotope 
systematics in Samoan shield lavas and the use of 
Os-isotopes in olivine phenocrysts to determine 
primary magmatic compositions. Earth and 
Planetary Science Letters 312, 91–101.

Jamais, M., Lassiter, J. C., Brügmann, G. 2008. PGE and Os 
isotopic variations in lavas from Kohala Volcano 
Hawaii: constraints on PGE behavior and melt/
crust interaction. Chemical Geology 250, 16-28.

Jaques, A., Green, D. 1980. Anhydrous melting of peridotite 
at 0–15 kb pressure and the genesis of tholeiitic 
basalts. Contributions to Mineralogy and 
Petrology 73, 287-310.

Jung, S., Pfänder, J. A., Brauns, M., Maas, R. 2011. Crustal 
contamination and mantle source characteristics 
in continental intra-plate volcanic rocks: Pb, Hf 
and Os isotopes from central European volcanic 
province basalts. Geochimica et Cosmochimica 
Acta 75, 2664-2683.

Keays, R. R. 1982. Palladium and iridium in komatiites 
and associated rocks: Application to petrogenetic 
problems. In: Arndt, N. T. and Nesbitt, E. G. (Ed.). 
Komatiites, London, Allen and Unwin, 435–457.

Keays, R. R. 1995. The role of komatiitic and picritic 
magmatism and S-saturation in the formation of 
the ore deposits. Lithos 34, 1-18.

Keays, R. R., Lightfoot, P. C. 2007. Siderophile and 
chalcophile metal variations in Tertiary 
picrites and basalts from West Greenland with 
implications for the sulphide saturation history 
of continental flood basalt magmas. Mineralium 
Deposita 42, 319-336.

Keith, M., Haase, K., Klemd, R., Schwarz-Schampera, 
U., Franke, H. 2017. Systematic variations in 
magmatic sulfide chemistry from mid-ocean 
ridges, backarc basins and island arcs. Chemical 
Geology 451, 67–77.

Kepezhinskas, P., Defant, M. J. 2001. Nonchondritic Pt/
Pd ratios in arc mantle xenoliths: Evidence for 
platinum enrichment in depleted island-arc mantle 
sources. Geology 29, 851–854.

Kerr, A., Leitch, A. M. 2005. Self-destructive sulfide 
segregation systems and the formation of high-
grade magmatic ore deposits. Economic Geology 
100, 311–332.

Lassiter, J. C., Luhr, J. F. 2001. Osmium abundance and 
isotope variations in mafic Mexican volcanic 
rocks: evidence for crustal contamination and 
constraints on the geochemical behavior of 
osmium during partial melting and fractional 
crystallization. Geochemistry, Geophysics, 
Geosystems 2,1027.

Li, C., Ripley, E. M., Tao, Y., Hu, R. 2016. The significance 
of PGE variations with Sr–Nd isotopes and 
lithophile elements in the Emeishan flood basalt 
province from SW China to northern Vietnam. 
Lithos 248-251, 1-11.

Lightfoot, P. C., Keays, R. R. 2005. Siderophile and 
chalcophile metal variations in flood basalts from 
the Siberian Trap, Noril’sk Region: Implications 
for the origin of the Ni-Cu-PGE sulfide ores. 
Economic Geology 100, 439-462.

Lightfoot, P. C., Hawkesworth, C. J., Hergt, J., Naldrett, A. 
J., Gorbachev, N. S., Fedorenko, A., Doherty, W. 
1994. Chemostratigraphy of Siberian trap lavas, 
Noril'sk district, Russia: Implications for the 
evolution of flood basalt magmas: In: Lightfoot, 
P. C. and Naldrett, A. J. (eds.), Proceedings 
of the Sudbury-Noril'sk Symposium: Ontario 
Geological Survey Special Publications 5, 283-
312.

