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Abstract

Platinum-group element (PGE) concentrations within podiform chromitites in ophiolites may
be extremely erratic, with reported totals varying from below detection limit to several 10s of
ppm. This study has investigated three ophiolites, with previously identified high PGE
concentrations, to test three main questions; (1) whether there is a link between the
geochemistry of the chromite within the chromitites and the associated PGE concentrations of
those chromitites, (2) what the presence, or absence, of a link reveals about the mechanism of
PGE concentration and therefore (3) why some chromitite pods are highly PGE-enriched. The
three ophiolites are located near Al ‘Ays in Saudi Arabia, Unst and Fetlar on the northernmost

of the Shetland Islands and Berit in south-central Turkey.

Within the Al ‘Ays ophiolite there is a link between the chromite composition of chromitite
and the PGE concentration. In this ophiolite, a plot of Cri# vs. Mg# can be used to distinguish
both the high-PGE chromitites as well as the likelihood of the high-PGE chromitites being
relatively enriched in IPGE or PPGE (i.e. containing high or low (Pt + Pd)/Ir)). The link exists
because changes in chromite composition and the onset of sulphur saturation are both caused
by fractionation, where fractionation is defined as the cumulative effects of the separation of

chromite and olivine crystals from the melt, and meit-rock reaction.

In contrast to the Al ‘Ays ophiolite, the chromitite samples from the Shetland ophiolite show
little geochemical variation. However, both the IPGE-rich chromitites at Harold’s Grave and
the PPGE-rich chromitites (and dunites) at Cliff display distinctive geochemical characteristics.
The PPGE-rich Cliff chromitite deposit is shown to display several complex geochemical trends,
one of which contains both the PPGM-rich dunite samples and the PPGE-rich chromitite
samples. This key trend is decreasing Cr# with increasing TiO,. Within Shetland this trend is
unique to the Cliff chromitite pod and is interpreted as the product of localized fractionation
by water immiscibility leading eventually to sulphur saturation and PGE-enrichment. The IPGE-
rich Harold’s Grave chromitites contain elevated trace element (TiO,, V,0; & Zn) values and
lower Mg#. The evolved geochemistry of the Harold’s Grave deposit, together with the large
dunite pod, suggest that the IPGE enrichment has been caused by prolonged reaction with
trapped intercumulus melt where chromite has acted as a collector for IPGE, producing an

IPGE-rich chromitite deposit.



Within the Berit ophiolite no link between chromite major and trace element geochemistry
and PGE concentration has been found, but it was observed that PPGE enrichment was only
associated with chromitites containing Cu-bearing sulphides. This was also found in Al ‘Ays
and Shetland suggesting that PPGE enrichment is dependent upon the separation of Cu-
bearing sulphides from melts rising through the mantle. This observation, together with the
different textural associations of the IPGM and PPGM previously reported from all three
ophiolites, and the apparent independence of IPGE from sulphide saturation, suggests that
IPGE and PPGE enrichment may be decoupled processes within ophiolites. A further insight
from the Berit ophiolite is the observation of exsolution textures within chromite grains, which

extends the miscibility gap previously reported.

For all three ophiolites, variations in chromitite major and trace element geochemistry occur
on several different scales. At the smallest scale, single thin sections of chromite may
sometimes display large variations in composition. At the next scale, intrapod chemical
variation can be extensive, though predominantly displaying an inverse correlation between
Crit and Mg#. Finally, interpod variation, and its relationship to stratigraphic height, changes a
great deal between ophiolites, sometimes providing an apparently continuous change with
height (e.g. Al ‘Ays) and in other places (e.g. Shetland) varying discontinuously with height.
These differences can provide important clues to the processes controlling chromite
composition. They suggest that multiple controls may sometimes be involved including, the
number of phases crystallizing, post-solidus re-equilibration, fractionation, melt-rock reaction

and volatile unmixing.
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Chapter 1

Literature Review

An overview of the main theories surrounding ophiolite origin,
the generation of their chromitite deposits and their associated
PGE concentrations.



Aims and scope of project

Chromitite deposits, whether stratiform or podiform, nearly always contain increased
concentrations of platinum-group elements relative to their host silicate rocks. Within
ophiolitic chromitite deposits the level of upgrading is highly unpredictable and currently

poorly understood. The aim of this research is to investigate the following;

1. The variation in chromite geochemistry across an ophiolite, focusing on intrasample,
intrapod and interpod scales and whether there is a common link between magmatic

chromite geochemistry and bulk PGE concentrations in all or only some ophiolites?

2. What the presence, or absence, of a link reveals about the mechanism of PGE
mineralization? For example, if there is a link, is it due to a mutually dependent
relationship or to both variables being dependent on another variable (e.g. degree of

mantle melting).

3. Why some pods are highly PGE enriched and others very close by are not?

1 Literature Review

1.1 Introduction

The term ‘ophiolite’ derives from the Greek ophis, meaning snake or serpent. The first
monograph on the rock-associations of an ophiolite were mentioned as early as 1821 by
Brongniart who described the now classical four-fold association of ultrabasics, gabbros,
spillites and chert (Amstutz, 1980). This was further developed by Steinmann (1856-1929) who
suggested their origin as ‘differentiated magmatic rocks evolved on the ocean floor’ (Dilek
2003a & references therein). The term ‘ophiolite’ now relates to terrestrial fragments of
oceanic lithosphere emplaced at fossil constructive margins. The evolution of thought with
respect to ophiolite analogues within the ocean crust can be divided into three main periods
(Pearce, 2003). For the first (1963-1972) all ophiolites were thought to be terrestrial analogues
of mid-ocean ridge oceanic crust, and this culminated in the development of the ‘Penrose’

type ophiolite (Figure 1.1) in 1972.
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1.2

Ophiolite classification

Today, many ophiolites have been identified or postulated which bear little resemblance to

the ideal Penrose type stratigraphy (Figure 1.1); indeed Robinson and Zhou, (2008) suggest

that to be convincing, an ophiolite need only contain peridotites, gabbros and pillow lavas,

and that these must be demonstrably inter-related. As a result Dilek, (2003a) formulated a

new ophiolite classification scheme, detailing seven ophiolite types based on structure and

inferred tectonic setting. The following is a brief summary of these with examples.

i)

iii)

iv)

Ligurian Type Ophiolites: These have a ‘Hess-Type' internal structure (serpentinised
peridotite capped by lavas and/or thin gabbroic rocks, (Dilek, 2003a)) as opposed to a
‘Penrose-type’ pseudostratigraphic structure. They may also contain local dykes but no
sheeted dyke complexes are found. Examples include the Northern Apennines and the
Western Alps. These may form in the early stages of ocean basin opening.
Mediterranean Type Ophiolites: These have a Penrose-Type internal pseudo-
stratigraphy (Figure 1.1) and examples include Troodos in Cyprus (from which the
Penrose model was derived), Semail in Oman and the Bay of Islands in Canada. These
ophiolites may form in a wide range of tectonic settings from intra-oceanic subduction
beneath mid-ocean ridges, to subduction influenced oceanic spreading centres.

Sierran Type Ophiolites: These have complex, multi-stage evolutionary paths, and
typically occur around the Pacific Rim (e.g. Japan, Philippines, and Cuba). They may
contain ‘volcanic, plutonic and hypabyssal rocks and locally well developed dyke
swarms.” Tectonically, they represent island arc ophiolites, with older oceanic basement
and overlying younger volcanic arc assemblages.

