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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.




Deep-water pelagic sediments - e.g. radiolarian shales

Extrusive volcanic rocks, typically pillow lavas

Sheeted dyke complex: swarm of parallel to
sub-parallel dykes, ~100% of outcrop

Isotropic gabbros: Vari-textured gabbros, often with
subordinate highly fractionated plagiogranites.

Layered gabbros, pyroxenites and dunites

Deformed peridotites (Iherzolites, harzburgites

and dunites), originally forming part of the

earth’s shallow mantle.

Podiform chromitites are often found within dunite
pods located concordantly, subcordantly, or
discordantly to mantle flow lines (e.g. Nicolas, 1989;

Edwards et al., 2000). Chromitites may also be
found within mantle-crust transition zone dunites

Figure 1.1: Idealised stratigraphic column of an ophiolite (‘Penrose Type', Anonymous, 1972).

For the second period (1972-1984), there was a paradigm shift away from mid-ocean ridge
analogues to the view that the majority of ophiolites were formed above subduction zones
(either fore-arc or back-arc type oceanic lithosphere), and these were subsequently termed
supra-subduction zone (SSZ) ophiolites (Pearce, 2003). This view, that most ophiolites are S&Z
related, has been reinforced by the identification of boninites and island arc volcanic material
located within such bodies. Nevertheless, it is apparent that several ophiolites contain no
evidence of an influence from subduction related fluids. These were more appropriately
considered remnants of intra-continental basins which have been telescoped on land during
orogenic activity (e.g. Tribuzio et al., 2004), rather than fully developed mid-ocean ridges. The
third period (since 1984) has focused on exactly how SSZ and intra-continental ophiolites

form, and what, if any, are their modern analogues.



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.




A: Forearc ophiolite - easy to emplace:

B: Backarc ophiolite - difficult to emplace:

C: MORB ophiolite - Almost impossible to emplace

mH

Figure 1.2: The viability of obducting various types of oceanic lithosphere. In particular it is worth noting
that MORB type oceanic lithosphere is considered nearly impossible to obduct, as decollements are not

thought to cut deep enough into the subducting lithosphere. Modifiedfrom Stern (2004).

1.4 Ophiolite distribution in space and time

From the different types of ophiolite stratigraphy it is obvious that they vary considerably in
terms of formation and emplacement history. Nevertheless their distribution around the
world shows distinct patterns (Figure 1.3), that are probably related to large-scale tectonic
events such as the formation and break-up of large continents (e.g. Pangea and Rodinia). This
review of ophiolites is restricted to the Neoproterozoic and Phanerozoic eons as information
on Archaean ophiolites is patchy and currently the subject of debate (e.g. Kusky et al., 2001,
2004; Zhao et al., 2007). In particular, podiform chromitite deposits within Archaean settings
have been interpreted as komatiite-hosted rather than ophiolite hosted (e.g. Prendergast,
2008; Mukherjee et al., 2010). Ophiolites are confined to orogenic belts, usually aligned with

major thrust or suture zones (Stowe, 1987a) (Figure 1.3).
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Figure 1.3: Global distribution of Proterozoic and Phanerozoic ophiolite belts. Modified from Dilek,
2003b and references therein. Similar coloured belts indicate regions which were formed and emplaced

in similar time periods during correlated tectonic events. Base map from GeoMapApp,( 2009).

Ophiolites containing chromitites are thought to be restricted to SSZ type tectonic settings
(which can include Mediterranean, Sierran, Franciscan, Caribbean or Chilean type). As such
they form a subset of the total world ophiolite outcrop. Chromitite occurrence within
ophiolites can be both economic and sub-economic. Where economic, these chromitite

occurrences have usually been, or are being (e.g. Urals), exploited by mining companies.



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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The recognition that olivine and chromite are the earliest fractionates of rising basaltic melt
led to the development of the 'magmatic differentiation model' which proposed that the
chromitite deposits represented the initial segregations of rising basaltic melt at sites of
original palaeo-spreading (Neary and Brown, 1979; Lago et al., 1982; Roberts and Neary,
1993).

Within the 'magmatic differentiation model' several mechanisms for chromite-only
precipitation have been proposed. Lago ef al. (1982) and (Leblanc and Ceuleneer, 1991)
postulated that a vertical cavity forms within mantle peridotite, fed by a narrow dyke and with
magma flow carried through and injected upstream via another dyke. As magma flows
through the cavity a convection cell initiates allowing constant fractional crystallization, with
the olivine and the chromite separating out through density contrasts. Chromium may be
constantly replenished in such a scenario through constant melt throughput (i.e. an open
system) allowing for the formation of podiform chromitite bodies. In such a scenario,
discontinuous batch throughput could result in phase layered chromitite and dunite as each

subsequent batch forms a new chromitite-dunite sequence.

Harzburgite

Dunite Envelope

Magmatic
Circulation -
Chromite and Olivine
may precipitate out
with mechanical
separation following

Chromite Ore

Figure 1.4: lllustration of a vertical cavity within harzburgite (peridotite). Magma flow circulates
through the cavity and chromite and olivine precipitate out of the magma, with chromite concentration
occurring through mechanical sorting. Adaptedfrom Lago etal., (1982).
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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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A secondary role of water in the formation of podiform chromitites is the formation of nodular
chromitite with associated orbicular olivine. This texture is unique to ophiolitic chromitite, and
was initially attributed to physical processes operating within the magmatic system (e.g.
snow-balling of chromite phenocrysts, disruption of plastic chromitite layers or agglomeration
of chromite in cavities (Dickey Jr, 1975; Greenbaum, 1977; Lago et al., 1982; Paktunc, 1990)).
Recently, the role of water in forming these textures has been emphasized (e.g. Edwards et
al., 2000; Matveev and Ballhaus, 2002). Upwelling mantle melts may exsolve an immiscible
non-silicate fluid, which separates from the silicate melt (Kamenetsky and Kamenetsky, 2010).
From experimental work on this Matveev and Ballhaus (2002) argued that in basalt systems
oversaturated with water the olivine will remain in the silicate-melt phase, whilst chromite
transfers to the fluid phase. They argued that the fluid phase will exsolve out of the melt using
chromite microphenocrysts as nucleation points (driven by the affinity of water-rich fluids for

oxide surfaces) (Figure 1.6).

Figure 1.6: Proposed two-stage modelfor chromite segregation and nodular chromite formation. This
process may be extended to the formation of podiform chromitite deposits. The first stage is the
collection of chromite microphenocrysts by an exsolvedfluid phase which then rises through the denser
silicate melt to the top of the magma column. During the second stage chromite concentrations become
dense enough to sink back through the silicate meltforming the typical nodular texture. Diagram taken
from Matveev and Ballhaus (2002).
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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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1.5.4 Chromitite deformation

Texturally, chromitites are often highly deformed, 'podiform' in shape, and display varying
degrees of alteration. The intense deformation is unsurprising, considering the tectonic setting
in which they form and the later obduction which they experience. Chromitite pods may be
oriented in a discordant, subcordant or concordant manner with respect to tectonised mantle
flow lines (Figure 1.7), and their different orientations can often be correlated with different
chromitite textures (Figure 1.7, Lago et al., 1982; Christiansen, 1985; Nicolas, 1989; Edwards
et al., 2000). After deformation and alteration the ophiolite is then obducted, which will often

result in low temperature brittle microfaulting of the chromitite pod.

1000cC
isotherm

Layered Gabbros

Harzburgite

Figure 1.7: Simplified diagram of the position of discordant, subcordant and concordant chromitite pods,
with respect to mantle flow lines. Also shown are the different chromite morphologies expected in
discordant and concordant chromitite pods. The IOOCfC isotherm represents the likely boundary
between the mantle and the crust, which further away from the spreading axis becomes the boundary
between the lithosphere and the astenosphere. The diagram is adaptedfrom Lago et al. (1982), Nicolas,

(1989) and Edwards et al. (2000).
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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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Figure 1.8: The generalized trends and spinel gap identified within Barnes and Roeder, (2001) from their
entire spinel dataset (21, 644 analyses). Figure takenfrom Barnes and Roeder, (2001).

The Rum trend (Figure 1.8A & B) defined by Barnes and Roeder, (2001). It is similar to the Cr-
Al trend but with two differences. The first is that Fe3+ values are also expected to increase
with increasing Cr# and secondly that the rate of Fe# increases more markedly with increasing
Cri# (Figure 1.8B). Barnes and Roeder related it to changes in the exchange partition coefficient
of Mg-Fe between chromite and liquid for different Cr## compositions of chromite. It was first

recognized in the Rum layered intrusion (Henderson, 1975; Henderson and Wood, 1981).

Trend A (Naldrett et al., 2009) is very similar to the Rum trend as defined by Barnes and
Roeder except that there is no change in the Fe3+values with changing Cr#. Naldrett et al.

relate the trend to changing the melt composition from which chromite is crystallizing and the
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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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Figure 1.10: Cr# - Ti02 plot for chromite from mantle lherzolites, harzburgites and dunites from the
South Sandwich arc-basin system. The blue dashed line represents the predicted chromite composition
at different degrees of partial melting (adapted from Pearce et al., 2000). Reaction lines for dunites
produce a tie-line between expected peridotite host rock composition and the melt which has reacted
with the host rock. The expected melt-composition fields and South-Sandwich data are all taken from

Pearce et al, 2000. TFl standsfor trend-fracture zone intersection.

1.6 Platinum-group elements

1.6.1 Ophiolites with high PGE concentrations

The six PGE are platinum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir), osmium (Os) and
ruthenium (Ru), with the former three referred to as the PPGE and the latter three referred to
as the IPGE. They are thought to be concentrate in the mantle at chondritic proportions,
reflecting the Earth's early evolution by accretion from chondritic meteorites. Concentration
from these mantle proportions is thought to occur through partial melting, whereby PGE are
preferentially removed to the melt, before further concentration via a 'carrier phase' in the

crystallizing magma chamber (e.g. Mungall and Naldrett, 2008).
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Traditionally, ophiolites were thought to be dominated by Os, Ir and Ru (Constantinides et al.,
1980; Prichard and Neary, 1981; Talkington et al., 1984; Auge, 1985; Zhou et al., 1998),
however over the last 20 - 30 years Pt, Pd and Rh minerals have increasingly been observed in
ophiolites, usually associated with base metal sulphides in chromitites or dunites. The
Shetland ophiolite was the first ophiolite where Pt, Pd and IPGE concentrations as great as a
few ppm were discovered (Neary et al., 1984; Gunn et al., 1985; Prichard et al., 1986). Since
then several other ophiolites, with high Pt and Pd concentrations in particular, have been
catalogued from around the world (Figure 1.11) including Leka in Norway (Pedersen et al.,
1993), Acoje in the Philippines (Bacuta et al., 1988; Orberger et al., 1988), New Caledonia
(Auge et al., 1998), Bulquiza in Albania (Ohnenstetter et al., 1999), Al 'Ays in Saudi Arabia
(Prichard et al., 2008), Pindos in Greece (Economou-Eliopoulos, 1996; Tarkian et al., 1996),
Troodos in Cyprus (Prichard and Lord, 1990), Thetford in Canada (Corrivaux and Laflamme,

1990) and Cabo Ortegal in Spain (Moreno et al., 1999).
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Figure 1.11: World map showing the location of the major ophiolite deposits which host high (>1 ppm of
any single PGE) PGE concentrations. Adaptedfrom Prichard & Brough, (2009).
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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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1.6.6 The platinum group minerals

In contrast to gold or silver mineralization, platinum-group minerals (PGM) show a great deal
of variability, with alloys, sulphides, arsenides, tellurides and oxides particularly common.
Although the variety of PGM is large in ophiolites, the majority of IPGE (Os, Ir, Ru) are
contained within laurite, erlichmanite and irarsite (e.g. Constantinides et al., 1980; Talkington
et al., 1984; Prichard et al., 1986; Tarkian and Prichard, 1987), with the majority of PPGE (Pt,
Pd, Rh) contained within sperrylite, geversite, stibiopalladinite and hollingworthite (e.g.
Tarkian and Prichard, 1987; Prichard et al., 1994; Auge et al., 1998; Ohnenstetter et al., 1999).
PGM occur in several different textural arrangments, including within the chromite grains,
within the 'spongey' chromite gain rim, to finally being included interstitial to the chromite

grains (Figure 1.12).
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Figure 1.12: Schematic diagram showing the different textural arrangements of PGM grains (Prichard

and Tarkian, 1988; Prichard et al., 1989).
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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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The Al'Ays complex forms part of the largest mafic-ultramafic crystalline ophiolite complex
within the Saudi Arabian shield; the Jabal al Wask complex. It is located to the north-west of
the Arabian shield on the Yanbu suture, which lies between the Midyan terrane to the north

and the Hijaz terrane to the south (Johnson etai., 2004) (Figure 1.9).

Dating of the Jabal al Wask ophiolite by (Pallister et al., 1988) has reported ages ranging from
695 to 770 Ma based on zircons derived from gabbros (772 + 16 Ma, 751 £ 11 Ma),
plagiogranites (740 + 11 Ma) and tonalites (four zircons each giving a model age of 696 + 5
Ma). Dating of the ophiolite using Sm-Nd mineral and whole-rock techniques put the age at
743 Ma (Claesson et al., 1984). Emplacement of the ophiolite likely occurred after the last of

the tonalites (Salajah tonalite), which puts emplacement between 600 and 700 Ma.
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Figure 1.13: Geological map of the Al'Ays Complex, Saudi Arabia, showing the locations of the two
richest sample sites (C51 & C559). Adaptedfrom Prichard etai (2008).
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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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Figure 1.14: Geological map of the Shetland ophiolite complex, developed on the islands of Unst and
Fetlar. The petrological moho lies between the harzburgite and the dunite (BGS, 2002), and is marked by
the dotted line in the key. The inset shows the position of the Shetland islands relative to Scotland. Also
shown are the locations of the two chromitite deposits with the highest PGE concentrations (Cliff and

Harold's Grave).
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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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Figure 1.15: Chromitite-bearing ophiolites within Turkey. 1-Mersin-Adana (Pozanti, Karsanti
chromitites)-Kayseri (Pmarba§i cromitites); 2-Kahramanmara§ (Elbistan-Turkoglu chromitites), Hatay
(iskenderun, Kizildag chromitites); 3-Elazig (Guleman chromitites); 4-Sivas-Erzincan-Erzurum-Bayburt
(Palanddken-Kop mountains chromitites); 5-Bursa-Kutahya-Eski§ehir (Harmancik, Orhaneli, Karaburhan,
Kavak chromitites) and 6-Mugla -Denizli (Fethiye, Kdycegiz chromitites). The chromite deposits are
ordered according to their ore reserves (from the highest ( number 1) to the lowest tonnage ( number 6);
Takenfrom (Kozlu et al., 2010).
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Figure 1.16: The Berit ophiolite, showing the chromitite samples localities. The Berit ophiolite is located
within the 2md region (Kahramanmara§) highlighted in Figure 1.15. The map is adapted from field
mapping by Aydin Golakoglu.
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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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Figure 2.1: Graphs of the mean, minimum and maximum CV value for major elements for chromitite
samples from each field site. This is compared with the CV of that particularfield site. Mean values are
shown by red squares and the blue dashed line refers to the CV value for the whole field site for that
particular element. A: Al203 B: Cr203, C: MgO, D: FeOtot

Within the major elements there is one sample which shows greater heterogeneity than the
field site which is Q3b for MgO within Shetland. After Q3b the next highest CV value is Q2 with
8.27, which is comfortably below the CV value of the field site (10.48).

Within the trace elements the average CV values are similarly comfortably below the CV value
for each field site (Figure 2.2). There are a few individual exceptions. For Ti02there is one
sample within Shetland (CF11) and one sample within Berit (MBD-8A) that approaches or
exceeds the CV values of the field site. For VA 5there is one sample within Berit (MBK-2), with

a CVvalue that is too high.
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Figure 2.2: Graphs of the mean, minimum and maximum CV value for trace elements for chromitite
samples from each field site. This is compared with the CV of that particularfield site. Mean values are
shown by red squares and the blue dashed line refers to the CV value for the whole field site for that
particular element. A: TiO& B: V2s, C: MnO, D: NiO.

For MnO there are several samples which exceed or approach the average CV value of the
individual field site - particularly within Shetland. This may be down to two main factors.
Firstly, the MnO values of the Shetland chromitites (and the Al'Ays chromitites) are very
constant, leading to low CV values for the field sites. Secondly, during data collection on the
SEM there is interference between the Cr-|3 peak and the Mn-a peak. As Cr is such a major
element within chromite it is possible that the Cr-p peak artificially inflates the Mn values
making it difficult to distinguish the lower Mn values. For NiO there are a few samples which
contain particularly high CV values. Within Al'Ays, these are C311, C580, C54 and C60. For
Shetland, these are HG5, Q3PX, Q3b, @3a, CF14, CF6 and CF3. Within Berit, these are MBT-15,
MBK-14 and MBK-2. Samples with major and trace elements with high CV values (exceeding or

approaching the CV value of the field site) were considered heterogeneous.
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2.3.2 Datareliability - chromite analysis from dunite of harzburgite samples

Chromite analyses were also taken from dunite and harzburgite samples, from both Berit and
Unst. In total there were 33 such analyses. The CV values of each sample, and each major

element, all plot comfortably below the CV value for both field sites (Figure 2.3).
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Figure 2.3: Graphs of the mean, minimum and maximum CV value for major elements from silicate
samples from each field site. This is compared with the CV of that particularfield site. Mean values are
shown by red squares and the blue dashed line refers to the CV value for the whole field site for that
particular element. A: Al20 3 B: Cr203, C: MgO, D: FeOftaot
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2.3.3 Data reliability - olivine analysis

Olivine grains were analysed from 45 different samples. They were analysed for Si02 MgO,
FeOtdt and the four trace elements (TiO* V205 MnO & NiO). Ti02and V2 5were invariably
below detection limit, meaning MnO and NiO were the only detectable trace elements within
the olivine grains. Si02is roughly constant, as the amount of silica within olivine, regardless of
its forsterite content, does not vary. This is reflected within the CV values, with no value
greater than 1.23 from the two field sites. For the remaining major elements CV values are

comfortably below the CVfor each field site (Figure 2.5).
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Figure 2.5: Graphs of the mean, minimum and maximum CV values for olivine grains from from each
field site. This is compared with the CV of that particular field site. Key is as for previous figures. A:
FeOtdt B: MgO, C: NiO, D: MnO.
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For the trace elements there are a few samples with high CV values. For NiO, these include
MR12, from Shetland, and MBD-11 from Berit. For MnO, these include RLM026, MR267 and
RLO16 from Shetland, and MBD-11 and DMK-9 from Berit.

2.4 Electron Probe Micro-Analyzer (EPMA)

Further investigations into the homogeneity of a chromitite sample were carried out on an
Electron Probe Micro-Analyzer (EPMA) housed at the Open Unviersity in Milton Keynes. This is
a Cameca SX100 microprobe operating in wavelength-dispersive mode and equipped with five
wavelength dispersive spectrometers. An operating voltage of 20kV and probe current of
20nA (measured on a Faraday cage) were used. Count times varied from 20 to 80 seconds per
element depending on the count rate per second per nanoamp. This ensured that those
elements with a high relative count rate were measured to a similar precision to other
elements with low relative count rates. A beam diameter of 10 um was used. Data were
corrected using a 'PAP' correction procedure (Pouchou and Pichoir, 1985). Calibration
standards and X-ray lines measured were synthetic chrome oxide (Cr Ko), Ni metal (Ni Ka), V
metal (V La), forsterite (Mg Ka), feldspar (Al, Si and K Ka), bustamite (Ca and Mn Ka), rutile (Ti
Ka) and hematite (Fe Kot).