Lightfoot,  P.  C.,  Hawkesworth, C.  J.,  Olshefsky,  K., 
Green, A. H., Doherty, W., Keays, R. R. 
1997. Geochemistry of Tertiary tholeiites and 
picrites from Qeqertarssuaq (Disko Island) 
and the Nuussuaq Peninsula, West Greenland 
with implications for the mineral potential 
of comagmatic intrusions. Contributions to 
Mineralogy and Petrology 128, 139-163.

Locmelis, M., Fiorentini, M. L., Rushmer, T., Arevalo Jr., 
R., Adam, J., Denyszyn, S. W. 2016. Sulfur and 
metal fertilization of the lower continental crust. 
Lithos 244, 74–93.

Lorand, J. P., Luguet, A., Alard, O. 2008. Platinum-group 
elements: a new set of key tracers for the Earth’s 
interior. Elements 4, 247–252.

Lorand, J. P., Luguet, A., Alard, O. 2009. Platinum group 
elements: A new set of key tracers for the Earth’s 
interior. Elements 4, 247.

Lorand, J. P., Delpech, G., Gregoire, M., Moine, B., 
O'Reilly, S. Y., Cottin, J. Y. 2004. Platinum-group 
elements and the multistage metasomatic history 
of Kerguelen lithospheric mantle (South Indian 
Ocean). Chemical Geology 208, 195–215.



Bull. Min. Res. Exp. (2022) 167: 83-109

106

Luck, J. M., Allègre, C. J. 1984. 187Re/188Os investigation 
in sulfide from Cape Smith komatiite. Earth and 
Planetary Science Letters 68, 205-208.

Luguet, A., Lorand, J. P., Seyler, M. 2003. Sulfide petrology 
and highly siderophile element geochemistry of 
abyssal peridotites: a coupled study of samples 
from the Kane Fracture Zone (45°W 23°20N, 
MARK area, Atlantic Ocean). Geochimica et 
Cosmochimica Acta 67, 1553-1570.

Ma, G. S. K., Malpas, J., Gao, J. F., Wang, K. L., Qi, L., 
Xenophontos, C. 2013. Platinum-group element 
geochemistry of intraplate basalts from the 
Aleppo Plateau, NW Syria. Geological Magazine 
150 (3), 497–508.

Maier, W. D., Barnes, S. J. 2004. Pt/Pd and Pd/Ir ratios 
in mantle-derived magmas: a possible role for 
mantle metasomatism. South African Journal of 
Geology 107, 333-340.

Maier, W. D., Barnes, S. J., Waal, S. A. 1998. Exploration for 
magmatic Ni-Cu-PGE sulphide deposits: A review 
of recent advances in the use of geochemical tools, 
and their application to some South African ores. 
South African Journal of Geology 101, 237-253.

Mavrogenes, J. A., O’Neill, H. S. C. 1999. The relative 
effects of pressure, temperature and oxygen 
fugacity on the solubility of sulfide in mafic 
magmas. Geochimica et Cosmochimica Acta 63, 
1173–1180.

McBride, J. S., Lambert, D. D., Greig, A., Nicholls, I. 
A. 1996. Multistage evolution of Australian 
subcontinental mantle: Re-Os isotopic constraints 
from Victorian mantle xenoliths. Geology 24, 
631–634.

McBride, J. S., Lambert, D. D., Nicholls, I. A., Price, R. C. 
2001. Osmium isotopic evidence for crust–mantle 
interaction in the genesis of continental intraplate 
basalts from the Newer Volcanics Province, 
Southeastern Australia. Journal of Petrology 42, 
1197–1218.

McDonough, W. F., Sun, S. S. 1995. The composition of the 
Earth. Chemical Geology 120, 223-253.

McInnes, B. I. A., McBride, J. S., Evans, N. J., Lambert, 
D. D., Andrew, A. S. 1999. Osmium isotope 
constraints on ore metal recycling in subduction 
zones. Science 286, 512–516.

Meibom, A., Sleep, N. H., Chamberlain, C. P., Coleman, R. 
G., Frei, R., Hren, M. T., Wooden, J. L. 2002. Re–
Os isotopic evidence for long-lived heterogeneity 
and equilibration processes in the Earth’s upper 
mantle. Nature 419, 705-708. 