Chilean Type Ophiolites: The type locality for these are the Rocas Verdes ophiolites in
South America. These contain ‘mafic volcanic rocks (2-3 km thick) composed of pillow
lavas and volcanic breccias, a sheeted dyke complex (300-500m thick), massive diabase
and coarse grained gabbros. Tectonically they represent ophiolites formed in
extensional back-arc basins. These are different from Mediterranean type ophiolites
due to MORB type signatures in the volcanic rocks, and relative autochthoneity in their
current location. They are different from Sierran type ophiolites because they don’t
possess a polygenetic evolution, that is - the basement is no older than the crustal

region.



v) Macquarie Type Ophiolite: This is a unique ‘ophiolite’, located within the Southern
Ocean at Macquarie island. This island represents oceanic crust, which has been
uplifted due to transpressional deformation at the Australian-Pacific plate boundary.
Although similar to the Penrose type pseudostratigraphy, and uplifted, this ‘ophiolite’
has not yet been emplaced on a continental margin and thus its status as an ophiolite is
a moot point.

vi) Caribbean Type Ophiolites: These represent oceanic crustal assembleges of Large
igneous Provinces (LIP), with the Caribbean ophiolites being the best examples. The
internal structures of these are highly heterogeneous, but may contain the main
ophiolitic subunits (e.g. pillow lavas, layered gabbros, gabbronorites). Sheeted dyke
complexes appear to be missing.

vii) Franciscan Type Ophiolites: These are ‘associated with accretionary complexes of active
margins.” They consist of a complicated intercalation of melanges and high pressure
metamorphic (blueschist) rocks and may also contain abyssal peridotites, gabbros and
basalts. The high pressure rocks may be exhumed though either erosion of the forearc
thrust front at a subduction zone or as a result of ‘syn-subduction extensional collapse

of the accretionary complex.

1.3 Ophiolite obduction

The obduction or emplacement of an ophiolite occurs during closure of either the continental
rift basin or the subduction zone, usually during orogenic activity. Stern (2004) reviewed
obduction mechanisms for ophiolites and concluded that most ophiolite fragments on land
were supra-subduction related. He provided a comparison between the feasibility of
obduction of back-arc ophiolites, fore-arc ophiolites and mid-ocean ridge or incipient intra-
continental oceanic crust (Figure 1.2). The exception to the difficulty of emplacing MORB
ophiolite is when the initial rifting of intra-continental basins is still incipient, and the resultant
uplifted mantle is still warm. In this scenario the intra-continental basin (a modern analogue
being the red sea), becomes incorporated into the orogenic event. Ligurian type ophiolites are

a good example of this.
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1.4.1 Pan-African and Brasiliano ophiolites

These late-Proterozoic (<870 Ma) ophiolites are thought to be associated with the formation
of ocean basins during the aftermath of the Rodinia supercontinent break-up (Dilek, 2003b).
They are therefore widespread, with occurrences in South America, Africa and Asia and may
represent a range of formation and emplacement histories. In particular, ophiolites in the
Arabian-Nubian shield represent a diverse range of types, including Ligurian, Mediterranean
and Sierran (Dilek, 2003b). The presence of this variation of ophiolitic types indicates that
Wilson type opening (Wilson, 1968), narrowing and closing of ocean basins was in operation

by 1 Ga.

Chromitite deposits are found extensively in Egypt, north-east Sudan, and north-west Saudi
Arabia where there are a series of Neoproterozoic outcrops containing abundant small
ophiolitic chromitite deposits. (e.g. general descriptions of ophiolite localities (Al-Shanti, 1988;
Ahmed et al., 2001; Ahmed and Hariri, 2008) and specifically - Al’'Ays in Saudi Arabia; (Neary
and Brown, 1979)). The Bou Azzer ophiolite in the Anti-Atlas Mountains of Morocco (El Ghorfi
et al., 2008) and the Hoggar Ophiolites in Nigeria (Stowe, 1987a) have also been reported to
contain chromitite deposits. Within Brazil there are chromitite deposits located at Quatipuru
& Morro do Agostinho, Campo Morro, Complexo Piraporo and Faixa Dom Feliciano (Suita et

al., 2004).

1.4.2 Eastern Australia ophiolites

These Cambrian ophiolites developed along the eastern fringe of Gondwana in a complex arc
—back arc system (530-485 Ma). The collapse of this system, and subsequent accretion to the
Gondwanan continental margin may have been related to far-field stresses associated with

the assembly of Greater Gondwana itself (Dilek, 2003b). Chromitite deposits are restricted to

the Great Serpentine Belt and Tasmania (Stowe, 1987a).



1.4.3 Appalachian, Caledonian, Hercynian and Uralian ophiolites

Aside from isolated cases in South America, Africa and Europe, these early Paleozoic ophiolites
occur mainly along the Appalachians in America, the Caledonides in Scotland/ Scandinavia and
the Urals in Russia. The Appalachians and Caledonides represent SSZ ophiolites which formed
on the margins of the lapetus ocean, and were accreted to the continental margins during the
closure of the Eastern lapetus Ocean between North America and Baltica-Avalonia. The
Uralides were derived from the Pleionic ocean which closed in the late Permian with the
collision of Baltica with Siberia. The Uralides record Ligurian and Mediterranean type
ophiolites in contrast to the Appalchian or Caledonian ophiolites (which are mostly

Mediterranean type) (Dilek, 2003b).

Within the Uralides, (which extends from the Ice Sea in the polar circle to the northern tip of
Kazakhstan), there are several well known ophiolitic podiform chromitite deposits. These
include the Ray-lz and Voikar-Sininsky on the northern edge and the Kempirsai Massif in
Kazakhstan (Melcher et al., 1997) on the southern edge. The giant podiform deposits (>1QO
Mt) of Kazakstan are the largest known ophiolitic chromitite deposits in the world, from which
there is the potential to recover PGE as a by-product (Distler et al., 2008). The surface
chromitite outcrops have been mined but subsurface ores e.g. Voskhod, are only now being
exploited and others are yet to be mined. Within the Appalachians and the Caledonides there
are several well-studied chromitite deposits including the Bay of Islands and Thetford in North

America (Stowe, 1987a), and the Unst ophiolite in the Shetland Islands (Prichard et al., 1989)

1.4.4 Tethyan - Caribbean ophiolites

Tethyan ophiolites developed in Palaeo- and Neo-Tethyan ocean settings, between Gondwana
and Eurasia. Ophiolites west of the Aegean Sea tend to be Ligurian type and Jurassic in age.
Ophiolites east of the Aegean Sea tend to be Mediterranean type, Cretaceous in age (getting
progressively younger to the east) and show abundant evidence for having being involved in
subduction zone processes (e.g. include depleted harzburgites and boninites). The Caribbean
ophiolites belong to a separate ophiolite type (Caribbean type) and have been generated by
mantle plume activity and so they include fragments of LIP generated oceanic crust (Dilek,

2003b).



There are several ophiolites within these mountain belts which also contain appreciable
podiform chromitite deposits. These include: Mirdita — Albania, (e.g. Economou-Eliopoulus,
1996), Pindos, Othrys, Vourinos — Greece, (e.g. Roberts et al., 1988), Troodos — Cyprus, (e.g.
Greenbaum, 1977). Several in northern and central Turkey (e.g. Berit, Robertson et al., 2006),
Iran (Ghazi et al., 2004) Semail - Oman-U.A.E, (e.g. Ahmed and Arai, 2002) and the Luobusa
ophiolite - Tibet (Zhou et al., 1996). Within the Caribbean ophiolites, the most notable
chromitite deposits are located on Mayari Baracoa — Cuba (Proenza et al., 1999) aithough
there are also some on Haiti, as well as the Villa de Cura ophiolite in Venezuela (Stowe,

1987a).

1.4.5 Western Pacific and Cordillerian ophiolites

These ophiolites range from the Palaezoic to the Cenozoic and are usually associated with
subduction-accretion prisms. There is a wide range of ophiolite types developed within these
ophiolite chains, including Ligurian (e.g. Banda Arc), Sierran (e.g. Philippino ophiolites) and
Franciscan (e.g. Japan) (Dilek, 2003b). Major chromitite deposits are associated with several of
the islands, including Zambales in the Philippines (Yumul Jr et al.,, 2003), New Caledonia
(Moutte, 1982), Sangun — Japan (Arai, 1999), Several of the Indonesian Islands (e.g. Sulawesi
and NE Borneo) (Burgath, 1988) and Papua New Guinea (Stowe, 1987a). The Cordillerian
ophiolites tend to be barren of major chromitite deposits with the possible exception of the

Tortuga and Rochas Verdes Ophiolites in Chile (Stowe, 1987a).