2.5 Laser Ablation ICP-MS

The laser ablation ICP-MS housed at Cardiff University comprises a New Wave UP213 laser
system coupled to a Thermo X-Series2 ICP-MS. Matrix matched standards were used for
analyzing chromite, rather than NIST glass. All chromite work was performed using the same
matrix matched standards as those calibrated and standardised by Dare, (2007) (namely U.A.E
140, SD44 & ADK185). Chrome-spinels were analysed for major and trace elements Mg, 2’Al,
S2cr, S3cr, 4T, 1V, "Fe, ®Co, ®Ni, ®Zn and 'Ga using a 213nm UV laser and well characterised
chrome-spinel standards. Ablations were carried out at 15 Hz using helium in the sealed laser
cell, and the resulting vapour was combined with argon before delivery into the ICP-MS.
Ablations were acquired in time-resolved analysis (TRA) mode and consisted of a trace
approximately 250 um long, 40 um wide and 10 um deep. Typical acquisitions lasted 80

seconds.
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The laser ICP-MS was tuned at the start of the day using NIST 612 to reduce low mass
sensitivity while maintaining or enhancing mid to high mass sensitivity. Analytical runs
consisted of a calibration block involving two measurements of three chrome-spinel standards
(UAE 140, SD44 and ADK185) followed by NIST612 standards and the chromite grain analysis.
Around 40-60 laser traces could be gathered in a day, which emphasizes the speed of
acquisition that is possible when using the laser ICP-MS. After background correction of the
data, the signals were normalized against the Mg analysed from each chromite grain on the
SEM. This corrected for differences in the absolute amount of material ablated and
transported during any individual analysis. This corrected signal was then converted into
elemental concentrations by calibration against chromite standards (UAE 140, SD44 and
ADK185). Data comparison between laser ablation and scanning electron microscope data
reveals significant 1:1 relationships for Al, Cr, Fe, Ti, V, Fe and Ni (Figure 2.6). Al, Ti and Ni have
particularly strong correlations (r* > 0.9). The deviations observed within the 1:1 relationship
for Cr are due to two main factors. Firstly, the dynamic range for the linear calibration is
exceeded at high Cri# (Figure 2.6) and secondly spikes in the TRA are caused by interferences
of *Ar'C on *2Cr. This is most likely due to tiny remnants of carbon coat which may remain on

the surface of the sample, possibly within fine cracks, even after careful cleaning.

2.5.1 Fe, Co and Zn values

The lower r? value for Fe (Figure 2.6) is due to the semi-quantitative analysis of Fe on the laser
ablation system. The difficulty arises because Fe is present within the chromite lattice as both
Fe®* and Fe* cations, whilst the ICP-MS system only analyses for the *’Fe isotope. Co and Zn
are also semi-quantitative. This means that relative differences between samples should be
accurately recorded (i.e. that sample A contains twice as much Co as sample B), but that the
absolute values of Co in each sample are not known (i.e. does sample A contain 40 ppm to
sample B’s 20 ppm, or 80 ppm to 40 ppm). An unexpected inconsistency occurred with the Co
and Zn analyses in that runs carried out on different days, on the same sample, often had
differing values — varying by 100-150%. In order to mitigate against this effect 11 samples
were re-run (incorporating samples collected on each of the previous 6 days). The difference
in Co and Zn values between this day and each of the previous days was used to create an

adjustment factor. Data from each of these days were then calibrated against this last day’s
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run and ail the Co and Zn data adjusted accordingly. The effect of this adjustment was to

reduce differences between days to no more than 30%.
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Figure 2.6: Comparison of Laser-ablation ICP-MS and Scanning electron microprobe values for AiIA*O*
B: FeOtat, C: TiO2, D: Cr20 3 E: NiO and F: V20 5. Error bars are plus and minus one standard deviation.
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Chapter 3

The Al ‘Ays Ophiolite, Saudi Arabia

The relationship between PGE concentration, chromitite geochemistry and

stratigraphic position.
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3 The Al ‘Ays Ophiolite

3.1 Chromitite samples

The Al ‘Ays mafic and ultramafic complex is one of a number of similar allochthonous slivers
cropping out in the Arabian-Nubian Shield within Saudi Arabia (Johnson et al., 2004, Stern et
al., 2004; Figure 3.1). The complex is a SSZ ophiolite, which has been interpreted as either a
back-arc ophiolite (Bakor et al., 1976) or a fore-arc ophiolite (Stern et al., 2004). It consists of a
series of ultramafic and mafic lithologies cropping out over roughly 100 km?. These lithologies
include peridotite, dunite, pyroxenite and gabbro that collectively are thought to be the
mantle and mantle-lower crust transition zone of the partially dismembered ophiolite. The
crustal units include gabbro and pyroxenite that are located to the north-east and south-east
of the ophiolite. The mantle units are serpentinised peridotite {harzburgite) and dunite seen in
the south-west to the north-east of the ophiolite. Some of the dunite may be crustal.
Chromitite occurrences are ubiquitous throughout the serpentinised peridotite and dunite

lithologies.

The present investigations are on chromitite samples collected in the early 1970s, which were
taken from within the serpentinised dunite and peridotite units of the ophiolite (Figure 3.1;
see Appendix 6 for chromitite pod sizes). Previous work on the Al ‘Ays ophiolite suggested that
the overall structure of the ophiolite closely resembles a dome anticline (Neary and Brown,
1979), which may partially explain the way the outcrop patterns of the pyroxenite unit wraps
around the mantle dunite. Within this study 43 chromitite samples from 35 separate
chromitite pods were analysed in detail and consigned to six different stratigraphic groups
depending on their distance from outcrops of pyroxenite and gabbro to the north-east and
south-east (Figure 3.2). This boundary was chosen as the most easily identifiable stratigraphic
marker and a reasonable proxy for the bottom of the crustal cumulates. Owing to the
alteration and deformation of the ophiolite the boundary between crustal dunite and mantle

dunite is unclear.

The stratigraphic groupings were selected geographically, and with the exception of group 1,
each represents a collection of separate chromitite pods located within a similar geographical
region that is sub-parallel to the cumulate boundary (Figure 3.2). Stratigraphic group 1
consists of multiple samples collected from one large chromitite pod to the south of the
ophiolite (Figure 3.2, Section 3.2 & Appendix 6 for sample location relative to geological map -

location taken from Henry & Lefevre, 1966).
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Figure 3.1: Geological Map of the Al 'Ays ophiolite, showing the locations of the main sample localities.
Chromitites C204-215 were collectedfrom one large pod located to the south of this map. Map adapted
from Prichard et al. (2008), with an amendmentfor the location ofC655 pers. comm. Chris Neary.

These different stratigraphic groups were delimited in order to test the proposition that the
geochemistry of the chromitites is related to their distance from the pyroxenite/dunite
boundary. This idea that had been suggested by Neary (1974) who observed that the Cr/Fe2+
ratio and Cr2) 3content of chromite grains show a decrease from the south-west to the north-
east of the ophiolite. Except for group 1, these 35 chromitite samples had previously been
analysed by Prichard et al. (2008) for their PGE and major element content. As part of the
present study was to examine differences between the major and trace element chromite
geochemistry of the defined stratigraphic groups, these 35 samples were supplemented by
the analysis of single chromite grains from other chromitite samples within the ophiolite.
These supplementary samples have not been analysed for PGE but were analysed for their
major and trace element content to strengthen or refute the suspected relationship between
chromite composition and the inferred stratigraphy. Single grains from afurther 35 chromitite
samples were analysed, which equated to a further 7 samples within stratigraphic group 2

through to 6 (Figure 3.2, Table 3.3).
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Figure 3.3: Sample numbers within the largest pod in the Al ‘Ays complex. Figure is adapted from a
similar figure appearing in (Neary and Brown, 1979).

The range in concentration of major and trace element oxides in wt.% for these 11 samples
are Cr,0;; 65.00 - 66.35, Al,O3; 5.91 - 6.93, FeO'™; 10.15 — 11.40, MgO; 13.93 — 14.93, TiO,;
0.05 - 0.08, V,05; 0.08 —0.09, NiO; 0.12 - 0.16, MnO; 0.24 — 0.27. These ranges are very small
compared to the differences in chromite compositions between pods (e.g. Cr,0; ranges from
39.93 — 67.86 wt.%; see also - Tables 3.2, 3.3 & 3.4). The major and trace elements show
complementary variations with one another (Figure 3.4). Of these, the paired variation of
Cr,0; with Al,O; and MgO with FeO are expected because of unit cell constraints. Within the
trace oxides TiO, and V,0s are observed to vary antithetically to each other. However MnO
and NiO show non-complimentary variation. Occasionally they both increase in concentration
within the chromite lattice, yet at other times they vary antithetically. This is also true for the

element pairs Cr-Mg, and Al-Fe?* (Figure 3.4).

These results show that this chromitite pod is sufficiently homogeneous for differences
between pods to be considered a true reflection of variation of composition rather than the
result of random variations within chromitite pods (See also Section 2.3.1.1). Given the
constraints on sample acquisition and the homogeneity of this chromitite pod, chromitites
within the Al ‘Ays ophiolite are hereafter assumed to have about the same degree of variation,

with the geochemistry of each sampled chromitite taken to be indicative of the whole pod.
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Figure 3.4: Variation in major and trace elements throughout the largest chromitite pod within Al 'Ays.
Error bars represent a range of 2 standard deviations. (Samples C208 & C209 were not analysed as the
amount ofremaining material was too small to be made into polished sections).
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3.3 Chromitite petrography

The petrography of the Al 'Ays chromitites is extremely variable, in terms of chromite grain
size, the modal percentage of chromite (Appendix 1), the presence of sulphides, presence of
inclusions, the degree of alteration to Cr-magnetite and ferritchromit and the degree of

microfaulting and fracturing.

3.3.1 Sulphide content of chromitite bodies

The sulphide content of the Al 'Ays chromitites is invariably low, but occasionally up to ~I-2
wt.% sulphide can be observed using a petrological microscope (e.g. sample C63). With the
exception of sample CIO there is no observable sulphide within the first three chromitite
groups. Above group 3 the sulphide content is variable with sulphide-bearing chromitites most
prominent in groups 4, and then less so in groups 5 and 6. The dominant sulphide-bearing
mineral is millerite (NiS) (Figure 3.5A), with some minor heazlewoodite (Ni352. Other
sulphides include trace amounts of iron-nickel and copper-iron bearing sulphides. Other
minerals which are present in minor amounts also include awaruite (Ni3Fe; Figure 3.5B -

particularly in the two samples C559 and C51), and barite (BaS04) (see Appendix 7 for

analyses).

Figure 3.5: Back scatter images of sulphides and alloys: examples of minerals observed within Al '‘Ays
chromitites. A: Millerite grain hosted at the junction of a chromite and silicate grain, scale bar
represents 80 jam B: An awaruite grain (white), with partially oxidised rims (light grey) hosted within
serpentine (rnid-grey), scale bar represents 100 /urn.
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3.3.2 Inclusion patterns

The presence of unusual silicate inclusion patterns is a noticeable feature of the Al 'Ays
chromitites. These inclusion patterns can be split into two main subgroups; clustered
inclusions located within the centre of a chromite grain (Figure 3.6A & B), and linear trails of
inclusions cutting through a chromite grain (Figure 3.7A & B) (Table 3.1). In both cases their
presence is anomalous with most other chromite grains within the same slide containing no
such inclusion patterns. There are two exceptions to this, which are in samples C559 and C54,
where these unusual inclusion patterns are abundant, occurring in the majority of the

chromite grains.

3.3.2.1 Clustered inclusion patterns

This type of inclusion pattern has been noted from other ophiolite localities (e.g. Semail,
(Roberts, 1986); Kempirsai, (Melcher et al., 1997)). Mineralogically, the Al 'Ays inclusion
clusters are filled with amphibole, which were generally edenite (richterite, potassicrichterite
and sodicgedrite were also present), chlorite, minor amounts of diopside and ‘'ugrandite’
(predominantly Cr-grossular - see Appendix 7 for all analyses). Occasionally the inclusions are

filled by base-metal sulphides. The inclusions are often euhedral to subhedral.

Figure 3.6: Clustered inclusion patterns. A: Chromite grain containing clustered inclusions compared with
the surrounding inclusion free chromite grains (sample C498), scale bar represents 700 pm. B: Chromite
grain containing clustered inclusions (sample C262), scale bar represents 2 mm.
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3.3.2.2 Linear trails ofinclusions

In contrast to the clustered inclusions, these linear trails of inclusions are 95% empty. The
empty inclusions often display negative cubic crystal structures (Figure 3.7A), with each
inclusion roughly 20-40 pm across. The linear trails occasionally form parallel aligned rows
(Figure 3.7B). Empty inclusions may be the product of two main processes, (1) the removal
during polishing or (2) the original containment of volatiles which escaped during the cracking
of the chromite grain. When minerals are found contained within the 'cavity' at Al 'Ays, they
are almost always found to be base-metal sulphides, with one instance of a PGM (Figure 3.7C

& D).
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Figure 3.7: Photomicrographs of chromite grains unusually abundant in linear trails of inclusions. A:
Empty inclusionfrom an inclusion trail (sample C54) showing a negative cubic crystal structure, scale bar
represents 40 fjm. B: Several linear inclusion trails cutting through grains within sample C54, scale bar
represents 700 fum. C: Small elongate PGM (Ir-Rh-Pt-alloy) within linear inclusion trail (sample C51),
scale bar represents 200 /urn. D. Two white Cu-Fe-S minerals in a linear inclusion trail within chromite

(sample C238), scale bar represents 200 jum.
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Table 3.1: Summary table of the variation in sulphide content, ferritchromit alteration, and type of
inclusion pattern observed within the Al ‘Ays chromitites. For sulphide/ BMA a ‘moderate’ content = ~1-2
wt.%, ‘minor’ = <0.5 wt.% and ‘negligible’ means sulphides were either unobserved or barely present.
For ferritchromit alteration, ‘pervasive’ = >90% alteration, ‘major’ = > 70-90% alteration, ‘moderate’ =
30-70%, ‘minor’ = 10-30%, and negligible = <10% alteration. The abundance of each inclusion pattern is
‘moderate’ unless otherwise stated. For the inclusion patterns, a ‘major’ content refers to the presence
of inclusion patterns throughout >50% of the grains, ‘moderate’ equals inclusion patterns in 20 — 50% of
the slide, ‘minor’ equal inclusion patterns within <10% of the slide and ‘negligible’ refers to the absence
of definitive inclusion patterns.

Sample # Group Sulphides Ferritchromit Inclusion Patterns

C204-C215 1 Negligible Negligible Linear (minor)
Ccs95 2 Negligible Negligible None
C104 2 Negligible Minor Linear (minor)
C670 2 Negligible Negligible None
C659 2 Negligible Negligible Linear (minor)
C10 2 Minor Moderate Linear (minor)
C655 2 Negligible Negligible None
c123 2 Negligible Negligible Linear (minor)
Cc46 3 Negligible Major None
CAO 3 Negligible Negligible Linear
Cc60 3 Negligible Moderate None
a3 3 Negligible Minor None
Cca4 3 Negligible Moderate Linear (minor)
c318 3 Negligible Negligible Linear
Cc484 4 Negligible Moderate Cluster (minor)
CS4 4 Negligible Minor Linear (major)
c63 4 Moderate Major Linear & Cluster
c61 4 Minor Minor Cluster
cs1 4 Moderate Moderate Linear & Cluster
c238 4 Minor Moderate Linear
c413 4 Minor Negligible Cluster
C533 4 Minor Moderate/ Major Cluster
c4a29 4 Minor Moderate None
cs59 4 Moderate Moderate Cluster (major)
C462 4 Minor Moderate Linear (minor)
ca63 4 Minor Moderate/ Major None
c328 4 Negligible Minor Cluster
C580 5 Negligible Moderate Linear (minor)
CS90 S Negligible Negligible Linear (minor)
a1 5 Minor Moderate Linear & Cluster
cs81 5 Moderate Pervasive None
Cc278 5 Negligible Moderate None
C365 S Negligible Pervasive None
€362 5 Negligible Moderate Linear
C262 S Moderate Minor Cluster
75 6 Negligible Major Cluster
C382 6 Negligible Minor None
385 6 Negligible Pervasive None
C498 6 Negligible Moderate Cluster
C178 6 Negligible Pervasive None
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3.3.3 Alteration

Alteration within the chromitite samples can be considered as uniformly pervasive for the
interstitial silicates but highly variable for the chromite grains (Table 3.1; Figure 3.8).
Interstitial silicates, which were probably former olivine grains, are now predominantly
serpentine, with occasional talc veins, chlorite (usually as overgrowths around chromite

grains) and calcite.

Secondary Cr-magnetite and ferritchromit are common throughout the Al 'Ays chromitites and
their collective presence within a chromitite can range from negligible (e.g. Figure 3.8A) to
pervasive (e.g. Figure 3.8B). No measurement was made of the relative proportion of Cr-
magnetite to ferritchromit but there is a general increase in the total degree of chromite
alteration in samples closer to the pyroxenite outcrops, (i.e. within the higher group numbers
ostensibly at a higher level in the upper mantle ; Table 3.1). However, unaltered chromite
occurrences are spread throughout the ophiolite. Even when the alteration of chromite is
pervasive there are still analysable chromite cores from which geochemical data related to the

crystallisation event could be recovered.

Figure 3.8: Photomicrographs of chromite alteration observed within the Al 'Ays ophiolite. A: Very minor
alteration along a fracture in a chromite grain with chromite altering to Cr-magnetite and/or
ferritchromit only at the very edges and along fractures (sample C429), scale bar represents 100 jjm. B:

Major to pervasive chromite alteration (sample C533), scale bar represents 200 fjm.



3.3.4 Chromitite: brittle deformation

Internal micro-faulting displays a wide variety of features, including brecciation (Figure 3.9A),
minor pull-apart features (Figure 3.9B) and ‘'hairline' mylonisation. Pull-apart features are
common throughout all the chromitites but are particularly well developed in the more
disseminated chromitites where the softer interstitial silicates take the brunt of the
deformation. Brecciation is also common and displayed to varying degrees throughout all the
chromitite deposits (e.g. Figure 3.9A). Occasionally, the chromitites display parallel to sub-
parallel microfaults or even ‘hairline' mylonisation which is the localisation of intense

deformation along thin zones traversing the chromitite.

Figure 3.9: Photomicrographs of microfaulting observed within the Al ‘Ays chromitite. A: Intense and
variable microbrecciation (sample C533), scale bar represents 1 mm. B: Pull-apart (sample C429), scale

bar represents 2mm.

3.4 Chromitite geochemistry

3.4.1 Intrasample geochemistry - Cr#-Mg# variations

Intrapod geochemistry for all the major and trace elements for all the ophiolites has been
described in Chapter 2, and the variation within an Al 'Ays chromitite pod has been described
in section 3.2. Nevertheless, it was observed that there was a slight inverse correlation, for
most of the Al 'Ays chromitite samples, between Cr# and Mg# (Figure 3.10). The greater range
of Mg# compared with Cr# (e.g. C580) for each sample reflects the higher degree of precision
possible on the Cr20 3analysis (See Section 2.3.1.1).
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Figure 3.10; Cr# vs Mg# values for all the grains analysed from all the samples within Al 'Ays. Each
sample contains analyses from multiple (~5) grains, with each grain analysed twice. Also shown are
trendlines for each sample, with the majority displaying a general elongation in the direction of inverse
correlation. Trendlines were drawn by eye. Note the scale difference in X and Yaxes.
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Aside from generally inverse trends (e.g. C178, C559, C63), there were also some samples
showing a bimodal distribution of values (e.g. C46), a positive correlation (e.g. C328), variable
Mg# with near constant Cr# (e.g. C104) and variable Cr# with near constant Mg# (e.g. C212).
C212 is taken from the same chromitite pods as C205 — C215 so its anomalous geochemical
trend is unexpected, and may relate to the presence of chromite grains derived from meilts of
slightly different compositions within the same sample. No further investigation of this sample
was made during this study. As previous workers had identified wide compositional variations
on the scale of a single thin section in a different tectonic setting (Jinchuan ultramafic
complex, Barnes and Zhong Li, 1999) it was decided to investigate two of the Al ‘Ays samples
further to see the full extent of their variation. The two samples chosen were C559 and €462,
as they represented two samples from the same stratigraphical group with widely varying PGE

concentrations.