Meisel, T., Horan, M. F. 2016. Analytical Methods for 
the Highly Siderophile Elements. Reviews in 
Mineralogy and Geochemistry, Mineralogical 
Society of America 81, 89-106.

Meisel, T., Walker, R. J., Irving, A. J., Lorand, J. P. 2001. 
Osmium isotopic compositions of mantle 
xenoliths: a global perspective. Geochimica et 
Cosmochimica Acta 65, 1311–1323.

Meisel, T., Walker, R. J., Morgan, J. W. 1996. The osmium 
isotopic composition of the Earth’s primitive 
upper mantle. Nature 383, 517–520.

Momme, P., Tegner, C., Brooks, C. K., Keays, R. R. 2006. 
Two melting regimes during Paleogene flood 
basalt generation in East Greenland: Combined 
REE and PGE modelling. Contributions to 
Mineralogy and Petrology 151, 88-100.

Mungall, J. E., Brenan, J. M., 2014. Partitioning of 
platinum-group elements and Au between sulfide 
liquid and basalt and the origins of mantle–
crust fractionation of the chalcophile elements. 
Geochimica et Cosmochimica Acta 125, 265-289.

Mungall, J. E., Hanley, J. J., Arndt, N. T., Debecdelievre, A. 
2006. Evidence from meimechites and other low-
degree mantle melts for redox controls on mantle–
crust fractionation of platinum-group elements. 
Proceedings of the National Academy of Sciences 
of USA 103(34), 12695–12700.

Naldrett, A. J. 2011. Fundamentals of magmatic sulfide 
deposits. In: Li, C. and Ripley, E. M. (eds.), 
Magmatic Ni-Cu and PGE Deposits: Geology, 
Geochemistry, and Genesis. Reviews in Economic 
Geology 17, 1–50.

Norman, M. D., Garcia, M. O., Bennett, V. C. 2004. 
Rhenium and chalcophile elements in basaltic 
glasses from Ko’olau and Moloka’I volcanoes: 
magmatic outgassing and composition of the 
Hawaiian plume. Geochimica et Cosmochimica 
Acta 68, 3761-3777.

Park, J. W., Campbell, I., Kim, J., Moon, J. W. 2015. The 
role of sulfide saturation on formation of a Cu- and 
Au-rich magma: insights from the platinum group 
element geochemistry of Niuatahi–Motutahi 
lavas, Tonga rear arc. Journal of Petrology 56, 
59–81.

Peach, C. L., Mathez, E. A., Keays, R. R. 1990. Sulfide 
melt-silicate melt distribution coefficients for 
noble metals and other chalcophile elements as 
deduced from MORB: Implications for partial 
melting. Geochimica et Cosmochimica Acta 54, 
3379-3389.



107

Bull. Min. Res. Exp. (2022) 167: 83-109

Peach, C. L., Mathez, E. A., Keays, R. R., Reeves, S. J. 
1994. Experimentally determined sulfide melt-
silicate melt partition coefficient for iridium and 
palladium. Chemical Geology 117, 361-377.

Pearson, D. G., Nowell, G. M. 2004. Re–Os and Lu–Hf 
isotope constraints on the origin and age of 
pyroxenites from the Beni Bousera peridotite 
massif: implications for mixed peridotite–
pyroxenite mantle sources. Journal of Petrology 
45, 439–455.

Pearson, D. G., Irvine, G. J., Ionov, D. A., Boyd, F. R., 
Dreibus, G. E. 2004. A Re–Os isotope Systematics 
and platinum group element fractionation during 
mantle melt extraction: a study of massif and 
xenolith peridotite suites. Chemical Geology 208, 
29–59.

Pearson, D. G., Parman, S. W., Nowell, G. M. 2007. A 
link between large mantle melting events and 
continent growth seen in osmium isotopes. Nature 
449, 202-205.