1.5 The formation of chromitite pods within ophiolites

1.5.1 The mineral chromite

Chromite belongs to the spinel group, which has the general formula ([X]")([Y]"),0s where X
represents cations in tetrahedral co-ordination and the Y represents cations in octahedral co-
ordination (Stowe, 1987b). It has high relative density (3.8 — 4.9) and a Moh hardness of ~5.5.
its lattice structure is face-centred cubic and can accommodate a wide variety of transition

elements, including Mg, Fe, Cr, Al, Ti, V, Mn, Ni, Co and Zn (Barnes and Roeder, 2001).
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Typically Mg and Fe?* fill the X cation sites with Cr, Al and Fe** forming the bulk of the Y cation
sites. Several trace elements may substantially substitute into chromite. Examples of divalent
cations substituting into the divalent site are Mn, Co, Zn and Ni (Barnes and Roeder, 2001;
Page and Barnes, 2009). Vanadium is usually assigned to a possible Fe;V,0,, component and Ti

is assumed to present as an ulvospinel component (Barnes and Roeder, 2001).

Accumulations of chromite grains to form chromitite deposits are a common feature within
the mantle sequence of supra-subduction zone (SSZ) ophiolites (i.e. Mediterranean and some
Sierran-type ophiolites). These chromitite segregations are invariably contained within dunite
envelopes (Thayer, 1964; Roberts and Neary, 1993; Zhou et al., 1994), which are themselves
hosted within depleted harzburgites. Within the mantle and mantle/crust transition zone the
composition of the chromite (within these chromitites) can vary enormously, particularly in
the Cr/ Al and Cr/ Fe?* ratios. This variation is dependent on the conditions of formation and it
has been hypothesized to depend on some or all of the following; the degree of partial
melting of the source region, the extent of magmatic fractionation, the composition of the
host peridotite and the extent of melt-rock reaction (see Section 1.5.5)(e.g. Zhou et al., 1996;
Edwards et al., 2000; Prichard et al., 2008; Page and Barnes, 2009) .

Chromitite deposits are, with the exception of two localities, exclusively located within SSZ
ophiolites and are missing or undiscovered from modern oceanic crust. The two exceptions
are a very small micropod (approximately a cm across) from Hess Deep discovered by Hazel
Prichard in 1996 (Arai and Matsukage, 1998) during ODP leg 147 and micropods discovered in
the mid-Atlantic ridge during ODP leg 209 (Takazawa et al., 2007).

1.5.2 Chromitite formation

The large accumulation of chromian-spinel as podiform orebodies within ophiolites is highly
enigmatic as it represents bulk crystallization of chromium from a basaltic melt in which
chromium has a low solubility (Roeder and Reynolds, 1991). In addition to this, chromitites
often preserve features indicative of cumulate type processes — a feature which would seem
at odds with their location within residual mantle tectonite (Thayer, 1964, Brown, 1980).
Initial ideas suggested that the chromitite deposits originally formed in the crustal cumulates
before being incorporated into the peridotite residuum, either by sinking into the peridotite

crystal mush (Dickey Jr, 1975) or by being infolded during tectonism (Greenbaum, 1977).
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In contrast, other workers have suggested magma mixing as the essential cause, following the
recognition of its potential importance in stratiform chromitite deposits (Irvine, 1977) (Figure
1.5). Ballhaus (1998) suggests the mixing of oversaturated conjugate siliceous and fayalitic
melts will result in the nucleation of chromite. This is shown in Figure 1.5 where ‘X’ represents
a siliceous melt and ‘a’ represents a fayalitic melt. The mixing of ‘x’ with ‘a’ produces a liquid
‘v’ which lies in the chromite only saturation field, resulting in the deposition of
monomineralic chromitite deposits. The potential problem with magma mixing is the
unlikelihood of two melts of differing composition being present at the same time within a
conduit. This was summarized by Edwards et al., (2000) who note that “it is highly unlikely
that melts derived from multistage melting will co-exist in the same conduit as the original
melt tends to leave a crystalline product rather than a melt”. However, if the conduit does
remain open, and mixing does occur then a melt/ spinel ratio of ~300-500 is required, implying
significant melt focusing is required at the site of deposition (Leblanc and Ceuleneer, 1991).
That is as melt travels from the mantle to the crust there may be some junctures within the
mantle where melt is particularly focused. Chromitites may form at these locations, which

Johan, (1986) postulated to be shear-zones within the mantle harzburgite.

Melt/ Rock
Interaction Trend

Chromite

Ol 0.’4 0.6 172 Chr—

Figure 1.5: Condensed phase diagram for the system quartz-olivine-quartz (Irvine, 1977). The Mixing
Trend ‘x-a’ is derived from the same work, with the Melt/ Rock Interaction Trend ‘a-n’ derived from Zhou

etal., 1994.
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In addition to the above principal mechanisms, variations in several other physical parameters
have been postulated to play an important role, including changes in fO, (Murck and
Campbell, 1986), total pressure (Lipin, 1993), temperature (Murck and Campbell, 1986) and
Pu20(Johan et al., 1983).

More recently the formation of podiform chromitites by melt-rock reaction has been favoured
(Zhou et al., 1994). This process was postulated by Kelemen, (1992) to explain the pervasive
presence of harzburgite in the mantle sequences of the Trinity ophiolite. Kelemen suggested
that the harzburgite was too rich in SiO, (in the form of orthopyroxene) to have formed simply
as the residuum of partial melting and therefore proposed that melts ascending through the

mantle dissolved clinopyroxene and re-precipitated orthopyroxene.

At positions of melt focusing harzburgite may also be converted to dunite through the
dissolution of orthopyroxene and re-precipitation of olivine. Zhou et al. (1994) further
adapted this model to the formation of chromitite deposits by proposing that this dissolution
enriches the melt with silica, which therefore moves into the chromite only saturation field
along such a line as ‘a-n’ in Figure 1.5. Within the melt/ rock reaction model the composition
of an upwelling melt within the oceanic mantle is thought to be dependent upon the degree
of melting of the source region, and the degree of melt to host-rock reaction with fractional

crystallization not playing any significant role (e.g. Edwards et al., 2000).

Within the models outlined above, recent research has highlighted the importance of water in
the formation of podiform chromitites. Edwards et al. (2000) note that the presence of water
in the melting regime can increase the Cr solubility through the de-polymerization of the melt.
This effect has already been roughly quantified by (Malpas et al., 1997) who report tholeiitic
melts as containing ~600 ppm Cr, whereas boninitic melts contain ~1200 ppm Cr. The
presence of water during partial melting of SSZ mantle promotes melting to beyond the
clinopyroxene-out phase boundary, and although some Cr will be re-partitioned into relict
spinels (making them in turn Cr richer) the abundance of Cr-bearing phases decreases. As
melting proceeds beyond the transition from lherzolite to harzburgite the dissolution of these

chromian-rich spinels will greatly increase the Cr content of the melt.
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Initial fluid phase droplets will contain so little chromite that they will be lighter relative to the
surrounding silicate melt (Figure 1.6). Such droplets will rise to the top, forming fluid pools in a
process analogous to industrial flotation. As more chromite microphenocrysts are gathered
they will form a critical mass that then sinks back through the silicate melt to form the typical
‘leopard’ chromitite deposits (Matveev and Ballhaus, 2002)(Figure 1.6). This concentration
process may itself produce podiform chromitite deposits with nodular chromite grains a

secondary by-product.