A general examination of the variation on a Crit - Mg# of these two samples reveals some
differences (Figure 3.11 & Figure 3.12). C559 shows a variation in Mg# of up to 10% with an
associated variation in Cr# values of 5%. This observed variation is slightly different to that
observed within the 16 analyses obtained from the SEM (Figure 3.11). Since the original data
collection was performed on the SEM and the subsequent detailed investigation was
performed on an electron microprobe it is not possible to quantitatively compare the two
datasets (see Appendix 8 for the full microprobe dataset for samples C462 and C559).
However a qualitative comparison was performed by comparing the absolute range of values

from each dataset.

The 16 SEM analyses have a slightly smaller absolute range of Cr# values (0.591 to 0.625 =
0.034) to the range seen within the 329 Microprobe analyses (0.563 to 0.610 = 0.047). For the
Mg# values the microprobe analyses show a far larger range of values (0.578 to 0.666 = 0.088)
compared with the SEM data range (0.618 to 0.652 = 0.034). For the trace elements the TiO,
range is far greater for the microprobe analyses (0.070 to 0.152 = 0.082) than for the SEM
analyses (0.124 to 0.152 = 0.028) (Figure 3.11B). In contrast the V,05, MnO and NiO values
display a similar total range across both data sets, with the microprobe data range slightly
larger (Figure 3.11B & C). V,05 values are systematically higher for both C559 and C462 on the

SEM as compared with the microprobe.
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Figure 3.11: Graphs comparing the 329 data points collected on the Open University microprobe at
Milton Keynes with the 16 analyses collected on the SEM for sample C559. Red circles represent SEM
data points whilst blue diamonds represent microprobe data points A: Crit vs Mg#, B: Ti02 vs V20s, C
MnO vs NiO.

A comparison of C462 with C559 shows that there is a much larger Cr# variation in C462, with
a similar total range of Mg# values (Figure 3.12A). The analysis of C462 contains two points of
interest. The first is the general grouping of the majority of analyses within a restricted Cr# -
Mg# range (Fig 3.12A). This grouping covers a smaller relative range of values than that
observed within C559, and shows that the majority of this sample has a tightly controlled
major element composition. Similarly, the trace element data ranges show very similar

behaviours to that observed within C559 (Figure 3.12B & C compared with Figure 3.11B & C).
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Figure 3.12: Graphs comparing the 241 data points collected on the Milton Keynes microprobe with the
16 analyses collected on the SEM for sample C462. Red circles represent SEM data points whilst blue
diamonds represent microprobe data points A: Crit vs Mg#, B: Ti02vs Vfis, C: MnO vs NiO.

The second point of interest is the presence of 7 analyses with higher Cr# (Figure 3.12A).
These 7 analyses, together with the major grouping of microprobe analyses, form an inverse
relationship where Mg# decreases with increasing Cr# (Figure 3.12A). This is the same
relationship suggested by the trendlines in the majority of the Al 'Ays samples (Figure 3.10).
When these 7 analyses are compared against the bulk of the microprobe dataset for their
trace element content it is apparent that their trace element content does not form a similar
unique data range (Figure 3.13B & C). Nevertheless, the Ti02 content of these 7 samples is
towards the lower end of the data range, with the highest Cr# chromitite also containing the
lowest TI02 value (Figure 3.13B). The NiO range is also towards the lower end of the data

range with the highest Cr# chromitite also containing the lowest NiO value (Figure 3.13C).
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Figure 3.13: Graphs comparing the high Cri chromite analyses against the low Cr# chromite analyses
from the 241 data points collected on the Milton Keynes microprobe for sample C462. Yellow triangles
are the high Cr## chromite analyses whilst blue diamonds are the low Cr# analyses. A: Cr# vs. Mg#, B:
Tt02vs. Vfis, C: MnO vs. NiO. The analysis circled in red on Figure 3.13B and C coincides with the highest
Crit analysis in Figure 3.13A.

3.4.2 Interpod geochemistry

3.4.2.1 Majorelementgeochemistry

The major element geochemistry of the Al 'Ays chromitites analysed during this study, lies in
the fields that define ophiolitic chromitite (Figure 3.14A-D). The Cr# [Cr3¥ (Cr3++ Al3#)] varies
from 0.52 to 0.92, with an associated variation in Fe2# [FeZ (Mg2+ + Fe2)] of 0.28 to 0.62
(Figure 3.13A & D). There are two samples which contain Fe2# values outside the defined
ophiolite field range, though this is very unlikely to be significant as the fields represent 90%
confidence limits on the expected range of compositions. The Ti02 wt. % content ranges from
0.03 up to 0.51 (Figure 3.13B) and the Fe3# [Fe3/(Cr3+ + Al3++ Fe3)] ranges from 0.004 to
0.083 (Figure 3.13B & D) (Table 3.2 & 3.3). This range of Fe3# values lies in the lower half of

the defined ophiolite field.
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Table 3.2: Major element data for the 35 main chromitite pods analysed in this study. These values are all
derived from the polished chromitite sections, as opposed to the single chromite grain samples (Table
3.3). All oxide values are wt.% values. Single chromite grain data is reported separately as fewer
analyses are possible on a single grain and no PGE data were collected from these samples. Totals
include the trace element contents reported in Table 3.4. The Fe,O; content is estimated using
stoichiometric constraints.

Site No | Group | Cr#t | Mg# | Cr/Fe’* | Fe™'# | AL,O; | Cr;0, | FeO | MgO | Fe;0; | Total
C205 1 0.87 | 0.72 6.11 0.15 6.63 | 66.29 | 10.26 | 14.93 2.26 | 100.89
C206 1 0.87 | 0.72 6.05 0.03 6.79 | 65.00 | 10.15 | 14.75 2.42 99.67
C207 1 0.88 | 0.70 5.73 0.03 593 | 66.35 | 10.95 | 14.24 2.10 | 100.09
C210 1 0.88 | 0.69 5.51 0.03 591 | 6591 | 11.31 | 13.93 2.20 99.79
c211 1 0.87 | 0.70 5.68 0.03 6.56 | 65.79 | 10.95 | 1434 2.07 | 100.28
C212 1 0.86 | 0.69 5.41 0.03 6.93 | 65.29 | 11.40 | 14.12 2.19 | 100.47
c213 1 0.87 | 0.69 5.59 0.12 6.35 | 66.10 { 11.19 | 14.18 1.96 | 100.33
C214 1 0.88 | 0.70 5.73 0.13 5.99 | 66.08 | 10.90 | 14.21 2.09 99.81
C215 1 087 | 0.69 5.56 0.14 6.30 | 65.70 | 11.18 | 14.14 2.30 | 100.14
Cs95 2 0.71 | 0.65 4.00 0.08 | 15.33 | 56.19 | 13.27 | 13.95 1.35 | 100.77
C104 2 086 | 0.61 433 0.11 7.11 | 64.43 | 14.07 | 1250 2.17 | 100.80
C670 2 086 | 0.68 531 0.09 6.97 | 65.93 | 11.74 | 13.93 1.44 | 100.53
C10 2 062 | 071 4.20 0.07 | 20.61 | 51.19 | 11.52 | 15.46 1.00 | 100.42
C655 2 092 | 0.64 5.02 0.10 390 | 67.86 | 12.77 | 12.73 1.80 99.53
C123 2 0.76 | 0.68 441 0.21 | 12.25 | 57.15 | 12.24 | 14.36 4.45 | 101.26
C46 3 0.75 | 0.62 3.77 0.14 | 12.71 | 56.29 | 14.10 | 12.84 3.09 99.71
C40 3 0.74 | 0.60 3.58 0.10 | 13.29 | 56.77 | 1497 | 12.44 2.16 | 100.31
60 3 0.78 | 0.59 3.67 0.13 | 11.09 | 58.37 | 15.04 | 12.13 2.78 99.99
a3 3 0.73 | 0.61 361 0.10 | 14.10 | 56.38 | 14.76 | 12.70 1.90 | 100.48
C44 3 065 | 0.67 3.79 0.16 | 18.61 | 50.54 | 12.59 | 14.47 3.09 | 100.03
c318 4 081 | 0.62 3.98 0.18 9.68 | 59.70 | 14.19 | 12.78 4.20 | 101.23
Ca13 4 0.64 | 0.64 3.46 0.15 | 18.54 | 50.07 { 13.69 | 13.73 3.02 99.73
Cs33 4 059 | 0.68 3.60 0.17 | 21.84 | 47.44 | 1245 | 15.01 3.37 | 100.74
CS59 4 060 | 0.64 3.21 0.13 | 21.20 | 48.14 | 14.16 | 13.95 2.74 | 100.87
C462 4 069 | 0.65 3.90 0.11 | 16.17 | 5431 | 13.17 | 13.95 212 | 100.33
C463 4 0.65 | 0.66 3.72 0.13 | 1857 | 51.54 | 13.11 | 14.33 2.60 | 100.81
c328 4 068 | 0.59 3.16 0.16 | 16.09 | 51.91 | 1552 | 1248 3.98 | 100.68
C63 4 060 | 0.63 3.10 0.17 | 21.02 | 46.81 | 14.29 | 13.68 3.96 | 100.62
CS4 4 064 | 0.64 3.37 0.21 | 18.28 | 4869 | 13.67 | 13.75 496 | 100.09
Cs1 4 058 | 0.67 3.44 0.12 | 2290 | 46.70 | 12.85 | 14.81 232 | 100.23
C238 4 0.66 | 0.67 3.85 0.16 | 1817 | 51.49 | 12.65 | 14.50 3.05 | 100.48
C484 4 0.75 | 0.60 3.62 0.14 | 1284 | 56.59 | 14.79 | 12.58 3.10 | 100.57
CS80 5 0.76 | 0.56 3.29 0.15 | 11.73 | 56.68 | 16.27 | 11.50 3.62 | 100.43
590 5 0.79 | 0.54 3.25 0.16 { 10.02 | 57.85 | 16.80 | 10.99 4.12 | 100.50
311 5 064 | 0.60 3.01 0.20 | 18.24 | 4896 | 15.39 | 12.97 5.06 | 101.36
C278 5 057 | 0.56 250 0.13 | 22.12 | 4455 | 1686 | 11.96 3.12 99.33
C365 S 0.70 | 0.63 3.62 0.11 | 1595 | 54.23 | 14.16 | 13.30 2.08 | 100.36
C362 S 069 | 0.63 3.54 0.18 | 1589 | 52.15 | 1393 | 13.35 4.08 | 100.04
C262 5 0.60 | 0.70 3.82 0.17 | 21.90 | 48.07 | 1191 | 15.57 3.20 | 101.23
a7s 6 062 | 0.54 2.46 0.22 | 1866 | 4546 | 17.49 | 11.52 6.70 | 100.66
C382 6 081 | 055 3.37 0.19 9.26 | 58.22 | 16.32 | 11.22 497 | 100.63
C498 6 0.74 | 057 341 0.07 | 13.78 | 57.16 | 15.84 | 12.02 1.34 | 100.75
C178 6 0.52 | 0.56 2.18 0.20 | 24.75 | 3993 | 1734 | 12.28 5.99 | 101.12
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Table 3.3: Major element data for all the single chromite grain samples analysed. All oxide values are
wt.% values. Totals include the trace element contents reported in Table 3.5.

Site No | Group | Cr# | Mgh | Cr/Fe’* | Fe™# | ALO; | Cr,0; | FeO | MgO | Fe,0; | Total
650 2 0.78 | 0.70 5.04 004 | 11.10 | 59.40 | 11.13 | 1491 3.52 | 100.81
645 2 080 | 0.61 3.97 002 | 10.20 | 61.39 | 1461 | 1259 191 { 101.29
640 2 057 | 071 3.75 0.05 | 2269 | 4560 | 11.50 | 15.69 4.01 | 100.09
636 2 0.72 | 0.68 443 0.01 | 1457 | 56.32 | 12.03 | 14.39 1.09 99.11
573 2 080 | 0.64 431 0.03 | 10.30 | 60.34 | 13.23 | 13.22 2.29 | 100.01
133 2 089 | 0.58 419 0.03 528 | 6494 | 1465 | 1155 2.09 99.08
132 2 0.70 0.63 364 0.03 | 15.17 | 54.03 | 14.05 | 13.27 259 99.83
598 3 082 | 0.64 4.38 0.02 943 | 6232 | 13.45 | 13.18 1.60 | 100.61
597 3 061 | 0.69 3.75 0.03 | 20.68 | 4854 | 12.25 | 15.07 2.69 | 100.08
596 3 061 | 0.68 3.59 0.03 | 20.69 | 48.83 | 12.87 | 15.07 296 | 101.50
527 3 0.67 | 0.60 3.17 0.05 | 16.86 | 51.21 | 15.28 | 12.79 408 | 100.92
89 3 0.85 0.68 5.10 0.04 769 | 6356 | 11.77 | 14.11 3.19 | 101.10
45 3 059 | 0.64 3.29 0.00 | 2256 | 48.06 | 13.81 | 14.05 0.38 99.63
42 3 0.82 | 0.58 3.77 0.05 849 | 59.63 | 1495 | 11.81 3.83 9941
S57 4 0.60 | 0.66 3.35 004 | 2104 | 4632 | 13.08 | 1432 3.76 99.16
536 4 0.76 | 0.57 3.36 0.04 | 1198 | 5595 | 15.75 | 11.71 3.36 99.47
S04 4 087 | 0.59 4.15 0.03 653 | 6460 | 14.71 | 1198 2.19 | 100.64
483 4 0.72 | 061 3.42 0.06 | 14.11 | 5350 | 14.77 | 12.72 463 | 10043
461 4 0.76 | 0.56 3.30 0.04 | 1174 | 5632 | 16.15 | 1148 3.40 99.83
321 4 0.72 | 0.65 3.92 0.05 | 14.16 | 55.03 | 13.27 | 13.81 3.96 | 10091
271 4 091 | 0.57 4.07 0.05 439 | 65.27 | 15.18 | 11.44 3.71 | 100.56
591 S 064 | 071 4.24 0.04 | 19.23 | 50.10 | 11.18 | 15.51 3.19 99.96
469 S 0.68 | 0.68 4.03 0.04 | 1680 | 5249 | 1232 | 14.73 3.57 | 100.69
340 S 0.71 | 055 294 0.06 | 14.20 | 52,65 | 1693 | 11.41 4,95 | 100.98
302 S 056 | 0.67 3.21 0.04 | 2341 | 44.79 | 13.20 | 14.73 3.70 | 100.49
280 S 0.79 | 0.38 2.28 0.08 952 | 5281 | 2191 7.48 6.39 99.28
255 S 0.84 | 055 354 0.05 769 | 60.17 | 16.09 | 11.01 3.85 99.52
218 S 083 | 048 3.00 0.06 7.78 | 58.26 | 18.36 9.51 432 99.16
514 6 0.81 | 0.41 251 0.08 8.52 | 55.59 | 20.97 8.20 6.44 | 100.71
494 6 0.81 | 0.57 3.69 0.03 9.30 | 60.18 | 15.42 | 11.67 243 99.65
489 6 0.73 | 0.59 3.41 0.05 | 1346 | 55.39 | 1534 | 1251 4.03 | 101.47
477 6 0.67 | 0.57 2.84 0.07 | 16.28 | 49.47 | 16.46 | 12.00 5.98 | 101.08
459 6 0.69 | 0.62 3.47 0.05 | 15.80 | 52.72 | 14.34 | 13.20 3.92 | 100.67
161 6 057 | 051 2.15 0.07 | 21.27 | 4260 | 18.71 | 11.03 6.33 | 100.80
159 6 0.74 | 0.68 436 0.04 { 13.19 | 55.81 | 12.10 | 14.12 3.39 99.29
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Figure 3.14: Discrimination diagrams for ophiolitic versus stratiform chromitites (After Roeder and
Barnes, 2001). The defined fields represent 90% of their analysed chromite compositions. Chromitites
from A IQys are plotted on 4 major elements plots and clearlyfall in the ophiolite fields. A: Cri vs FeZ'#.

B: Ti02vs Fe3'#, C: Fe3'# vs FeZ'#, D: Ternary plot of Cr3*-Al3*-Fe3".



3.4.2.1.1 The relationship of major element geochemistry to stratigraphic height

Stratigraphic height within the mantle and mantle-crust transition zone is defined here as
proximity to the dunite/pyroxenite boundary (Section 3.1, Figure 3.2). Although there is
considerable variation in chemistry within each stratigraphic group as defined in this work, it is
still apparent that several major elements show good relationships with stratigraphic height
(Figure 3.15A-D). Cr,0; and Al,0; vary antithetically to one another with average Cr,0; values
decreasing before evening out, whereas average Al,O; values increase before evening out.
FeO and MgO follow a similar antithetical relationship as expected from unit cell constraints.
Average Fe,0; values show a clear upward trend through the stratigraphic groups. However,
there are large overlaps in the chemistry apparent between each stratigraphic level (Figure
3.15E). Average Mg# values gradually decrease with stratigraphic height, though again with
considerable overiap between the different stratigraphic groups (Figure 3.14F).

The two ratios Cr/Fe** and Cr# both decrease with stratigraphic height (Figure 3.15G & H). The
first of these (Cr/Fe?*) shows a good negative correlation with stratigraphic height, with
average values decreasing from ~5.7 to ~3.1. This correlation is well defined as for most
groups the maximum and minimum Cr/Fe?* values become progressively smaller, from the
lowest to the uppermost stratigraphic level. For example at level 2 the maximum Cr/Fe value
is 5.3 and the minimum value is 3.6. By level 3 the maximum value has dropped to 5.1 and the
minimum value has dropped to 3.2. The second ratio (Cr##} shows a less well defined
correlation with stratigraphic height. There is still an observable negative correlation but with
more overlap between values in each adjacent stratigraphic level, and with the average values

evening out for the three highest stratigraphic levels.

As well as general trend of a single continuous change with stratigraphic height for all the
major elements there is also an indication of a slight adjustment in the nature of that variation
at group 4. For example, Cr,0;, Al,O; and Cr# all have values that level off after group 4, whilst
MgO and FeO both show a slightly greater rate of change. A similar feature is observed in

some of the trace elements (see Figure 3.17).

When considering the co-variation of Crit and Mg# there is a general trend between the deep
mantie chromitites (group 1) and the shallow mantle chromitites (group 6) (Figure 3.16). As
can be observed group 1 chromitites have the highest Cr# and Mg# - i.e. located to the top
right of the compositional range (Figure 3.16), whilst group 6 chromitites tend to contain the
lowest Cr#t and Mg# (Figure 3.16).
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Figure 3.15: Eight graphs (continued overleaf) showing the variation in major element geochemistry
with stratigraphic height. A: CrfO* B: AI"O* C: FeO, D: MgO, E: Fe*O* F: Mg#, G: Cr/Fe2, H: Cr#
(=Cr/(Cr+Al)). The blue line marks the average value at each stratigraphic group, the green circles mark
polished section samples, whereas the clear circles mark single chromite grain samples (Legend in Figure

3.15A).
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Figure 3.15 continued: Two graphs showing the variation ofCr/Fe2 and Cri# with stratigraphic height.

Groups 2 through to 6 show a gradation between these two points with considerable overlap
between each group (Figure 3.16). In addition to this some of the individual groups show an
inverse trend to this, that of Cr# increasing as Mg# decreases and vica-versa (particularly
groups 2, 3 and 4 Figure 3.16). In summary there are two observable trends, that of
decreasing Cr# with decreasing Mg# which is apparent between groups, and that of increasing

Cr# with decreasing Mg# which is apparent within some of the stratigraphic groups.

X Group 1
O Group 2
fiPo.55 AGroup 3
O Group 4
X Group 5

o Group 6

0.45 0.55 0.65 0.75 0.85 0.95
Cr#

Figure 3.16: Plot of Cr## - Mg# showing the range of values recorded at Al 'Ays. The different

stratigraphical groups are defined by different colours.
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3.4.2.2 Trace element geochemistry

Table 3.4: Trace element data for the 35 main chromitite pods analysed in this study. These values are
all derived from the polished sections, as opposed to the single chromite grain samples (Table 3.5). All
oxide values are wt.%.

