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ARTICLE INFO ABSTRACT

Artic{e history: A large data compilation has been assembled of platinum group element (PGE) analyses in mantle melts
Received 19 December 2014 and mantle rocks, the latter including an assortment of xenoliths and obducted mantle massifs. The degree of
Accepted 2 July 2015 correlation has been investigated among the PGEs and with other major element variables such as Al,03, TiO

Available online xxxx and Mg number, and the results are considered in the context of the current paradigm for the behaviour of highly

siderophile elements in the silicate Earth.

Partial melting Primitive mantle melts have a wide range of PGE contents. Komatiites have the highest abundances of all the
Lithosphere PGEs, show the strongest correlations between Pt and Rh, Pt and Pd and between the iridium-group PGEs Ir,
Large igneous province Ru and Os (IPGEs). Most basalts of all affinities have lower levels of Pt and Pd and much lower levels of Ir, Ru
Komatiite and Os than komatiites. Within the basalt grouping Rh has stronger affinities with the IPGEs. Picrites and Archaean
Basalt basalts are intermediate between these two groups. MORBs and a small proportion of continental LIP basalts show
Sampling strong depletions in all PGEs attributable to retention of sulfide in their mantle source rocks, or sulfide liquid
fractionation on ascent. The degree of PGE depletion in other basalts is probably attributable to equilibration
with sulfide, but is less than would be expected under conventional models of sulfide extraction, and is instead
attributed to mixing of magmas generated at variable depths incorporating both sulfide-saturated and undersatu-
rated components. Basalts with Pt and Pd contents higher than typical komatiites are rare, a notable example being
B1-type parent magmas to the Bushveld Complex, which have komatiite-like relative PGE abundances and Pt, Pd
and Rh abundances up to a factor of two higher than komatiites for comparable Ti contents.

The mantle composition array as a whole is characterized by variable degrees of depletion of Pt, Pd and Rh in Al-
poor, melt-depleted harzburgite/dunite lithologies; lack of depletion in these elements in Al-bearing lherzolites;
and a lack of systematic variation in IPGEs across this range. Strongest correlations across the entire set are
observed between Ir, Ru and Os; and between Pt and Rh. Melt-depleted cratonic mantle samples are notably
more deficient in Pd than in Pt, but comparable Pd-enriched components are not represented in the available
data from continental environments. The only group of mantle melts that systematically record high Pd/Pt ratios
are MORBs; if these are indeed the complement of the depleted cratonic mantle suite then the melt depletion
recorded by the cratonic mantle suite occurred at low pressure prior to tectonic underplating of the depleted
lithosphere beneath the cratons. A filtered subset of orogenic peridotite compositions that are thought not to
have been affected by significant extents of melt extraction or metasomatic refertilization have median concen-
trations of 3.9 ppb Os, 2.9 ppb Ir, 6.3 ppb Ru, 1.0 ppb Rh, 6.2 ppb Pt, 5.4 ppb Pd, and Cu/Pd ratio of 5500, which we
consider to be representative of the modern convecting mantle. The convecting mantle has PGE proportions
closely resembling those of lunar impact breccias, diverging considerably from chondritic proportions and
attributable to the presence of a late veneer-derived, predominantly sulfide-hosted component. The composi-
tions of mantle peridotites show considerable scatter attributable to the combined effects of measurement
error and a strong covariance due to a heterogeneous distribution of sulfide in the small samples typically chosen
for pulverization. The intensity of the covariance between all of the PGE due to sampling error gives a false
impression of a genetic trend toward highly enriched PGE in some samples which could be mistaken for the
effects of metasomatism; however no plausible metasomatic process would be expected to retain the tight
interelement correlations shown.
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1. Introduction

* Corresponding author. The platinum group elements (PGEs) - Pt, Pd, Rh, Ry, Ir and Os - are
E-mail address: steve.barnes@csiro.au (S]. Barnes). informative tracers of a wide variety of petrogenetic processes including
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planetary accretion and differentiation (Lorand et al., 2008b), core
formation (Gaetani and Grove, 1997; Murthy and Karato, 1997),
late-veneer addition and homogenization (Chou, 1978; Maier et al.,
2009; Morgan et al., 2001), depletion and fertilization of continental
lithosphere (Becker et al., 2006; Lorand et al., 2010, 2012; Maier et al.,
2012a), timing of sulfide saturation in mafic and ultramafic magmas
and genesis of magmatic sulfide ores (Barnes et al., 1985; Hamlyn and
Keays, 1986; Keays, 1995). The latter application has found practical
applications in exploration for magmatic sulfide orebodies (Barnes
et al,, 2013; Fiorentini et al., 2010; Lesher et al., 2001; Maier and
Barnes, 1999). Understanding the geochemistry of the PGEs has become
particularly important in view of the now widespread use of the Re-Os
isotopic system to date major processes of planetary differentiation, the
age of the subcontinental lithosphere and the timing of formation of the
continents themselves (Griffin et al., 2004; Shirey and Walker, 1998).

A large body of high quality data has accumulated in the last two or
three decades, following the development of a variety of extremely sen-
sitive and precise analytical techniques. The PGEs and Re are among the
least abundant elements not only in the crust but in the silicate portion
of the Earth as a whole (McDonough and Sun, 1995), and they are the
only suite of elements in the periodic table (along with Au) whose
abundances are routinely analysed in silicate rocks at low-ppb or even
sub-ppb levels.

The igneous geochemical behaviour of this complex suite of ele-
ments is especially complex, owing to the tendency of PGE behaviour
to be controlled by the stability of accessory, trace and ultra-trace
phases during magmatic processes. Previous reviews have considered
large datasets for magmas on the one hand (Barnes and Fiorentini,
2008; Day et al., 2013; Fiorentini et al., 2010) and for mantle samples
on the other (Lorand et al., 2012), but taking a broad overview of
these datasets in combination offers an opportunity to pick out essential
relationships, especially when combined with some of the recent
insights derived from new micro-analytical techniques (Alard et al.,
2000), and from many decades of study of the distribution of PGEs in
magmatic ore deposits, summarized in reviews by Naldrett (2004),
and Barnes and Lightfoot (2005). This contribution attempts to use a
combination of data on PGEs in samples of mantle melts and mantle
rocks, filtered to remove as far as possible effects of low temperature
fractionation and late S saturation.

A major objective of the paper is to make available a comprehensive
compilation of data from the literature, subdivided by tectonic setting
and rock type. To this end, an extensive set of supplementary data
includes complete data listings, sources, and contoured data density
plots intended to form a basis for comparison in future PGE studies.

This contribution sets out the data, presents a review of current
models for magmatic PGE behaviour, and sets the scene for a companion
paper (Mungall and Barnes, in prep) that presents detailed quantitative
modelling of mantle melting processes based on the most recent available
experimental constraints. We use the data set here to consider some spe-
cific current questions in PGE geochemistry, principally:

1) What is the range of variability in PGE contents of relatively
unfractionated mantle melts and the sources from which they derive?

2) To what extent are PGE concentrations in mantle melts and restites
explicable by current models, and particularly by magmatic sulfide
liquid control?

3) To what extent are the PGE budgets of mantle restites and mantle
melts complementary?

4) Are current estimates of primitive mantle PGE concentrations
reasonable, and to what extent are they modified and controlled
by processes of metasomatism and mantle refertilization?

1.1. PGEs in mantle-related rocks: the “standard model”

Following pioneering work in the 1970s and 1980s on PGEs in
magmas and sulfide ore deposits (Barnes, 1985; Crocket, 1979; Keays

and Crocket, 1970; Keays and Davidson, 1976), a general consensus
has built up around the behaviour of the PGEs in mafic and ultramafic
melts. In what will be referred to as the “standard model”, the following
principles have been widely considered to be firmly established.

1) The predominant control on the concentrations of PGEs in magmas
is interaction with magmatic sulfide liquids. All the PGEs are
extremely chalcophile under almost all conditions, and partition co-
efficients from silicate into sulfide liquids are some of the highest for
any elements in nature: estimates range from the order of thousands
(Fleetetal., 1991), to millions (Andrews and Brenan, 2002b; Fonseca
et al, 2009), with recent experimental data confirming values of the
order of 10° to 10° (Mungall and Brenan, 2014). This feature under-
pins the high and spectacularly variable concentrations of PGEs in
magmatic sulfide accumulations in nature (Campbell and Barnes,
1984), and also the extensive depletion of all the PGEs seen in certain
basaltic (and some komatiitic) rocks believed to have interacted
with magmatic sulfide liquid (Barnes and Picard, 1993; Briigmann
et al., 1993; Fiorentini et al., 2010; Rehkdmper et al., 1999).
The retention or otherwise of magmatic sulfides during mantle
partial melting is a critical control on the PGE contents of the
resulting melts. The presence of even tiny amounts of residual
sulfide is enough to produce strong PGE depletion in mantle melts
that are sulfide saturated at source (Hamlyn and Keays, 1986;
Mungall, 2014; Mungall and Brenan, 2014). This gives rise to an
“all or nothing” mantle source control — instantaneous primary
mantle melts are likely to be either highly depleted in PGEs due to
sulfide liquid interaction, or not at all, depending on whether the
degree of partial melting is sufficiently high to remove all of the
source sulfide by dissolving it in the silicate melt.
The PGEs fall into two contrasting geochemical groupings. The Ir-
series PGEs, denoted the IPGEs by Barnes et al. (1985), comprising Ir,
Ru and Os, behave as a coherent group of compatible elements in igne-
ous processes. They are retained in the mantle during partial melting,
they decrease in residual melts during fractional crystallization and
they are enriched in ultramafic cumulates, all regardless of presence
of sulfides. The PPGEs Pt and Pd have precisely the opposite character-
istics in the absence of a magmatic sulfide phase (Barnes et al., 1985).
The IPGEs are also distinguished by their tendency to form highly
refractory phases of their own, particularly alloys, arsenides and
sulfides (laurite) in the case of Ru (e.g. Bai et al., 2000; Barnes et al.,
2008; Dare et al., 2010; Distler et al., 1999; Liipo, 1999; Page and
Talkington, 1984; Peck and Keays, 1992; Zhou et al., 2000). Only Pt
of the remaining PGEs shares this characteristic. Refractory IPGE
phases, rather than compatibility in silicate or oxide phases, have
been generally considered to be a major cause of the compatible be-
haviour of the group, although Ru is strongly compatible in chromite
under some circumstances (Brenan et al., 2012; Locmelis et al.,
2011; Page et al,, 2012). Refractory IPGEs and their alteration products
are very commonly found in close association with chromite in both
mantle and crustal ultramafic cumulates (Arai et al., 1999; Legendre
and Auge, 1986; Peck and Keays, 1990; Prichard et al., 1981). Experi-
mental data presented and reviewed by Mungall and Brenan (2014)
indicates mild compatibility into olivine; on this basis these authors
consider the dominant control on compatible behaviour of IPGE to
be their partitioning into olivine and chromite, with a subsidiary but
detectable additional signal resulting from the existence of alloys or
similar PGM.