1.5.3 Chromitite alteration

Although chromite grains are refractory and partially resistant to alteration, they are still
affected by hydrous alteration and prograde metamorphism, with both being extensively
covered in previous investigations (Frisch, 1971; Evans and Frost, 1975; Barnes, 2000; Mellini
et al., 2005). There is some confusion about the exact terminology for the alteration product
of chromite as two terms (“Cr-magnetite” and “ferritchromit/ ferrian chromite”) have been
used interchangeably (Barnes, 2000; Mellini et al., 2005) and to describe different products
(Peltonen, 1995; Onyeagocha, 1974; Kapsiotis et al., 2007; Khalil, 2007). From the detail it
appears that there are two distinct alteration products with Cr-magnetite forming as an
overgrowth (e.g. Onyeagocha, 1974; Kapsiotis et al., 2007) and ferritchromit forming as a fine-
grained interleaving of Cr-magnetite and Cr-chlorite (Shen et al., 1988; Mellini et al., 2005).

During metamorphism the Fe content of the chromite is greatly increased due to increased
Mg-Fe exchange with any neighbouring silicates. This exchange will be far more pronounced in
disseminated chromite lithologies, than in chromitite bodies, as chromite grains within
chromitite bodies have very little silicate material to exchange cations with. The Cr** and Al**
contents are not expected to change much, though at higher grades of metamorphism
(~amphibolite) the chromite grains are expected to lose aluminium (Barnes, 2000). For the
present study no analysis was made of the alteration products of chromite, although the

approximate degree of alteration was noted.
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1.5.5 Interpreting chromite composition

The final composition of any chromite grain is dependent on the composition of the melt at
the time of crystallization and the extent of re-equilibration or alteration experienced by the
grain after crystallization. The composition of the liquid from which the grain crystallized will

be dependent on four main factors, viz:

e The degree of melting of the source region.

e The addition of any phase to the melt (e.g. through reaction with hostrock or reaction
with other fluids).

e The separation of any phase from the melt (e.g. crystallization, unmixing of fluids or
degassing)

e The composition of the crystallizing chromite grain may also depend on the

temperature and pressure of the system at the time of crystallization.
Post-crystallization re-equilibration will be dependent upon:

e The speciation of the surrounding minerals with which the chromite grain can re-
equilibrate. For example, several authors have shown that accessory chromite is
susceptible to post-cumulus modification due to reaction with trapped intercumulus
melt and associated cumulus olivine (Henderson, 1975; Henderson and Wood, 1981;
Roeder and Campbell, 1985; Scowen et al., 1991). In particular, the effect is to drive
down the Mg# and increase the Fe* and Ti contents (Scowen et al., 1991).

e The temperature and pressure within the system, the cooling rate, and the presence
of fluxes (e.g. the presence of magmatic fluids which may increase the rate of

diffusion) may all affect the kinetics of re-equilibration.

Finally, alteration of the chromite grains due to the influx of late stage fluids and
serpentinisation may lead to the formation of Cr-magnetite and/or “ferritchromit” rims with a

much altered composition.
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1.5.5.1 Major trends in chromite compositional space

In a review of the range of spinel compositions within terrestrial mafic and ultramafic rocks
Barnes and Roeder identified several trends that regularly reappear, namely; the spinel gap,
the Cr-Al trend, the Fe-Ti trend, the kimberlite trend and the Rum trend (Figure 1.8). Two
other trends are considered in this review, which are trend A and trend B as defined by

Naldrett et al. 2009.

The spinel gap describes an observed data density minimum between chrome-rich spinels
(chromites) and Fe*-rich spinels (magnetite)(Figure 1.8A). This has two main causes. Firstly
there is the extensive solvus within the spinel solid-solution {Sack and Ghiorso, 1991), which
occasionally results in the unmixing of spinels (e.g. Loferski and Lipin, 1983; Tamura and Arai,
2005). Secondly, there is the reaction relationship between chromite and Cr-bearing
clinopyroxenes. This reaction causes chromite to cease crystallizing followed by a hiatus

before magnetite begins to crystallize (Barnes and Roeder, 2001)

The Cr-Al trend is particularly well marked in ophiolites and is shown by widely variable Cr# at
low Fe# with low concentrations of Fe** and TiO, (Figure 1.8A & 1.8B). There is a slight positive
trend with increasing Cr# followed by increasing Fe# (equivalent to a slight inverse trend
between Cri## and Mg#). This trend was observed by Irvine in 1967 in the Muskox layered
intrusion, who proposed that it arose from the equilibration of chromite with olivine of
constant composition at constant temperature. The slope is due to non-ideality within the
spinel solid solution and forms the basis for the olivine-spinel geothermometer (Sack and

Ghiorso, 1991; Barnes and Roeder, 2001).

The Fe-Ti trend describes a positive relationship with Fe* and Fe'# increasing and typically
accompanied with increasing TiO, values (Figure 1.8A-D). This trend is attributed to changes
in spinel composition caused by the fractional crystallization of olivine, pyroxene and possibly
plagioclase or alternatively reaction with trapped intercumulus meit (Barnes and Roeder,
2001). The low TiO, and Fe* contents of chromite grains within ophiolitic settings means this
trend is not observed within ophiolites (Barnes and Roeder, 2001). The kimberlite trend is
similar to the Fe-Ti trend (Figure 1.8A & C), only differing in the near constant Fe# values over
a wide range of Fe**. As with the Fe-Ti trend, it is not observed within ophiolites, but as its

name suggests is commonly observed within kimberlites.
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fact that changing the Cr/Al ratio of spinel changes the Mg-Fe exchange partition coefficient
between chromite and liquid (as in the Rum trend). Trend A has been most commonly

recorded within layered mafic-ultramafic intrusions.

Naldrett et al. (2009) defined trend B as the decrease in both Cr# and Mg# within chromitites
in the Bushveld Complex. This trend lies in the perpendicular direction to trend A. It is
postulated that the observation of this trend within the Bushveld chromitites was due to the
fractional crystallization of orthopyroxene and olivine, which subsequently produced lower

Cr#t and lower Mg# in crystallizing chromite.

1.5.6 Olivine and chromite compositions within associated dunites and
harzburgites

Olivine compositions within dunites and harzburgites of ophiolitic mantle follow a specific
trend called the olivine-spinel mantle array (OSMA). The OSMA was developed through work
by Arai (1987, 1990) who defined an expected mantle peridotite restite trend (residual source
material after partial melting, Figure 1.9). This trend was defined in terms of the Cr# of the
residual chromite phase and the associated Fo# of the olivine phase. With increasing
depletion of the peridotite restite both Cr## and Fo# will increase (Figure 1.9). In a review, Arai
(1994) proposed that peridotites plot to the right of the OSMA due to either fractional
crystallization (Figure 1.9), or metasomatism by fluids enriched in incompatible elements. This
review included an analysis of several olivine grains from both xenolithic and alpine-type
dunites, which plotted both within and outside of the OSMA. It concluded that dunites
plotting to the right of the OSMA were likely to be cumulates from relatively primitive basalts
but that dunites plotting within the OSMA may be either cumulate in nature or possibly restite
in origin. That is, olivine may have either crystallized through orthomagmatic processes from a
primitive melt or be a restite phase due to the selective consumption of pyroxenes from
harzburgites or lherzolites (e.g. Fisk, 1986). In both scenarios the likely Fo# of the olivine
grains would lie within the OSMA, as in the first instance primitive melts would crystallize high
Fo# olivine grains and in the second instance olivine is a restite phase so would retain its

mantle Fo# composition.
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Figure 1.9: Olivine-spinel mantle array, adapted from Arai, (1987, 1990 & 1994).

