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Potential of ophiolite complexes to host PGE deposits

H M Prichard and C Brough

Abstract

All six PGE have been recorded as concentrated atartsillion (ppm) in a number of ophiolite
complexes. Occurrences of PGE concentrations in ofggare common in podiform chromitite
where Os, Ir and Ru may be concentrated to give negétpe shondrite normalised patterns. If
sulphur saturation of the magma occurred during chrasnysallisation then Pt and Pd + Rh will
also be concentrated in the chromitite giving positivenclrite normalised patterns. PGE-rich
ophiolite complexes are those where there has be&cdeof mantle melting, in a subduction zone,
to extract the PGE at a critical melting interval. Taacimnmelting will dilute this melt with PGE-
barren melt and too little melting will not extracetRGE. The Scottish Shetland ophiolite is an
example in which all 6 PGE have been concentratedse metal sulphide-bearing podiform
chromitite. It is proposed that if all the PGE areaamirated in podiform chromitite then they
crystallised from one PGE-rich melt that was classulphur saturation. Exploration for PGE
within ophiolites is likely to be enhanced by growing evidethes there is a link between chromite
composition and PGE concentration.

Introduction

Ophiolite complexes are slices of oceanic crust thag baen emplaced onto continents. They
consist of, from top to bottom, pillow lavas, sheetekledy gabbros and mafic and ultramafic
cumulates underlain by mantle peridotite consisting dfthagite and/or Iherzolite. Podiform
chromitite hosts most of the ophiolitic platinum-gralement (PGE) concentrations. This
chromitite occurs in the ultramafic cumulate sequené@phiolites, mainly either in crustal dunite
or in the underlying mantle, where commonly chromititenslosed in envelopes of dunite.
Ophiolites have very variable abundances of PGE, sorastwith grades similar to those in the
Bushveld layered complex and in base metal sulphide-rehiao feeder sills in Noril'sk, which
together host the two major PGE resources of thedwhde 1996; Cabri 2002; Naldrett et al.,
1996). In contrast, the known tonnages of PGE concenisaitioophiolites are very small compared
to the major deposits but they do contain sporadic andarermalous grades of PGE. Unlike
continental stratiform chromitite, ophiolitic chroitét pods are discontinuous, unpredictable in
outcrop and subcrop and relatively poorly understood ing@fPGE grade. Mining of podiform

chromitite ores is often haphazard due to the unprddgota echelorarrangement of podiform
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chromitite and occurrences of high grades of PGE aedyriarcated or recovered during mining of
the chromite.

Traditionally it was thought that the dominant PGE phiolites are osmium (Os), iridium (Ir) and
ruthenium (Ru), collectively known as the IPGE, andam®ociated with podiform chromitites
(Constantinides et al. 1980; Prichard et al. 1981; Pagel84; Talkington et al. 1984; Augé
1985, 1986, Zhou et al. 1998). Over the last 20 years platingrar{@palladium (Pd) + rhodium
(Rh), collectively known as the PPGE, have beeatkxtin ophiolites associated with sulphide-
bearing chromitites. The Shetland ophiolite complex wessad the first ophiolite complexes in
which Pt and Pd concentrations as great as a few ppenisentified (Neary et al. 1984; Prichard et
al. 1984, 1986; Gunn et al. 1985). Now many other Pt and Pd occurifemez been described from
ophiolite complexes including from Leka in Norway (Pedeeseai. 1993), Acoje in the Philippines
(Bacuta et al. 1988; Orberger et al. 1988), New Caledonia (&ugle 1998), Bulquiza in Albania
(Ohnenstetter et al. 1991, 1999), Al ‘Ays in Saudi Arabiac{fmd et al. 1996a Prichard et al.
2008a), Pindos in Greece (Economou-Eliopoulos 1996; Tarkialn #296; Eliopoulos et al. 1998,
Prichard et al. 2008b), Troodos in Cyprus (Prichard & Lord 1,988¢umi-yama in Japan (Arai et
al. 1999), Thetford in Canada (Corrivaux & LaFlamme, 199@pao30rtegal in Spain (Moreno et
al. 2001) and Braganca in Portugal (Bridges et al. 1993). bfape world showing the position of
major podiform chromite deposits and of IPGE and PPGEeasdrations in podiform chromitites

are shown in Figure 1.