5) The PGEs can be fractionated from one other during differentiation or
partial melting of sulfide magmas. Typical sulfide magmas, particular-
ly those with high Cu contents and hence large melting ranges, have as
their primary liquidus phase the high-T equivalent of pyrrhotite re-
ferred to as monosulfide solid solution (MSS) and undergo fractional
crystallization of this phase, resulting in enrichment of the residual lig-
uid in Cu. The IPGEs and Rh are all compatible in MSS, with D values
typically around 2-10, relative to Pt and Pd which are incompatible
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(Li et al,, 1996; Mungall et al., 2005). This process leads to large inter-
nal variations in PGE concentration within orebodies.In some cases,
such as particular deposits at Sudbury and Noril'sk, orebodies are
zoned from IPGE enriched, Cu-poor MSS cumulates to extremely Pt,
Pd, Ni, and Cu rich bonanza ore shoots formed from highly enriched
residual melt (Huminicki et al,, 2005; Mungall, 2007a; Naldrett et al,,
1982, 1999).

The somewhat neglected “middle” PGE, Rh, has apparently intermedi-
ate character between the IPGEs and the pairing of Pt and Pd. Rhodium
shares with the IPGEs the property of partitioning into MSS during sul-
fide fractionation, and closely follows the IPGEs during differentiation
of magmatic sulfide ores (Barnes, 2004), but lacks the IPGE tendency
to make its own phases as a major component. In other respects, as
we see below, it follows Pt and Pd. This intermediate character is po-
tentially highly revealing.

=

1.2. PGEs in mantle-related rocks: recent developments

In the last few years, a number of advances in analytical and exper-

imental techniques, particularly the development of laser ablation —
ICPMS (inductively coupled plasma mass spectrometry) analysis at

p

pb detection limits, have produced a number of intriguing observa-

tions that have both positive and negative implications for the standard
model. Concurrently, extremely painstaking and detailed investigation
of PGE deportment in mantle samples and in sulfide ores and their

h

ost rocks has added new mineralogical insights. In summary, the

following refinements or modifications to the standard model have
either been made or are currently being hotly debated.

1

2

) PGEs are extremely insoluble in silicate melts under normal mantle
redox conditions (Andrews and Brenan, 2002a,2002b; Borisov,
2005; Borisov and Palme, 2000; Brenan and Andrews, 2001; Ertel
et al.,, 1999; O'Neill et al., 1995). Solubility values range from low
ppb to several tens of ppb. Controversy continues about the role of
S in the melt; results of Mungall and Brenan (2014) confirm that
the presence of S in the silicate melt substantially increases PGE
metal solubility (Laurenz et al., 2013), but even taking this into
account solubility values in the low 10s of ppb range are typical at
normal oxygen fugacities. Such low solubilities give rise to stability
of IPGE-rich phases, and in some cases Pt-rich phases in equilibrium
with magmas (Barnes et al., 2014), and the possibility that such
phases crystallize directly from magmas, where not prevented
from doing so by prior depletion by sulfide liquid. Extremely low
solubilities also imply extremely high activity coefficients for PGEs
in silicate melts, which, coupled with evidence for high solubilities
in sulfide liquids (Fonseca et al., 2009, 2012) are fully consistent
with the higher estimates of 10° or 10° for partition coefficients
for PGEs into sulfide melts (Mungall and Brenan, 2014). Recent
experiments and the advent of ultra-sensitive laser ablation
data have overcome the widespread problem of presence of PGM
micronuggets in experimental charges that gave incorrectly low Ds
in early experiments (Mungall and Brenan, 2014). Much of the
complexity of PGE geochemistry is a consequence of extreme low
solubilities and the resulting kinetics of nucleation of PGE-enriched
phases from magmas. An example is the common occurrence of
IPGE inclusions within chromite; this may be the result of redox-
driven nucleation of these phases (Finnigan et al., 2008) in boundary
layers around growing or reacting chromite crystals. Another conse-
quence, of enormous significance for the economic geology of the
PGEs, may be the spectacularly high PGE tenors of the very first in-
crement of sulfide liquid to nucleate during sulfide saturation events
(Ballhaus and Sylvester, 2000; Barnes, 1993; Godel et al., 2014).

A long-standing idea in PGE geochemistry is that PGEs are present in
melts as “nanoclusters”, possibly in combination with other elements
such as S, As, Te and Bi. This concept was originated in the 1980s by
workers on magmatic PGE “Reef-style” deposits as found in major

—

layered intrusions such as the Bushveld Complex and the Great Dyke
(Ballhaus and Sylvester, 2000; Tredoux et al., 1995; Wilson and
Tredoux, 1990), and has only recently found some experimental sup-
port in observations on As-bearing sulfide melts (Helmy et al.,, 2013;
Kennedy et al., 2013). However, the strong experimental evidence
for fO, and fS, dependence on the solubility of PGEs implies that
PGEs dissolve primarily by forming -O and -S bonds, and the
nanocluster concept is unnecessary to explain most of the observed
behaviour. Furthermore, the textural evidence is equivocal in support
of Helmy's assertion that the Pt-As phases observed in their experi-
mental run products were present at run conditions, and we remain
unconvinced that these do not represent quench phases.

3) PGE deportment at ppb levels in sub-continental lithospheric mantle

samples is complex, and is held to be influenced by metasomatic pro-

cesses believed to be related to refertilization of previously depleted
mantle harzburgite. The IPGEs are associated with refractory IPGE
phases and MSS, commonly found as inclusions in olivine. Platinum
and Pd are associated with intergranular Cu-bearing sulfides (Alard
et al,, 2000; Lorand et al.,, 20083, 2010, 2012). The two groupings are
considered to have been extensively decoupled during evolution of
the lithosphere, possibly as a result of incongruent melting of mantle

sulfides (Ballhaus et al., 2006).

Platinum and Pd, while typically very strongly correlated with one an-

other, become decoupled in some magmatic settings, particularly in

cumulate sequences within certain layered intrusions where Pt/

Pd and Pt/S ratios can vary widely and erratically on a scale of metres

(Barnes et al., 20043, 2011; Keays et al., 2012; Maier and Barnes,

1999). Fractionation of Pt from Pd has also been documented during

low-pressure fractionation in a number of suites, notably the conti-

nental LIP sequences in East Greenland (Momme et al., 2002,

2006), the Deccan Traps (Keays and Lightfoot, 2010), the Siberian

Traps (Lightfoot and Keays, 2005), the Newer Volcanic Sequence of

SE Australia (Vogel and Keays, 1997) and the Pual Ridge lavas

(Park and Campbell, 2013). In all cases, where the fractionating

melts follow a sulfide liquid undersaturated path, Pd behaves almost

perfectly incompatibly, while Pt shows mildly compatible behaviour,
leading to an increase in Pd/Pt with declining MgO and Mg/Fe. As we
show below, this trend is not evident in high-MgO melts that have
not undergone extensive low-pressure fractionation in the crust.

Coupled with some rare occurrences of Pt enrichment in ultramafic

rocks with no other associated PGEs (Maier et al., 2015), Pt depletion

relative to Pd may be taken as evidence for primary magmatic precip-
itation of Pt-rich phases, probably Pt-Fe alloy or Pt arsenide. Primary

Pt or PtFe precipitation may be the ultimate origin of the Pt placer de-

posits associated with certain Ural-Alaskan complexes (Garuti et al.,

1997; Malitch and Thalhammer, 2002).

5) The “all or nothing” model for retention of PGEs by sulfides during
mantle melting does not explain the relatively mild degree of PGE
depletion in many basaltic rocks, possibly excepting MORBs. The
retention of sulfide liquid in the mantle restite during mantle partial
melting is an assumption, and depends on a particular physical model
of the process that requires re-examination (Ballhaus et al., 2006). In
particular, it is debatable whether tiny ten-micron-scale droplets of
sulfide liquid generated during partial melting events could be
entrained by the escaping melt, or whether they would be trapped
in the partially molten peridotite by capillary forces (Chung and
Mungall, 2009).