A diagram of Cr# vs. TiO, for chromite grains within mantle peridotite samples has been
shown to be particularly effective at distinguishing between the effects of partial melting and
melt/rock reaction within mantle peridotites (Arai, 1992; Zhou et al., 1996; Pearce et al., 2000)
(Figure 1.10). This is because the effect of partial melting on the residual chromite phase is to
progressively increase the Cr# whilst decreasing the TiO, content. In contrast, the reaction of
upwelling melts with residual chromite phases will increase both the Cr# and TiO, contents of
the chromite grain (Figure 1.10). This is shown using the example of the peridotites from the
South Sandwich arc-basin system (Pearce et al., 2000). These peridotites split into two sites —
the South Sandwich forearc and the South Sandwich trench fracture zone intersect. Samples
from the forearc have experienced greater degrees of partial melting (15-20%) and reaction
with boninite melt whereas samples from the trench fracture zone intersect site have
experienced relatively little partial melting (<10%) and reaction with MORB like melts (Figure
1.10)
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1.6.2 The location of high PGE concentrations within ophiolites

Within ophiolites the most common location for PGE is associated with podiform chromitites,
though examples have been found of high concentrations within other mafic and ultramafic
lithologies including dunites and gabbros (see below for examples). Dunites hosting high PGE
concentrations can be associated with podiform chromitites as the surrounding envelope
within the mantle sequence, or as layers within the cumulate sequence. When the dunite
surrounding podiform chromitites contains high PGE concentrations, these values may either
be replicated within the chromitite pods (e.g. Cliff chromitite pod on the Unst ophiolite
(Prichard and Tarkian, 1988), or the associated chromitites may be barren (e.g. The Zambales
ophiolite where dunites record concentrations up to 14,300 ppb but the associated
chromitites are barren, Bacuta et al., 1988). Dunites within the cumulate sequence of
ophiolites have also been found to be contain high PGE concentrations, with two notable
examples being the cumulate sequence of the Unst ophiolite (Lord and Prichard, 1997) and
the cumulate sequence of the Bulquiza ophiolite in Albania (Ohnenstetter et al., 1991;
Ohnenstetter et al., 1999). Gabbros have also been found to host significant PGE

concentrations as shown by the Troodos ophiolite in Cyprus (Prichard and Lord, 1990).

1.6.3 The extraction of PGE from the mantle

Within the upper mantle PGE are only trace constituents, with concentrations of a few ppb
(Barnes et al., 1985; Lorand et al., 1999). Their carrier phase within the mantle is still a matter
of considerable debate, in particular whether they are hosted within base metal sulphides
(BMS) (Mitchell and Keays, 1981; Alard et al., 2000) or alloys (Barnes et al., 1985). If in BMS,
then all the PGE would reside within BMS, but if alloys are also a carrier phase then the IPGE
(Os, Ir and Ru) are likely to be hosted by alloys, but the PPGE would be hosted by BMS. The
observations that the PPGE and IPGE behave differently during partial melting, often appear
to crystallize at different times, and contain different physical properties have been taken as

evidence of two different mantle carrier phases in the mantie with IPGE in alloys.
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However, direct observation of PGM within mantle sequences has been ambiguous, with most
studies of peridotites concluding that the PGM have been produced by small degrees of
partial melting, rather than being ‘true’ residual mantle PGM (e.g. Hutchinson et al., 1999;
Luguet et al., 2001). Furthermore, in recent years there has been a consensus towards the
PGE being completely hosted by BMS, but with segregation of PPGE and IPGE being caused by
incongruent melting of the mantie sulphides (Alard et al., 2000; Luguet et al., 2003; Bockrath
et al., 2004; Peregoedova et al., 2004; Lorand et al., 2008). Under incongruent melting the
PPGE are concentrated into the Cu sulphide-rich melt, with Os, Ir and Ru concentrated into
residual monosulphide solid solution (MSS). With sufficient partial melting the mantie may be
stripped of this remaining MSS resulting in the final release of the IPGE. As the IPGE melt out
at higher temperatures, they will also be the first to crystallize from the melt as it cools
(providing the melt remains as a single phase, i.e. no unmixing). This may explain their
common location as inclusions within chromite, whilst the PPGE are usually found within the

interstitial space between chromite grains (Prichard and Tarkian, 1988).

BMS may melt over a wide range of partial melting percentages, with the PGE initially being
concentrated into the residual BMS. As the degree of partial melting increases the
incongruent melting of the residual BMS will release PPGE sulphides into the melt first, with
the IPGE being incorporated later. Since all the PGE are likely to hosted within the last BMS to
melt, the range of partial melting over which all PGE are removed into the melt is likely to be
narrow. If the partial melting was continuous it is predicted that the total PGE content of the
mantle source will be removed to the melt at a critical point (O'Hara et al., 2001). With
respect to forming economic concentrations of PGE (>3-4 ppm) this partial melting window
appears to be very narrow, where too little melting results in not enough PGE and too much

melting results in PGE dilution (Prichard et al., 1996).

1.6.4 The crystallization of PGM from the melt - inducing sulphur saturation

Having removed the PGE from the mantle, they are likely to reside in close association with
sulphur within the melt, as evidenced by the observation that sulphide-rich melts may contain
PGE concentrations 10,000 times higher than sulphide barren silicate melts {(Mungall and
Naldrett, 2008). In silicate melts sulphur exists as sulphide (S*) or sulphate (S*); and the

sulphur carrying capacity of the melt increases when both ions are present (Jugo, 2009).
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The behavior and likely associations of PGE within the melt may change depending on the
likely oxidation state of sulphur within the melt. When sulphide is the dominant phase
(fayalite-magnetite-quartz (FMQ) <2), the PGE will reside with the sulphur and in any
subsequent immiscible sulphide fluids that exsolve from the melt. However, when sulphate is
the dominant phase (FMQ>2), the PGE would reside in the silicate melt, as sulphide phases
are not stable (Mungall, 2002; Jugo, 2009). The estimated oxidation state of the mantle wedge
above subduction zones is approximately FMQ +0.5 to FMQ +1.7 (Parkinson and Arculus,
1999). These oxidation states would incorporate a significant sulphate phase but would likely

mean that the PGE are predominantly residing within sulphide species within the melt.

Itis therefore apparent that the crystallization of S-bearing PGM is dependent upon the timing
of sulphide saturation (e.g. Mungall and Naldrett, 2008; Prichard et al., 2008). Sulphide
saturation may occur through changes in three principle parameters (Li and Ripley, 2005).
These include increasing pressure, decreasing temperature or changing the magma
composition (specifically a drop in Fe, or an increase in SiO,, Na,0 + K,O, or MgO). Changes in
the fO, and fS, may have significant effects on the melt (i.e. changing the speciation of sulphur
within the melt at high levels of fO,, or inducing localized PGM crystallization — see Section
1.6.5). However, these are related to changes in temperature and melt composition and at
sulphide saturation the f5,/fO, ratio is a predictable function of both (O'Neill and Mavrogenes,
2002; Li and Ripley, 2005).

Although increasing pressure in an ascending melt is unlikely, decreasing temperatures and
changing compositions are plausible. For example fractional crystallization within an
ascending melt may lead to sulphur saturation through cooling and changes in the melt
composition - this is because sulphur does not readily enter any of the initial fractionating
minerals (e.g. olivine, chromite, orthopyroxene) and will therefore be progressively
concentrated in the residual silicate melt. On reaching sulphur saturation (or slightly
superseding), sulphides should crystallize out on mass with their associated PGE tenors.
Alternatively, the introduction of crustal rocks (i.e. a cool Si-rich assimilant), will increase the
SiO; content and lower the temperature of the melt which together lower the sulphur
solubility and move the melt towards sulphur saturation. This mechanism is favoured in the
petrogenesis of deposits such as the Voisey’s Bay Deposit (Naldrett, 1999) but is not likely to
happen in ophiolites as there is no continental rock available for contamination (though it is

noteworthy that melt/rock reaction does add SiO, to the meit).
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1.6.5 The role of chromite in concentrating PGM

In addition to the above mechanisms for sulphur saturation it has been postulated that the
crystallization of chromite may play an integral role in inducing sulphur saturation. During the
crystallization of chromite FeO is removed from the melt, which would increase the likelihood
of sulphur saturation (Cawthorn, 2002; Mungall, 2005). The ideal scenario occurs when the
melt is close to sulphur saturation before chromite crystallization. In this instance chromite
crystallization facilitates sulphur saturation and therefore sulphide crystallization, this in turn
draws out the PGE from the melt resulting in PGE enriched chromitite deposits. Prichard et al.
2008 hypothesize that for sulphur saturation to occur within the mantle chromitites, there
needs to be a critical melting point which stops just after the destruction of the final mantle
sulphide carrier phase. In this instance the rising melt will only just be sulphur undersaturated

and so will reach sulphur saturation early on in its ascent through the mantle.