Pearson, D. G., Snyder, G. A., Shirey, S. B., Taylor, L. A., 
Carlson, R. W., Sobolev, N. V. 1995. Archaean 
Re–Os age for Siberian eclogites and constraints 
on Archaean tectonics. Nature 374, 711–713.

Peucker-Ehrenbrink, B., Jahn, B. M., 2001. Rhenium-
osmium isotope systematics and platinum-group 
element concentrations: loess and the upper 
continental crust. Geochemistry, Geophysics, 
Geosystems 2 (2001GC000172).

Peucker-Ehrenbrink, B., Bach, W., Hart, S. R., Blusztajn, 
J., Abbruzzese, T. 2003. Rhenium–osmium 
isotope systematics and platinum group element 
concentrations in oceanic crust from DSDP/ODP 
sites 504 and 417/418. Geochemistry, Geophysics, 
Geosystems 4 (2002GC000414).

Peucker-Ehrenbrink, B., Hanghoj, K., Atwood, T., Kelemen, 
P. B. 2012. Rhenium-osmium isotope systematics 
and platinum group element concentrations in 
oceanic crust. Geology 40(3), 199–202.

Philipp, H., Eckhardt, J. D., Puchelt, H. 2001. Platinum-
group elements (PGE) in basalts of the seaward-
dipping reflector sequence, SE Greenland Coast. 
Journal of Petrology 42, 407-432.

Pitcher, L., Helz, R. T., Walker, R. J., Piccoli, P. 2009. 
Fractionation of the platinum-group elements 
and Re during crystallization of basalt in Kilauea 
Iki Lava Lake, Hawaii. Chemical Geology 260, 
196–210

Powell, W., O'Reilly, S. Y. 2007. Sulfide mobility in mantle 
fluids beneath eastern Australia: implications 

for metasomatic processes and mantle Re-Os 
chronology. Lithos 94, 132-147.

Qi, L., Zhou, M. F. 2008. Platinum-group elemental and 
Sr-Nd-Os isotopic geochemistry of Permian 
Emeishan flood basalts in Guizhou Province, SW 
China. Chemical Geology 248, 83–103.

Qi, L., Wang, C. Y., Zhou, M. F. 2008. Controls on the PGE 
distribution of Permian Emeishan alkaline and 
peralkaline volcanic rocks in Longzhoushan, 
Sichuan Province, SW China. Lithos 106, 222-
236

Qi, L., Zhou, M. F., Wang, C. Y. 2004. Determination of 
low concentrations of platinum group elements 
in geological samples by ID-ICP-MS. Journal of 
Analytical Atomic Spectrometry 19, 1335–1339.

Qi, L., Gao, J. F., Huang, X. W., Hu, J., Zhou, M. F., Zhong, 
H. 2011. An improved digestion technique for 
determination of platinum group elements in 
geological samples. Journal of Analytical Atomic 
Spectrometry 26, 1900–1904.

Qi, L., Zhou, M. F., Wang, C. Y., Sun, M. 2007. Evaluation 
of the determination of Re and PGEs abundance 
of geological samples by ICP-MS coupled with 
a modified Carius tube digestion at different 
temperatures. Geochemical Journal 41, 407–14.

Rehkämper, M., Halliday, A. N., Fitton, J. G., Lee, D. C., 
Wieneke, M., Arndt, N. T. 1999a. Ir, Ru, Pt, and 
Pd in basalts and komatiites: new constraints 
for the geochemical behavior of the platinum-
group elements in the mantle. Geochimica et 
Cosmochimica Acta 63, 3915–3934.

Rehkämper, M., Halliday, A. N., Alt, J., Fitton, J. G., 
Zipfel, J., Takazawa, E. 1999b. Non-chondritic 
platinum-group element ratios in oceanic mantle 
lithosphere: Petrogenetic signature of melt 
percolation? Earth and Planetary Science Letters 
172, 65–81.