Co Zn Ga

Site No | Group | Cr## | Mg# | Cr/Fe”” | TiO, | V,05 | MnO | NiO_| (ppm) | (ppm) | (ppm)
C205 1 0.87 | 0.72 6.11 | 0.06 0.08 0.24 | 0.15 195 163 10
C206 1 0.87 | 0.72 6.05 | 0.07 0.08 0.25 | 0.16 192 123 11
C207 1 0.88 | 0.70 5.73 | 0.06 0.08 0.24 | 0.13 204 139 10
C210 1 0.88 | 0.69 5.51 | 0.05 0.08 0.26 | 0.14 - - -
C211 1 0.87 | 0.70 5.68 | 0.08 0.08 0.26 | 0.16 - - -
C212 1 086 | 0.69 5.41 | 0.06 0.09 0.25 | 0.15 - - -
C213 1 087 | 0.69 5.59 | 0.07 0.09 0.26 | 0.14 195 160 11
C214 1 0.88 0.70 5.73 | 0.06 0.09 0.26 | 0.14 191 168 10
C215 1 0.87 | 0.69 5.56 | 0.06 0.09 0.27 | 0.12 209 141 11
CS95 2 0.71 | 0.65 4.00 | 0.12 0.21 0.25 | 0.10 - - -
C104 2 086 | 0.61 433 | 0.10 | 0.06 0.28 | 0.07 - - -
0670 2 0.86 | 0.68 5.311{ 0.08 0.06 0.25 | 0.13 196 154 11
C10 2 062 | 0.71 4.20 | 0.04 0.22 0.22 | 0.18 192 172 33
C655 2 092 | 0.64 5.02 | 0.03 0.09 0.28 | 0.07 301 259 7
C123 2 0.76 | 0.68 441 | 0.28 0.08 0.22 | 0.22 183 161 22
C46 3 0.75 0.62 3.77 | 0.18 0.11 0.24 | 0.15 225 176 29
C40 3 0.74 | 0.60 3.58 | 0.05 0.25 0.29 | 0.09 242 259 16
60 3 0.78 | 0.59 3.67 | 0.03 0.21 0.28 | 0.06 273 234 21
c3 3 0.73 | 0.61 361 ] 0.11 0.11 0.27 | 0.13 211 228 23
CaA4 3 065 | 0.67 3.79 | 0.13 0.14 0.24 | 0.22 - - -
c18 4 0.81 | 0.62 398 | 0.14 0.12 0.28 | 0.12 - - -
CA413 4 064 | 0.64 3.46 | 0.16 0.12 0.23 | 0.15 207 255 30
CS33 4 059 | 0.68 3.60 | 0.07 0.11 0.15 | 0.28 212 233 29
CSS9 4 0.60 | 0.64 3.21 | 0.14 0.19 0.26 | 0.09 246 217 38
C462 4 0.69 | 0.65 390 | 0.11 0.14 0.25 { 0.12 207 231 24
Ca63 4 0.65 | 0.66 3.72 | 0.11 0.16 0.25 | 0.14 - - -
Cc328 4 068 | 0.59 3.16 | 0.10 0.22 0.27 | 0.11 256 362 32
63 4 0.60 { 0.63 3.10 | 0.13 0.19 0.24 | 0.32 272 277 31
54 4 0.64 | 0.64 3.37 | 0.13 0.17 0.25 | 0.18 236 226 29
Cs1 4 058 | 0.67 3.44 | 0.12 0.16 0.23 | 0.15 244 189 34
C238 4 0.66 | 0.67 3.85 | 0.10 0.13 0.23 | 0.17 202 199 25
C484 4 0.75 | 0.60 3.62 | 0.12 0.15 0.25 | 0.16 - - -
C580 S 0.76 | 0.56 3.29 | 0.09 0.19 0.26 | 0.09 244 328 25
€590 S 0.79 | 0.54 3.25 | 0.10 0.24 0.28 | 0.09 246 333 21
C311 S 064 | 0.60 3.01 | 0.13 0.25 0.27 | 0.09 265 328 36
C278 S 0.57 | 0.56 250 | 0.1S 0.18 0.26 | 0.13 295 425 42
Cc365 5 0.70 } 0.63 362 | 013 0.14 0.25 | 0.12 - - -
C362 S 069 | 063 3.54 | 0.07 0.20 0.25 | 0.11 - - -
C262 S 060 | 0.70 3.82 | 0.10 0.15 0.23 | 0.10 220 231 29
75 6 062 | 054 246 | 0.24 0.22 0.27 | 0.11 - - -
c382 6 0.81 | 0.55 3.37 | 0.09 0.18 0.29 | 0.08 258 364 20
C498 6 0.74 | 057 3.41 | 0.07 0.19 0.28 | 0.08 268 261 39
C178 6 0.52 | 0.56 2.18 | 0.20 0.20 0.28 | 0.14 - - -
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Table 3.5: Trace element data and major element ratios for all the single chromite grain samples. All

oxide values are wt.% values.

Site No | Group Crit Mgh | Cr/Fe’ | TiO, V,0s | MnO NiO
650 2 0.78 0.70 5.04 0.26 0.10 0.24 0.15
645 2 0.80 0.61 3.97 0.06 0.18 0.26 0.10
640 2 0.57 0.71 3.75 0.13 0.16 0.23 0.10
636 2 0.72 0.68 4.43 0.26 0.11 0.24 0.10
573 2 0.80 0.64 431 0.12 0.12 0.25 0.14
133 2 0.89 0.58 419 0.07 0.11 0.33 0.07
132 2 0.70 0.63 3.64 0.21 0.18 0.26 0.07
598 3 0.82 0.64 4.38 0.13 0.16 0.27 0.07
597 3 061 0.69 3.75 0.29 0.18 0.24 0.15
596 3 0.61 0.68 3.59 0.51 0.17 0.26 0.15
527 3 0.67 0.60 3.17 0.11 0.23 0.26 0.10

89 3 0.85 0.68 5.10 0.24 0.05 0.23 0.25

45 3 0.59 0.64 3.29 0.13 0.19 0.18 0.28

42 3 082 0.58 3.77 0.10 0.22 0.29 0.09
557 4 0.60 0.66 3.35 0.16 0.17 0.24 0.08
536 4 0.76 0.57 3.36 0.24 0.12 0.27 0.10
504 4 0.87 0.59 415 0.12 0.09 0.29 0.12
483 4 0.72 0.61 3.42 0.15 0.16 0.24 0.13
461 4 0.76 0.56 3.30 0.23 0.12 0.30 0.10
321 4 0.72 0.65 3.92 0.20 0.08 0.23 0.16
271 4 091 0.57 4.07 0.04 0.17 0.32 0.04
591 S 0.64 0.71 4.24 0.16 0.18 0.22 0.17
469 S 0.68 0.68 403 0.24 0.17 0.23 0.13
340 S 0.71 0.55 294 0.15 0.24 0.29 0.16
302 S 0.56 0.67 3.21 0.12 0.23 0.22 0.10
280 S 0.79 0.38 2.28 0.27 0.46 0.35 0.08
255 S 0.84 0.55 3.54 0.11 0.22 0.30 0.08
218 S 0.83 0.48 3.00 0.14 0.37 0.31 0.10
514 6 0.81 0.41 2.51 0.17 0.39 0.31 0.13
494 6 0.81 0.57 3.69 0.15 0.15 0.29 0.07
489 6 0.73 0.59 3.41 0.17 0.18 0.27 0.12
477 6 0.67 0.57 284 0.24 0.21 0.28 0.15
459 6 0.69 0.62 3.47 0.11 0.18 0.25 0.15
161 6 0.57 0.51 2.15 0.26 0.22 0.27 0.11
159 6 0.74 0.68 4.36 0.15 0.13 0.24 0.16
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34221 The relationship of trace element geochemistry to stratigraphic height

In addition to further investigating the relationship of major element chromite geochemistry
and stratigraphy this research has also investigated the relationship of trace element (Ti, V,

Mn Ni, Co, Zn and Ga) chromite geochemistry with stratigraphy.

Titanium (TiO,) shows no particular pattern in values across the different stratigraphic groups,
though there is a slight increase from group 1 to group 3 in the average values (Figure 3.17A).
Overall, average V,0; values show an increase with stratigraphic height from group 1 to group
6, although there are downturns in groups 4 and 6 (Figure 3.17B). Manganese (Figure 3.17C) is
broadly constant throughout all the stratigraphic levels, and is therefore independent of
stratigraphic height. Nickel shows a similar relationship to MnO with stratigraphic height,
although punctuated by higher values within groups 2, 3 and 4. Chromitites with higher NiO
values correlate to chromitites with higher proportions of nickel-sulphide minerals. Within

levels 5 and 6 the NiO values reduce slightly (Figure 3.17D).

Zinc (Zn), Co and Ga were analysed using a Laser ICP-MS. Analyses of Co and Zn are “semi-
quantitative” (see Section 2.5.1) but all values have been standardised relative to analyses
collected on the last day, ensuring that relative differences between data points are accurate
(cf. Section 2.6). A sub-set of 27 chromitite samples were analysed. These included samples
from each stratigraphic height and the full range of PGE concentrations. It is apparent that
both Zn and Co show weak positive correlations with stratigraphic height, with a general trend
of increasing value in each successive stratigraphic group (Figure 3.17E & F). Ga shows a
similar weak positive correlation with stratigraphic height, but with the average values
evening out in groups 5 and 6 (Figure 3.17G). This trend is expected as the outer electronic
structure of Ga is similar to that of Al (i.e. 3s’3p" and 4s°4p"). As such it may be expected that

Ga contents would follow an almost identical pattern to Al.

As with the major elements, there is also an indication of a slight adjustment in the nature of
the trace element variation in group 4. For example, MnO values are constant up to group 4
before rising slightly and V,0s, Co and Zn show a low point in the curve at group 4. Also, NiO
values show a slight decrease after group 4, with none of the high values, which had been

previously observed in groups 2, 3 and 4.
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Figure 3.17: Seven charts (continued overleaf) showing the variation in trace element geochemistry with
stratigraphic height. A: TiO2 B: V20s, C: MnO, D: NiO, E: Zn, F: Co and G: Ga. The blue line marks the
average value at each stratigraphic group, the green circles mark polished section samples, whilst the

clear circles mark brass block samples (Legend in Figure 3.17A).
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Figure 3.17 continued: One graph showing the variation ofGa with stratigraphic height.

34.2.2.1.1 Statistical significance

In order to test whether the variation in average values of the major and trace elements is
significant it is necessary to perform a statistical test. The test used was the student's t-test. In
order to carry out this test some assumptions needed to be made. The first is that each
stratigraphic group represents a sub-sample of a normally distributed data set. The second is
that groups 2 to 6 can be expected to contain roughly equal variances. Group 1 is assumed to
have a much smaller variance than the other groups (as it is a subset of single chromitite pod,
rather than many chromitite pods) so a test for significance between group 1 and any other
group was performed under the assumption of unequal variance. The tests were performed as
a 1-tailed test for significance. Tests were performed between adjacent groups, as well as

between groups 2-levels apart, 3-levels apart, 4-levels apart and 5 levels apart.

For AI203 average values show an initial significant increase but subsequently show no
significant difference between the later adjacent groups (Group 3 to 6, Table 3.6-3.10). Cr20 3
is the exact reverse of Al20 3 with an initial significant decrease followed by no significant
difference within the later groups. There is some increase in significance as levels get further
apart (e.g. for CrD 3and Al 3 between groups 2 & 4). MgO and FeO should have a similar
antithetical relationship due to unit cell constraints, but the variations are more significant for
FeO, which increases gradually through the sequence than for MgO which decreases gradually
(Table 3.6-3.10). This may be due to less precision within the MgO analyses compared with

the FeO analyses.
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Table 3.6: Results of the student's t-test for comparisons between adjacent stratigraphic groups. The two
stratigraphic groups being compared are labelled Group A and Group B Values give the probability of the two
groups being identical (e.g. 0.05 indicates a 5% probability of equivalence) For ease of observation, statistically
significant differences are in black (<0.05), whilst statistically insignificant differences are in green. If '0.01' is in
italics then it indicates that the probability was much less than 1%.

Group Group

A B Tth V20s ai2o, Cr203 FeO MnO MgO NiO F*O, Cr# Mg# Cr/Fe2
1 2 0.01  0.01 0.01 0.017 0.017 035 0.06 0.04 0.36 0.01 0.01 0.01
2 3 0.28 0.05 0.11 0.06 0.03 043 024 0.12 0.20 0.10 0.08 0.08
3 4 0.16 0.10 0.29 019 0.27 031 043 0.48 0.02 0.27 0.35 0.35
4 5 042 0.01 0.41 0.34 0.04 011 0.08 0.05 0.05 0.45 0.05 0.05
5 6 0.13 0.23 0.43 044 018 0.27 0.22 0.28 0.11 0.49 0.22 0.19

Table 3.7: Results of the student's t-testfor comparisons between groups two levels apart.

Group Group
A B TiO, V20s AI203 Cro3 FeO MnO MgO NiO Fe? Cr¢ Mg# Cr/Fe2+

-

3 0.01 0.01 0.01 0.017 0.01 045 0.01 046 007 0.01 0.01 0.01
4 048 0.13 0.03 0.01 0.01 034 017 010 007 0.02 0.03 0.03

0.23 0.02 0.38 0.10 0.05 0.18 0.10 0.06 0.017 032 0.06 0.06
6 0.07 0.01 0.34 0.31 0.01 0.02 001 011 0.01 0.44 0.01 0.01

A W N

Table 3.8: Results of the student's t-testfor comparisons between groups three levels apart.

Group Group

A B TiO, V20s AMh Cr23 FeO MnO MgO NiO Fe4? C# Mg# Cr/Fe2+
1 4 0.01 0.01 0.01 0.01 0.01 043 0.01 048 0.017 0.01 o0.01 0.01
2 5 043 0.01 0.06 001 0.01 0.21 0.04 037 0.01 0.04 0.01 0.01
3 6 049 0.08 045 013 0.01 0.04 0071 013 001 0.34 0.01 0.01

Table 3.9: Results of the student's t-testfor comparisons between groups four levels apart.

Group Group

A B Tth V20s AI*» Cro3 FeO MnO MgO NiO Fe2j Crt Mg# Cr/Fe2r
1 5 0.01 0.01 0.01 0.01 0.01 010 0.01 0.01 001 001 0.01 0.01
2 6 0.16 0.01 0.10 0.01 0017 0.05 001 045 0.017 0.06 0.01 0.01

Table 3.10: Results of the student's t-testfor comparisons between groupsfive levels apart.

r
Group Group

A B :rio, V20s AlI203 Cr263 FeO MnO MgO NiO FejOs Cr#* Mg# Cr/Fe2

1 6 10.03 0.01 0.01 0017 007 0.05 001 017 001 0.01 0.01 0.01
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Average Fe,0; values show a significant increase between groups at least two levels apart, and
also between adjacent groups 3, 4 and 5 (table 3.6-3.10). It is noteworthy that several
elements show significant differences between adjacent groups 1 & 2, as well as adjacent

groups 4 & 5 (Table 3.6).

Within the trace elements average TiO, values only show a significant increase when
comparing group 1 values with those in any other group (Table 3.6-3.10). Average V,0; values
do show significant rises at adjacent stratigraphic groups, as well as between groups further
apart. There are a few decreases in average value (from group 3 to 4 and group 5 to 6) but
these are not significant (Table 3.6-3.10). Average MnO values show no significant variation
between groups, except for between group 6 and groups 1-4. For NiO, there is significant
variation between group 4 and 5 (and 1 to 5) where NiO shows a decrease in value. Co, Zn and
Ga were not tested for significance as the groups were not large enough for statistical

significance.

The clearest discriminant ratio is Cr/ Fe?*, which shows significant variations between adjacent
groups as well as groups several levels apart. The only exception to this is between groups 4
and 5, and groups 5 and 6. It is noteworthy that there are no statistically significant variables
between groups 5 and 6. This strongly suggests that based on the number of pods (sites)
analysed in this study that these two groups are geochemically indistinguishable.

3.4.3 MORB normalised multi element plots

MORB normalised multi element plots of the Al ‘Ays chromitites reveal a strong similarity to
similar plots from the Thetford chromitites in Canada (Figure 3.18), which are postulated to be
supra-subduction ophiolites. The Al ‘Ays ophiolite has previously been proposed to be from a
supra-subduction zone setting (Bakor et al., 1976; Stern et al., 2004), so this similarity with the
Thetford chromitites is expected. The key similarities between Thetford and Al ‘Ays are in the
value of Mg, FeO'*, Mn and Cr,0;. The Al,O,, TiO,, NiO and Ga values are also similar but with
much larger ranges. The similar Cr,0; and Al,O; values in the Al ‘Ays ophiolite imply that the
degree of partial melting experienced within the Thetford ophiolite was similar to that in the

Al ‘Ays ophiolite.
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Figure 3.18: MORB normalised multi-element plots for A: Thetford Chromitites (Page and Barnes, 2009)
and B: A IAys Chromitites. Regions shaded in grey show the compositional range for each ophiolite. The
blue indicates the chromite composition from chromite grains within boninitic lava. MORB and boninite
sources taken from Page and Barnes (2009). For Al 'Ays the Co and Zn are semi-quantitative so their

absolute position relative to the y-axis is only approximate.

3.5 The platinum-group elements (PGE)

Platinum-group element analyses from the Al "Ays chromitites were obtained by Prichard et
al. (2008) who described three types of PGE mineralization based on chondrite normalised
plots, and the relationship of total PGE concentration to Cr20 3 values. 35 PGE analyses are
taken from that study. This study has analysed a further 4 chromitite samples from the large
chromitite pod in the south of the ophiolite. The total PGE data set is used here to compare
the PGE content of the chromitites with proximity to the pyroxenite/dunite boundary and to

examine the relationship between PGE content and chromite trace element geochemistry.

3.5.1 The relationship of PGE concentrations to stratigraphic height

For the individual PPGE the average values (Figure 3.19A - C) show systematic increases up to
group 4. Pd is particularly well defined, with minimum and maximum values increasing from
group 2 to 4. From group 4 to 5 and into group 6 the values of Pt, Pd and Rh are similar, or
decrease slightly. For the individual IPGE there is no particular relationship with stratigraphic

height, although the highest Os, Ir and Ru values are all located in group 4 (Figure 3.19D - F).
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Table 3.11: PGE data for the Al ‘Ays chromitites. All data is from Prichard et al. (2008) except for C205,
C213, C214 and C215 which were undertaken for this study.

Pt Pd Ru Rh Ir Os Total PGE
Sample | Group | Cr# | (50b) | (ppb) | (ppb) | (pRb) | (ppb) | (ppb) | (ppb) | PH*PAIr
C205 1 0.87 14 7 108 15 60 50 254 0.35
C213 1 0.87 16 6 118 16 S4 36 246 0.41
C214 1 0.88 14 7 100 14 61 49 245 0.34
15 1 0.87 20 11 115 13 59 40 258 0.53
595 2 0.71 9 6 76 6 22 12 131 0.68
Cc104 2 0.86 210 10 420 75 210 100 1025 1.05
C670 2 0.86 5 6 130 21 57 32 251 0.19
a0 2 0.62 8 4 96 16 63 60 246 0.17
CB655 2 0.92 23 5 65 20 18 8 139 1.56
Qa3 2 0.76 9 2 159 26 99 35 330 0.11
CA6 3 0.75 3 4 18 3 11 8 46 0.59
CA0 3 0.74 62 7 218 37 138 102 564 0.50
Cs0 3 0.78 191 S 1050 71 722 624 2663 0.27
a3 3 0.73 336 31 373 76 279 87 1182 1.32
CAA 3 0.65 47 45 82 23 82 14 293 1.12
18 4 0.81 470 83 220 150 130 42 1095 4.25
c63 4 0.60 310 1200 130 58 50 24 1772 30.20
54 4 0.64 200 940 150 130 52 6 1478 21.92
cs51 4 0.58 970 97 5800 840 6200 3300 17207 0.17
C238 4 0.66 157 85 351 52 357 268 1270 0.68
CASA 4 0.75 420 42 460 140 310 240 1612 1.49
CA13 4 0.64 15 11 240 47 120 68 501 0.22
C533 4 0.59 150 1000 68 46 20 6 1290 57.50
SS9 4 0.60 2570 6870 500 225 198 100 10463 47.68
CAG2 4 0.69 38 16 254 33 156 112 609 0.35
CAG3 4 0.65 46 17 200 21 147 102 533 0.43
28 4 0.68 86 14 218 21 313 174 826 0.32
580 S 0.76 494 165 333 111 173 142 1418 3.81
CS90 S 0.79 300 28 640 230 410 290 1898 0.80
11 S 0.64 720 340 430 147 152 41 1830 6.97
Q78 5 0.57 200 36 180 80 75 30 601 3.15
365 S 0.70 9 7 180 30 110 170 506 0.15
362 S 0.69 65 17 540 110 160 160 1052 0.51
C262 S 0.60 69 220 73 26 55 54 497 5.25
ca75 6 0.62 170 85 180 72 91 62 660 2.80
382 6 0.81 697 36 436 155 248 200 1772 2.96
CA98 6 0.74 990 100 670 210 610 320 2900 1.79
178 6 0.52 81 100 41 45 22 14 303 8.23
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When considering the two PGE subsets (PPGE and IPGE), it is apparent that they follow the
same pattern as the individual components of each subset (Figure 3.20). The PPGE show a
general increase in content from group 1 through to group 4. After which the maximum values
decrease slightly, but still remain relatively high through to group 6. The IPGE show neither a
general increase nor general decrease with stratigraphic height, though as noted with the

individual IPGE, the maximum values are observed in group 4.