It has also been suggested that chromite may act as a collector for PGE per se without the
need to induce sulphur saturation in the process. Finnigan et al. (2008) suggest that the
crystallization of chromite within a melt results in a redox gradient at the mineral-melt
interface. This is because; during chromite crystallization the melt may be pushed close to PGE
saturation, by decreasing temperatures and decreasing fO,. At this point the nucleation of
PGM would be facilitated at the chromite mineral surface. This may also occur if chromite
grains which have crystallized in mafic magmas are injected into more primitive magmas (i.e.
magmas with higher Cr/ Al ratios). In this instance, the perturbation in fO, may be sufficient to
extract the PGE from the magma (Finnigan et al. 2008). In this instance zoning within the
chromite grain may be observed reflecting its initial crystallization from a mafic magma and

subsequent overgrowth in a more primitive melt.
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From these textural relationships it is possible to derive a general order of PGM crystallization
(though there may be some variation between specific ophiolite settings). Firstly, euhedral,
IPGE-bearing PGM included within chromite, preceded chromite crystallization. Subsequent
PGM, found within the spongey rim of chromite grains, formed at an intermediate stage and
for the Shetland ophiolite complex included osmium-poor laurite and palladium-bearing PGM.
The osmium-poor PGM may have lost Os during alteration and serpentinisation (Tarkian and
Prichard, 1987; Prichard and Tarkian, 1988). At the same locality rhodium and platinum are
only found within the silicate matrix suggesting they were the last PGE to be made available

for crystallization (e.g. Prichard and Tarkian).

1.7 Tectonic Settings

PGE concentrations in chromitites from ophiolite complexes in three separate tectonic
settings were investigated in the current study. They cover three different orogenic systems
(Caledonian, Tethyan and Pan-African), associated with the closure of different oceans in
separate regions of the giobe. They were also formed and emplaced at different times (750 —
600 Ma, 600 — 500 Ma, 100 — 85 Ma). Samples were collected from the Shetland Islands
ophiolite complex on the island of Unst (Sample Site 2) and from the Berit ophiolite complex
in Turkey (Sample Site 3) whereas samples from the Al'Ays ophiolite complex (Sample Site 1)

were taken from an archived collection assembled in the 1970s by Dr Chris Neary.

1.7.1 Sample Site 1: AI’'Ays Ophiolite Complex, Saudi Arabia

The Arabian shield (Figure 1.9) represents accreted terranes of juvenile Neoproterozoic
continental crust. These formed during the break up of Rodinia (~800-900 Ma) and accreted
during the closure of the Mozambique ocean, forming various composite terranes and sutures
(Stern et al., 2004). Numerous allochthonous ophiolite ‘slivers’ are incorporated within these
sutures ranging from ~890 Ma to 690 Ma and reaching up to ~150km? in size (Stern et al.,
2004).
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It was speculated during that 1970s that the The Al'Ays ophiolite formed in a supra-
subduction zone setting (Neary, 1974; Bakor et al., 1976), indeed Bakor et al. (1976)
postulated that it originated in a back-arc setting. More recently it has been argued that, on
the basis of the Cri#-Mg# values of residual chromite within harzburgite, that the ophiolite
actually formed within a fore-arc setting (Stern et al., 2004). The ophiolite contains several
features diagnostic of a supra-subduction zone ophiolite. These include; a thick ultra-mafic
sequence associated with podiform chromitites (Neary, 1974) and the presence of adakites, a
rock type thought to be specifically associated with island-arc formation (Ahmed, 2003).
Furthermore, these adakites carry the direct genetic implication of being formed from magma

generated by partial melting of a descending hydrated basaltic slab (Ahmed, 2003).

1.7.1.1 Previous work on PGE mineralization within the Al'Ays ophiolite

1.7.1.1.1 PGE Mineralization

Previous work on the PGE mineralization of the Al'Ays complex has been limited to one study,
which found maximum values of 2570 ppb Pt, 6870 ppb Pd, 840 ppb Rh, 5800 ppb Ru, 6200
ppb Ir and 3300 ppb Os (Prichard et al., 2008). This study recorded three main types of
mineralization. These were defined by the relative abundances of individual PGE. Type 1 has
Ru > both Pt and Pd, with negative slope chondrite-normalized profiles. Type 2 has Ru < either
Pt or Pd, (Pt+Pd)/Ir ratios of 1 to 5 and convex upward chondrite normalized profiles. Type 3
has Ru < either Pt or Pd, (Pt+Pd)/Ir ratios of 5 to 60 and positive slope chondrite normalized

profiles (Prichard et al., 2008).

1.7.1.1.2 PGM Development

PPGM and IPGM are observed within the AlI'Ays ophiolite, with a variety of different
developments. PGM may be fully enclosed within chromite, located towards the edge of the
chromite grain or within the interstitial silicate matrix. Os-Ir-Ru-bearing PGM predominate
within the enclosed part of the chromite, whilst PGM within the spongey rim of chromite or

the interstitial silicate are far more diverse and may contain all 6 PGE as major components.
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PGM from Al'Ays are very diverse. IPGM include Os-Ir-Ru alloys, Os- and ir- bearing laurites,
irarsite, Ir-Ni-Fe alloys, ruthenian cobaltite and ruthenian pentlandite. PPGM include
hollingworthite, Rh antimonides, Rh arsenides, Pt-Pd-base metal alloys, geversite, sperrylite,
Pd arsenide and Pd telluride. In addition pervasively altered PGM were PGE oxides, with all the
PGE except Os, being found as oxides. The PGM enclosed in chromite are often euhedral
whereas those in the interstitial matrix are irregular, mottled and inhomogeneous (Prichard et

al., 2008).

1.7.2 Sample Site 2: The Shetland Ophiolite

The Shetland Islands are situated north-northeast of Scotland (Figure 1.10) and consist of
Caledonian and pre-Caledonian rocks surrounded by Devonian and younger sediments. In its
continental pre-drift position the ophiolite lay midway between Scotland, Greenland and
Norway (Flinn and Oglethorpe, 2005). The islands are transected by a major sinistral
transcurrent fault which has been postulated to be the extension of the Great Glen fault/
Walls Boundary fault (Flinn, 1992). The Shetland ophiolite complex lies on the north-eastern
most islands of Unst and Fetlar and consists of a basal thrust, overlain by harzburgite,
cumulate dunite and gabbros (Figure 1.10). It is thought to have formed, in its original setting,
around 600 Ma during the opening of the lapetus ocean (Flinn and Oglethorpe, 2005). It is
therefore an early Paleozoic ophiolite associated with the Appalachian-Hercynian-Caledonian-

Uralian ophiolite groups.