Reisberg, L., Allègre, C. J., Luck, J. M. 1991. The Re–Os 
systematics of the Ronda ultramafic complex 
of Southern Spain. Earth and Planetary Science 
Letters 105, 196–213.

Reisberg, L., Zhi, X. C., Lorand, J. P., Wagner, C., Peng, 
Z. C., Zimmermann, C. 2005. Re–Os and S 
systematics of spinel peridotite xenoliths from 
east central China: evidence for contrasting 
effects of melt percolation. Earth and Planetary 
Science Letters 239, 286-308.

Richards, J. P. 2009. Post subduction porphyry Cu-Au and 
epithermal Au deposits: products of remelting of 



Bull. Min. Res. Exp. (2022) 167: 83-109

108

subduction-modified lithosphere. Geology 37, 
247–250. 

Richards, J. P. 2011. Magmatic to hydrothermal metal fluxes 
in convergent and collided margins. Ore Geology 
Review 40, 1–26.

Righter, K., Campbell, A. J., Humayun, M., Hervig, M. R. 
L. 2004. Partitioning of Ru, Rh, Pd, Re, Ir, and Au 
between Cr-bearing spinel, olivine, pyroxene and 
silicate melts. Geochimica et Cosmochimica Acta 
68-867-880.

Rocha-Júnior, E. R. V., Puchtel, I. S., Marques, L. S., Walker, 
R. J., Machado, F. B., Nardy, A. J. R., Babinski, 
M., Figueiredo, A. M. G. 2012. Re-Os isotope 
and highly siderophile element systematics of the 
Paraná continental flood basalts (Brazil). Earth 
and Planetary Science Letters 337–338, 164–173.

Roy-Barman, M., Wasserburg, G. J., Papanastassiou, D. 
A., Chaussidon, M. 1998. Osmium isotope 
composition and Re-Os concentrations in 
sulfide globules from basaltic glasses. Earth and 
Planetary Science Letters 154, 331-347.

Rudnick, R. L., Lee, C. 2002. Osmium isotope constraints 
on the tectonic evolution of the lithosphere in 
the southwestern United States. International 
Geology Review 44, 501-511.

Rudnick, R. L., Gao, S. 2004. Composition of the continental 
crust. In: Holland, H. D., Turekian, K. K. (eds.), 
Treatise on Geochemistry. Elsevier, Amsterdam, 
3, 1–64.

Rudnick, R. L., Walker, R. J. 2009. Interpreting ages from 
Re–Os isotopes in peridotites. Lithos 112, 1083–
1095.

Saal, A. E., Rudnick, R. L., Ravizza, G. E., Hart, S. R. 1998. 
Re-Os isotope evidence for the composition, 
formation and age of the lower continental crust. 
Nature 393, 58–61.

Salters, V. J. M., Andreas, S. 2004. Composition of the 
depleted mantle. Geochemistry, Geophysics, 
Geosystems 5, 469-484.

Savelyev, D. P., Kamenetsky, V. S., Danyushevsky, L. V., 
Botcharnikov, R. E., Kamenetsky, M. B., Park, J. 
W., Portnyagin, M. V., Olin, P., Krasheninnikov, 
S. P., Hauff, F. 2018. Immiscible sulfide 
melts in primitive oceanic magmas: Evidence 
and implications from picrite lavas (Eastern 
Kamchatka, Russia). American Mineralogist 103, 
886–898. 

Schmidt, G., Snow, J. 2002. Os isotopes in mantle xenoliths 
from the Eifel volcanic field and the Vogelsberg 
(Germany): age constraints on the lithospheric 

mantle, Contributions to Mineralogy and 
Petrology 143, 694–705.

Selby, D., Creaser, R. A., Stein, H. J., Markey, R. J., Hannah, 
J. L. 2007. Assessment of the 187Re decay constant 
by cross calibration of Re–Os molybdenite and 
U–Pb zircon chronometers in magmatic ore 
systems. Geochimica et Cosmochimica Acta 71, 
1999-2013.