3.5.2 The relationship of PGE ratios to stratigraphic height

When considering the behaviour of the PGE it is often helpful to examine the ratio of the non-
refractory PGE (the PPGE) to the refractory PGE (the IPGE) (e.g. (Barnes et al., 1985)).
Chromitites with high PGE ratios (that is high PPGE contents relative to IPGE contents) are
shown to be concentrated in stratigraphic groups 4 and 5 (Figure 3.21A). Average PGE ratios
are approximately constant from group 1 up to group 3 before a significant increase to group
4 and finally a decrease into group 5 and 6. The average values within groups 5 and 6 are
higher than within groups 1 to 3. This pattern is the same regardless of whether the ratios of

[(Pt+Pd+Rh)/(Os+ir+Ru)], or the simplified [(Pt+Pd)/Ir] are considered (Figure 3.21B).

3.5.3 The relationship of PGE concentrations to chromite geochemistry

The observed relationship of both chromite geochemistry and PGE concentrations to
stratigraphy suggests the two could be inter-related. There are several chromite major and
trace elements which show either significant or visual correlations with stratigraphic height
(e.g. Cr/ Fe¥, Fe,0,, V,0s, and Zn). In contrast, PGE concentrations show a peak in values at
stratigraphic level 4. This coincides with a dip in values for Fe, Co and Zn (Figure 3.15 & Figure
3.17) which may indicate the co-precipitation of a sulphide phase slightly reducing the

availability of these elements to the oxide (e.g. chromite) phase.

86



10000 4
¢ P GE analyses

« 100

1 2 3 4 5
Stratigraphic Group

10000

1000 +

a 100

1 2 3 4 5
Stratigraphic Group
10000

1000

100

1 2 3 4 5
Stratigraphic Group

,100000

10000
1000
1 2 3 4 5 6
Stratigraphic Group
10000
1000
1 2 3 4 5 6
Stratigraphic Group
10000

1 2 3 4 5 6
Stratigraphic Group

Figure 3.19: Six charts showing the variation in platinum group element concentration with stratigraphic

height. A: Pd, B: Pt, C: Rh, D: Os, E: Ir, F: Ru. The solid orange line marks the change in average value

with each stratigraphic group.
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Figure 3.20: Graphs showing the variation in PGE concentration with stratigraphic height. A: PPGE, B:
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Figure 3.21: Graphs showing the variation in PGE ratio with stratigraphic height. A: PPGE/IPGE, B: (Pt +
Pd)/1r.

This suggests that plots of PGE concentrations against the relevant major and trace elements
could reveal a peak in values at specific chromite compositions. This idea has been explored
by Prichard et al. (2008) who showed that PGE concentrations are associated with particular
Cri#t (Cr/(Cr + Al)) values, such that a plot of (Pt+Pd)/Ir against Cr# showed peaks in PGE ratio at
a Cr#t of ~0.60. Taking this idea further, it is possible to plot trace and major element markers
of stratigraphic height against each other to see if high PGE concentrations are associated with

particular chromite compositions (Figure 3.22).
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To this end Cr/ Fe?* was chosen as the clearest major element marker of stratigraphic position
(Figure 3.15), and against this were plotted six of the trace elements (Figure 3.22). Mn was not
plotted as it is essentially constant with stratigraphic height. Given the relationship of
chromite composition and PGE concentration to stratigraphy it was expected that some or all
of these graphs should produce a pathfinder for PGE concentration based on chromite

composition.

Cr/ Fe** values provide a good constraint for PGE concentration with enriched chromitites
being located within a narrow band of values (3.0 — 3.7) compared with the total range (2.2 —
6.1) (Figure 3.22A - F). Within the trace elements TiO,, Ga and NiO are not particularly
discriminatory as the range of values for PGE-rich samples is very similar to the range of values
for PGE-poor samples (Figure 3.22A, E & F). V,0s values provide some constraint on high PGE
concentrations with all PGE-rich chromitites having V,0s values greater than 0.15 compared
with the full range (0.06 — 0.25) (Figure 3.22B). Co and Zn show very distinctive patterns with
PGE-rich chromitites associated with a specific range of values compared with the total range
(Figure 3.22D & E). For Zn this is 213 — 322 ppm compared with the total range of 141 — 374
ppm. For Co this is 226 — 273 ppm compared with the total range of 175 — 343 ppm. The
narrow range for Co is nearly exclusive with only two comparatively PGE-poor chromitites
within the same range. It should be pointed out that Co and Zn (and Ga) graphs do not contain
the same number of analyses as other major and trace element analyses (27 vs. 43) which

may produce an apparently better discrimination.

3.5.4 The relationship of PGE ratios to chromite geochemistry

When investigating the relationship of PGE ratios ((Pt+Pd)/Ir) to chromite geochemistry a
slightly different pattern to PGE concentration emerges (Figure 3.23). From all six figures it can
be seen that the trace elements are not good indicators of high PGE ratio, though for V,0s
(Figure 3.238), Co (Figure 3.23D), Zn (Figure 3.23E) and Ga (Figure 3.23F) there is a general
tendency for high PGE ratios to be concentrated at the slightly higher values of the
compositional range. What is apparent from Figure 3.23 is that the Cr/ Fe? ratio is a good
indicator of higher PGE ratios with there being a definite grouping of higher PGE ratios

towards the lower end of the Cr/ Fe* range.
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3.6 Discussion

This discussion focuses on data specific to the Al ‘Ays ophiolite, such as intra-sample
variability, the variation of major and trace elements with stratigraphy and the relationship of
PGE concentrations to chromitite geochemistry. A detailed discussion on chromite inclusions

and chromitite petrogenesis is reserved for Chapter 6.

3.6.1 Chromitite composition - intrasample variability

Detailed analyses of many chromite grains in one of the chromitite thin sections revealed 7
analyses that were markedly different to the majority of grains in the slide in terms of their
Crit and Mg# values (C462 — Figure 3.12 & 3.24). Chromite grain boundaries were not always
obvious and it was often difficult to distinguish between a fracture boundary, a sintered
boundary, an original grain boundary or an overgrowth boundary. As such ‘grains’ were
defined as chromite regions within the slide which could be bounded on all sides by a clear
visible marker (using a microprobe), preferably another mineral (e.g. a silicate, Figure 3.24C).

These ‘grains’ were usually small (200 — 500 pum).

The different geochemical signatures of the 7 analyses showed a change in the ratios of the
major trivalent cations Cr** and AI**, specifically containing higher Cré# (Figure 3.24A). It may be
suggested that changes in the ratios occurred through the first stages of alteration to
ferritchromit or Cr-magnetite. However, the 7 analyses were all from carefully chosen
unaltered portions of the chromite grains. In addition to this, even if there was sub-surface
alteration the effect on the chromite composition would be very different. For example a
subsurface alteration to “ferritchromit” (as defined by Shen et al., 1988; Mellini et al., 2005)
would have produced a spike in silica due to the interleaving of fine-grained chlorite, whilst
alteration to Cr-magnetite involves a drop in Mg# at approximately constant Cr#, with an
increase in Fe* (Barnes, 2000). If the Cr-magnetite alteration occurs at amphibolite facies
metamorphism then higher Cr## may occur through the selective replacement of Al* by Fe*
(Barnes, 2000). However, the difficulty of explaining why 7 analyses out of 239 were
selectively subject to amphibolite metamorphism and the absence of any increase in the Fe*

content of the 7 analyses makes it very unlikely that metamorphic overprinting is the cause.
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Figure 3.24: Back Scatter Electron Images of chromite grains containing anomalous chromite
compositions. The numbers refer to the Cri# collectedfor that particular point, with red stars referring to
one of the seven anomalous analyses, whilst blue points refer to other analyses collected close by which
show Cri# typical of the 232 remaining analyses. A: Crit - Mg# plot for sample C462 showing the 7
analyses with higher Cr#. B: Grain 2&3, C: Grain 10, D: Grain 20, E: Grain 35, F: Grain 37.
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Alternatively, sub-solidus unmixing may produce large changes in trivalent proportions within
chromite grains due to the separation of two spinel phases (e.g. Tamura and Arai, 2005).
However, there is no visual evidence under microprobe magnification of unmixing. The
remaining explanation is that these 7 analyses contain higher Cr# and lower Mg# because they
crystallized from a melt of different composition to that which crystallized the bulk of the
chromite grains in the polished section. As the main control on the Cr# content of chromite
grains is the Al,O; content of the melt (e.g. Roeder and Reynolds, 1991; Kamenetsky et al.,
2001), this increase in Cr# is most likely to be due to the melt containing lower Al,O; contents.
The associated drop in Mg# is because any changes to the Cr/Al ratio of a melt (essentially any
changes to the Al,O; content of the melt (Maurel and Maurel, 1982; Roeder and Reynolds,
1991; Kamenetsky et al., 2001) will, in addition to any associated changes in the Mg# of the
melt, cause changes in the Mg# of crystallizing chromite due to changes in the Fe-Mg

exchange partition coefficient (e.g. Allan et al., 1988; Naldrett et al., 2009).

A second curious feature of the locations of the 7 anomalous analyses in this sample, is that
they appear to occur within larger chromite grains (Figure 3.24B-F). The other analyses from
these grains are typical of chromite from the rest of the slide. These 7 analyses are scattered
throughout the sample and occur in grains analysed on different days indicating that these
anomalous data are not associated with a particular spatial zone or chronological process
caused by instrumental drift. The different Cr# of the 7 analyses may therefore reflect
chromite grains which initially crystallized from a different meit. Their location ‘buried’ within

larger chromite grains suggests that;

1. An already 'charged' magma carrying earlier xenocrysts of chromite crystallises further
chromite and the dual population is subsequently sintered (or overgrown) to remove
crystal boundaries, or;

2. A previous melt batch deposited higher Cr# chromite. The thin section taken parallel
to the cryptic layering picked up isolated analyses from the chromitite layer below
(e.g. micro-cryptic layering at Voskhod, pers comm. C. Johnson). Sintering (or

overgrowth) has also removed original growth-grain boundaries.

These explanations carry the added implication that chromite grains within ophiolitic settings
may either be amalgams of several much smaller grains, or enlarged through later overgrowth
and that podiform chromitites as a whole may have undergone ‘densification’ producing an

artificially low porosity (e.g. stratiform chromitites (Hulbert and Von Gruenewaldt, 1985)).
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The low proportion of interstitial space within chromitites (~5%) is likely to be partly a product
of overgrowth or sintering for two reasons. Firstly, if the chromite grains were modelled as
spherical objects their rhombohedral packing (the most space efficient packing) would
produce ~26% interstitial space. Chromite grains are not spherical and so interstitial space
would probably be slightly less than 26% under ideal packing scenarios but highly unlikely to
be as low as ~5%. Secondly, the presence of interlocking grains with no interstitial space
strongly suggests overgrowth or sintering has occurred, squeezing out the interstitial space.
Regardless of the exact mechanism the observation that the majority of the analyses lie within
a fixed Cr# range suggests that during the build up of a chromitite deposit the composition of
the melt remains largely constant, and that a chromitite deposit may be built up over
considerable time through the repeated flux of melts of the same composition — each

depositing a small amount of chromite.

From the data acquired it is difficult to definitively say which of the two explanations is most
likely. However the magnitude of the difference between the Cr# of the 7 analyses and the
remaining analyses leads the present author to prefer the first explanation - that of a magma
already charged with chromite xenocrysts which are subsequently sintered (or possibly
overgrown) to remove grain boundaries. If the higher analyses represented a partially exposed
sublayer then that sublayer could be expected to contain a similar geochemical homogeneity
to the layer it underlies — this is not the case. Magma charged with chromite crystals is
geologically reasonable (e.g. numerous examples of phenocryst-bearing lavas and hypabyssal
rocks) and has already been postulated for some stratiform chromitite deposits (e.g. Eales,
2000; Mondal and Mathez, 2007). An additional implication of these findings is that chromite
geochemistry at the core of a grain can survive the processes of sintering or overgrowth at the
edge of a grain. That is to say that the overgrowth or sintering process does not result in
wholescale chemical homogenisation. Indeed, without amphibolite metamorphism (Barnes,
2000), alteration to Cr-magnetite or chromite unmixing (e.g. Loferski and Lipin, 1983; Tamura
and Arai, 2005), the ratios between trivalent cations within unaitered chromite is essentially

fixed after crystallization.
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3.6.2 Chromitite compositional variation with stratigraphic height

The chromitite geochemistry of Al 'Ays displays a strong relationship to stratigraphic height
with both major and trace elements showing clear patterns of change between group 1 and
group 6. In addition there is a strong inverse correlation between Cr# and Mg# within groups
(see groups 2, 3 and 4 in particular, Figure 3.25). This is the same as the pattern observed with
sample C462 (see section 3.6.1) and is thought to result of the changing Mg-Fe exchange
partition coefficient between spinel and melt caused by a change in the Cr/Al ratio of the
spinel (Allan et al. 1988). Geologically speaking this is most likely to be caused by changing the
composition of the primitive upwelling melt, in terms of its Al20 3content, and indicates that

the lowermost stratigraphic groups (2, 3 & 4) most likely had a changing melt composition.
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Figure 3.25: Plot of Cr# - Mg# showing the range of values recorded within stratigraphic groups 2, 3 and

4 at Al ‘Ays.

Stratigraphic group 1 is a single chromitite pod and doesn't display this inverse correlation,
though many of the samples display an inverse trend elongated along the Mg# direction (see
Section 3.4.1 and Figure 3.10). Groups 5 and 6 do not display this trend so strongly and on a
couple of markers are slightly different from the previous groups. For example their average
Cr 3 Al 3and Ga values have stopped changing relative to the previous groups, NiO values
have slightly decreased, MnO values have slightly increased, MgO values are decreasing more

sharply and FeO values are increasing more sharply (Figure 3.15 and 3.17).
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These changes are reflected in the statistical differences beween groups 4 and 5 (Table 3.6) as
well as the changes in the average Cr#t and Mg# of each individual group (Figure 3.26). The
groups show a trend of decreasing average Cr## and Mg# before changing slightly in the
uppermost two groups to decreasing Mg# at constant Cr# (Figure 3.26).

Previous workers have suggested an empirical link between the Al,O; content of the chromite
and that of the parental melt (Maurel and Maurel, 1982; Kamenetsky et al., 2001), Equation
1). Using Group 4 as an example it is possible to investigate how changing the Al,O; content of

the melt affects the Al,O; content of the chromite grains.

In{wt.% Al,O3 in melt) = 0.41322 x In(wt.% Al,O; in chromite) + 1.38529 (1)

The Cr# of the Group 4 chromitites varies from 0.58 to 0.91 and this corresponds to a variation
in Al,O;3 content of 4.39 wt.% to 22.90 wt.%. Using equation (1) this range of Al,O; content in
chromite is equivalent to a variation in the melt Al,O; content of just 7.36 wt.% to 14.57 wt.%.
This means that the inverse correlation between Cr# and Mg#, which is pronounced in several
stratigraphic groups (i.e. groups 2, 3 & 4), may be caused by relatively small variations in the

Al,O; content of the melt.

This may reflect a move from mantle-hosted to crustal-hosted chromitite deposits. This would
explain the changes in MgO and FeO values which would be caused by the bulk crystallization
of olivine (which now forms cumulate dunite surrounding the chromitite pods), lowering the
Mg# of the melt and the subsequent crystallizing chromite. However the changing Cr,0; and
Al,0; behaviour is not predicted by this change, indeed precipitation of olivine from the melt
would slightly raise the Al,O; content of the melt and presumably that of the crystallizing
chromite (Maurel and Maurel, 1982; Roeder and Reynolds, 1991; Kamenetsky et al., 2001)
(See also Figure 6.7B, Chapter 6). However, one change in physical parameters that occurs
when crossing from mantle hosted to crustal hosted chromitites is a decrease in pressure.
Decreasing the pressure would slightly raise the Cr# of crystallizing chromite (Roeder and
Reynolds, 1991). This increase is only slight, being roughly <0.1 Cr# for a change in pressure of
10 kbars (Roeder and Reynolds, 1991). The change in pressure when transitioning from the
mantle to the crust would not be this great, but may be sufficient to raise the Cr# of

chromitite (at least initially) to offset the decrease expected from fractionation processes.
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Figure 3.26: Plot of Crit - Mg# showing the average values for each stratigraphic group within Al ‘Ays.
The numbers beside the points refers to the corresponding stratigraphic group. The error bars represent
plus and minus one standard deviation of the analysed values for that group (cf. Figure 3.16). The
dashed blue lines mark the changing pattern of chromitite geochemistry with stratigraphic height (see

textfor details).

Although, there is considerable compositional overlap between separate groups, which is
reflected in the large error bars, the stepwise decrease in both Mg# and Cr# when moving
from group 1to group 4 is the cumulative product of fractionation (e.g. (Naldrett et al., 2009))
and, to a lesser extent, melt/rock reaction (see Chapter 6). That this trend is observed within
the Al 'Ays ophiolites is not that surprising as a reduction in both Cr# and Mg# is logically very
similar to a reduction in Cr/ Fe2+ (Figure 3.15). The presence of this clear fractionation trend
(Figure 3.26), together with the general gradual change in chromite geochemistry with
proximity to the dunite/pyroxenite boundary (e.g. Cr/ Fe2t, FeD 3 Co, Zn) strongly suggests
that the chromite is fractionating within the mantle of this ophiolite, with more fractionated
chromitites being found closer to the dunite/pyroxenite boundary. That Ti02 does not show
the expected fractionation trend (Figure 3.17) most likely reflects the effect of melt-rock

reaction on the Ti02content of the melt (see Chapter 6, Figure 6.10).
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The presence of these two trends within the Al ‘Ays chromitites (increasing Cr# with
decreasing Mg# and decreasing Cr# with decreasing Mg#) strongly suggests that the
composition of chromite grains within the Al ‘Ays chromitites have been affected by changes

in the degree of partial melting and by fractionation.

3.6.3 PGE concentration models

The generation of economic PGE grades within ophiolites has been noted within several
ophiolites (e.g. Thetford (Corrivaux and Laflamme, 1990), Albania (Ohnenstetter et al., 1999);
New Caledonia (Auge et al., 1998)) and follows two possible models; either cumulus magmatic
sulphide or post-magmatic redistribution. The former of these is favoured in continental
stratiform chromitite deposits (e.g. Merensky reef, SA), but has not received universal
acceptance in ophiolites. Post-magmatic distribution has been observed to be effective in re-
mobilising and concentrating PGE in a variety of deposits including ophiolites (e.g. Shetland),
though within ophiolitic chromitite the scale of re-mobilisation is postulated to only be a few
metres (Prichard et al., 1994).