=

In addition to these developments, a debate has opened up in the
economic geology world over whether certain magmas have a particu-
lar propensity to form magmatic sulfide deposits owing to interaction
with metasomatically enriched sub-continental lithospheric mantle
(Griffin et al., 2013). The debate can be traced back to discussions of
characteristics of parent magmas to the Bushveld Complex (Hatton
and Sharpe, 1989; Richardson and Shirey, 2008) and was developed to
consider a number of large igneous provinces by Zhang et al., (2008).
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On the basis of PGE data, Fiorentini et al. (2010) failed to find any signif-
icant evidence for unusually PGE rich magmas within komatiitic and
plume-related basaltic suites, and Arndt (2013) has argued against
any significant role for the SCLM in magmatic sulfide petrogenesis. On
the other hand, Au-, Re- and Pd-rich xenoliths in island arc settings
argue for a role of mantle fertilization or moderate degrees of melting
under unusually oxidizing conditions in generating precious-metal-
rich porphyry systems (Mclnnes et al., 1999; Mungall, 2002), and
magmas produced immediately after removal of sulfide from the source
mantle either by second stage melting (e.g., Keays, 1995; Mungall and
Brenan, 2014) or at low degrees of melting at high fO, (Botcharnikov
etal,, 2013; Mungall et al., 2006) may have extremely high PGE contents
if they fail to pool with lower degree partial melts.

The following two sections examine the available whole-rock ana-
lytical datasets for mantle melts and mantle samples, and consider
their implications for the “standard model” and its various challenges.
Data sources with full references can be found in supplementary
materials.

2. PGEs in mantle melts
2.1. Data selection and screening

The data set on PGE in mantle melts compiled for this study is very
similar to that employed by Fiorentini et al. (2010) with the addition
of a recent data set on parental magmas to the Bushveld Complex
(Barnes et al., 2010) and some other recently published data on a num-
ber of large igneous provinces (Day et al., 2013; Hughes et al., 2015; Li
et al., 2010, 2012; Ma et al.,, 2013; Qi et al., 2008; Song et al., 2006).
(Full data sources are listed in supplementary materials). The criteria
for inclusion are that data should have been collected within the last
twenty years using high-precision, low level analytical techniques:
either Ni sulfide fire assay with ICP-MS, or isotope dilution mass
spectrometry with Carius tube dissolution. Comparisons of these two
techniques are given in Fiorentini et al. (2010). The published datasets
were also required to record MgO, FeO and TiO, on the same samples.
Data are included from all mafic and ultramafic volcanic rocks consid-
ered to be mantle melts. Data from komatiites are restricted to those
with less than 30% MgO to minimise inclusion of samples containing
high proportions of cumulus olivine, and are also restricted to komatiite
formations with no known association with magmatic sulfide ores. The
komatiite data set is further restricted by excluding Al-depleted (also
known as “Barberton-type) komatiites to exclude processes of anoma-
lously deep melting in the majorite stability field (Arndt et al., 2008),
and also restricted to komatiites less than 2.9 Ga old to eliminate the
secular variation in older komatiites identified by Maier et al. (2009)
and attributed to time-dependent homogenization of the PGE-enriched
late veneer into the deep mantle.

As the main purpose of this contribution is to trace mantle processes,
the data are further filtered to minimise the inclusion of samples that
have undergone extensive low pressure fractional crystallization in
the crust. This cannot be done rigorously, but use of the FeO-MgO plot
(Fig. 1) (Herzberg et al., 2007) provides a simple graphical technique.

The data array of approximately 1300 points shows a broadly L-
shaped trend in Fig. 1, the steep leg being defined by wide variability
of FeO at a narrow range of low MgO values. This steep trend is attribut-
ed to the fractional crystallization of plagioclase bearing assemblages at
low pressures. The samples plotting along this trend, falling above the
diagonal dashed line on Fig. 1A, were eliminated from the study set.
The remaining horizontal trend is attributed to fractionation of olivine
from original primitive mantle melts; there is no way to determine
how extensive this fractionation was, or where it took place, or how
much is due to variable degrees of partial melting rather than fractional
crystallization, but restriction to “olivine-controlled” samples is likely to
remove at least some and possibly most of the variation due to low-P
processes. Residual variation due to olivine fractionation is minimised

in the discussion that follows by considering ratios of PGEs to Ti, an
element that is incompatible in olivine and also relatively insensitive
to contamination by continental crust (Fiorentini et al., 2010).

Filtering for the effects of alteration was not possible for most of the
basaltic data, and we could only rely on the choice of the original
authors to see fit to publish them in the first place as an indication of
freshness. In the case of the komatiite data set, owing to the dominance
of olivine control we were able to apply a Pearce element ratio approach
(see Barnes et al., 2004b for details) using Si, Al, Fe and Mg to eliminate
samples falling significantly off olivine control lines as being unaccept-
ably metasomatised, before incorporating them into the starting data
set.

The bulk of the filtered dataset, comprising 856 data points, is derived
from a number of distinct tectonic settings, distinguished by colour on
the plots that follow. These are: Archaean greenstone belts, dominated
by komatiites and associated basalts; Proterozoic supracrustal belts,
also containing komatiites and basalts in addition to picrites; continental
large igneous provinces (basalts, picrites); ocean islands (basalts and
picrites); mid-ocean ridge basalts (basalts); and a small number of anal-
yses from oceanic and continental arcs. For the purposes of this study,
samples were classified on the basis of MgO, TiO, and tectonic setting
into four major lithological groups: komatiites (MgO 18-30% and
TiO, < ~1), picrites (MgO > 12%, TiO, > 1), and low and high TiO, basalts
(TiO, less than or greater than approximately 1.5, respectively; the exact
lines of demarcation are shown in Fig. 1B). The picrite group is extended
to include high MgO samples from continental Large Igneous Provinces
(LIPs) regardless of their TiO, content. Within the picrite set, a large
proportion of samples probably owe their high MgO contents to the
presence of entrained olivine phenocrysts; this is certainly true for the
OIB set, which is dominated by Hawaiian picrites explicitly stated to con-
tain phenocryst olivine (Ireland et al., 2009). We have not attempted to
eliminate olivine-phyric samples, as the necessary petrographic data
with which to do this is not usually available in published data tables.
The Bushveld Sills data set, consisting mainly of chilled margins and
pyroxene-phyric rocks from marginal sills to the Complex, is broken
out separately. These lithogeochemical subdivisions are not the standard
definitions, but are simplified to avoid having an indigestible number of
classification groups on the plots.

Some inconsistency is present in the suites of elements analysed for
different samples. Isotope dilution methods do not report Rh, which is
mono-isotopic, and some fire assay analyses do not report Os owing to
volatility of oxidized Os during dissolution. Hence both elements are
under-represented in the data set as a whole, but in different samples.
This imbalance should be borne in mind, particularly within subsets
(such as OIB and MORB) with smaller numbers of samples.

The datasets inevitably contain a small proportion of wildly outlying
points; these can be accommodated by plotting the data on log-log
plots, but it was found that this approach obscures much interesting
detail in the bulk of the dataset. For this reason we have selected axes
on the various geochemical plots to include approximately 95% of the
data, hence excluding a small proportion of the further outliers. This
should be born in mind through the following discussion. Additional
plots with axis scales chosen to show 99% of the data are provided in
the Supplementary Information, along with data density plots for all of
the major sample groupings.

2.2. Variations and inter-element correlations

Variation of all the PGEs with Mg number (Molar MgO / [MgO + FeO])
and between one another is shown in a series of multi-element scatter
diagrams (Figs. 2, 3, and 4).

The IPGEs Ir, Ru and Os show closely coherent patterns and broadly
positive correlations with Mg#, reflecting their generally compatible
character, with highest values in komatiites. Picrite and basalt samples
from continental large igneous provinces (CLIPs) and ocean island ba-
salt provinces (OIBs) also show weak positive correlations between

10.1016/j.lithos.2015.07.007
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IPGEs and Mg#, but at systematically lower levels than in komatiites. In
contrast, Pt and Pd show overall unsystematic variation, although vari-
ation with rock-type is evident. There is a weak negative correlation in
komatiites between Mg# and both Pt and Pd and as with IPGEs, CLIP
and OIB picrites are systematically depleted for the same Mg#. Basalts
of all provenances show a wide range in Pt and Pd with no relationship
to Mg#. The behaviour of Rh, typically, is intermediate between the
IPGE and Pt-Pd groups; the distribution of Rh in komatiites is almost
identical to that of Pt, while it shows a well developed positive correla-
tion with Mg# in the CLIP data similar to that shown by the IPGEs.
MORBs are consistently depleted in all PGEs. Bushveld sill samples are
at the upper end of the range for all PGEs for given Mg#, and are notably
enriched in Rh and Pt.

Considering inter-element correlations among the PGEs, (Figs. 3 and
4), the strongest correlations over the entire dataset are observed
between Pt and Pd (r = 0.77 over the 675 samples passing the FeO-
MgO screen), Ir and Ru (0.76), Ir and Os (0.67), Pt and Rh (0.65) and
Pd and Rh (0.52), whereas correlations between IPGE and Pt or Pd are
weak to nonexistent. The IPGEs Ir, Os and Ru show strong positive
correlations (r > 0.5) with Mg#. Restricting the datasets to specific
rock-types and settings enhances some of these correlations and dimin-
ishes others (Table 1). For komatiites only, Pt and Rh are more strongly
correlated (r = 0.76 over 294 samples) as are Pd and Rh (0.63) while
IPGE correlation coefficients decrease slightly. For continental LIPs
only, combining high-Ti, low-Ti basalts and picrites, correlations