Sen, I. S., Bizimis, M., Sen, G., Huang, S. 2011. A radiogenic 
Os component in the oceanic lithosphere? 
Constraints from Hawaiian pyroxenite xenoliths. 
Geochimica et Cosmochimica Acta 75, 4899–
4916.

Sharpe, M. R. 1982. Noble metals in the marginal rocks of 
the Bushveld Complex. Economic Geology 77, 
1286-1295.

Shirey, S. B., Walker, R. J. 1995. Carius tube digestion for 
low blank rhenium–osmium analysis. Analytical 
Chemistry 67, 2136–2141.

Shirey, S. B., Walker, R. J. 1998. The Re–Os isotope 
system in cosmochemistry and high-temperature 
geochemistry. Annual Review of Earth and 
Planetary Sciences 26, 423-500.

Stein, H., Hannah, J. 2015. Rhenium–Osmium 
geochronology: sulfides, shales, oils, and 
mantle. In: Rink, W. J., Thompson, J. W. (eds.), 
Encyclopedia of Scientific Dating Methods, 
Springer, Dordrecht.

Stone, W. E., Crocket, J. H., Fleet, M. E. 1990. Partitioning 
of palladium, iridium, platinum, and gold 
between sulfide liquid and basalt melt at 1200°C. 
Geochimica et Cosmochimica Acta 54, 2341-234.

Sun, Y., Ying, J., Zhou, X., Shao, J., Chu, Z., Su, B. 2014. 
Geochemistry of ultrapotassic volcanic rocks in 
Xiaogulihe NE China: implications for the role 
of ancient subducted sediments. Lithos 208–209, 
53–66.

Suzuki, K., Senda, R., Shimizu, K. 2011. Osmium behavior 
in a subduction system elucidated from chromian 
spinel in Bonin Island beach sands. Geology 39, 
999–1002.

Tatsumoto, M., Basu, A. R., Wankang, H., Junwen, W., 
Guanghong, X. 1992. Sr, Nd, and Pb isotopes of 
ultramafic xenoliths in volcanic rocks of Eastern 
China: enriched components EMI and EMII in 
subcontinental lithosphere. Earth and Planetary 
Science Letters 113, 107–128.

Turner, S., Handler, M., Bindeman, I., Suzuki, K. 2009. 
New insights into the origin of O–Hf–Os isotope 



109

Bull. Min. Res. Exp. (2022) 167: 83-109

signatures in arc lavas from Tonga–Kermadec. 
Chemical Geology 266,187–193.

Van Keken, P. E., Hauri, E. H., Ballentine, C. J. 2002. 
Mantle mixing: the generation, preservation, and 
destruction of chemical heterogeneity. Annual 
Review of Earth and Planetary Sciences 30, 493–
525.

Vogel, D. C., Keays, R. R. 1997. The petrogenesis and 
platinum-group element geochemistry of the 
Newer Volcanic Province, Victoria, Australia. 
Chemical Geology 136, 181-204.

Völkening, J., Walczyk, T., Heumann, K. G. 1991. Osmium 
isotope ratio determinations by negative thermal 
ionization mass spectrometry. International 
Journal of Mass Spectrometry and Ion Processes 
105, 147–159.

Walker, R. J. 2016. Siderophile Elements in Tracing 
Planetary Formation and Evolution. Geochemical 
Perspectives 5(1), 145s.

Walker, R. J., Carlson, R. W., Shirey, S. B., Boyd, F. R. 
1989. Os, Sr, Nd, and Pb isotope systematics of 
southern African peridotite xenoliths-implications 
for the chemical evolution of subcontinental 
mantle. Geochimica et Cosmochimica Acta 53, 
1583–1595.

Walker, R. J., Prichard, H. M., Ishiwatari, A., Pimentel, M. 
M. 2002. The osmium isotopic composition of 
convecting upper mantle deduced from ophiolite 
chromitites. Geochimica et Cosmochimica Acta 
66, 329–345.