3.6.3.1 Cumulus magmatic sulphide

In order for cumulus PGE-rich magmatic sulphide to form it is necessary to extract a sulphide
saturated (or near saturated) melt from the mantle during fractional partial melting. Once the
sulphide component of the source region is exhausted any further melting is simply a dilution
of S and PGE. Insufficient melting may leave PGE-rich sulphides in the source region. It is
possible that critical batch melting may produce a PGE-rich melt which is close to sulphur
saturation (Prichard et al., 1996; O'Hara et al., 2001; Prichard et al., 2008).

In order for bulk sulphide liquid to separate from the ascending melt, sulphide saturation must
occur within the melt. In a recent review of sulphide saturation within an ascending melt (Li
and Ripley, 2005) recorded 3 factors that affect sulphur saturation in a silicate magma. These
were; an increase in pressure, a fall in temperature and a change in magma composition
(specifically a drop in Fe, or an increase in SiO,, Na,0 + K;O, or MgO) (O’Neill and Mavrogenes,
2002; Li et al, 2005; see Section 1.6.4).
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In practice this means that in order to attain sulphur saturation the composition of the magma
must change sufficiently to overcome the decrease in pressure that is increasing the sulphur
solubility within the ascending melt. If chromite crystallization occurs through melt/ rock
reaction then two changes in composition occur which may induce sulphur saturation, firstly
there is an increase in SiO, due to dissolution of orthopyroxene and the precipitation of olivine
'Figure 6.7A & 6.8A) and secondly the crystallization of chromite pulls Fe out of the melt. If the
melt is ‘chromite-fractionating' then the repetition of this process may eventually lead to
sulphur saturation. Chromite crystallization may also produce a localized redox gradient
facilitiating highly localized S-saturation and the precipitation of S-bearing PGM within
hromite (Finnigan et al., 2008).

e cumulus magmatic model is closely linked to magmatic differentiation and two
predictions follow from it. Firstly, chromite geochemistry and PGE concentrations should be
inked. Secondly, since chromite geochemistry is linked to stratigraphic height, so too should
the timing of sulphide saturation and associated PGE concentrations. The first prediction
concerns the proposed relationship between chromite geochemistry and PGE concentrations.
if both chromite composition and the timing of sulphide saturation are controlled by
fractionation processes during the ascent of melt through the mantle, then it is plausible that
the geochemistry of the chromite grains may be linked to the timing of sulphide crystallization
land hence PGM concentration). Within Al ‘Ays the PGE-rich chromitites have specific Cr/ Fe?",
Co and Zn compositional ranges (Figure 3.21), which provides further support for the effect of

fractionation on the chromite composition within the mantle sequence of an ophiolite.

It is interesting to note the very specific range occupied by PGE-rich chromitites on the Cr# -
Mg# diagram, together with the distribution of the PGE-rich chromitite deposits (Figure 3.27).
As PGE-rich chromitites contain a narrow range of Cr/Fe’* values, the PGE-rich chromitites
occur across a region with a reciprocal relationship between Cri## and Mg#. However, that this
reciprocal relationship spans most of the Cr# range strongly suggests PGE-rich chromitites may
be derived from a variety of batch melts, of varying partial melting degrees, rather than a
single critical PGE-rich batch melt.

The spread of PGE ratios of the PGE-rich chromitites across the Cr# range suggests that high
PGE ratios (i.e. PGE ratios > 4.00) are primarily located towards the low end of the Cr# range
(Crit < 0.7), whilst the low PGE ratio chromitites are located towards the high end of the Cr#
range (Cr# > 0.7). The one clear exception to this is C51 which is a low PGE-ratio chromitite

jocated towards the low end of the Cr# range (Figure 3.27).
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Figure 3.27: Crt vs Mg# showing the PGE-rich chromitites (red circles) and the PGE-poor (blue
diamonds) chromitites. The x-axis is plotted as Cr/fCr*+A*+Fe3) to facilitate the plotting of accurate
isolinesfor Cr/Fe2" values. Note that the PGE-rich chromitites occur within a specific Cr/Fe2* range. The
two richest chromitite deposits are circled on red. Also marked are the PGE-ratios ((Pt + Pd)/Ir) of the
PGE-rich chromitites. The PGE ratio increases in the direction of the red arrow with one notable

exception (samples C51).

Using the Cr/Fe2*ratio of the chromitites as a proxy for degree of fractionation it is clear that
the different PGE ratios of the PGE-rich chromitites are occurring within a narrow Cr/Fe2+
range (i.e. are equally fractionated), suggesting that the differences in PGE concentration and
ratio are not caused by fractionation. The Cr# range of the PGE-rich chromitites may therefore
be used as a proxy for the degree of partial melting required to produce the chromitite in
question. PGE-rich chromitites with high (Pt+Pd)/Ir are associated with low Cr# suggesting
their association with lower degrees of partial melting producing PPGE-rich sulphide saturated
parent magmas. On the other hand PGE-rich chromitites with low PGE-ratios are associated
with high Cr# suggesting their association with higher degrees of partial melting producing

IPGE-rich sulphide undersaturated parent magmas.
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The one exception to this is C51, which although PPGE enriched (after C559 it contains the
next highest amount of PPGE — 1907 ppb, showing the parent magma was likely to be sulphur
saturated), is far more IPGE enriched (15300 ppb). This level of IPGE enrichment is not
predicted by the model above and furthermore is hard to explain under any model. The
occurrence of the two richest chromitite deposits at a very similar Cr#, suggests that a critical
PGE-rich melt may help to produce very PGE-rich (>4 ppm) chromitite deposits. Nevertheless,
the degree of IPGE enrichment within C51 is still anomalous.

With respect to the second prediction sulphide-bearing chromitites are observed in
abundance within stratigraphic group 4. Below this, groups 1 through to 3 are barren, or
nearly barren of sulphide-bearing chromitites. Above this, group 5 contains fewer sulphide-
bearing chromitites and group 6 is nearly barren (Table 3.1). As PGE concentrations are linked
to sulphide saturation, and sulphide saturation is stratigraphically controlled, so too are PGE

concentrations.

These observations provide strong support for the theory of the formation of a cumulus
sulphide fraction through fractionation as a controlling factor in PGE distribution and
concentration. Furthermore, they reveal the behaviour of several trace elements during
sulphide saturation within an ophiolite sequence. Mn remains predominantly constant
throughout the stratigraphic range in this ophiolite indicating it is neither affected by chromite
crystallization, nor by sulphide saturation. There is a slight rise in average Mn values following
sulphide saturation in group 4, though this is only statistically significant between group 4 and
group 6. Ti values are scattered showing no correlation with stratigraphic height, indicating
either an independence from chromite fractionation and sulphide crystallization or a tendency
for values to be changed through reaction with trapped liquid during solidification (e.g.
Roeder and Campbell, 1985). A further possibility is the effect of melt/rock reaction on the
TiO, content of the melt (see Chapter 6, Figure 6.12). Ni values show peaks in sulphide-bearing
chromitites, but are otherwise fairly stable. This suggests that Ni may be equilibrating locally
between chromite, sulphide and melt. In contrast V, Co and Zn all show fractionation trends,
even after sulphide saturation, suggesting that all three were fractionating with chromite and

were unaffected by sulphide crystallization.
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3.6.3.2 PGE redistribution

An alternative model for PGE concentration focuses on the capability of post magmatic
volatile fluids to remobilise PGE and potentially re-distribute them in locally higher
concentrations. This has been shown to be prevalent within the Cliff chromitite in the
Shetland ophiolite, where magmatic PGE grades of roughly 2-3 ppm total PGE have been re-
mobilised into concentrations of roughly 60 ppm total PGE, though only on a scale of a few

micrometres (e.g. Prichard et al. 1994).

The observations cited above fit very well with the cumulus magmatic sulphide model.
However, there are two incongruous observations which need explaining. The first is that
there are several sulphide-bearing chromitites which are not rich in PGE. This is readily
explained by the nature of PGE extraction during sulphide saturation — namely that initial
sulphide saturation will extract all the PGE from the melt, meaning any subsequent sulphide
saturation events with be PGE-barren. Alternatively, the particular batch melt from the source
region was not sufficient to extract the PGE and later sulphide saturation occurred in a melt

that was effectively barren of PGE.

The second is that several of the PGE-rich chromitites do not contain high sulphide
percentages (Table 3.1). This is especially true of the two richest chromitites, C559 and C51
(10 ppm and 17 ppm of PGE respectively). C559 contains a comparable amount of sulphides to
several other chromitites but C51 is almost barren. Apart from these two chromitites the

highest concentrations observed are ~3 ppm total PGE (C498).

Low sulphide, PGE-rich chromitites could be explained by the mobility of sulphur during
alteration. Investigation of the sulphide and base-metal alloy inventory of the Al ‘Ays
chromitites reveal that C559 and C51 are unusual in containing abundant proportions of the
mineral awaruite (FeNi;), which is only present in very minor concentration elsewhere, if at all,
within the ophiolitic chromitite. The formation of awaruite is intimately linked to
serpentinising reactions involving highly reducing fluids (Eckstrand, 1975; Filippidis, 1985).
Although awaruite has been found to contain PGE in other tectonic settings (Auge et al., 1999)
it is highly unlikely that the formation of awaruite was linked to the re-mobilisation of PGE
into the chromitite deposit as one would need highly oxidised acid fluids for PGE re-
mobilisation (e.g. Farrow and Watkinson, 1992) and serpentinising fluids are the exact

converse of that.
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Indeed analysis for the awaruite revealed no PGE concentrations above that of the gas-blank
concentration (lain Mcdonald, pers. comm.). It is possible that the formation of awaruite has
stripped the chromitite deposit of PGE concentrations but since these two samples are the
richest in terms of their PGE inventory (10 & 17 ppm), this would seem very unlikely. It thus
appears probable that PGE redistribution did not play a part in the formation of the very PGE-
rich chromitites within Al ‘Ays.

3.7 Summary

The data set presented in this chapter provides evidence for the proposal of a petrogenetic
model for the formation of chromitites with high PGE concentrations. Chromite composition is
effected by two main processes, namely, varying the degree of partial melting of the source
region and orthomagmatic fractionation processes (the effect of melt/rock reaction is

discussed further in Chapter 6).

Several upwelling batch melts, with varying degrees of partial melting of the source region,
ascend (at different times) through the upper mantle depositing chromite as early
segregations from the magma. Within a single upwelling batch melt, initiation of chromite
crystallization may occur through melt/ rock reaction (see Chapter 6 for full discussion). After
chromite crystallization the melt continues to ascend through the upper mantle, possibly
crystallizing more fractionated chromite higher up in the sequence, producing the observed
fractionation of chromite composition with stratigraphic height. The repeated flux of batch
melts through the same initial crystallization sites eventually crystallises enough chromite to
produce a chromitite deposit. The variations in major and trace elements (Cr/ Fe, Cr#, Fe,0,,
Co and Zn) provide strong support for the fractionation of chromite within the mantle, as all

show fractionation patterns with changes in stratigraphic height.

PGE-rich chromitites may be derived from melts with different partial melting percentages but
require sulphur saturation to occur through the repeated addition of SiO, to, and removal of
Fe from, the melt. This is achieved through melt/rock reaction and chromite crystallization
and produces a stratigraphic control on the timing of sulphur saturation and PGE
concentration. Very PGE-rich chromitite deposits occur if batch melting occurs at the critical
stage of partial melting (Cr## ~ 0.60). This study has provided evidence that high-PGE

concentrations may be linked to a particular chromite composition within an ophiolite.
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Chapter 4

The Shetland Ophiolite, Shetlands

Implications for PGE concentration and chromite petrogenesis from

chromitite pod heterogeneity
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4 The Shetland Ophiolite

4.1 Chromitite samples

The Shetland ophiolite is located on the two most north-eastern islands of the Shetland
islands (Unst and Fetlar). From bottom to top, the ophiolite consists of the mantle sequence,
composed of harzburgite within which are dunite pods and dykes. This is overlain by crustal
dunites, wehrlites, pyroxenites and gabbros. The uppermost units consist of the base of the
sheeted dyke complex (Prichard, 1985). The mantle harzburgite and crustal dunites host
numerous small podiform chromitite deposits, which have since been mined-out leaving spoil

tips and empty quarry sites (Prichard and Neary, 1981, 1982), now mostly filled with water.

The first PGE to be discovered in Shetland were in a chromite concentrate taken from a
crushing mill (Hitchen, 1929). Subsequently, |PGE-bearing PGM were located in chromitite
samples (Prichard et a/., 1981) and Pt- and Pd-bearing PGM were later found to occur in a
number of chromitite samples from the mantle and lower crustal sequence (Prichard et al.,
1986; Prichard and Tarkian, 1988). Prior to mining, two localities within the mantle sequence
contained extremely anomalous concentrations of PGE with PPGE dominant at Cliff and IPGE
enriched relative to PPGE at Harold’s Grave (Prichard and Tarkian, 1988).

The distribution of the PGE in the Shetland ophiolite on Shetland has been studied extensively
(Neary et al., 1984; Leake and Gunn, 1985; Prichard and Tarkian, 1988; Lord et al., 1994; Lord
and Prichard, 1997). However, the distribution of PGE and variation of chromite composition
within each chromitite pod has not been evaluated. Sampling was undertaken to determine
the variation of chromite chemistry within a pod, if any, and to try to establish a link between

IPGE and PPGE concentrations and chromite composition.

Within the mantle sequence, the two PGE-rich localities (Cliff and Harold’s Grave) along with
PGE-poor localities of Quoys, Nikkavord East and Nikkavord South were investigated (Figure
4.1). For the crustal sequence it seems likely that there may have been significant cross-
contamination since during the mining phase the ‘donkey trail’ used to transport the
chromitite ore to the crushing mill ran through this sequence (Figure 4.1). The ‘donkey trail’
ran to the mill site which was located next to the Hagdale chromitite deposit. Hagdale was the
largest chromitite deposit on Shetland reaching up to 50 m in length. Keen of Hamar and Long
Quarry spoil tips were both chosen as being relatively isolated from the ‘donkey trail’ and not

likely to be contaminated with chromitites from another pod.
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Figure 4.1: The region of Baltasound, around the northern edge of the ophiolite outcrop, showing the
studied chromitite pods (red), along with the old 'donkey traiT and other chromitite quarries (grey). Map
adaptedfrom (Gass et al. 1982; Lord, 1991).

4.1.1 CIiff

The CIiff locality consists of a group of disused and excavated chromite quarries located just to
the east of the basal thrust (Figure 4.1) within the mantle sequence. Analyses of chromitites
from the spoil tips surrounding these disused quarries were found to contain high
concentrations of PGE (Prichard and Tarkian, 1988). Five separate chromitite outcrops,
arranged in an en-echelon pattern, are oriented in a NE-SW direction (Figure 4.2). Each pod is
roughly 5-10 m long and encapsulated within a dunite envelope. The proximity to the basal
thrust has resulted in significant fault disruption and hydrothermal infiltration probably
causing the re-distribution of PGE into concentrated zones around the edges of the chromitite
pods. This redistribution has likely caused the exceptionally high PGE concentrations observed

at this locality (Prichard and Lord, 1993; Lord etal., 1994).
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Figure 4.2: Photograph and plan view of the Cliff disused quarry site. Map adapted from (Gass et al.
1982).

4.1.2 Harold’s Grave

Harold's Grave is a disused quarry within the mantle sequence located approximately 500 m
north of the harzburgite/crustal dunite boundary (Moho) (Figure 4.3). There are three quarry
pools. Two are about 2 m long and the third is up to 20 m long. Analyses of chromitite taken
from around these pools revealed unusually high concentrations of IPGE (Os, Ir & Ru)
(Prichard et al., 1986). The chromitite pod itself lies within an unusually large ENE trending
dunite envelope, which is continuous over roughly 200m (Lord, 1991). There is no fault
disruption of the chromitite pods, though the dunite envelope is truncated 40m to the east by

a NNW trending vertical shear zone (Lord, 1991).
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Figure 4.3: Photograph and plan view of the Harold's Grave disused quarry site. Map adapted from
(Gass etal. 1982)
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41.3 Quoys

Quoys is the northernmost chromite quarry and one of the largest (quarry pool = ~800m2
Figure 4.4) after the Hagdale deposit (quarry pool = ~2500 m2). Approximately 500 metres to
the north-west of the Quoys quarry there is also a large disused talc quarry indicating fault
disruption and hydrothermal transformation occurred locally. This transformation is likely to
be related to the close proximity of the basal thrust which runs approximately 200m to the
north-west of the Talc Quarry. Quoys chromitite pod is oriented in an ENE-WSW direction, and

has either avery thin (~<1 m), fragmentary or non-existent dunite envelope.
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Figure 4.4: Photograph of the talc quarry and plan overview of the Quoys chromite quarry. Map
adaptedfrom (Gass et al. 1982)

4.1.4 Nikkavord East and Nikkavord South

Nikkavord East is a small disused chromitite quarry located within the harzburgite sequence.
Aside from the quarry pool, there is no immediate surface exposure (Figure 4.5). The quarry
pool is roughly 10 m in diameter, which gives an indication of the original size of this
chromitite pod. There is also a small exploration trench within which no chromite was found.
Nikkavord South is one of the larger disused quarries within the mantle sequence. It is
elongate in a roughly east-west direction with only a thin dunite envelope (Figure 4.6). The
present surface expression of the quarry consists of two separate pools, one approximately 20

m in diameter and one approximately 30 m in diameter.
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Figure 4.5: Photograph and plan overview of the Nikkavord East quarry. Map adaptedfrom (Gass et al.
1982).

1Dunite
1Harzburgite
Quarry Pool
& Spoil Tip
A Quarry Wall 10

Figure 4.6: Photograph and plan overview of the Nikkavord South quarry. Map adaptedfrom (Gass et al.
1982).

4.1.5 Keen of Hamar and Long Quarry

Keen of Hamar and Long Quarry are two chromitite outcrops which are found within the
crustal sequence of the ophiolite (Figure 4.1). Keen of Hamar is located to the east of the
original milling site, whilst Long quarry is located adjacent to the Moho, slightly north (~250
m) of the old 'donkey trail'. Keen of Hamar was a small deposit located exclusively within
dunite. It is now represented by three separate pools, approximately 5 m in diameter with no

discernible elongation (Figure 4.7).
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Figure 4.7: Photograph and plan view of the Keen of Hamar deposit Map adapted from (Gass et al.
1982).

Long Quarry is located adjacent to the Moho. It's located within the dunite of the cumulate
crustal sequence but with the extensive mantle harzburgite occurring a few metres to the
north west. The pod is oriented east-west, with the quarry pool approximately 30 m long

(Figure 4.8).
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Figure 4.8: Photograph and plan view of the Long Quarry deposit. Map adaptedfrom (Gass et al. 1982).
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4.2 Chromitite Petrography

Chromite grains vary in size from a millimetre to a centimetre. It is an opaque mineral with no
visible zonation, appearing as a dark ruby-red colour in plane-polarised light when viewed
under an optical microscope. The petrography of the Shetland chromitites varies in terms of
chromite grain size, the modal percentage of chromite (see Appendix 1), the presence of
sulphides, the type and development of inclusions, the degree of alteration and the degree of

fracturing.

4.2.1 Sulphide content of chromitite bodies

The sulphide content of the Shetland chromitites is generally low, but occasionally up to 1-2
wt% sulphide can be observed using a microscope (e.g. within samples from Cliff). Base-metal
sulphides are found within chromitites throughout the mantle and crustal sequence, with
large variability being observed both within, and between chromitite deposits. Although there
is variability in sulphide content within a chromitite pod (Table 4.1), the chromitites at Cliff still
contain the highest concentrations of those chromitites investigated during this study. The
dominant sulphides are millerite and heazlewoodite (Figure 4.9A), but pentlandite, and

chalcocite have also been observed (cf. (Prichard et al., 1994)).