among the IPGs remain strong (r > 0.6 over 489 samples), Pt and Pd
remain very strongly correlated (r = 0.8), but the correlation between
Pt and Rh diminishes (r = 0.29). A significant correlation appears in
this grouping between Ir and Rh. Correlations between Mg# and Ir, Ru
and Rh become more significant (0.66, 0.78, 0.54 respectively).
Further insight into the behaviour of the “incompatible PGEs” (in the
sense of being incompatible in olivine) Pt, Pd and Rh is gained by
plotting PGE/Ti ratios against Mg#, with the intent of removing the ef-
fects of extraction or addition of olivine during melting or crystallization
processes (Fiorentini et al., 2010). This clarifies the trends considerably,
particularly for komatiites. Ratios are normalized to estimated values for
“primitive mantle” based on estimates for PGEs from Becker et al.
(2006) and for Ti from McDonough and Sun (1995). The ratios Pt/Ti
and Pd/Ti are approximately constant with Mg# for komatiites and
most Archaean greenstone belt basalts; Rh/Ti behaves similarly but
decreases slightly with decreasing Mg#. Komatiitic to picritic samples
from Proterozoic terranes are systematically slightly depleted relative
to Archaean komatiites. Continental LIP samples also show mostly hor-
izontal trends consistent with incompatible (or weakly compatible in
the case of Rh) behaviour, but are systematically depleted in Pt, Pd
and Rh compared with komatiites. A scatter toward strongly Pt, Pd
and Rh depleted samples is evident among high-Ti basalts from CLIPs;
these are generally regarded as having undergone sulfide saturation
and segregation in the crust, possibly related to ore formation in the
case of basalts from Noril'sk (Briigmann et al., 1993; Lightfoot et al.,
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1992; Naldrett et al., 1992) and Raglan (Barnes and Picard, 1993). The
same depletion is evident in MORBs, and in some samples from the
OIB dataset. Strong depletion is also present in the OIB picrite set.
Variation in inter-PGE ratios in different rock types and settings is il-
lustrated in plots of Pt/Rh, Pt/Ir and Pt/Pd in Fig. 5, and in multi-element

spidergrams (Fig. 6), including Ni and Cu for context with other
chalcophile elements, and Ti to indicate relationship to a representative
olivine-incompatible element. The ratio Pt/Ir increases with decreasing
Mg# from basalts to komatiites, with no particular relationship to
setting or rock type. In contrast, while Pt/Rh also increases in the same
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sense, there is a systematic offset between trends for komatiites and
Archaean basalts, and for continental LIPs (regrettably there is insuffi-
cient Rh data for the other groupings). This further reflects the point

made above from correlation coefficients that the relative coupling of
Pt and Rh changes between these settings: Rh behaves more like an
IPGE in basaltic and picritic magmas, and more like Pt and Pd in
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Table 1
Correlation matrices, mantle melts. Correlation coefficients greater than 0.5 shown in bold.
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Correlation Ir  Os Ru Rh Pt Pd TiO, Mg#
Mantle melts — all groupings

Ir 1 067 076 04 0.22 0.16 —029 057

Os 1 037 —-0.15 —0019 —-0.065 —005 0.3

Ru 1 0.65 0.35 0.28 —048 0.55

Rh 1 0.65 0.52 —045 027

Pt 1 0.77 —028 —0.053
Pd 1 —0.29 —0.085
TiO, 1 —0.32

Mantle melts — komatiites only

Ir 1 066 06 0.25 0.093 0.068 0.091 0.3

Os 1 012 —-009 —02 —023 —-026 035
Ru 1 0.56 0.31 0.24 —0.086 0.22
Rh 1 0.76 0.63 0.095 —0.12
Pt 1 0.7 0.29 —0.24
Pd 1 0.22 —-0.2
TiO, 1 —0.52
Mantle melts — CLIPs, all basalts and picrites

Ir 1 084 071 0.63 0.24 0.11 —0.01 0.66
Os 1 013 —0.042 —-0.026 0.71 —035 033
Ru 1 0.48 0.25 0.035 —0.11 0.78
Rh 1 0.29 0.26 0.014 0.54
Pt 1 08 0.086 0.066
Pd 1 —0.09 —0.047
TiO, 1 —0.24

komatiites and associated Archaean basalts. The behaviour of Pt and Pd
is strongly coherent across the entire dataset, notwithstanding some
scatter, mainly in komatiites, possibly due to selective mobilization of
Pd during alteration (Barnes and Liu, 2012). The only groupings show-
ing consistent enrichment of Pd over Pt are high- and low-Ti MORBs
(Fig. 6C and D).

A distinctive feature on the plots of PGE/Ti ratios vs Mg# is the dis-
tinctively PGE-enriched character of the Bushveld Sill compositions.
Relative to the undepleted komatiite-basalt trend, the Bushveld B1
magmas are enriched over Ti by factors of about 2 for Pt and Rh and
1.5 for Pd. This enrichment does not appear to extend to Ir, Ru and Os,
as is evident from Fig. 4 and from the spidergram plots in Fig. 6.
Fig. 6A shows that the Bushveld patterns are generally similar to those
for komatiites except for being relatively enriched in Pt and Rh and
slightly depleted in Ni, Os and Ir (although not Ru). This is the only
data set plotted here that is characteristically enriched in Pt over Pd.
The same characteristic is seen in the Pt-Pd enriched siliceous high-
Mg mafic magmas of the Vestfold Hills locality (Seitz and Keays, 1997)
in Antarctica (these were not included in this compilation owing to a
lack of complete major element data).

Some other generalities about different rock types and tectonic
settings can be made from Fig. 6. Picrites from Proterozoic settings
have similar PGE patterns to komatiites but generally high Cu, associat-
ed with higher Ti by definition. Ocean island picrites (primarily from
Hawaii) have lower levels of PGEs overall, flat IPGE patterns with
somewhat anomalous high Os/Ir, distinctly depleted Pt and Pd, and
anomalously high IPGE/(Pt + Pd). Both low-Ti and high-Ti basalts
from ocean islands have steep PGE patterns upward from Ir to Pd, and
mildly depleted PGEs relative to Ni, Cu and Ti relative to average mantle.
PGE patterns in MORBs are broadly parallel to those in high-Ti OIBs, but
substantially more depleted. MORBs and high-Ti basalts from CLIPs and
Archaean greenstone belts differ from other groupings in having
relative depletion of Ru over Ir (i.e. downward slopes from Ir to Ru).
High-Ti and low-Ti basalts from OIBs have otherwise similar IPGE
patterns and levels, but high-Ti basalts appear to be more depleted in
Pt and Pd; however, this may be an artefact of a small sample size. In
CLIPs, low-Ti basalts are generally depleted in IPGEs relative to high-Ti
basalts, but the opposite appears to be true for Pt and Pd. In both the
plume-related data sets (CLIPs, OIBs) high-Ti basalts are more depleted

in Pt and Pd than low-Ti basalts. Archaean basalts have generally similar
PGE patterns to CLIP basalts, except for having higher Ru and Rh
contents.

3. PGEs in mantle samples

The data set considered here was selected according to broadly
similar principles as that for the mantle melt dataset, comprising high
quality analyses collected in the last 15 years or so. The range of
elements reported in mantle studies varies widely; a large number of
recent studies report Os only in the context of Re-Os isotopic investiga-
tions and regrettably few of these studies report the other PGEs as well.
Such data are included on plots where possible. As with mantle melts,
Rh and Os are missing in many (different) samples according to the an-
alytical protocol. Chromite-rich samples have been avoided to eliminate
the well known affinity of IPGE-rich phases with chromitites.

The data set presented here overlaps with that reported by Lorand
et al. (2012) and Aulbach et al. (2015), and this contribution is not
intended to repeat the very comprehensive review of PGE and Re
contents of subcontinental mantle samples in those papers, to which
the reader is referred for detailed considerations of processes of mantle
metasomatism and mineralogical deportment of PGEs in the mantle.
The following discussion emphasises the more general trends evident
in the entire data set, and compares the subcontinental (cratonic) data
set with data from other well-represented settings. In the following
section we use the relative strength of interlement correlations between
the different PGEs to make deductions about the mantle melting
processes that give rise to the signals discussed above in the mantle
melt dataset.

In Fig. 7 we show PGE abundances versus Al,Os, which is an approxi-
mate proxy for degree of melting. Although the rate of Al,O5; depletion varies
as melting reactions change with increasing pressure (Walter, 1998), it is
convenient to regard Al,O3 concentrations between 2.5 and 4.5 wt.% as
being relatively fertile, whereas samples with less than 2.5% Al,Os have un-
dergone large degrees of partial melting. Figs. 8, 9 and 10 show inter-PGE
variations along with correlations for selected subsets of the data.

Over the mantle data set as a whole, the strongest correlations are
between Ir, Ru and Os on one hand, and between Pt, Pd, and Rh on the
other (Table 2). Distinct variations on this theme are seen within the
major sub-divisions (Figs. 7, 8, 9,and 10).

3.1. Orogenic samples

This grouping consists of obducted “Alpine” peridotite complexes
in orogenic belts and contains mostly lherzolites and a lesser number
of harzburgites. Whereas the mantle section of ophiolites typically
represents the shallow apical portion of the MORB melting prism and
many ophiolitic peridotites have undergone severe melt depletion
(e.g., Becker et al.,, 2006; Rehkdmper et al., 1999), the obducted orogenic
mantle massifs are widely thought to represent asthenospheric mantle
that was incorporated into the subcontinental lithosphere at consider-
able depth by conductive cooling, hence avoiding adiabatic melt extrac-
tion during its addition to the lithosphere (e.g., Fabriés et al., 1998).
Therefore this group of samples may offer the best opportunity to exam-
ine the composition of the convecting upper mantle. However textures
displayed by some of these samples have been taken as evidence for
mantle metasomatism and refertilization as a result of percolation of
low-degree mantle partial melts, as also documented in a number of
meticulously detailed studies of PGE and PGM residence at microscopic
scale (Alard et al., 2000; Lorand et al,, 2008¢, 2010; Luguet et al.,, 20073,
2007b). Whether or not this group of rocks preserves pristine upper
mantle compositions, they form a convenient reference group that
shows considerable overlap with the more fertile members of all the
other peridotite groups. In an effort to see through the veil of partial melt-
ing and mantle metasomatism, we have filtered the orogenic peridotite
data set to produce a subset of preferred compositions for the convecting

10.1016/j.lithos.2015.07.007

Please cite this article as: Barnes, S.J., et al., Platinum group elements in mantle melts and mantle samples, Lithos (2015), http://dx.doi.org/



http://dx.doi.org/10.1016/j.lithos.2015.07.007
http://dx.doi.org/10.1016/j.lithos.2015.07.007

10 S.J. Barnes et al. / Lithos xxx (2015) Xxx-Xxx

o
-

P/Ti (rock/primitive mantle)
o
o

o
0.001 8

=
Q
=
c
©
£
o
2
=
£
s
=2
[%]
o
=
o

Mg# mol %

45 50 55 60 65 70 75 80 8

o
- N

Rh/Ti (rock/primitive mantle)
o
o

0.001

Mg# mol %

-

o
-

0013

0.001

45 50 55 60 65 70 75 80 85
Mg# mol %

Pd/Pt

0.1 -
45 50 55 60 65 70 75 80 85

Mg# mol %

Symbol = rock type
| Komatiite
® Picrite
A Low-Ti basalt
o High-Ti basalt

e Archaean GB

® Proterozoic GB
® Continental LIP
® OlIB/oceanic LIP

Colour = tectonic setting

MORB
Arc
e Bushveld Sills

Fig. 5. Plots of PGE inter-element ratios vs Mg number (MgO / [MgO + FeO*]) for mantle melt samples passing the low-P FeO-MgO fractionation filter defined in Fig. 1.