Figure 1. Map of the world showing the major PPGE, IPGE and B&fen podiform chromitites. Included are Leka,
Cabo Ortegal, Veria and Pindos which contain anomalols d@Bcentrations without substantial podiform chromitite
mineralization. References to ophiolites/ PGE occuesmot included in the text. (Acharyya 2007; Ahmed and
Bilgrami 1987; Ahmed et al. 2005; Arai et al., 1999; Arenad.€2004; Bédard et al. 2008; Bortolotti and Principi
2005; Casey et al. 1985; Cassard et al. 1981; Cawood and ROG8hCoombs et al. 1976; Economou-Eliopoulos
1996; Escayola et al. 2004; GeoMapApp 2009; Ghazi and Hass&@ipakGuilmette et al. 2008; Hall 2002;

Ishiwatari and Tsujimori 2003; Keller and Fisk 1992; Matsung#rai, 2001; Melcher et al. 1997; Monnier et al.
1995; Najafzadeh et al. 2008; Ortiz et al. 2004; Paladines 288dagho et al. 2000; Peters 2000; Proenza et al. 2004;
Pubellier et al. 2004; Qiu et al. 2007; Robinson and Zhou 200&]I& et al. 2009; Scott et al. 1989; Skobelev et al.
2004; Spadea and Scarrow 2000; Stern et al. 2004; Stowe 1987; StRrtteants 1991; Suita et al. 2004; Tapponnier et
al. 1981; Tsoupas and Economou-Eliopoulos 2008; Tsukanova&ttal; USGS 2009; Varne et al. 2000; Veloso et al.
2005; Wang et al. 2007; Wang et al. 2008; Whattam 2009; Yangl®94; Yihunie and Hailu 2007; Yumul Jr et al.
2003; Zaccarini et al. 2008; Zhang et al. 2008; Zhou et al., 1998)
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PGE patterns

PGE concentrations normalised to chondrite allow¢teive enrichment of individual PGE
relative to chondrite to be observed. Ophiolitic podif@momitite enriched in Os, Ir and Ru,
especially in base metal sulphide-poor chromitites, gigatine slope chondrite normalised
patterns (Figure 2a). Pt- and Pd- + Rh- rich concentsatiosulphide-bearing ultramafic lithologies
including chromitites, dunites (often associated with cliiten), wehrlites and pyroxenites give
positive slope chondrite normalised patterns (Figurel2base metal sulphide crystallisation
occurred with chromite then the combined concentratdi®@s, Ir and Ru with enriched Pt and Pd

+ Rh give a positive slope chondrite normalised pattern.

It is important to note that in layered complexes, sagthe Bushveld, base metal sulphide-poor
chromitites have negative slope chondrite normalise@matind base metal sulphide-bearing
ultramafic rocks which may include chromitite have posislope chondrite normalised patterns.
Ophiolite complexes can also exhibit positive slope and ivegsibpe chondrite normalised
patterns as described above. Negative slope chondriteahsed patterns do not characterise
ophiolite complexes and positive chondrite normalised pestgo not characterise layered
complexes. Rather positive and negative slope pattbaracterise different magmatic processes
that produce lithologies with specific mineralogies &t occur in both ophiolite and layered

complexes.
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Figure 2 (a) Negative slope chondrite normalised patterns in sanfijgiesthe Shetland ophiolite, chromitite RLO70
(black square) and RLMO003 (white square) and (b) positiygstbondrite normalised patterns associated with base
metal sulphides for S-bearing dunite RLM063 (black squé@mdich S-bearing dunite RLM066 (white square) and
RLMO068 (black diamond), ) sulphide-bearing chromitite RLM0O07 (wtiiédénond) and S-bearing pyroxenite pegmatite
NA25 (white triangle). Chondrite values used to plot thenchite normalised patterns are Os 514, Ir 540, Ru 690, Rh
200, Pt 1025 and Pd 545 after Naldrett and Duke (1980). (adaptedPfichard and Lord 1993).
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The slope of chondrite normalised patterns betweendPPd often varies. This probably reflects
the degree of alteration of the lithologies with ptpesitive slopes being typical of unaltered
lithologies and gentle positive slopes to flat or even tiegalopes are produced during most types
of alteration processes. This is because the preferesmnoval of Pd rather than Pt during
alteration increases the Pt/Pd ratio.

Platinum-group minerals

Laurite (Ru[Os,Ir]9) is the most commonly described platinum-group mineit@MPin ophiolite
complexes, and usually occurs enclosed in chromiteeff@@mple Prichard et al. 1981;
Constantinides et al. 1980; Augé 1986). Also primary Ru-Osdyalave been recorded enclosed
in chromite. In Pt- and Pd-bearing ophiolties a muchtgrevariety of PGM have been described
(for example Prichard et al. 1994, Augé 1988, Prichard & Lord IB&@®jan et al. 1996, Corrivaux
& LaFlamme, 1990). Pt-, Pd- and Rh-bearing PGM include giterPtAs, stibiopalladinite

PdShy, hongshiite PtCu, geversite PtSgenkinite (PtPdBhks, Pt and Pd tellurides, potarite
(PdHg), AuPd alloys, hollingworthite (RhAsS), Rh antimonided Bt and Pd oxides (Prichard et
al. 1994, Prichard et al. 2008a). A schematic diagram of EStvlbution in podiform chromitite is
shown in Figure 3.