The other base-metal minerals observed within this study are, breithauptite (NiSb, only at
Cliff), orcelite (Nis ,As,; Figure 4.9B), maucherite (Ni,;Asg; Figure 4.9C), awaruite (NisFe: Figure
4.9D), and native base metal copper, as well as numerous base-metal oxides (see Appendix 7
for analyses). In contrast to the Al'Ays ophiolite, awaruite within the Shetland ophiolite is
found in close association with pentlandite (Figure 4.9D). Awaruite was only observed in one
sample (NB2b) from within the cumulate sequence with no instance recorded within the
mantle chromitites, whether PGE-rich or PGE-poor. There is no relationship between

chromitite sulphide content and the degree of alteration or inclusion content (Table 4.1A - C).
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Table 4.1a: Summary Table showing the variation of sulphide content, degree of alteration, and type of
inclusion pattern observed within the PGE-rich chromitite deposits of the Shetland mantle sequence.
‘Linear’ inclusion patterns refer to linear inclusion trails through the chromite grains, whilst ‘cluster
inclusion patters refer to the presence of occasional chromite grains with an unusual abundance of
randomly oriented inclusions. For sulphide/ base-metal alloys (BMS) a ‘moderate’ content refers to ~1
wt%, ‘minor’ refers to <0.5 wt% and ‘negligible’ means sulphides were either unobserved, or only a few
very small grains were seen. For alteration, ‘pervasive’ is >90% alteration, ‘major’ > 70-90% alteration,
‘moderate’ 30-70%, ‘minor’ 10-30%, and negligible is <10% alteration. Where present, the abundance of
each inclusion pattern is ‘moderate’ unless otherwise stated. For the inclusion patterns, a ‘major
content refers to the presence of inclusion patterns throughout >50% of the grains, ‘moderate’ - the
presence of inclusion patterns in 20 — 50% of the slide, ‘minor’ - inclusion patterns within <10% of the
slide and ‘negligible’ refers to the absence of definitive inclusion patterns.

Sample # Pod Sulph./ BMA Alteration Inclusion Patterns
CF1 Cliff Negligible Moderate Linear
CF10 Cliff Moderate Minor Linear
CF11 Cliff Negligible Major Linear {(Minor)
CF12 Cliff Minor Moderate Negligible
CF13 Cliff Negligible Major Linear
CF14 Cliff Negligible Minor Negligible
CF15 Cliff Moderate Major Linear (Minor)
CF16 Cliff Negligible Minor Negligible
CF17 Cliff Negligible Negligible Negligible
CF18 Cliff Negligible Minor Negligible
CF2 Cliff Moderate Moderate Linear

CF3 Cliff Moderate Moderate Linear

CF4 Cliff Negligible Moderate Linear

CF5 Cliff Minor Moderate Linear

CF6 Cliff Moderate Major Negligible

CF8 Cliff Minor Major Linear (Minor)

CF9 Cliff Moderate Minor Linear

Q1 pod H. Grave Negligible Minor Negligible
Q2 pod H. Grave Negligible Moderate Negligible
Q3pod1 H. Grave Negligible Minor Negligible
QX13 pod H. Grave Negligible Moderate Negligible
Q3PX pod H. Grave Minor Major Inclusion rich
HG11 H. Grave Minor Major Inclusion rich
HGS H. Grave Negligible Minor ~ Negligible
HG7 H. Grave Minor Major Linear (Minor)

HG1 H. Grave Minor Moderate Negligible
HGS8 H. Grave Minor Moderate Linear (Minor)
HGS H. Grave Negligible Major Linear {Minor)

HG4 H. Grave Minor Minor Negligible
HG6 H. Grave Minor Minor Linear (negligible)
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Table 4.1b: Summary Table of the variation of sulphide content, degree of ferritchromit alteration, and
type of inclusion pattern observed within the PGE-poor chromitite deposits of the Shetland mantle
sequence. Key is as for Table 4.1a.

Sample # Pod Sulph./ BMA Ferritchromit Indusion Patterns
Qyi Quoys Minor Major Linear (Minor)
Qy2 Quoys Negligible Moderate Negligible
Qys Quoys Minor Moderate Linear (Minor)
Qyé6 Quoys Negligible Moderate Linear (Minor)
Qys Quoys Negligible Major Negligible
Qy9 Quoys Negligible Moderate Negligible

QY10 Quoys Minor Minor Linear (Minor)
NKE-1 Nkrd. East Minor Moderate Negligible
NKE-2 Nkrd. East Negligible Moderate Linear (Minor)
NKE-3 Nkrd. East Negligible Moderate Linear (Minor)
NKE-4 Nkrd. East Moderate Major Linear (Minor)
NKE-5 Nkrd. East Negligible Moderate Linear
NKE-6 Nkrd. East Negligible Minor Linear (Minor)
NKE-7 Nkrd. East Negligible Moderate Negligible
NKS-1 Nkrd. South Moderate Minor Linear
NKS-2 Nkrd. South Negligible Moderate Negligible
NKS-3 Nkrd. South Minor Moderate Linear
NKS4 Nkrd. South Minor Moderate Negligible
NKS-5 Nkrd. South Negligible Pervasive Negligible
NKS-6 Nkrd. South Minor Major Linear (Minor)

Table 4.1c: Summary Table of the variation of sulphide content, degree of ferritchromit alteration, and
type of inclusion pattern observed within the PGE-poor chromitite deposits of the Shetland crustal
sequence. Key is as for Table 4.1a.

Sample # Pod Sulph./ BMA Ferritchromit indusion Patterns
KH1 K. of Hamar Negligible Major Negligible
KH2 K. of Hamar Minor Major Negligible
RLMOS51 K. of Hamar Minor Minor Linear
RLMOS3 K. of Hamar Minor Moderate Linear (Major)
RLMOS8 K. of Hamar Minor Pervasive Linear
La1 Long Quarry Moderate Moderate Linear
LQ2 Long Quarry Moderate Minor Linear
LQ3 Long Quarry Moderate Moderate Negligible

114



Figure 4.9: Back scatter images of base-metal sulphides observed within Shetland chromitites. A:
Millerite (lighter) and heazlewoodite (darker) in solid solution (sample LQ3), scale bar represents 50 pm.
B Orcelite (brighter) and heazlewoodite (darker) in close association (sample CF3), scale bar represents
100 pm. C: Maucherite grain (sample QY1), scale bar represents 40 pm. D: Pentlandite grain (darker),

altering to awaruite (lighter) (sample NB2b), scale bar represents 40 pm.

4.2.2 Inclusion patterns

Silicate inclusions in chromite grains within the chromitites are a common feature. Generally
they are filled with low temperature silicates (e.g. chlorite) and randomly oriented with no
particular clustering or spatial pattern (Figure 4.10A). Occasionally inclusions are arranged in
patterns which themselves can be split into two sub-groups; clusters and linear trails.
Inclusion clusters are located in the centre of a grain. A grain with an inclusion cluster is
commonly juxtaposed with relatively inclusion free grains. Trails of linear inclusions cut
through a chromite grain (Figure 4.10B) (Table 4.1). Grains containing either inclusion type in a
thin section are anomalous in the sense that other chromite grains within the same slide don't

contain similar inclusion patterns.
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4.2.2.1 Inclusion clusters

There are a few chromitite samples which are unusually rich in inclusions (e.g. Q3PX and
HG11). In these the majority of the chromite grains contain abundant inclusions (Figure 4.10A)
but these are generally interconnected and merging into one another suggesting that they
represent interstitial space between partially sintered grains or that the chromite grains have
begun to partially dissolve during later magmatic processes. Inclusion clusters of the form
observed within Al'Ays (see Section 3.3.2.1) have not been observed within the Shetland

chromitites.

Figure 4.10: Distribution of inclusions within the chromite grains, images A, B and D are reflected light
images whilst image C is a back scatter image. A: Clustered inclusions within chromite grain, all filled
with chromian chlorite (Q3PX). Scale bar represents 2 mm. B: Several parallel linear inclusion trails, all
empty with poorly defined shapes and outlines. Scale bar represents 1 mm. C: An empty inclusion from
within an empty linear inclusion trail (RLM053). Scale bar represents 10 /jm. D: Several base-metal
sulphidefilled linear inclusions within a chromite grain (CF3). Scale bar represents 2 mm.
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4.2.2.2 Linear trails of inclusions

For the linear trails of inclusions, the inclusions are usually equidimensional but arranged
along a linear trail. They are usually empty (Figure 4.10C) or occasionally filled with base metal
sulphides (Figure 4.10D). Empty inclusion patterns occasionally show a well developed internal
cubic structure (Figure 4.10C), but are often irregular in shape and outline. The predominance
of empty inclusions may be due to plucking during the polishing procedure, although no
remnants of a mineral fill have been observed. Alternatively they may have been filled with
volatiles that subsequently escaped. Base metal sulphides included within the chromite grain
may be iron, iron-nickel, copper or copper-iron bearing. In comparison to the Al’'Ays ophiolite,
sulphide-filled linear inclusion trails are far more prevalent but well formed cubic shaped

empty inclusions are rarer in Shetland.

4.2.3 Ferritchromit alteration

In a similar manner to the Al'Ays chromitites, alteration within the Shetland chromitite
samples can be considered uniformly pervasive for the interstitial silicates but highly variable
for the chromite grains (Table 4.1; Figure 4.8). Interstitial silicates, which were probably olivine
grains, are now predominantly serpentine, with occasional talc (or possibly brucite) veins and
Cr-chlorite (usually as overgrowths around chromite grains). Cross-cutting quartz veins have
been observed, and carbonate replacement of the interstitial silicates is occasionally

pervasive.

Cr-magnetite and ferritchromit are common throughout the Shetland chromitites and their
collective presence within a chromitite can range from negligible (e.g. Figure 4.11A) to
pervasive (e.g. Figure 4.11B). The degree of chromite alteration varies both within a chromitite
deposit (e.g. Cliff and Harold’s Grave — Table 4.1), and between chromitite deposits. No
obvious spatial pattern was observed to the chromite alteration between the analysed
chromitite pods (Table 4.1). Even when the alteration of chromite is pervasive there are still

analysable chromite cores from which geochemical data can be recorded.
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Figure 4.11: Back scatter images of chromite alteration within the Shetland ophiolite. A: Minor chromite
alteration associated with veins and cracks (sample CF4), scale bar represents 100 jim. B: Major to
pervasive chromite alteration with a relativelyfresh core in the centre of the FOV (sample RLM053). The
alteration in RLMO053 is likely to be a fine inter-leaving of Cr-magnetite and chlorite as the back scatter
brightness varies from black (probably chlorite) to light grey (probably Cr-magnetite), scale bar
represents 1 mm.

4.2.4 Exsolution lamellae

An interesting feature of one of the Shetland chromitites is the presence of what appears to
be exsolution lamellae within a few of the chromite grains (Figure 4.12). All the observed
exsolution Ilamellae in the Shetland chromitites appear to contain Cr-chlorite, a low
temperature alteration silicate. This is an uncommon feature of the Shetland chromitites,
being observed only within one sample, and only a few grains within that sample. In contrast,
it is prominent within the Berit chromitites so a full discussion of the textures, associated
compositions, and possible mechanisms is reserved for the following chapter (see Section

5.2.2.2 and 5.6.2).
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Figure 4.12: Photomicrograph of exsolution lamellae within chromite grains (CF6). Scale bar represents
2mm.

4.2.5 Chromitite: brittle deformation

Internal micro-faulting within the Shetland chromitite deposits causes a similar variety of
features to the Al'Ays ophiolite. Fracturing varies from minor pull-apart features through to
mylonisation. Pull-apart features are common throughout all the chromitites (Figure 4.13A)
but are particularly well developed in the more disseminated chromitites where the softer
interstitial silicates appear to take the brunt of the deformation. Randomly oriented
microfracturing (brecciation) is also common and displayed to varying degrees throughout all
the chromitite deposits (e.g. Figure 4.13B). Occasionally, the chromitites display parallel
microfaults or even 'hairline' mylonisation which is the localisation of intense deformation
along thin zones through the chromitite. In contrast to the Al'Ays ophiolite there is much less

mylonisation, or 'hairline' mylonisation present within these Shetland chromitites.
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Figure 4.13: Back Scatter Images of brittle deformation within the Shetland chromitites. A: Pull-apart
features within chromite grains (sample CF2). Scale bar represents 3 mm. B: Brecciation increasing in
intensity from the top to the bottom of the FOV (HG11). Scale bar represents 2 mm. The resultant
brecciated vein is partiallyfilled with calcite (between the dashed white lines).

4.3 Silicate petrography

As well as looking at the podiform chromitite deposits, an investigation was undertaken into
the surrounding dunite sheaths of Cliff, Quoys and Harold's Grave, as well as dunite samples
from the cumulate sequence and harzburgite samples gathered from locations spread around
the ophiolite (Figure 4.14). Silicate samples were sourced from collections housed in Cardiff

University.

4.3.1 Samples

In total, 19 dunite samples were studied from the dunite sheaths surrounding CIiff, Harold's
Grave and Quoys chromitite deposits in the mantle sequence, and from North of Baltasound,
Long Quarry and Keen of Hamar chromitite deposits in the crustal sequence. Petrographically
they are all very altered with most of the olivine replaced by serpentine, chlorite, and
probably talc (Figure 4.15). Nevertheless there were 15 samples with analysable olivine and
chromite grains. In total, 10 harzburgite samples were studied from various localities including
Cliff, Quoys, Nikkavord South, Clibberswick North, Clibberswick South, Mid Fetlar, Vord Hill
Fetlar, South of Crussa Field and Taing NU (Figure 4.14). Of the 10 samples only 6 contained

analysable olivine and chromite.
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Figure 4.14: Geological map of the Shetland ophiolite as it outcrops over the islands of Unst and Fetlar
(BGS, 2002), showing the main dunite and harzburgite samples which were analysed. The localities are
underlined with the sample numbers detailed within the brackets. Emboldened samples contained
analysable chromite and olivine, whilst italicized samples contained no analysable chromite and olivine.
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Figure 4.15: Photomicrographs of silicates within the Shetland ophiolite. A: Dunite from Harold's Grave.
Unaltered olivine is displaying 2nc Order interference colours in orange, purple and blue. Interspersed
between these olivinefragments the mineralogy is predominantly serpentine. Scale bar represents 2 mm
B: Harzburgite from near Nikkavord with a probable talc vein cutting a pseudomorphic olivine grain.
Serpentine and magnetite make up the remainder of the interstitial minerals. Scale bar represents 2

mm.

Silicate samples were analysed to provide additional information on the tectonic setting of the
ophiolite and the possible role of melt-rock reaction on the petrogenesis of the ophiolitic

chromitite (see Sections 4.4.5 & 4.4.6).

4.4 Anoverview of Shetland chromitite geochemistry

Fifty six chromitites from the Shetland ophiolite were analysed for Cr, Fetot, Mg and Al. The
major element geochemistry of the Shetland chromitites analysed in this study, lies in the
fields that define ophiolitic chromitite (Figure 4.16 A-D; Table 4.2). For the Shetland
chromitites Cr# varies from 0.52 to 0.78 and Mg# varies from 0.47 to 0.74 (Table 4.2). As can
be seen from Figures 4.16A & C there is a minor enrichment in Fe2# values beyond the
expected podiform chromitite field. The samples with slightly enriched Fe2# values are all
from the spoil tip at Harold's Grave. In contrast to this the Fe3# of the chromitites all lie

within the lower half of the ophiolite field (Figure 4.16B).
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Figure 4.16: Discrimination diagrams for ophiolitic versus stratiform chromitites (After Roeder and
Barnes, 2001). The defined fields represent 90% of their analysed chromite compositions. Chromitites
from Shetland are plotted on 4 major elements plots and clearly fall in the ophiolite fields. A: Crtt vs.
fe2*#. B: TiO 2vs. Fe3#, C: Fe3‘# vs. FeZ'#, D: Ternary plot of Cr3*-Al3*-Fe3*.
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Table 4.2a: Major element chromite data from the chromitite localities in the mantle sequence. All oxide
values are wt%. Totals include the trace element data from table 4.3.

Sample# | Llocality | Cr#t | Mg# | Fe# | Cr/Fe” | ALO, | Cr;0; | FeO | MgO | Fe,0; | Total
CF1 ciff | 0.65 | 0.71 | 0.29 4251 18.11 | 51.13 | 1137 | 15.44 4.10 | 100.83
CF10 cliff | 0.65 | 0.72 | 0.28 442 | 18.22 | 50.28 | 10.75 | 15.54 4.06 99.45
CF11 Cliff | 0.63 0.70 | 0.30 411 | 1947 | 50.26 | 1156 | 15.18 2.70 99.81
CF12 cliff | 0.62 0.71 | 0.29 3.97 | 20.22 | 48.31 | 1150 | 15.53 4.34 | 100.54
CF13 cliff | 0.62 0.71 ] 0.29 398 | 19.69 | 4799 | 11.41 | 1531 450 99.55
CF14 cliff | 0.70 | 0.67 | 0.33 406 | 15.21 | 53.39 | 12.44 | 14.08 3.63 99.36
CF15 Cliff | 0.63 | 0.67 | 0.33 362 | 19.15 | 48.63 | 1268 | 14.50 431 99.92
CF16 cliff | 0.70 | 0.68 | 0.32 4.20 | 15.85 | 53.96 | 12.15 | 14.44 2.63 99.61
CF17 Cliff | 0.65 0.70 | 0.30 413 | 1784 | 50.38 | 1152 | 15.10 4.26 99.75
CF18 Cliff | 0.66 | 0.74 | 0.26 481 | 1753 | 50.37 9.90 | 16.06 5.06 99.62
CF2 Cliff | 0.61 | 0.73 | 0.27 422 | 2036 | 48.00 | 10.76 | 16.03 4.66 | 100.42
CF3 Cliff | 0.62 0.69 | 0.31 381 | 1996 | 48.01 | 1191 | 15.15 457 | 100.29
CF4 Cliff | 0.65 0.70 | 0.30 4.04 | 18.18 | 50.24 | 11.76 | 15.05 4.21 | 100.11
CFS diff | 0.66 0.71 { 0.29 436 | 1768 | 50.75 | 11.00 | 15.46 4.35 99.91
CF6 Cliff | 0.62 0.65 | 0.35 3.36 | 20.09 | 48.00 | 1351 | 14.24 458 | 101.21
CF8 diff | 0.65 0.71 | 0.29 432 | 18.10 | 5091 | 11.14 | 15.46 3.84 | 100.12
CF9 Cliff | 0.78 | 0.64 | 0.36 418 | 11.26 | 58.20 | 13.15 | 13.32 3.41 99.99
Q3a H.Grave | 0.72 0.47 | 0.53 261 | 1422 | 53.60 | 19.24 9.76 2.47 | 100.19
Ql H.Grave | 0.65 | 057 | 0.43 289 | 18.10 | 49.91 | 16.32 | 12.10 2.81 99.99
Q2 H.Grave | 0.69 | 0.51 | 0.49 2.72 | 15.46 | 52.11 | 18.09 | 10.71 3.26 | 100.45
Q3b H.Grave | 0.72 | 0.52 | 0.48 287 | 1391 | 53.86 | 17.73 | 10.78 2.95 | 100.06
Qax13 H.Grave | 0.59 | 057 | 0.43 261 | 20.87 | 45.46 | 16.47 | 12.46 4.27 | 100.48
Q3PX H.Grave | 0.68 | 0.55 | 0.45 290 | 1630 | 52.01 | 16.97 | 11.59 2.86 | 100.50
HG11 H.Grave | 0.64 0.59 | 0.41 296 | 1884 | 49.25 | 15.71 | 12.69 3.20 | 100.54
HGS H.Grave | 0.58 | 0.61 | 0.39 287 | 2238 | 46.24 | 15.24 | 13.38 2.47 | 100.52
HG7 H.Grave | 0.58 | 0.64 | 0.36 3.08 | 2268 | 46.21 | 14.19 | 14.07 2.82 | 100.71
HG1 H.Grave | 0.62 | 0.58 | 0.42 287 | 1953 | 48.1S | 1586 | 12.46 3.41 | 100.22
HGS8 H.Grave | 0.64 | 057 | 0.43 286 | 1864 | 49.09 | 16.23 | 12.29 3.41 | 100.45
HG9 H.Grave | 0.61 059 | 0.41 2.85 | 20.00 | 4739 | 15.71 | 12.78 3.46 | 100.20
HG4 H.Grave | 0.61 0.61 | 0.39 303 | 21.00 | 48.17 | 1505 | 13.28 2.67 | 100.92
HG6 H.Grave | 0.70 | 0.56 | 0.44 3.06 | 1506 | 5292 | 16.33 | 11.62 3.16 99.85
Qyl Quoys | 0.72 0.66 | 0.34 408 | 1429 | 5591 | 1295 | 13.88 2.53 | 100.14
Qy2 Quoys | 0.70 | 0.65 | 0.35 3.82 | 1535 | 54.31 | 13.43 | 13.77 3.16 { 100.67
Qys Quoys | 0.70 | 0.67 | 0.33 4.07 | 1559 | 55.09 | 12.81 | 14.30 290 | 101.29
Qye Quoys | 0.70 | 0.70 | 0.30 448 | 15.87 | 55.06 | 11.61 | 14.94 2.18 | 100.21
Qys Quoys | 0.69 | 0.69 | 0.31 424 | 16.62 | 54.12 | 12.05 | 14.74 2.36 | 100.43
Qys Quoys | 0.71 0.66 | 0.34 410 | 15.14 | 55.68 | 12.83 | 14.03 1.99 | 100.18
QY10 Quoys | 0.73 | 0.68 | 0.32 443 | 1404 | 56.56 | 12.06 | 14.64 3.17 | 101.10
NKE-1 Nkvd East | 0.52 | 0.70 | 0.30 3.35 | 26.44 | 4265 | 1202 | 15.71 2.20 99.75
NKE-2 Nkvd East | 0.53 | 0.70 | 0.30 341 | 2508 | 42.79 | 11.88 | 15.49 3.39 99.29
NKE-3 Nkvd East | 0.53 0.69 | 0.31 3.26 | 25.76 | 42.56 | 12.33 | 15.42 3.25 | 100.00
NKE-4 Nkvd East | 0.57 | 0.68 | 0.32 341 | 2367 | 46.04 | 12,78 | 15.12 2.48 | 100.80
NKE-S Nkvd East | 0.52 | 0.70 | 0.30 3.36 | 26.45 | 42.81 | 12.05 { 15.83 2.77 | 100.63
NKE-6 Nkvd East | 0.53 0.72 { 0.28 355 ]| 25.58 | 42.58 | 11.34 | 16.04 3.66 99.90
NKE-7 Nkvd East | 0.52 | 0.72 | 0.28 3.56 | 26.02 | 42.52 | 11.28 | 16.21 3.39 | 100.17
NKS-1 Nkvd South | 0.57 | 0.70 | 0.30 3.65 ] 23.51 | 45.85 | 11.89 | 15.38 2.37 99.70
NKS-2 Nkvd South | 0.55 | 0.69 | 0.31 3.45 | 24.71 | 4477 | 12.28 | 15.44 2.46 | 100.39
NKS-3 Nkvd South { 0.56 | 0.71 | 0.29 3.67 | 24.22 | 45.50 | 11.73 | 15.75 2.77 | 100.63
NKS-4 Nkvd South | 0.61 0.67 | 0.33 3.59 | 2059 | 48.59 | 12.78 | 14.46 2.40 99.48
NKS-5 Nkvd South | 0.56 0.68 | 0.32 3.48 | 2445 | 46.19 | 1255 | 1531 1.66 | 100.78
NKS-6 Nkvd South | 0.60 | 0.65 | 0.35 334 | 2152 | 4751 | 1345 | 14.23 249 99.82
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Table 4.2b: Major element chromite data from the chromitite localities in the crustal sequence.