© 2015 CSIRO. All Rights Reserved.

upper mantle. To do so we first separated them on the basis of Al,053
contents, retaining those with 2.5 < Al,05 < 4.5 wt.% (anhydrous) and
labelling the rest as either “Al,0s-enriched” or “-depleted”. Then to
focus our attention on those samples that had not suffered obvious per-
turbation of their Pt and Pd contents away from the main population,
we screened out any sample containing >8 ppb Pt or >7 ppb Pd, labelling
those as “PGE-enriched”. The remaining samples, representing our pre-
ferred representatives of the convecting mantle, are referred to in Figs. 7
to 10 merely as “orogenic”. Also shown in each panel of Figs. 8,9 and 10
is an ellipse representing the 95% confidence interval calculated based
on classic analysis of variance (i.e., ANOVA) for the filtered orogenic
population. In the same Figures we have plotted the medians for the
filtered orogenic suite as well as robust non-parametric regression
lines drawn through these median values with slopes determined by
Thiel-Sen analysis (Sen, 1968). All of the robust regressions pass very
close to the origin. The median values are presented in Table 3.

The Al,03-depleted orogenic suite shows a very broad scatter in
all PGE abundances in Fig. 7. On average they appear to preserve IPGE
concentrations similar to those of the filtered group of fertile orogenic

samples, whereas there is perhaps some more scatter to mild depletions
in Pt and Pd with decreasing Al,0s. The orogenic peridotites classified as
“enriched” in either Pt or Pd show greatly enlarged scatter in the other
PGE, giving some justification for their exclusion from the preferred data set.

3.2. Cratonic (subcontinental lithospheric) mantle samples

The cratonic mantle sample set consists dominantly of peridotitic
xenoliths from kimberlites and alkali basalts and is taken to be the
best available sample of the sub-continental lithospheric mantle under
the Archean cratonic blocks. This sample set is the prime source of
samples from which Re-Os model ages of subcontinental mantle litho-
sphere have been obtained (e.g., Griffin et al., 2004). Compositions
range from a few “fertile” or undepleted peridotites and pyroxenite
through to extensively melt-depleted harzburgites and dunites which
constitute the vast majority of the cratonic suite. The cratonic suite
distinct from all others in having strongly depleted Pt and very strongly
depleted Pd relative to IPGEs, along with moderate depletion in Rh and
little or no depletion in Au. These depletions are most evident in the
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most depleted samples, i.e. these samples with low Al,O3 (Fig. 7). The
IPGEs, particularly Ir and Os (Fig. 9) are strongly correlated with one an-
other, implying that they have behaved as a coherent suite during melt
extraction, and the IPGEs are almost completely decoupled from Pt, Pd
and Rh. The correlation between Ir and Ru is less strong in the
cratonic data set than in the other groupings. PGE data show a large
amount of scatter, perhaps owing to the small sizes of these predomi-
nantly xenolithic samples. However some broad generalizations are
possible. Compared with the filtered orogenic group, the cratonic suite
is extremely depleted in Pd but only moderately depleted in Pt and

Rh. Os and Ru are weakly depleted, but Ir is notably enriched. The only
other group of samples that show a combination of Ir enrichment
with Pt depletion is the Al,03-depleted orogenic group.

3.3. Off-craton samples

This category is essentially the same as that employed by Lorand
et al. (2012), with the exception that samples of obducted “Alpine” pe-
ridotite massif complexes in orogenic belts are broken out as a separate
category designated “orogenic”. Off-craton samples for the most part
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are ultramafic xenoliths, hosted by alkalic or peralkaline volcanic rocks,
derived from crustal domains on the margins of or away from the
ancient Archaean cratons: “Archons” of Begg et al. (2010).

Although both the cratonic and off-craton xenolith suites have been
sampled from subcontinental lithosphere, they show some marked dif-
ferences in PGE distribution. Like the cratonic suite, the off-craton suite
shows depletions in Pt and all of the IPGE at all Al,05 concentrations,
and shares with the cratonic suite a dramatic Pd depletion, especially
for the most melt-depleted samples. The key difference with the cratonic
suite is that Ir is strongly depleted in the off-craton suite but not in the

cratonic suite. This tendency for Ir to ‘break ranks’ with the other IPGE is
evident in the pronounced cloud of red symbols at the lower right
of Fig. 8C,D, and E; to a lesser extent this sector of the diagram is also
populated by the melt-depleted Al,O3-poor orogenic suite, suggesting
an affinity between the cratonic and melt-depleted orogenic groups.
Abundance patterns overall are relatively flat and near-chondritic,
particularly in the less Al-depleted samples (Fig. 11). Comparison of
chondrite normalized PGE patterns between the top and bottom Al-
quartiles (Fig. 11D) shows similar abundances of IPGEs, mild depletion
of Pt and strong depletion of Pd in the Al-depleted samples. There is
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no depletion in Rh in the most Al-depleted samples relative to the least.
Depletion in Pd extends to higher Al contents than in cratonic mantle
samples (Fig. 7A). Ratios of Ir to Os are more variable, and generally
higher, than in other categories. The Al-depleted off-craton sample
pattern is similar to that for the entire cratonic dataset.

There is a moderate but significant correlation between Pt and both
Ir and Ru in this group, particularly if the most Al-depleted samples are
excluded (Fig. 10). The correlation coefficient for Pt and Ir within the
upper two quartiles of Al content in this group is over 0.5 (table).

3.4. Oceanic and ophiolitic samples

Most of the samples in this subset are samples of ophiolitic
harzburgite or lherzolite mantle, along with some xenoliths from ocean-
ic settings. Compared with the filtered orogenic peridotite grouping, the
oceanic and ophiolite samples have depleted Al,O3 but similar or slightly

higher PGE concentrations, thus forming a cluster immediately to the left
of the orogenic samples in Fig. 7. Clearly evident on the Pt and particularly
Pd plots is a tendency to scatter toward elevated PPGE.

3.5. Arc mantle samples

The data set for arc mantle is sparse and suffers from extreme
dispersion due most likely to very small sample sizes, but the available
data do offer some interesting points of comparison with the other group-
ings. The very few samples for which Al,05 concentrations have been re-
ported are strongly melt-depleted harzburgites showing broad scatter in
PGE but suggesting moderate enrichments in IPGE. Figs. 8,9 and 10 show
that despite the scatter the arc samples tend to follow a pattern of deple-
tion of all PGE relative to the filtered orogenic group, including Ir, resem-
bling that shown by the off-craton suite but possibly distinct from the
cratonic peridotites with their higher Ir concentrations.
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3.6. Cu/Pd and Cu/Pt ratios in the mantle

Variations in the ratios Cu/Pt and Cu/Pd are widely used in the
literature on magmatic sulfide ore deposits, as indices of the degree and
timing of sulfide liquid saturation in silicate magmas (Barnes et al.,
2004a; Maier et al., 1996). Owing to the much higher partition coefficients
from silicate to sulfide liquid both for Pt and Pd relative to Cu, segregation
of even minute amounts of sulfide liquid from a silicate melt results in a
rapid increase in both Cu/Pt and Cu/Pd, and this has been proposed as an
exploration technique for magmatic sulfide mineralization and a fertility

indicator for PGE mineralization in layered intrusions (Maier et al., 1996).
Normalization to mantle abundances provides a point of reference for
identifying magmas that have remained sulfide-undersaturated both
during and after their derivation by mantle partial melting.

The orogenic mantle dataset provides the most reliable data source
for normalization (Fig. 12). Data are shown for the orogenic, cratonic,
off-craton and ophiolitic data sets only, eliminating a small number of
oceanic island and island arc samples. Sample numbers are limited
owing to lack of Cu analyses for many samples. For the preferred oro-
genic mantle suite, median values for Cu/Pt and Cu/Pd are 4758 and
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5488 respectively, falling close to the peak contoured values for the
overall mantle data set in Fig. 12.

4. Summary and interpretation of observations on natural data
4.1. Critical observations on mantle samples

4.1.1. PGE abundances in “average” mantle

The data for Pt and Pd in our filtered set of orogenic peridotites are
shown in Fig. 13. Presuming that the least melt-depleted orogenic peri-
dotites do indeed represent portions of the convecting mantle that have
been incorporated passively into the lithosphere simply by conductive

cooling through the base of the overlying continental crust, the medians
of the PGE abundances of the filtered orogenic peridotite group might
be taken as an estimate of the current composition of the convecting
mantle (Table 3).