The PGM record the igneous and subsequent secondasgtiatigesrocesses affecting them.
Magmatic PGM include laurites and Ru-Os-Ir alloys witttimomite and rarely Pt- and Pd-
sulphides within primary clinopyroxene. These PGE-bgaXin and Cu-sulphides probably reflect
the primary igneous mineralogy with the PGE-being sfipassociated with sulphur in the magma.
In chromite-rich lithologies Pt-, Pd- and Rh-bearingWP@enerally occur interstitially to chromite,
usually in secondary serpentine and chlorite whereadr©and Ru-bearing PGM occur mainly
within chromite. These textural associations indi@atén situ magmatic fractionation of PGE from
early Os, Ir and Ru trapped within the centres of relithary chromite to later Pt-, Pd- and Rh-

bearing PGM formed after the crystallisation of chrenfiigure 4).



PRICHARD, H. M. and BROUGH, C. (2009) Potential of ophiolite complexes to host PGE deposits. In New developments in
magmatic Ni-Cu and PGE deposits; LI, C. and RIPLEY E. M. (Eds.) Geological publishing house Beijing, 277-290

Figure 3 shows the different mineralogical associations oG/ in ophiolite complexes.

A Euhedral laurite crystal enclosed in a chromite
grain.
B Subhedral rectangular laurite (grey) with a

small attached irarsite (white) in a silicate filledak
(black) surrounded by chromite.

C Mottled Os-Ir alloy pseudomorphing an earlier
PGM on the edge of chromite (grey) and partially
surrounded by silicate (Black).

D Rhodium arsenide (white dots) surrounding a
laurite (Ru, pale grey) all within a ruthenian cobalt-
bearing pentlandite (Pn, grey) surrounded by chromite
(darker grey) and silicate (black).

E Anhedral rounded Ru-Ir-Os alloy (pale grey)
surrounded by chromite close to an elongate rhodium
antimonide (Rh)

F Mottled irregular elongate shaped Ir-Pt alloy
(pale grey) located on the edge of chromite (grey) and
adjacent to silicate (black).

G Stringers of Pt-Ni alloy (white) in silicate
filled cracks (black) in chromite (grey).

H Composite PGM composed of Pd telluride (Te,
white) and Pd-Ni arsenide (As, very pale grey) located
on the edge of a composite base metal sulphide
composed of Cu and Ni sulphides (Cu and Ni, pale
grey) all surrounded by chromite (darker grey).

I Ru-Ir alloy (Ir, white) and Pt-Fe oxide (Pt, pale
grey) located in Fe-Ni-oxide (Fe, grey)
pseudomorphing a former PGM and surrounded by
mottled silicate (black) close to a Ni-Fe alloy
containing traces of Rh and Pt, (Ni, pale grey) endose
in Fe-Ni-oxide also surrounded by the mottled silicate
and all close to chromite (Ch).

J Mottled Pd-Cu oxide (pale grey) surrounded
by silicate (grey) and holes (black).




PRICHARD, H. M. and BROUGH, C. (2009) Potential of ophiolite complexes to host PGE deposits. In New developments in
magmatic Ni-Cu and PGE deposits; LI, C. and RIPLEY E. M. (Eds.) Geological publishing house Beijing, 277-290

Figure 4 Schematic diagram showing the different texturalreyeanents of PGM grains .
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Laurite enclosed in chromite is usually euhedral in slaaygecontains Ir and Os in solid solution.
However where the laurite occurs on the edge of chepmitcontact with altered silicate, or is
crossed by serpentine-filled fractures in the chrorthiemn the laurite is often irregular in shape.
Serpentinisation may cause recrystallisation ofahbeite to form pure RuSexpelling the Ir and Os
that now form irasite (IrAsS) and native osmium whadten accompany it. Laurite may also lose
sulphur during serpentinisation and in extreme casesendtivs produced (for example Stockman
& Hlava 1984; Tarkian & Prichard 1987). Also Ru is presentimomamounts in ruthenian

pentlandite occurring with serpentine.

PGM enclosed by altered silicates are often As-, SbT@bearing. Examples of these include
irarsite, hollingworthite RhAsS, sperrylite and stibiopdihite. These PGM have been altered
during serpentinisation that was accompanied by the intr@tuctiAs, Sb and Te. Further
alteration of the PGM removes As, Sb and Te producteg-Blloys with base metals and gold,
including hongshiite PtCu, Pt-Pd-Au-Cu and Pd-Au. Finally, abbbduring surface weathering,
PGE-oxides are formed. These have been observeduimlaen of ophiolite complexes (Prichard et
al., 2008a and b, Prichard et al. 1994, Moreno et al. 108$ & Legendre. 1994, Garuti and
Zaccarini 1997, Garuti et al. 1997).
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Exploration significance

a) Geochemical pathfinders for the PGE

Os, Ir and Ru are especially concentrated with chrtasiand therefore Cr is a pathfinder for these
elements. Pt and Pd + Rh are associated with bas¢ sugthides hosted by pentlandite,
heazlewoodite, millerite, chalcopyrite, chalcocitel dornite and therefore Cu and Ni correlate with
these PGE. The sulphides may be visible in hand specforam 1-2 % of the rock (Lord et al.