Spray (1988) postulated that the Shetland ophiolite complex was derived from a marginal
basin on the western edge of the lapetus ocean. However, the ophiolite contains features
unrelated to marginal basin settings, in particular there is clear evidence of subduction zone
fluid input (in the form of pervasive hydration and podiform chromitite formation). Flinn and
Oglethorpe, (2005) instead suggested that the ophiolite formed in an intra-continental ocean
floored basin on the eastern edge of Laurentia. Around 500 Ma obduction initiated and
overrode the highly metamorphosed Shetland-dalradian schists. This resulted in the exposure
of ophiolitic pseudo-stratigraphy from the upper mantle through lower crustal ultramafics

upwards to the base of the sheeted dykes (Figure 1.10) (Flinn and Oglethorpe, 2005).
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The age of obduction has been constrained from K-Ar, Ar-Ar and U-Pb dating. K-Ar dates
obtained from the hornblende schist underlying the complex (assumed to have formed along
the thrust during emplacement) were 498 + 2 Ma. K-Ar dates obtained from the same schist
came to 4656 Ma and 479+ 6 Ma. The U-Pb date came from a zircon within the
plagiogranite cutting the sheeted dykes to the east. The age of the obduction has therefore
been placed at roughly 500 Ma (Flinn and Oglethorpe, 2005).

Mining on the islands of Unst and Fetlar has been restricted to small chromite and serpentine
quarries scattered throughout the two islands. Between 1823 and 1876 around 40,000 tonnes
of chromite were mined from the hillsides north of baltasound, with a 5,757 tonnes quarried
between 1908 and 1927. From 1936 to 1944 a further 3,907 tonnes were mined with no
chromite production since 1944 (HMSO, 1949). Serpentine was mined between 1938 and
1969 with some 55,000 tonnes quarried to make refractory bricks (Hitchen, 1929; Hall and
Fraser, 2004).

1.7.2.1 Previous work on PGE mineralization within the Shetland ophiolite

1.7.2.1.1 PGE Mineralization

PGE concentrations within the Shetland ophiolite show considerable variability with podiform
chromitites displaying barren profiles or enrichment in IPGE or enrichment in PPGE. The
richest localities are Harold’s Grave containing 4-5 ppm and Cliff (Figure 1.9) containing
around 60-70 ppm total PGE, with Harold’s Grave containing predominantly IPGE and CIiff
containing predominantly PPGE (Prichard and Lord, 1993). These spot values are extremely
high in contrast to the economically rich Bushveld deposits that are mined at only 5-7 ppm.
Unfortunately, these high spot values are not associated with high tonnages so a Shetland
mining prospect is not economic. The Cliff deposit has been the subject of debate regarding
the origin of its high PGE enrichment, with {(Gunn et al., 1985) proposing that the
mineralization was essentially hydrothermal in origin, whilst (Prichard et al., 1986) argued for
a magmatic origin. (Lord et al., 1994) postulated that a magmatic origin with local
hydrothermal upgrading was the best explanation, as this fit the clear association of PGE with

both magmatic sulphides and hydrothermal As and Sb.
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Sulphur isotope analysis of the whole ophiolite has revealed a magmatic signature throughout
the sequence with the exception of the lowermost talc-carbonate rocks (which includes
samples from the basal thrust near the Cliff locality) and the uppermost gabbros. 5*'S values
within the S-bearing crustal dunites of the igneous stratigraphy range from +2.5%oc to +4.3%o
indicating that primary sulphides derived from a magmatic source slightly enriched in §*'s, a
source compatible with a supra-subduction zone origin for the ophiolite (Maynard et al.,

1997).

In addition to the PGE enrichment present at Cliff and Harold’s Grave, there is also a
considerable stratigraphically controlled enrichment of PGE within the ultramafic cumulates
(Prichard and Lord, 1993; Lord and Prichard, 1997). The Shetland cumulate sequence is
marked at the base by a thick (1-2 km) dunite unit in which sulphide mineralization is present,
but only sparsely. S-bearing dunites are only found in close proximity to the chromitites which
are also present within this thick crustal dunite. Significant PGE enrichment (1-4 ppm) is

occasionally found within these sulphide-bearing dunites (Lord and Prichard, 1997).

1.7.2.1.2 PGM Development

As with the Al'Ays ophiolite both PPGM and IPGM are found. Harold’s Grave contains IPGM
(i.e. Os-, Ir- & Ru-bearing PGM), as well as minor PPGM (i.e. Pt-, Pd- and Rh-bearing PGM)
where as Cliff contains common PPGM (e.g. sperrylite) as well as minor IPGM (e.g. irarsite)

(Tarkian and Prichard, 1987; Prichard and Tarkian, 1988; Prichard et al., 1989).

There have been several studies of the PGE and PGM development within the Shetland
ophiolite, in particular, from Cliff and Harold’s Grave. Assuming the prior crystallization of
chromite grains before the igneous interstitial matrix, constraints on the order of PGM
formation for the Shetland ophiolite can be established. Initial PGM are osmium-rich laurites
located within chromite grains. These form the only PGM enclosed within chromites and
indicate the early availability of osmium within the igneous system. Within chromite rims,
iridium, palladium and ruthenium-rich PGM (e.g. irarsite, mertieite and Ru-rich laurite)

become abundant suggesting their increased availability after initial chromite crystallization.
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Laurite grains switch from being osmium-rich to osmium-poor implying either formation in an
osmium-poor environment or re-equilibration of existing laurite with the surrounding silicate
crystal mush. Laurite within the interstitial silicate becomes altered to expel Os and Ir, which
forms native Os associated with irarsite (IrAsS) and pure laurite (RuS,) (Prichard et al., 1986).
Outside of the chromite rims the last PGM to form contain rhodium and platinum (e.g.
hollingworthite ((Rh,Pt,Pd)AsS) and sperrylite (PtAs,)). During serpentinisation and weathering
As, Te, Bi and S are lost producing first, PGE-alloys, and then PGE-oxides (Prichard and Tarkian,
1988; Prichard et al., 1994).

1.7.3 Sample Site 3: Berit, Turkey

Ophiolites within the eastern Mediterranean lie in two main belts, namely the N-S trending
Jurassic Dinarides-Hellenides within the Balkan peninsula and the E-W trending Cretaceous
Taurides in southern Turkey (Uysal et al., 2007; Kozlu et al., 2010). The Taurides contain
numerous ophiolite slivers which have been of economic importance for chromitite mining for
many years. Indeed there are over 2000 chromitite deposits within Turkey (Uysal, 2008), split
into six geographic regions (Kozlu et al., 2010) (Figure 1.15).

Berit, which is located just north of the East Anatolian Fault, is one such chromitite-bearing
ophiolite complex located within the Tauride thrust belt (Dilek et al., 1999). It formed as an
oceanic island arc within the southern Neotethys and was accreted on to the northward edge
of the active margin over Miocene sediments around 85 Ma (Robertson et al., 2006). It
therefore represents a typical Mediterranean-type ophiolite formed in a SSZ setting. This
ophiolite was intruded by granites 70-85 Ma (Robertson et al., 2006), and is now
dismembered (Yigitbas, 1989). The chromitites are predominantly located within the mantle/
crust boundary but also to a lesser extent within mantle tectonites (Figure 1.16). The Cr# of
the pods range from high aluminium chromitites (0.29-0.37) to high-Cr chromitites (0.60-0.70)
(Kozlu et al., 2010).
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1.7.3.1 Previous work on PGE mineralization within the Berit ophiolite

Investigations of the Berit chromitite deposits have so far focused mainly on the different
PGM present (Uysal, 2008; Kozlu et al., 2010). Uysal, recognised IPGE bearing PGM in laurite,
iridium, irarsite and ruarsite mostly occurring locked within chromite. Alongside these IPGM,
(Kozlu et al., 2010) also recognises several PPGM, in particular, these include platinum-
palladium tellurides, platinum-iron alloys and palladian antimonide/ arsenides. Kozlu also
identified several Cu-based sulphides and PPGM enclosed within chromite. This particular
texture is unique among the three field sites as sulphides in general in all three ophiolites tend
to be found within the chromite rim or the interstitial silicate, together with any associated
PPGM. The study of PGE enrichment has been limited to a few samples but showed spot
values up to 5169 ppb Pt + Pd and 1561 ppb ir + Ru (Kozlu et al., 2010). These values, together
with the unusual Cu-based sulphide inclusions in chromite and PPGM made the Berit ophiolite

a good prospect for further investigation.
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Chapter 2

Methodology

An overview of the data collection tools employed within this
PhD thesis
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2 Methodology

2.1 Sample collection

2.1.1 Al'Ays chromitite samples

The chromitites of Saudi Arabia were extensively sampled in the 1970s by Chris Neary, and are
now housed in Leeds University and Cardiff University as a series of rock slices, small grab
samples, polished blocks and polished thin sections. Aside from the polished samples already
available within Cardiff, three excursions were made up to Leeds University to catalogue and
then collect samples. Dr Robert Finch and Gary Keech provided access to the samples and

permission to remove sections for analysis.