Acceptance of this value as representative of the convecting upper
mantle requires that we account for the dispersal of measured composi-
tions. We address three possible causes of the dispersal; metasomatism,
partial melting, and sampling error. By filtering out samples with high
Pt and Pd we have eliminated all obvious outliers; the medians we report
would hardly be affected by including these outliers because of the strong
clustering shown by the data closest to the median values. It appears un-
likely to us that any metasomatic process could operate uniformly on
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Table 2
Correlation matrices, mantle samples. Correlation coefficients greater than 0.5 shown in bold.
© 2015 CSIRO. All Rights Reserved.

All samples except 28 fliers on Pt-Ir

Correlation ~ Pt_ppb ~ Pd_ppb  Rh_ppb  Rua_ppb  Ir_ppb  Os_ppb
Pt_ppb 1 0.66 0.54 0.35 0.34 0.44
Pd_ppb 1 0.46 0.21 0.055 0.26
Rh_ppb 1 0.46 0.39 0.48
Ru_ppb 1 0.72 0.6
Ir_ppb 1 0.73
Os_ppb 1

Mantle samples, AI203 > 1.95 (top two quartiles), ~1% fliers on Pt/Ir removed

Correlation Pt_ppb  Pd_ppb  Rh_ppb Ru_ppb Ir_ppb Os_ppb
Pt_ppb 1 0.65 0.54 0.39 033 0.47
Pd_ppb 1 0.58 0.26 0.019 0.27
Rh_ppb 1 0.39 0.38 0.58
Ru_ppb 1 0.81 0.65
Ir_ppb 1 0.78
Os_ppb 1

Pt-Ir goes to 0.51 excluding fliers and taking out orogenic dataset.
Take out cratonic as well goes to 0.65 over ~300 samples

such a large scale that the entire central group of orogenic peridotites
would move in concert to a new, altered composition; we prefer to attri-
bute scatter to metasomatism away from a pristine original composition
defined by the population medians. The degree of partial melting experi-
enced by the most Al,Os-rich peridotites in the western Pyrenees was
negligible, and their Al,O3 and lithophile trace element abundances
(Fabriés et al., 1998) are very similar to the depleted MORB-source mantle
of Salters and Stracke (2004).The effects of partial melting on fertile man-
tle Iherzolite were addressed in detail by Mungall and Brenan (2014). The
effects of removal of 5 wt.% basaltic melt along an adiabat are shown in
Fig. 13 as a short heavy grey line. The change in mantle composition at-
tributable to the amount of melt extraction these rocks have undergone
is less than one tenth of the total range of values shown, indicating that
the principal cause of the observed variation cannot have been melting.
We therefore need to address sampling error. A typical approach to
sampling of orogenic peridotites for PGE is to obtain 1 kg samples from
the field and crush them to coarse (~1 cm) chips, then take 100 g of
chips and pulverize them to powders with grain sizes on the order of
10 to 75 um (J.-P. Lorand, pers. comm. 2015). The spatial distribution
of the PGE was probably established in the rocks while they resided in
the asthenosphere at their solidus temperatures, in the presence of
trace amounts of silicate melt and sulfide melt. At the grain sizes of
typical granular to weakly protoclastic peridotites, former immiscible
sulfide melts exist as small pockets ranging in size from tens of um up
to 500 um in size (e.g., Luguet et al., 2003Fig. 1; Lorand et al., 2008b).
Consideration of the cubic relationship between radius and volume
shows that in a rock containing a variety of particle sizes, the vast major-
ity of the mass of sulfide in the rock will reside in the few largest grains.

Table 3
Estimates of PGE contents in undepleted mantle.
© 2015 CSIRO. All Rights Reserved.

For example, one grain 500 um in diameter contains as much sulfide and
contained PGE as 1000 grains 50 um in diameter; it is therefore the
distribution of only the very largest observed sulfide grains (and indeed
probably a few even larger unobserved grains) in a rock that is of inter-
est. At the conditions of partial melting, Pt and Pd are quantitatively
sequestered in sulfide melt, having negligible concentrations in all
other phases. Coarse crushing of a rock containing sub-mm grains of
sulfide does not comminute the sulfide grains, which instead remain
locked inside the cm-sized chips. Therefore, taking a subset of these
chips weighing 100 g is statistically indistinguishable from simply
taking a 100 g sample of the whole rock.

According to simple mass balance considerations, a parcel of mantle
peridotite containing 6.3 ppb Pt and 100 ppm S would have a volumetric
modal abundance of 0.03% sulfide liquid containing 22 ppm Pt. Using
spreadsheet software to estimate sampling error (Stanley, 2003) we
find that the relative error of Pt concentration for this situation is 13
relative % if the sulfide resides in 350 pm bodies in a 100 g sample; if
the sulfide grain size is 500 pm the relative sampling error rises to
22%, but if the sulfide is more uniformly dispersed in 100 um grains
the error falls to only 2%. We have used these estimates of relative
error combined with the reported reproducibilities of PGE analyses on
repeat analyses of individual sample powders (Fischer-Godde et al.,
2011) in a Monte Carlo simulation of sampling error for 100 g samples
of orogenic peridotite. The simulations were carried out on 10,000
normally distributed random samples for sulfide particle radii of 10,
100, 250, 350, and 500 um. The 95% confidence ellipses on each of the
simulated data sets are shown along with a subset of 200 such random
samples for the 350 um case in Fig. 13. The extreme covariance of Pt
with Pd in the 500 and 350 um models matches well with the observed
natural covariance, whereas in the case of 10 and 100 pm sulfide grain
models the expected distributions show essentially no covariance. We
conclude that the covariance shown on all of the inter-PGE plots in
Figs. 8 to 10 is best accounted for by sampling error resulting from
analysis of under-sized samples, whereas dispersal of data to either
side of the regression lines results from analytical error as expressed
by the reproducibilities. Pulverization of at least 1 kg of material
would be required to attain sample errors controlled only by the repro-
ducibility of the analytical techniques themselves and represented by
the smallest ellipse in Fig. 13 unless the samples are much finer
grained and more homogeneous than we have assumed. Although
in many cases the orogenic peridotite samples presently have fine-
grained protoclastic to mylonitic textures, there is ample textural
evidence that this solid-state tectonic grain size reduction has
merely spread the original sulfide bodies out into clouds of smaller
particles which remain spatially associated within small volumes
and hence would still fail to be comminuted by the early crushing
stage of sample preparation. Hence the assumption of large sulfide
grain size still holds for our purposes unless samples have been
thoroughly mechanically mixed at the decimetre scale during tec-
tonic transport.

Preferred convecting mantle Barnes et al.(1985) Becker et al.(2006) Puchtel et al.(2004) McDonough and Norman et al.(2002)
PUM PUM PUM Sun CI chondrites lunar impact breccias
Os ppb 39 4.2 39 3.9 490
Ir ppb 2.9 44 3.5 3.6 440 6.5
Ru ppb 6.3 5.6 7.0 5.4 710 11.7
Rh ppb 1.03 1.6 130
Pt ppb 6.2 83 7.6 6.4 1010 13.7
Pd ppb 5.38 44 7.1 6.3 550 11.7
Cu/Pt 4758
Cu/Pd 5488
Pt/Ir 211 1.89 217 1.78 2.30 2.10
Pd/Ir 1.83 1.00 2.03 1.75 1.25 1.79
Pt/Pd 1.15 1.89 1.07 1.02 1.84 1.17
Ru/Ir 2.14 1.27 2.00 1.50 1.61 1.79
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Our statistical treatment implies that every data point in Figs. 8,9 and
10 should be represented by a marker about the size and orientation of
the large black ellipses surrounding the orogenic data in each plot,
scaled to their distance from the origin. Evidently the interpretation of
trends through small sample sets is fraught with uncertainty, and only
the gross behaviour of large clusters or clouds of data in our diagrams
can be considered representative of large-scale mantle processes like
melting. Even metasomatic signatures are likely to suffer extreme
dispersion if the secondary phases have nuggety spatial distribution;
the problem is even worse for sparsely distributed platinum group min-
erals such as PtFe alloy, with concentrations of Pt ranging as high as 80%.

The ultimate origin of the PGE controlling component in these
samples remains a mystery, but the strong inter-element correlations

suggest strongly that it is a sulfide component with a highly consistent
composition but highly variable modal abundances at the scale of the
samples analysed. It ultimately may be derived from an ancestral cumu-
lus sulfide component during formation of mantle Iherzolites as magma
chamber or magma ocean cumulates; it may represent the “stirred in”
PGE-enriched component of the Late Veneer (Chou, 1978; Chu et al.,
2001; Lorand et al., 2008b; Morgan et al., 2001; Norman et al., 2002)
or it may reflect other previously unrecognized processes. Some of
the samples incorporated in the dataset may be cumulates from the
transporting magma or may have been modified by reaction between
mantle and percolating melts.

In Table 3 we compare our preferred composition of convecting
upper mantle to previous estimates of the primitive upper mantle
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(Barnes et al., 1985; Becker et al., 2006; Puchtel et al., 2004) and to CI
chondrites (McDonough and Sun, 1995), which are commonly taken
to resemble the bulk composition of the Earth, as well as lunar impact
breccias (Norman et al., 2002), which may contain an endowment of
PGE similar to what was added to the Earth as a late veneer after core
formation.