1994) and give rise to Ni and Cu anomalies in PGE-rictsarea

Exploration for PGE in Shetland revealed that the lagtalues of the pathfinder elements Cu and
Ni in the PGE-rich areas in the dunite crustal sequareeip to 8,500ppm Ni and up to 1,500ppm
Cu (Lord et al. 1994). In addition to Ni, Cu and Cr being ggeachemical pathfinders for the
PGE, Au is also elevated, for example to between 20-65pie iRGE-rich lithologies (Lord &
Prichard 1998). This lithological association of the R@t& chromitite and Ni- and Cu-sulphides
is common and indicates a magmatic process of contientrarsenic is not a pathfinder for the
magmatic PGE occurrences, although where a magmakccB@centration is cross cut by faults,
and PGE are re-concentrated by secondary processesrsieaic values may be high as at the
extremely anomalous PGE-enriched Cliff locality in (Gred.

b) PGE mobility —

Pd is widely acknowledged to be more mobile than Pt §ample Fuchs & Rose 1974hd this is
also the case for ophiolite complexes. Analysisodésn Shetland, in the area where Pt and Pd
anomalies are associated with the sulphide-bearing camitehromitite, showed that Pt and Pd
tend to occur in the soils above rocks containing Pt @ndA® /Pd ratios in these soils tend to be
greater than one suggesting a faster removal of Pd thduriRg surface weathering (Prichard &
Lord, 1994). Os, Ir and Ru present in laurite or alloysoéten enclosed in chromite and are
protected during mechanical weathering of the chromiteerefire they tend to be concentrated in
stream panned concentrate which is rich in chromitanBtPd are also mobile in umbers in Cyprus
with high Pt/Pd ratios found near faults, where Pd has bemobilised preferentially to Pt, and low
ratios found in basal umbers where only Pd has pre@di(@avizza et al. 2001).
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The types of ophiolite characterised by their PGE

Although unpredictable the PGE content of different ofleisican be divided into three main
groups; ophiolites that have Pt- and Pd-bearing chronujgeiolites with Pt- and Pd-poor
chromitite but with minor Pt- and Pd- enrichment in ¢gladbro and ophiolites that are poor in both
PGE and chromitite. Three examples have been chodérstmte these subdivisions and the
processes that produced these different types of PGiewation.

The Shetland ophiolite

An example of a PGE-rich ophiolite occurs in the Smetlislands, NE of the Scottish mainland in
the UK. The PGE in this ophiolite are associated watbebmetal sulphide-bearing ultramafics,
usually close to podiform chromitite, either in duniteslesin the mantle or in overlying crustal
dunites and wehrlites (Prichard & Lord 1993). Thus the magf Poncentrations correspond to
the distribution of the chromitite (Figures 5 and 6). Bha® located at a number of stratigraphic
levels within the ultramafic lithologies of the ophiiel Starting at the highest stratigraphical level,
Pt and Pd concentrations occur in the high level wehslithin gabbro with maximum Pt and Pd
values of only 120 and 190 ppb. Lower in the sequence Pt ané Bdreentrated in base metal
sulphide-bearing wehrlite and pyroxenite that form padyefic units in the upper part of the lower
crustal ultramafics. A sulphide-bearing pegmatitic pgirate from this unit gave Pt and Pd values
of 510 and 590 ppb and also within the pyroxenite unit a Ru valagOoppb is associated with a
thin Fe-rich chromitite lens.

Stratigraphically below this, Ni- and Cu- sulphide-bearing @ynvithin the lower part of the

crustal ultramafics, has Pt plus Pd values of 1,000-3,000ppbk.dtihite hosts a zone of PGE
enrichment (2.5km x 0.5km) that includes many discontinebusmitite layers, the thicker of
which have been extracted leaving several small disusedaguailthe highest Pt and Pd values
occur in the sulphide-bearing dunites adjacent to chrienfetyers close to the disused chromite
quarries; especially those situated entirely within thatduather than those located at the dunite /
harzburgite boundary (Lord & Prichard 1998). A section shgwhe distribution of the PGM, base
metal sulphides and chromite within the crustal dunitéaesve inFigure 7. The PGE
concentrations occur within magmatic cycles marketlebtise by a discontinuous layer of
chromitite, overlain by dunite containing Pt, Pd and baslsulphides and grading up into barren
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Figure 5. Shetland ophiolite showing distribution of PGE (adaptechfPrichard and Lord 1993).
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Figure 6. Section through the Shetland Ophiolite showing the oenoe of PGE horizons (adapted from Prichard et al.
2004).

Dykes

—+— Gabbro
~ High level

PGM
\
X\
pyroxenite

e
B p— Pyroxenite and
————

PGM — — —~wehrlite

Dunite
PGM Chromite

= [~ Harzburgite

Ve Serpentinite

— Basal thrust




PRICHARD, H. M. and BROUGH, C. (2009) Potential of ophiolite complexes to host PGE deposits. In New developments in
magmatic Ni-Cu and PGE deposits; LI, C. and RIPLEY E. M. (Eds.) Geological publishing house Beijing, 277-290

dunite. The variation in deft!s of -1 to +4 over 1.5 metres of mineralized core matédat this
area is explained by magmatic fractional crystall@a(iMaynard et al. 1997).