2.1.2 Unst chromitite and silicate samples

The chromitites of the Shetlands ophiolite were extensively mined during the latter part of the
19", and early part of the 20" century. Initial samples were of chromitites and so sampling
was restricted to spoil tips, and careful attention was paid to how isolated each quarry was
and whether or not any of the spoil tips were likely to have been on the ‘donkey trail’ down
towards the port. The ‘donkey trail’ was the main transport route of the chromitite samples
from their in-situ locality to the exit port, and was located exclusively within the cumulate
sequence just north of Baltasound (Figure 4.1). All research was performed on chromitite
localities which were isolated from the ‘donkey trail’. Dunite and harzburgite samples were
collected from samples housed in Cardiff by Dr Hazel Prichard, and these were of similarly

constrained spoil tip samples previously collected from Unst .

2.1.3 Berit chromitite and silicate samples

The chromitite deposits have been partially mined, and so presented the opportunity of
collecting in situ samples with spatial relationships recorded between the individual samples.
Three chromitite pods were sampled in detail, one of which had been previously sampled and
was known the carry some high spot grades, and the other two of which were new deposits.

Both chromitite and silicate samples were collected from these three pods.
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2.2 Sample preparation

Once samples were back in Cardiff they were prepared into either polished blocks, polished
thin sections (PTS) or crushed to be sent off for PGE analyses. For large grab samples this
meant using a large mechanical saw to remove the weathered surfaces and reduce the size of
the sample to several smaller samples. These smaller samples were either crushed using a jaw
crusher and TEMA mill to produce a powder, or alternatively, cut by a small mechanical saw to
the size required for a polished block or polished thin section. The polished blocks were then
prepared by either Lawrence Badham (Cardiff University) or Peter Greatbatch (Keele
University), depending on how many batches needed to be simultaneously processed.
Powders were sent for PGE analyses to Genalysis Laboratories, W.Australia, where they were

analysed using Ni-sulphide fire assay.

2.3 Scanning electron microscope (SEM) analysis

Major and minor elements were analysed using the Cambridge Instruments (ZEISS SMT) $360
scanning electron microscope (SEM), coupled to an Oxford Instruments INCA energy plus
which included both an energy dispersive (ED) and a wave dispersive (WD) X-ray analysis
system. Chromites were analysed with a 20kV accelerating volatage, 20 nA beam current and
fixed beam size (approximately 10-15 nm) with a live-time of 50 s for EDX. Ti, V, Mn and Ni
were analysed by WDX with count times of 20 s with 5 s on the background. A cobalt standard
and separate chromite standard were used to monitor for instrumental drift. Throughout the
course of the thesis three internal standards were used (C51, MBD-7 and MBD-8) to monitor
for instrument drift. C51 was the initial sample. Although nothing was wrong with this sample
it was decided to switch to MBD-8 early on as the degree of alteration was noticeably less.

MBD-8 then broke, so the standard was switiched to MBD-7.

Each chromitite sample was analysed to maximise areal coverage, with 4-5 grains selected and
the unaltered cores of the grains analysed twice. For the silicate samples 3-4 co-existing
chromite and olivine grains were selected and the unaltered cores of the grains analysed
twice. For each trace element in question a limit of detection (LOD) and a limit of

quantification (LOQ) were first calculated (Table 2.1).
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Table 2.1: Calculated LOD and LOQ values for the trace elements analysed on the SEM.

Element | LOD (wt.%) | LOQ (wt.%)
Mn 0.020 0.067
\") 0.022 0.075
Ni 0.024 0.080
Ti 0.011 0.036

Three different chromitite samples were used to determine the LODs and the LOQs; C10
(AF'Ays, podiform, Saudi Arabia), 185A (stratiform, Madagascar) and SD159b (podiform,
Oman). These values were determined by taking the difference between the peak and the
background counts per second and then plotting this against the calculated concentration.
The gradient of the resultant graph was then recorded. The standard deviation of the
background values was then calculated. Multiplying this value by the gradient of the graph
and then by 3 gives the LOD. The same procedure is followed for the LOQ just with a

multiplication factor of 10 instead of 3.

2.3.1 Data Reliability - chromite analysis from chromitite samples

When handling such large quantities of data it is important that the data is both reliable and
valid. A reliable measure is one where you are measuring values consistently, whereas a valid
measurement is one where you are measuring the correct parameter. As such reliability is
necessary but not sufficient for validity. Within these experiments it was relatively easy to
ensure the correct measurement of mineral species, that is, through the use of the SEM
imaging facility it was easy to pinpoint the mineral grains of choice and restrict the analyses to
these. It was therefore easy to ensure validity providing that reliability could be shown. Two

assumptions underlie the collection of quantitative data from chromite grains within a sample.

1. The firstis that the composition of an individual chromite grain is homogenous.
2. The second is that all the other chromite grains within the sample contain the

same composition, (i.e. the sample is homogenous).
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In all, the range of CV values for each of the analyzed elements within the standards provides
a measure of the reliability expected within a sample as a whole and allows the assessment of
the second assumption — namely that chromite grains within a sample all contain the same

geochemical signature.

A comparison of the CV’'s obtained within the individual standards with the average CV’s
obtained from the samples within the different fieldwork sites reveals a strong similarity
(Table 2.3), showing that, on average, samples may be considered as being at least as
geochemically homogenous as the individual grains within the internal standards. However, as
this CV is an average there will be some samples with elemental analyses containing CV’s
greater than the mean CV. Some of these values may be too high meaning the sample

concerned should be considered as geochemically heterogeneous.

Table 2.3: Table cornparing the coefficient of variance values obtained from the standards with the mean coefficient
of variance values obtained from chromite samples from the different fieldwork sites.

MBD-7 MBD-8 C51 Al'Ays | Shetland Berit
Mean Mean Mean
cv cv cv cv cv cv
N 284 34 80 43 59 87
MgO 1.99 1.49 1.88 1.70 2.64 1.56
Major Al Oy 1.34 1.28 1.49 2.93 1.91 1.69
Elements Cr,0, 2.20 0.99 1.04 1.02 1.01 1.03
FeO™ 1.25 1.67 4.03 2.06 3.03 2.04
TiO, 5.15 10.79 9.74 10.36 7.56 8.95
Trace V,0s 8.26 13.25 14.43 14.83 11.73 8.97
Elements MnO 6.74 8.78 7.79 6.24 7.78 5.13
NiO 13.07 12.16 1151 16.36 16.34 11.72
Crit 1.65 0.88 0.70 0.86 0.83 1.10
Ratios Mgt 1.78 1.20 1.63 1.42 2.27 1.31
Cr/Fe®* 3.04 2.47 3.42 2.14 3.80 2.29

Although one or two samples may be geochemically heterogeneous, the effective comparison
of data between chromite samples depends on the CV within a field site being greater than
the CV in a thin section. This is readily shown for the major elements (Al,O;, Cr,0;, MgO and
FeO'") (Figure 2.1), where average CV values for the individual samples are far smaller than

the CV values for each site.
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