There is a distinct departure in most of the PGE ratios in our
preferred upper mantle composition compared to CI chondritic propor-
tions, particularly for the case of Pt and Pd. As has been noted in previ-
ous studies (Becker et al., 2006; Fischer-Goedde et al., 2011, Pattou
et al.,, 1996) the characteristic near-one-to-one ratio of the bulk of the
undepleted mantle dataset is significantly different from the chondritic
value of Pt/Pd around 2. Based on the very consistent 1:1 ratio of Pt:Pd
in komatiites, the highest degree mantle melts available to sample,
Puchtel et al. (2004) concluded that primitive mantle had 1:1 Pt:Pd
and is hence non-chondritic with respect to Pt and Pd (Table 3). The
mode of the mantle array also falls slightly on the low-Pt side of the
chondrite line for Rh and Ru and (very slightly) for Os, but almost exact-
ly coincident for Ir. These departures are attributed to a slight surplus of
Pt and Ir and deficiency of Pd relative to the other PGEs. These surpluses
and deficits were recognized by Becker et al. (2006) in making an

N

Pt

Fig. 13. Pd vs Pt for preferred orogenic peridotite samples. Black circles are data, blue dots
are Monte Carlo simulation for 350 pm diameter sulfide grains. Solid black ellipse is the
95% confidence interval for actual data; thin black ellipses are 95% confidence intervals
for Monte Carlo data sets for indicated sulfide grain sizes in 100 g sample containing
100 ppm S and 6.2 ppb Pt.
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estimate for bulk silicate earth PGE abundances, and the relative propor-
tions in their estimate are shown as the “primitive mantle” line on the
various scatter plots.

It has been recognized for at least a decade that relative abundances
of PGE in the Earth's mantle resemble those of the late meteoritic bom-
bardment as it is represented by lunar impact breccias (Norman et al.,
2002). However previous estimates of primitive upper mantle inter-
PGE ratios have matched neither CI chondrite values nor those of the
lunar impact breccias. Ratios of Pt/Pd, Pt/Ir, and Pd/Ir for our preferred
orogenic peridotite suite are effectively indistinguishable from those
in lunar impact breccias (Table 3). The striking similarity between
these two groups of samples considerably strengthens our proposal
that our estimate captures the PGE abundances in the convecting
upper mantle and supports the idea that the PGE were added to the
mantle after core formation by the addition of meteroritic material
(e.g., Maier et al., 2009). Ru/Ir in orogenic peridotites is less well
matched to lunar breccias, however the Ru data are far more scattered
than Pt, Pd, or Ir, and hence the significance of the discrepancy in Ru/Ir
is hard to assess.

4.1.2. Are PGE mantle abundances dominated by refertilization processes?

The existence of Pd and Re enrichment signals in “refertilized” man-
tle samples, typically pyroxene-rich lherzolites or true pyroxenites, has
been claimed by numerous detailed studies summarized by Lorand et al.
(2012). However, the presence of a near-homogeneous sulfide compo-
nent with PGE element ratios consistent with a late veneer component,
in a significant proportion of samples in the mantle dataset, raises the
question of how significant this process is in the PGE evolution of the
crust-mantle system as a whole. If most lherzolite samples are the result
of the refertilization of previously depleted harzburgite, then it requires
a remarkable coincidence to add exactly enough Pt and Pd enriched
metasomatic component to IPGE-rich, Pt-Pd- depleted harzburgite to
bring the element proportions of such a high proportion of the sample
set up to their characteristic and consistent proportions. The strong
correlation of Rh with Pt in Al-undepleted mantle samples (Fig. 10B)
is a key line of evidence here, in that Rh is expected to be concentrated
in MSS rather than in the low-melting interstitial Pt-Pd component that
has been identified with the metasomatic component. Rhodium and Pt
should be effectively decoupled during metasomatic processes. Further-
more, depleted harzburgite is commonly strongly depleted in Pd over
Pt, whereas these two elements are very strongly correlated in most
mantle melts as we have seen. We conclude that while metasomatic sig-
nals are clearly evident in Al-enriched orogenic samples with elevated
Pd (Fig. 11G), this is not a dominant contributor to the overall variability
of the mantle dataset.
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4.1.3. Where is the high Pd/Pt component complementary to Pd depleted
subcontinental cratonic mantle samples?

We have seen that highly depleted, Al-poor samples of cratonic lith-
osphere are systematically strongly depleted in Pd over Pt. Mantle melts
in contrast have very strongly correlative Pt and Pd, and have Pt/Pd
ratios consistently close to 1:1 with the exception of some Bushveld
magmas, and if we exclude Fe-enriched basaltic melts with high Pd/Pt
due to low pressure fractionation. Whatever process has produced
extensive depletion of Pd over Pt in the mantle is not the process that
has generated the bulk of continental basalts. The only identifiable
reservoir of Pd-enriched mantle material is the set of re-fertilized
pyroxene-rich lithologies sampled within orogenic lherzolite com-
plexes and ophiolites; these are probably formed by percolation
of fluids generated at very low degrees of partial melting. The subset
of Al-poor mantle samples with undepleted Pd consistently shows
enrichment of Pd over Pt (Fig. 11G). The most aluminous upper 50%
of the cratonic data set shows no systematic Pd/Pt enrichment
(Fig. 11D), and the most likely samples of low-degree melts from sub-
continental lithosphere, the MARID xenoliths, show no evidence for
significant Pd enrichment either (Maier et al., 2015).

The only non-fractionated melt suite that shows consistently high
Pd/Pt is MORB (Figs. 5F and 10); but this suite is also expected to have
high Pt/Rh (Mungall and Brenan, 2014, Fig. 10 and references cited
therein). Although the tectonic settings appear not to be compatible, it
was suggested by Mungall and Brenan (2014) that the Kaapvaal
subcratonic lithospheric mantle may have originated as the restite
from low pressure melting with high potential temperatures to produce
MORB-like picrites. This strongly melt-depleted residue may then have
been accreted to the base of the lithosphere by lateral tectonics, possibly
in a subduction environment. This material could account for the high
Pt/Pd of the Kaapvaal mantle xenolith population (Maier et al., 2012a)
and the high Pt/Pd of Bushveld magmas noted above. In this interpreta-
tion, the complement to the Pd depleted cratonic mantle material
would be MORB. The missing Pd should be sequestered in whatever
mantle reservoir presently contains foundered or subducted Archean
crust that was extracted from the Kaapvaal subcontinental lithosphere.
This suggestion does not distinguish between plate tectonic or other
tectonic models for Archean ocean basins, but it does imply that the
Kaapvaal lithosphere originated via low pressure melting in an ocean
basin.

4.2. Pt and Pd behaviour in primitive basalts

Platinum and Pd behave as incompatible elements in komatiites in
the absence of sulfide. However, there is a systematic decrease in Pt/Ti
and Pd/Ti ratios from komatiites through to komatiitic basalts and
low-Ti tholeiitic basalts in greenstone belt samples, which seems to in-
dicate a mild compatibility of both elements (Fig. 5A, and B). Indeed, if
Pt and Pd are genuinely incompatible elements in the absence of sulfide,
then it is difficult to explain why apparently S-undersaturated basalts in
general have lower Pt and Pd contents than komatiites; they should be
higher, owing to lower degrees of partial melting and/or more advanced
fractionation of non-Pt-Pd bearing silicates.

A plausible explanation was first suggested by Rehkdamper et al.
(1999) for MORBs and Momme et al. (2006) for plume-related basalts
from east Greenland, and revisited by Mungall and Brenan (2014): ba-
salts form by aggregation of melts extracted from the complete range
of melting depths in a mantle domain undergoing adiabatic uplift and
partial melting. Owing to the pressure dependence of S solubility
(Mavrogenes and O'Neill, 1999), basalts arrive at the surface of the
Earth in a state of sulfide undersaturation regardless of whether or not
they were sulfide-saturated when they separated from their mantle
source. However, during low-pressure adiabatic melting in ocean
basins, sulfide liquid remains in the restite until the upwelling mantle
has reached the shallowest part of the melting region. Therefore even
apparently S- undersaturated basaltic magmas probably represent

mixtures of highly PGE-depleted melt derived from the deeper parts
of the melting column with small proportions of PGE-rich melt derived
from the uppermost part of the melting column. In both the plume-
related data sets (CLIPs, OIBs) high-Ti basalts are more depleted in Pt
and Pd than low-Ti. This is interpreted as a result of lower degrees of
partial melting forming high-Ti basalts, with a consequence that a
higher proportion of sulfide is likely to be retained in the source, and a
higher proportion of sulfide-saturated magma is incorporated into the
integrated partial melt product over the range of melting depths.
MORBs and high-Ti basalts from CLIPs and Archaean greenstone belts
differ from other groupings in having relative depletion of Ru over Ir
(i.e. downward slopes from Ir to Ru). A possible explanation is that
magmas have fractionated chromite at some point in their evolution;
Ru is much more compatible in chromite than the other IPGEs under
typical mantle redox conditions (Brenan et al., 2012).

The data for CLIP and OIB show marked overall depletions in PGE
relative to high degree melts of peridotitic mantle as represented by
komatiites. The reasons for this probably lie in their derivation from
different source material and possibly also from contamination en
route to their sites of eruption in the case of the CLIP samples. It is widely
acknowledged that the source mantle of OIB cannot have been ordinary
peridotitic mantle; rather it has been supposed that a significant or even
dominant portion of the source mantle for these suites comprises
formerly subducted basaltic material which now exists as either eclogite
or as pyroxenite derived from reactions between peridotite and
eclogite-derived melts (e.g., Sobolev et al., 2005, 2007). There are
insufficient experimental data to constrain properly the expected
distribution of PGE during melting of eclogitic or pyroxenitic mantle.
However we note that the basaltic crustal component, most likely
MORB-like, which is thought to provide the raw material for deep man-
tle pyroxenite and eclogite, would be expected to be impoverished in
PGE compared with the peridotitic mantle (Fig. 6). Melts of a mixture
of peridotite and pyroxenite would thus be expected to be derived
from a source that was PGE-depleted, simply due to dilution of the
PGE-rich peridotite by PGE-poor eclogitic material.