Stratigraphically lower in the sequence, below the jEjical Moho (marked by the junction
between the crustal dunite and the underlying residual nfeaart#éurgite) dunite lenses, often
chromite-rich, occur within harzburgite. These arealdy PGE-enriched with some of these
chromitites relatively Os, Ir and Ru enriched, othelatireely Pt, Pd and Rh enriched and some
completely barren of PGE. The greatest PGE condénisain the ophiolite occur in these
chromite-bearing dunite lenses. Chromitite in one es¢henses, at Harold's Grave, contains
enriched Os, Ir and Ru with IPGE values of 1,000-4,000 ppb.h&nachromitite-rich dunite lens in
harzburgite, at CIiff, 300 m from the basal thrust ofdpéiolite, hosts extremely anomalous PPGE
values of 60,000ppb (Prichard et al. 1986). The CIiff locabtysists of five small pits formerly
containingen echelorchromitite lenses over a distance of 100m by 20m. dleses are
surrounded by thin envelopes of dunite which are variably bat& sulphide-bearing. One such
Ni- and Cu-sulphide-bearing dunite from Cliff, which contaarnBt plus Pd value of 4,000ppb, has
an average S value of +4.2 that is indistinguishable from sulphutoipe values from dunites
from the PGE-enriched crustal dunite. Therefore by coisgrathe origin of the base metal
sulphide in the dunite at Cliff is also magmatic (Mayhet al. 1997).

The extremely PGE-rich lithology at Cliff consistka disseminated chromite containing between
10 and 60 percent chromite surrounded by serpentinised oliviee.rBetal sulphides are rare but
this lithology often has a greenish colour probably cabgetie presence of nickel carbonate. The
only other PGE-rich concentration in the Cliff aiean a small chromitite closer to the basal thrust.
The CIiff chromitite is unique in Unst in that it camts elevated As, Sb and Au. Therefore it has
been suggested that the extremely high PGE valuedfatv@ile formed by local hydrothermal
reconcentration of PGE within the chromite-bearing dueite that hosted magmatic
concentrations of PGE at Cliff. This re-concentratimproduce the very high PGE values may
have occurred during the introduction of fluids from thedmaent along both the basal thrust and
the internal faults (Prichard and Lord 1998yd et al. 1994).
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Figure 7. Section through a PGE-rich layer in the crustal dunitevstgothe distribution of the PGE with Os, Ir and Ru
in the basal chromite-rich layer and Pt and Pd in tiselfase metal sulphides to form in the overlying du(@tiapted
from Prichard et al. 2004).
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The Troodos Ophiolite in Cyprus

The Troodos ophiolite is an example of an ophiolite Withand Pd- poor chromitite but minor Pt-
and Pd-enrichment in the gabbro. The PGE concentratidggrus are rather different from those
in Shetland, thus demonstrating the variability of cotregion and distribution between ophiolite
complexes. This complex has been chosen as a sexamgle to illustrate the distribution of PGE
in ophiolites because in addition to magmatic PGE aanagons there are also minor

hydrothermal PGE concentrations in this ophiolite. Tirwodos ophiolite in Cyprus is the classic
ophiolite complex where it was first realised the sbeelyke complex represents fossilized dolerite
dykes formed by ocean spreading (Gass 1968). Unlike Shetlanabtiiolite in Cyprus has a
complete sequence from mantle to lavas (Figure 8).

Figure 8. Map of the Troodos ophiolite in Cyprus showing Pt an@ddirrences. Pt and Pt in the lavas are within
umbers (adapted from Prichard et al. 2004).

[ ] Dykes[ ] Ultramafics

= Pt and Pd both over 25 ppb
° Umber
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Os, Ir and Ru are concentrated in the podiform chrtasithoth within the mantle and in chromitites
at the base of the overlying crustal sequence (Constiesgiet al. 1980). In contrast to Shetland,
sulphide saturation and the crystallisation of the fmagmatic base metal sulphides was delayed
until the crystallisation of the first gabbros. Thearmafic crustal sequence is virtually devoid of

17



PRICHARD, H. M. and BROUGH, C. (2009) Potential of ophiolite complexes to host PGE deposits. In New developments in
magmatic Ni-Cu and PGE deposits; LI, C. and RIPLEY E. M. (Eds.) Geological publishing house Beijing, 277-290

magmatic sulphides. Pt and Pd occur in low concentiatiath these Ni- and Cu-sulphides in the
gabbros (Prichard & Lord 1990). The presence of Pt and &digher level than in the Shetland
ophiolite allowed the Pt- and Pd-bearing gabbros to be edpgodeydrothermal circulation
associated with the formation of the volcanogenic masailphide deposits. A study of these
deposits and their associated Mn-bearing umbers showetth¢hambers are slightly Pt and Pd
enriched. This re-concentration is particularly appaaethe base of umbers, along faults within the
umbers or with precipitation of sulphides within the @ngh(Ravizza et al. 2001 and Prichard 2004)
(Figure 8).