Wang, C. Y., Zhou, M. F., Qi, L. 2010. Origin of extremely 
PGE-rich mafic magma system: an example from 
the Jinbaoshan ultramafic sill, Emeishan large 
igneous province, SW China. Lithos 119, 147–
161.

Wang, C. Y., Zhou, M. F., Qi, L. 2011. Chalcophile element 
geochemistry and petrogenesis of high-Ti and 
low-Ti magmas in the Permian Emeishan large 
igneous province, SW China. Contributions to 
Mineralogy and Petrology 161, 237-254.

Wang, Z., Becker, H. 2015. Fractionation of highly 
siderophile and chalcophile elements during 
magma transport in the mantle: constraints from 
pyroxenites of the Balmuccia peridotite massif. 
Geochimica et Cosmochimica Acta 159, 244–263.

Waters, C. L., Zanon, V., Day, J. M. D., Watanabe, S., Sayıt, 
K., Olson, K. M., Hanan, B. B., Widom, E. 2020. 
Sulfide mantle source heterogenity recorded in 
basaltic lavas from the Azores. Geochimica et 
Cosmochimica Acta 268, 422–445.

Widom, E., Hoernle, K. A., Shirey, S. B., Schmincke, H. 
U. 1999. Os isotope systematics in the Canary 
Islands and Madeira: lithospheric contamination 
and mantle plume signatures. Journal of Petrology 
40, 279–296.

Woodland, S. J., Pearson, D. G., Thirlwall, M. F. 2002. 
A platinum group element and Re-Os isotope 
investigation of siderophile element recycling in 
subduction zones: Comparison of Grenada, Lesser 
Antilles Arc, and the Izu-Bonin Arc. Journal of 
Petrology 43(1), 171–198.

Xu, J. F., Suzuki, K., Xu, Y. G., Mei, H. J., Li, J. 2007. Os, 
Pb, and Nd isotope geochemistry of the Permian 
Emeishan continental flood basalts: insights into 
the source of a large igneous province. Geochimica 
et Cosmochimica Acta 71, 2104–2119.

Yang, A. Y., Zhao, T. P., Zhou, M. F., Deng, X. G., Wang, 
G. Q., Li, J. 2013. Os isotopic compositions of 
MORBs from the ultra-slow spreading Southwest 
Indian Ridge: Constraints on the assimilation and 
fractional crystallization (AFC) processes. Lithos 
179, 28–35.

Yuan, F., Zhou, T., Zhang, D., Jowitt, S. M., Keays, R. R., 
Liu, S., Fan, Y. 2012. Siderophile and chalcophile 
metal variations in basalts: Implications for the 
sulphide saturation history and Ni–Cu–PGE 
mineralization potential of the Tarim continental 
flood basalt province, Xinjiang Province, China. 
Ore Geology Reviews 45, 5–15.

Zeng, G., Huang, X. W., Zhou, M. F., Chen, L. H., Xu, X. 
S. 2016. Using chalcophile elements to constrain 
crustal contamination and xenolith-magma 
interaction in Cenozoic basalts of eastern China. 
Lithos 258–259, 163–172.

Zhang, W. H., Zhang, H. F., Sun, Y. L., Fan W. M., Han, 
B. F., Tang, Y. J. 2015. Platinum-group element 
geochemistry of Cenozoic basalts from the 
North China Craton: Implications for mantle 
heterogeneity. Science China: Earth Sciences 58, 
881–895.

Zhang, Y. L., Liu, C. Z., Ge, W. C., Wu, F. Y., Chu, Z. Y. 
2011. Ancient sub-continental lithospheric mantle 
(SCLM) beneath the eastern part of the Central 
Asian Orogenic Belt (CAOB): implications for 
crust–mantle decoupling. Lithos 126, 233–247.

Zindler, A., Hart, S. R. 1986. Chemical geodynamics. 
Annual Review of Earth and Planetary Sciences 
14, 493–571.




	Button 99: 
	Button 98: 
	Button 97: 
	Button 96: 
	Button 95: 