4.3. IPGE and Rh behaviour in mantle melts

The IPGEs behave essentially as compatible elements in high degree
partial melts such as komatiites, although the scatter is wide and unsys-
tematic with respect to major element composition. Coupled with the
wide variability observed in komatiitic olivine cumulates (not shown
here), Barnes and Fiorentini (2008) concluded that the pattern of variabil-
ity was the result of a decrease of IPGE solubility with falling temperature,
for which Mg# is a proxy, coupled with sub-cotectic accumulation of
IPGE-rich phases in cumulates. IPGEs are highly insoluble in silicate
melts, and are less soluble in basalts than komatiites (Barnes and
Fiorentini, 2008; Borisov and Palme, 1995; Brenan et al., 2005).

The IPGEs are strongly depleted in basalts regardless of the degree
of depletion of Pt and Pd. Those samples that are depleted in Pt and Pd
(based on Pt/Ti and Pd/Ti ratios compared with expected mantle
values), and are therefore interpreted to have undergone extraction of
a sulfide melt component, are also invariably depleted in the IPGEs
as well, but low IPGE concentrations are also found in Pt and Pd
undepleted samples. This is attributed to the solubility effect, and to
the retention of IPGE-rich (IPGM) phases in mantle restite (Fonseca
etal, 2012).

The experimental results on olivine-IPGE and Rh partitioning of
Brenan et al. (2003, 2005) raise the possibility that olivine is a significant
control on IPGE behaviour in addition to [PGM phases. However, if
olivine control is dominant, it is difficult to explain the decoupling of
Rh from the IPGEs in the melt composition data set, since Rh has similar
partition coefficients into olivine as the IPGEs. This remains unex-
plained, but the answer may lie in the interplay between temperature,
fO,, alloy solubility and partition coefficients. This relationship is
exerted through the tendency for magmas and their source mantle to
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remain close to an internally buffered fO, parallel to one of the solid
oxygen buffers like FMQ. Since fO, varies with temperature along such
a buffer, and since both partition coefficients and alloy solubilities are
controlled by fO, via redox reactions between metals and dissolved
oxide cations of various valence states, temperature indirectly controls
the partitioning of PGEs between melt, alloys and olivine. It is likely
that IPGE concentrations in melts are subject to control by alloy solubil-
ity, olivine partitioning and by sulfide extraction, and the decoupled
behaviour of Rh is a consequence of the inability of Rh to form its own
alloy phase.

4.4. Behaviour of Rh and incongruent melting of sulfides

Rhodium behaves like IPGEs in basalts and picrites, but like Pt and Pd
in komatiites. This implies a change in controlling phase, and that this
change is related to degree and/or temperature of partial melting. As
noted previously, Rh shares with Pd and (under most circumstances)
Pt the property that it tends not to form its own phases in mantle sam-
ples, but with IPGEs the tendency to partition into MSS during fraction-
ation or incongruent melting of sulfide. The partition coefficients for Pt,
RhandIrare 0.17,4.1 and 5.7 respectively, based on data of Barnes et al.
(1997). The IPGEs and Rh tend to form extremely strongly correlated
arrays within MSS-differentiated orebodies (Barnes, 2004; Li et al.,
1992; Mungall, 2007a). Hence, the behaviour of Rh suggests that a
critical control may be the presence of solid MSS during mantle melting,
and that this may be a consequence of incongruent melting at the lower
degrees of partial melting represented by IPGE-Rh depleted basalts.

Bockrath et al. (2004) and subsequently Ballhaus et al. (2006)
suggested that incongruent melting of sulfide within the melting
range of mantle peridotite can lead to fractionation of the PGEs from
one another at source, although Mungall and Brenan (2014) concluded
that the overlap between the melting ranges of sulfide and silicate is
very limited under most normal mantle melting conditions. Lorand
et al. (2012) suggest on the basis of detailed studies of PGE deportment
in metasomatised mantle samples that disequilibrium melting of man-
tle may involve selective retention of MSS inclusions in silicates, while
Pt and Pd are released into the melt from accessible interstitial pockets.

The observation that Rh behaves like Pt in komatiites, but like IPGEs
in basalts, is consistent with the idea that incongruent sulfide melting
with MSS control operates at lower degrees of partial melting. However,
incongruent sulfide melting, or any other process such as selective melt-
ing of a Pt-Pd enriched “metasomatic sulfide” component (Lorand et al.,
2012) is not the dominant control on variance in the mantle sample
dataset. Such a process would result in a wide range in Pt/Rh ratios in
the mantle residue, particularly at lower degrees of partial melting.
This is not consistent with the observation that Pt and Rh correlate
strongly across the entire mantle sample data set, and particularly
strongly within mantle samples in the upper half of the Al,03 range
(Fig. 10), i.e. samples representing either low degrees of melting or
high degrees of refertilization.

As shown in the modelling of Mungall and Brenan (2014) based on
experimental partition coefficients, Rh has a moderate degree of
compatibility in olivine, and this may be sufficient to account for the
difference in Pt/Rh between low degree and high degree partial melts.
However, olivine control should result in progressive change in Pt/Rh
ratio with degree of partial melting in melts formed at a high enough
degree of partial melting to exhaust source sulfide. This is not consistent
with the observation that Pt, Pd and Rh are correlated in komatiites, but
it is consistent with the observation that Pt is depleted relative to Rh in
highly melt-depleted cratonic mantle samples. The discrepancy may be
explained by temperature dependence on the partitioning of Rh into
olivine, but data are lacking to test this at present. The behaviour of
Rh therefore remains an enigma. Detailed modelling using the method-
ology of Mungall and Brenan (2014), combined with a larger set of
experimental data on partitioning behaviour of Rh, is required to test
incongruent sulfide melting models as well as olivine control.

4.5. Bushveld Complex parent magmas

Bushveld B1 magma patterns are generally similar to those for
komatiites except for being distinctly enriched in Pt and Rh and slightly
depleted in Ni, Os and Ir (although not Ru). The komatiite-like patterns
are consistent with previous interpretations that these magmas are es-
sentially highly contaminated komatiites (Barnes, 1989; Wilson, 2012),
and an explanation for the unusually high values of Pt, Pd and Rh may
be that these are unusually fractionated and contaminated sulfide-
undersaturated magmas derived from komatiite parents with normal
contents of these elements. This is advanced as an alternative to the hy-
pothesis that the B1 magmas are derived from exotic, PGE-enriched and
highly “fertilized” sub-continental lithospheric mantle, accounting for
features such as highly radiogenic Os and Sr and strong enrichment in
lithophile trace elements (Richardson and Shirey, 2008). All of these fea-
tures are also potentially explicable by crustal contamination, but raise
considerable difficulties in that extensive crustal contamination should
result in dilution of PGE abundances (Barnes et al., 2010), and more
rapid depletion of MgO for a given temperature, both of which features
are inconsistent with observations. Such an explanation also raises the
considerable difficulties of distinguishing geochemical effects of SCLM
enrichment from crustal contamination, where both processes involve
deep processes and unseen components (Arndt, 2013). Mungall and
Brenan (2014) proposed that remelting at high pressure of mantle with
high Pt/Pd due to a previous low pressure melting event could produce
the unusually high Pt/Pd observed in Bushveld magmas. This controversy
is likely to continue and is unlikely to be resolved on PGE data alone; how-
ever, the similarity of B1 PGE patterns to komatiite patterns is striking.

5. Conclusions

1 The mantle dataset records a significant variability that can be attribut-
ed to highly correlated sampling errors due to the presence of widely
varying proportions of a sulfide component with approximately
constant PGE proportions.

2 A subset of orogenic peridotite samples has compositions we consider
to be representative of the convecting upper mantle, with inter-
element PGE ratios strikingly similar to lunar impact breccias,
suggesting that both reservoirs owe their PGE endowments to the
late meteoritic bombardment.

3 Superimposed on the primordial sulfide component, mantle samples
display a PGE signal that records partial melt extraction, in a variety of
different melting environments. Off-craton peridotites show extreme
depletions in all PGE even at higher Al,05 contents, and oceanic or
ophiolitic peridotites tend to show little depletion in any PGE down
to very low Al,0s.

4 Among the various inter-element correlations in the mantle data set,
apart from those between Ru, Ir and Os, the strongest is between Pt
and Rh. This is significant because of the tendency of Rh to partition
into MSS, like IPGEs but unlike Pt and Pd. This relationship between
Pt and Rh limits the significance of MSS control to low degrees of
partial melting.

5 Metasomatic processes are evident in a small population of samples
with elevated PPGE abundances, but are not a dominant control in
the overall variability within the mantle dataset.

6 Mantle melt compositions are PGE undepleted where they form by
sufficiently high degrees of partial melting to dissolve all the sulfides
in their sources, while otherwise being PGE depleted due to source
saturation. The PGE depletions observed in OIBs may result from
their derivation from pyroxenitic mantle whose PGE budget has
been severely diluted.

7 Many basalt samples have moderate Pt and Pd contents generally
taken to imply they have not experienced sulfide saturation, but
still have significantly lower Pt and Pd contents than komatiites.
This is attributed to pooling and mixing of sulfide-saturated and
sulfide-unsaturated partial melts formed at a range of depths.
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8 Basalts with Pt and Pd contents higher than typical komatiites are
very rare, with the notable exception of B1-type parent magmas to
the Bushveld Complex, which are moderately enriched in Pt and Rh.
These have komatiite-like PGE patterns but appear to record some
contribution from the high Pt/Pd Kaapvaal lithospheric mantle.

9 The melt complement to the widespread Pd depletion in subcratonic
lithosphere is most likely to be MORB, being the only mantle melts
with consistently high Pd/Pt. The missing Pd could be sequestered in
whatever mantle reservoir presently contains foundered or subducted
Archean crust extracted from the subcontinental lithosphere.
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