The Lizard ophiolite complex

This example of a PGE- and chromitite-poor ophiolitgitisated on the southern most peninsula in
Cornwall in the UK and only the lower part of the opitis preserved with the upper most level
being the at the base of the sheeted dyke complex. UWhik8hetland and Troodos ophiolite
complexes the Lizard has a very thin unit of ultramaéimulate with very little dunite and a
predominance of pyroxenites and troctolites at the biidee @rustal sequence just above the
mantle peridotite. This mantle is composed mainly ofzibiée rather than the harzburgitic mantle
present in Shetland and Troodos. The only PGE concemsdticated to date occur associated with
poikilitic clinopyroxene and rare base metal sulphimesurring in patches in the mantle. It was
suggested by Hutchinson et al. (1999) that these represent pait@atrapped in the mantle as they
ascended towards the overlying crustal sequence.

PGE-rich and -poor magmas in ophiolite complexes

These three examples illustrate the main differgrgs of PGE concentration in ophiolite
complexes and their PGE concentrations have beeaiegglby differences in the degree of partial
melting of the mantle. Prichard et al. (1996b) suggestedahaphiolites to contain some Pt- and
Pd-enriched chromitite they would need to have formedctoté regimes where high degrees of
mantle melting extracted the Pt and Pd from the maiatleexample in a supra-subduction zone.
Release of PGE from the mantle into a melt will bpeshelent on the melting regime and the stages
of destruction of the PGE carrier phasBsese ideas have bediscussed by Hamlyn and Keays
(1986), Naldrett and Barnes (1986), Rehkamper et al. (1999) andledooy Mungall (2005) and
O'Hara et al. (2001a and b) who predicted a critical medtiage when PGE are released into

mantle melts over a relatively narrow interval ofti@ melting (Figure 9). Thus too little melting
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will not remove the PGE from the mantle, criticalltimg will extract the PGE as the last base
metal sulphides are removed and too much melting wiltelithe PGE as PGE-poor mantle is

melted. These three stages of melting cause the thpeg ¢y PGE concentrations in ophiolites.

Figure 9. Model showing the removal of PGE from the mantbesfetd line) and the resulting spike of PGE
concentration as critical melting is reached.

Perfect fractional melting
Suprasubduction
PGE-rich chromitite
= <« critical melt
§ PGE- Concentration spike
= |poor Dilution ——»
2 MORB
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> |melting / Liquid
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/ PGE-poor chromitite
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Melting in PGE-poor ophiolites

Within PGE-poor ophiolites there has been insufficieattimg to extract the PGE, and therefore
most of the PGE will be retained in sulfides withie thantle and will not be released into the melt.
As such both the dunite lenses within the mantle andrtistat sequences contain insignificant Pt
and Pd concentrations. Examples of MORB type ophiaditeghe Lizard in Cornwall, UK and the
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Bay of Islands in Newfoundland (Kirby 1979; Malpas & $gadl975; Edwards 1990). The
inference is that Pt and Pd + Rh remain in the mantldqige. MORB ophiolites often have
ultramafic crustal sequences which are thin or absexhkt pladiform chromitite and have undepleted
Iherzolitic mantle sequences (Pearce et al. 1984 and Rdbé&ieary 1993).

Melting in PGE-rich ophiolites

Within PGE-rich ophiolites the degree of partial melting éhe melting regime will be just right to
extract PGE without overly diluting them. This criticaantle melting will produce some PGE-
enriched chromitite with ppm concentrations. The podifohmomitites occur within dunite lenses
which are themselves hosted within mantle harzburgiteed as in the overlying crustal sequence.
These ophiolites often contain thick crustal dunites gireglmantle harzburgite. The Shetland
ophiolite is an example of this type of ophiolite (Padhand Lord, 1993) with magmatic values of
Pt + Pd of up to 3000 ppb (Prichard et al., 1996a). Other examplade Leka with Pt + Pd values
of up to 7300 ppb (Pedersen et al., 1993), Thetford with PtvaRds of up to 2590 ppb

(Corrivaux and LaFlamme, 1990), Pindos (Augé, 1985; Tarkiah,et996) with Pt + Pd values of
up to 5120 ppb (Economou-Eliopoulos, 1996) and New Caledonia (Awdé £998) with average
Pt values of 2000-10000 ppb and the highest Pd value of 2300 ppb (Aulgégamdire, 1994).
Some ophiolites contain Pt and Pd concentrations ininasal sulfide-bearing dunite in the

vicinity of the chromitite as in Shetland with Pt é fPalues in the base-metal-bearing dunite of
6400 ppb and in this case the adjacent chromitite is #lsm& Pd-enriched (Prichard and Lord,
1993). In the Zambales ophiolite (Orberger et al., 1988; Bastudl., 1990) the dunite has recorded
values of Pt + Pd of up to 14300 ppb (Bacuta et al., 1988) andheecbromitite is apparently
barren of Pt and Pd. In the eastern ophiolite compliexatbania Pt and Pd concentrations occur in
base-metal sulfide-bearing dunite stratigraphically aboedthiquizachromitite with Pt + Pd

values of up to 8700 ppb (Ohnenstetter et al., 1991; 1999).

Melting in ophiolites with Pt- and Pd- poor chromitites

Finally, within some ophiolite complexes, the degree dfigdanelting will be so high that
extraction of PGE is followed by dilution due to additmirsubsequent PGE-poor melt. These
ophiolites have minor concentrations of Pt and Pdeir thverlying ultramafic and mafic crustal
sequences. These ophiolites contain a thick layer ofndtfia cumulates that overlie infertile
mantle harzburgite. Their chromitite is usually barwéRt and Pd. Examples of this group of
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ophiolite complex are the Troodos ahe Semail ophiolite complexes (Prichard and Lord, 1990;

Lachize et al., 1991). These 3 types of PGE enrichmemghmolites are summarized in Figure. 10

Figure 10.Schematic diagram showing the different tectonitirgg for the three types of ophiolite based on PGE
content. (i) PGE-poor, PGE remain dispersed in the maiitthetoo little melting to extract the PGE e.g. Lizard
ophiolite complex (ii) PGE-rich, all 6 PGE are asstadawith chromitite, critical melting achieved e.g. Stred
ophiolite complex (iii) and Pt and Pd occur with base heetiphide in the gabbro with too much melting that dilutes
the PGE e.g. Cyprus and Om@uapted from Prichard et al. 2008a)

() (1) (i)

Lavas

Dykes

Gabbro PGE
PGE

Dunite

Mantle

Chromite

Tectonic setting and PGE in ophiolites

Many ophiolite complexes are formed in basins behind islasglaard above subduction zones.

The dependence of degree of mantle melting experienced aittophiolite and the tectonic

setting means that the likely PGE content of the aradtthe ophiolite can be linked to particular
tectonic settings (Figure 11). In subduction zone settirgsttial melts will be produced by high
degrees of partial melting due to the high water contetfiteoflowngoing slab. These melts will be
PGE-diluted as the melting will likely be beyond theicait melting window. However as

subduction continues and less water becomes availabler tegrees of partial melting will occur
until eventually PGE-poor MORB type melts will be producedtcfard et al., 1996a). At an
intermediate point between these two extremescatithelting will produce PGE-rich melts
(Prichard et al 2008a). A particulsequence of melting common to many ophiolites occurs when a
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first PGE-poor partial melt is removed at a midocean rg#geng, followed by a hiatus in melting
until a switch to a suprasubduction type setting. WithrtHax of water from the downgoing slab, a
second stage, higher degree partial melt is pos$teldect fractional melting will produce a melt in
isolation from other melts and has the potential to pre@dumore enriched PGE melt than those
melts that mix with other melts as in equilibrium @Enmnelting. As such a second stage closely
approximates perfect fractional melting (Prichard et al. 2088d)has the potential to produce a
particularly PGE-enriched pulse of magma undiluted byawer partial melts separated from it in
the first melting event (Hamlyn & Keays, 1986). Thes@sdanelts are often boninitic and may
erupt as either PGE-enriched boninites or precipitafe@GE in cumulate sequences. The silica-rich
nature of boninitic magmas makes sulphur saturation hkelg (Naldrett & Macdonald 1980) and
the resulting base metal sulphides will be PGE endichec root zones may also be formed by
magmas derived from high degrees of partial melting anéfthre these will be PGE enriched as
for example in Braganca in Portugal (Bridges et al. 1993 Catmb Ortegal in Spain (Moreno et al.
2001).

Figure 11. Stratigraphic sections for PGE-poor and-rich optediections (adapted from Prichard et al. 2008a).
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Fractionation of the PGE and sulphur saturation

The separation of Os, Ir and Ru from Pt, Pd and Rh dugmgpus crystallisation is commonly
observed in ophiolites. Os, Ir and Ru tend to be concedtraithin chromite grains and Pt and Pd +
Rh with disseminated base metal sulphides. Ru tendsrtmteenriched relative to Pt in

chromitites located in mantle pods and less enrichedRha overlying chromitites among the
crustal dunites as in New Caledonia (Augé 1998) and Cabo Oftégeadno et al. 2001), which

also suggests separation of the PGE during crystallistie strong association of Pt and Pd with
sulphides means that the timing of sulphur saturaticruisial to crystallization of Pt- and Pd- type
PGM. It is known that removal of FeO (e.g. by chromitgstallization) increases the likelihood of
sulphur saturation (e.g. Mungall, 200B)so silica may be added to the melt, through dissolugion
pyroxene and reprecipitation of olivine as chromikitens in a dunite lens in the mantle. This will
lower the sulphur solubility (Zhou et al., 1998), incragghe likelihood of sulphur saturation

during the formation of podiform chromitite. If sulphiddtgation occurred in a magma at the same
time as chromite crystallisation then all six PGEwdogether although, even in this case, it may
be demonstrated mineralogically (Prichard & Tarkian 19&# 1996) that Os-, Ir- and Ru-bearing
minerals are enclosed in chromite and crystallisedezdhan the Pt-, Pd- and Rh-bearing minerals
which occur among the interstitial silicates and presiynarystallised later. If sulphide-saturation
was not coincident with chromite crystallisation ti@$ Ir and Ru may be present in chromitite and
Pt, Pd and Rh absent, thereby causing a separationPGReluring crystallisation. If sulphide-
saturation occurs in the absence of, or long afteonsite crystallisation then Pt and Pd may be the
major PGE associated with the base metal sulphidmestis gabbros in Cyprus.

Conventionally, magma mixing of sulphur undersaturated-B&fing magma and sulphur
saturated PGE-poor magma is preferred for continentatddycomplexes (e.g. Irvine 1977,
Hamlyn & Keays, 1986). This could be considered as a mexrhdar the formation of PGE
concentrations in ophiolites. If a sulphur saturated B@e melt mixed with a silica-rich
boninitic melt that is PGE-rich then PGE should aifzte with base metal sulphides as in
continental stratiform deposits. However crystali@abf PGE may be possible without magma
mixing. At the critical partial melting stage, the PGH W& concentrated into the last base metal
sulphides and then melted to produce a PGE-enriched imiet vg close to sulphur saturation. On
crystallisation of this melt the PGE will precipitaté&h base metal sulphides especially when
podiform chromitite begins to crystallize (Prichardakt2008a and b). Any subsequent melting
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causes the resultant magma to become sulphur undatsdturhus with greater sulphur
undersaturation, it is less likely that chromitite &tedor Pd-PGM will be associated.

The link between chromite composition and PGE concentrains

There is growing evidence that there is a link betweenngite composition and the potential for
PGE enrichment in podiform chromitite (Prichard e@D8a and b). It has been suggested
(Prichard et al. 2008a) that two main processes are ogedatimg PGE crystallization within the
Al'Ays ophiolite. Firstly IPGE are crystallizing acrod® whole range of chromite composition
with some associated Pt- and Pd- crystallization ocgumterstitial to the chromite grains.
Secondly, sulphur saturation occurs at an approximat@;@rof 48% and GO3/ Al,Ozratio of 1

to 3 producing PGE-rich chromitites over a narrow rangérgds composition. It is predicted that
ophiolites containing PPGE-rich chromitite will havettbarichment located within a narrow
chromite range, associated with the timing of sulphturaton, although the exact range of Cr203
and Cr# will vary form ophiolite to ophiolite (Prichard ét2008a).

PGE and ophiolites of different ages

Ophiolites vary in age from very recent young to PreCanhwnes which are dismembered but

still retain characteristics identifying them as ofade origin. For example they may have oceanic
lava or podiform chromitite that have textures and geotustry characteristic of ophiolite
complexes. The original magmatic PGE content andes®@E concentrations within these
ophiolites varies not with age but with the tectonicisgtin which the ancient ocean crust formed
and hence the degree of partial melting that produced theanaghis was further confirmed by
Walker et al. (2002) who examined the variation in Os pegan podiform chromitites through
geological history and showed a constant evolution aiti®®s with time, re-enforcing the

stability of the processes forming ophiolite complexes.

Conclusions Exploration for PGE in ophiolite complexes

Magmatic concentrations of PGE in ophiolite complexescontrolled by the degree of partial
melting of the mantle from which the magma was extchetnd the crystallisation processes of that
magma. High degrees of partial melting associated withmweatle melting in subduction zones

will produce PGE-enriched boninitic magmas. Too much neelwill dilute the Pt and Pd and they
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will crystallise with the first base metal sulphideghe crustal gabbros whereas Os, Ir and Ru are
concentrated in the chromitite. Critical melting vptbduce PGE-rich almost sulphur saturated
magma that will crystallise with podiform chromitidé low Cr# to produce chromitites enriched in
all six PGE. Too little melting will not extract th&E from the mantle. Thus in order to locate the
PGE of more economic interest, that is Pt and Pd,#rRtphiolite complexes it is necessary to
determine whether there has been sufficient meltingttaexhe PGE from the mantle and if so
locate the first base metal sulphides within the chssiguence, whether in podiform chromitite or
higher in the gabbroic sequence. If the first base matphides crystallised with the podiform
chromitites then it is likely that the PGE concentrag will be located with chromitite of a specific
composition. This will vary between ophiolites dependinghenparticular melting regimes caused
by local tectonic settings. Therefore it is possiblpredict the location of PGE concentrations
within ophiolite complexes and if prolonged mantle melahghe critical partial melting interval
occurred then it is likely that a significant concation of high grade PGE could have crystallised

and would be worthy of discovery.
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