Sample#t | Locality | Cr# | Mg# | Fe#t | Cr/Fe” | ALO; | Cr,0, | FeO | MgO | Fe,0, | Total
KH1 | K. Hamar | 0.56 0.69 0.31 3.35 23.10 4343 1226 | 15.11 4.85 9944

KH2 | K. Hamar | 0.56 069 | 031 3.40 23.26 43.54 | 1212 | 15.27 486 | 99.74
RLMOS53 | K. Hamar | 0.62 0.66 0.34 3.59 20.10 49.90 13.15 | 1445 2.30 | 100.61
RLMO058 | K. Hamar | 0.54 0.66 0.34 3.12 25.28 43.92 13.30 | 14.73 1.64 99.65
LQl | L Quarry | 0.62 0.73 0.27 4.39 19.71 48.40 1042 | 15.92 4.25 99.37

LQ2 | L Quarry | 0.68 0.70 0.30 435 16.83 52.38 11.37 | 15.25 4.06 | 100.63

LQ3 | L Quarry | 0.63 0.72 0.28 4.26 19.67 4988 | 11.08 | 15.83 3.94 | 101.10

For the trace element analyses of chromitites from Shetland the total variations are as follows:
TiO, 0.05 - 0.34 wt%, V,05 0.09 - 0.25 wt%, MnO 0.20 - 0.35 wt%, NiO 0.07 - 0.22 wt%, Co 174
- 295 ppm, Zn 157 - 441 ppm and Ga 20 to 53 ppm.

4.4.1 Major element variation within chromitite pods

Most of the chromitite pods show internal variations when plotted on a Cr# - Mg# diagram,
yet there are still distinctive geochemical signatures for different pods (Figure 4.17A). Harold’s
Grave shows the largest variation in Cr# (0.58-0.72) and Mg# (0.47-0.64). The two ratios are
inversely correlated with Cr# increasing as Mg# decreases. Cliff shows a similarly large range
of Crit values (0.61 — 0.78) with higher Mg# values (0.64 — 0.74). Despite the similar range of
Cr# values to Harold’s Grave, most of these are grouped towards the lower end of the Cr#
with only three values over 0.67. Within the remaining chromitite deposits there is not much

clear or significant covariation within the Cr# and Mg# values

Collectively the chromitite pods show a slight inverse relationship between TiO, and Cr# with
TiO, values increasing as Cr# decreases (Figure 4.17B). Within the individual chromitite pods
this relationship is more prevalent in Cliff, Harold’s Grave and Keen of Hamar, less prevalent in
Quoys, Nikkavord East and Nikkavord South and reversed as in Long Quarry which shows a
positive covariation (Figure 4.16B). However, there are only three analyses within Long Quarry
so this positive co-variation is not significant. Harold’s Grave contains the highest TiO, values
ranging from 0.14 to 0.34, whilst the remaining six chromitite pods contain lower TiO, values,

ranging between 0.07 and 0.23.
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Figure 4.17: Four graphs with major element plots for the chromitites of Shetland. Note that the axes
scale has been altered from Figure 4.16 to best show the variation between chromitite pods. Figure
4.17A is expressed as Crit - Mg# to facilitate comparisons with other published literature. A: Cri# vs. Mg#,
B: Cr# vs. TiO* C: Fe3# vs. Fe2#, D: Ternary plot of Cr3%, AI3* and Fe3" focussed on the lower left
quadrant. Each tick represent a change in content of 10%. The legend within Figure 4.17B applies to
Figures 4.17A, 4.17Cand 4.17D.

Most of the chromitite pods show large variations on a Fe3# - Fe2# diagram, but yet remain
distinctive from each other (Figure 4.17C). As observed, Harold's Grave contains the highest
Fe2# values with a sizeable Fe3# range. Cliff contains higher Fe3# values at lower FeZ#
values. Nikkavord South, Nikkavord East, Long Quarry and Keen of Hamar all contain similar
Fe2# values but with increasing Fe3*# values. Quoys contains the lowest Fe3# values rising to

the average value.
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4.4.2 Trace element variation within chromitite pods

Trace element data (TiO,, V.05, MnO, NiO) were collected from 56 separate chromitite
samples using an SEM, with 33 of these analysed for Co, Zn and Ga on the Laser ICP-MS (Table
4.3). Although TiO, is a trace element its variation was described in the previous section owing
to its use in a discrimination diagram (Figure 4.16). The vanadium content of the Harold’s
Grave chromitites is clearly higher than any of the other chromitite localities (Figure 4.18A;
Table 4.3). As with the major elements there are also clear groupings by sample locality as well
as internal variations within each pod. The range of vanadium values within Harold’s Grave is
0.21 to 0.25. Altogether, the rest of the chromitites have a range of values going from 0.09
(Quoys) to 0.18 (Nikkavord South) with Quoys containing the lowest range of vanadium
values, from 0.09 to 0.13. There is no relationship between vanadium content and Cr#, either

collectively or individually within the chromitite pods.

Ga values show a slight collective negative relationship with Cr# (Figure 4.18B). The total
range of values is from 19 to 54 ppm. As with Zn and V, Harold’s Grave contains the highest
values of any of the chromitites from Shetland, with a range of 44 to 54, and no particular
relationship with Cr#. Harold's Grave aside, the rest of the chromitite pods form a strong
collective negative correlation between Ga and Cr# (Figure 4.18B). This inverse trend is
expected as the outer electronic structure of Ga is similar to that of Al (i.e. 3s?3p" and 4s°4p’).
As such it may be expected that as Al contents increase in the chromite grains, so too will Ga

contents.

There is no relationship either collectively or individually between the nickel content of the
chromitites and the Fe?'#, with the possible exception of Harold’s Grave (Figure 4.18C).
However, in a similar manner to vanadium each of the chromitite pods show distinctive
element ranges. With respect to Ni, Harold’s Grave once again appears unique, though due in
this case to the higher Fe?'# values as mentioned in the major element summary. Harold’s
Grave NiO values range from 0.07 to 0.15 with an approximate negative correlation with
Fe?'#. Cliffs NiO values range from 0.07 to 0.22 which is the full range encountered in the
Shetland ophiolites. The remaining chromitites range in value from 0.07 (Quoys) to 0.21

(Nikkavord South).
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Table 4.3a

: Trace element chromite data from the chromitite localities in the mantle sequence.

Co Zn Ga
Sample# | Locality | Crit | Mgt Cr/Fe®* | TIO, | V,05 | MnO | NiO (ppm) | (ppm) | (pPPmM)
CF1 diff | 065 | 0.71 425 | 0.17 | 0.13 0.24 | 0.14 - - -
CF10 diff | 0.65 0.72 442 | 0.11 | 0.13 0.23 | 0.13 - - -
CF11 diff | 0.63 0.70 4.11 | 0.07 | 0.15 0.22 | 0.20 - - -
CF12 diff | 062 | 0.71 397 | 0.16 | 0.14 0.23 | 0.12 - - -
CF13 cliff | 0.62 0.71 398 | 0.16 | 0.13 0.22 | 0.14 198 181 31
CF14 Cliff | 0.70 0.67 406 | 0.08 { 0.14 0.26 { 0.12 267 216 27
CF15 ciff | 0.63 0.67 362 | 0.17 | 0.13 0.24 | 0.11 - - -
CF16 cliff | 0.70 0.68 420 | 0.08 | 0.15 0.25 | 0.09 - - -
CF17 Cliff | 0.65 | 0.70 413 | 0.17 | 0.12 0.25 | 0.11 - - -
CF18 diff | 0.66 | 0.74 481 | 0.18 | 0.12 0.23 | 0.17 - - -
CF2 cliff | 0.61 0.73 422 ] 0.16 | 0.14 0.23 | 0.07 197 188 36
CF3 Cliff | 0.62 0.69 381} 0.17 | 0.13 0.23 | 0.16 256 188 32
CF4 diff | 065 | 0.70 404 | 0.18 | 0.13 0.25 | 0.13 - - -
CF5 Cliff | 0.66 0.71 436 | 0.18 | 0.13 0231} 0.13 194 167 33
CF6 diff | 0.62 0.65 336 | 0.16 | 0.13 0.27 | 0.22 - - -
CF8 caiff | 0.65 | 0.71 432 | 0.19 | 0.12 0.23 | 0.13 196 185 34
CF9 Cliiff | 0.78 0.64 418 | 0.05 | 0.17 0.30 | 0.13 - - -
Q3a H.Grave | 0.72 | 0.47 261 | 0.23 | 0.23 0.35 | 0.07 - - -
Q H.Grave | 0.65 0.57 289 | 0.17 | 0.23 0.25 | 0.10 - - -
Q2 H.Grave | 0.69 | 0.51 272 | 017 | 0.22 032 | 011 - - -
Q3b H.Grave | 0.72 0.52 287 | 0.24 | 0.21 0.30 | 0.07 - - -
Qxi3 H.Grave | 0.59 0.57 261 | 034 | 0.23 0.22 | O0.16 - - -
Q3PX H.Grave | 0.68 | 0.55 290 | 0.18 | 0.22 0.27 | 0.10 - - -
HG11 H.Grave | 0.64 | 0.59 296 | 0.20 | 0.25 0.24 | 0.15 213 361 45
HGS H.Grave | 0.58 | 061 287 | 0.20 | 0.25 0.25 | 0.11 243 383 50
HG7 H.Grave | 0.58 | 0.64 3.08 | 0.14 | 0.22 0.23 | 0.14 - - -
HG1 H.Grave | 0.62 | 0.58 287 | 0.20 | 0.24 0.24 | 0.13 239 345 48
HGS8 H.Grave | 0.64 0.57 286 | 0.18 | 0.22 0.26 | 0.12 264 375 46
HG9 H.Grave | 0.61 0.59 285 | 0.28 | 0.21 0.24 | 0.13 236 340 53
HG4 H.Grave | 0.61 0.61 3.03({ 0.18 ] 0.23 0.25 | 0.10 262 391 46
HG6 H.Grave | 0.70 | 0.56 3.06 | 0.20 | 0.21 0.26 | 0.10 295 441 39
QY1 Quoys | 0.72 0.66 408 | 0.12 | 0.13 0.26 | 0.08 202 192 20
Qy2 Quoys | 0.70 | 0.65 382 | 015 | 0.12 0.27 | 0.11 200 196 23
Qys Quoys | 0.70 0.67 407 | 0.09 | 0.13 0.28 | 0.10 203 202 23
Qyée Quoys | 0.70 | 0.70 448 | 0.11 | 0.11 0.23 { 0.09 - - -
Qys Quoys | 0.69 | 0.69 424 | 0.07 | 0.13 0.23 | 0.11 174 170 24
Qy9 Quoys | 0.71 0.66 410 | 0.09 | 0.09 0.26 | 0.07 250 164 20
QY10 Quoys | 0.73 0.68 443 | 0.16 | 0.11 0.24 { 0.12 186 157 23
NKE-1 Nkvd East | 0.52 | 0.70 335} 0.22 | 0.15 0.20 | 0.17 242 221 45
NKE-2 Nkvd East | 0.53 0.70 341 | 0.13 | 0.14 0.22 | 0.17 202 203 43
NKE-3 Nkvd East | 0.53 | 0.69 3.26 | 0.13 | 0.16 0.22 } 0.16 215 214 47
NKE-4 Nkvd East | 0.57 | 0.68 341 | 0.16 | 0.19 0.23 | 0.15 217 189 34
NKE-5 Nkvd East | 0.52 0.70 336 | 0.18 | 0.15 0.22 | 0.17 230 216 42
NKE-6 Nkvd East | 0.53 0.72 355 | 017 | 0.15 0.22 | 0.17 - - -
NKE-7 Nkvd East | 0.52 | 0.72 3.56 | 0.22 | 0.15 0.21 ]} 0.18 - - -
NKS-1 Nkvd South | 0.57 | 0.70 365 | 0.10 | 0.17 0.23 | 0.21 195 168 34
NKS-2 | Nkvd South | 0.55 0.69 345 | 0.18 | 0.14 0.22 | 0.19 178 188 37
NKS-3 Nkvd South | 0.56 { 0.71 3.67 | 0.07 | 0.17 0.20 | 0.20 184 197 36
NKS-4 | Nkwvd South | 0.61 0.67 359 | 0.08 | 0.18 0.22 | 0.18 210 218 39
NKS-5 | Nkvd South | 0.56 | 0.68 3.48 | 0.10 | 0.15 0.22 | 0.15 - - -
NKS-6 | Nkvd South | 0.60 | 0.65 334 | 013 | 0.14 0.23 | 0.13 - - -
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Table 4.3b: Trace element chromite data from the chromitite localities in the crustal sequence.

Co | Zn | Ga
Sample# | Locality | Cr# | Mg | Cr/Fe”” | TiO, | V,05 | MnO | NiO | (ppm) | (ppm) | (ppm)
KH1 | K. Hamar | 0.56 | 0.69 335 ( 020 0.13 ( 0.22 | 0.13 247 225 38
KH2 | K. Hamar | 0.56 | 0.69 3.40 | 0.20 013 | 0.23 | 0.14 247 225 38
RLMOS53 | K.Hamar | 0.62 | 0.66 359 | 0.16 0.16 | 0.24 | 0.16 - - -
RLMOS8 | K.Hamar | 0.54 | 0.66 312 | 0.23 0.15 | 0.22 | 0.18 - - -
tQ1 | LQuarry | 062 | 0.73 439 | 0.16 0.14 | 0.22 | 0.15 191 175 33
Q2 | LQuarry | 068 | 0.70 435 | 019 0.13} 0.24 | 0.18 212 158 30
a3 L Quarry | 0.63 | 0.72 426 | 015 0.14 | 0.24 | 017 193 186 34

MnO values show an excellent positive correlation with Fe?'#, both collectively and for all the
individual chromitites (Figure 4.18D). Harold’s Grave contains the highest values and is
displaced to higher Fe?'#. The full range of MnO values at Harold’s Grave ranges from 0.22 to
0.36. Cliffs MnO values range from 0.22 to 0.30. The composition of the remaining chromitite
pods lie between 0.20 (Nikkavord South) and 0.28 (Quoys).

Co values show a slight positive correlation with Fe?'#, both collectively and for the individual
chromitites (Figure 4.18E). Harold’s Grave contains the highest value (295) followed by Cliff
with 267 ppm. The remaining chromitite pods vary between 174 (Quoys) and 250 (Also

Quoys).

Collectively Zn values show a positive correlation with Fe**#, as do all the individual
chromitites except Cliff (Figure 4.18F). Harold’s Grave contains all the highest Zn values with a
range going from 340 to 441 ppm. The remaining chromitite deposits, including CIiff, all lie
within a fairly restricted range of 157 ppm (Quoys) to 225 ppm (Keen of Hamar).
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Figure 4.18: Six trace element plots for the Shetland chromitites. The legend within Figure 4.18A applies

to Figures 4.18B-F. Figures 4.18A and 4.18B are plots of V&s and Ga versus Cr#. A relationship between

these elements would be expected as these trace elements would fill the same trivalent cation space

within the chromite grain as Cr3* and Al3". Figures 4.18C-F are plots of NiO, MnO, Co and Zn against

Fe2# as these trace elements fill the same divalent cation space as Fe2* and Mg Z2".
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4.4.3 Variations in composition with stratigraphic height

The Shetland ophiolite contains a much more restricted thickness of chromitite-bearing
lithologies than the Al’'Ays ophiolite. For the Shetland ophiolite the maximum thickness from
the basal thrust to the top of the dunite is approximately 4 km whilst within Al’Ays the total
exposed thickness of chromitite-bearing lithologies covers approximately 19 km (cf. Figure
4.14 & Figure 3.1). Nevertheless, there are some features of the Shetland ophiolite that allow
the variations with stratigraphic height to be studied. Firstly, the petrological Moho is clearly
demarcated, removing the need to infer the level of the transition from the mantle to the
crust. Secondly, it was possible to sample several chromitites from each podiform chromitite
allowing multiple analyses to be obtained for each chromitite pod. For the purposes of this
examination the seven chromitite pods were assigned a stratigraphic height based on their
perpendicular distance from the mantle harzburgite/cumulate dunite boundary (Table 4.4).
This allowed the variation of chromite composition with height through the ophiolite to be
observed (Figure 4.19). The Moho was taken as the datum level.

Table 4.4: Table showing the stratigraphical height of the different chromitite pods relative the Moho.
Negative values indicate that the pod was situated below the Moho whilst positive values indicate the
pod was situated above the Moho. Measurements were made by ruler in a perpendicular direction from
the dunite/harzburgite contact to the chromitite pod. The map used for the measurement was the map
of the Baltasound area from R.A.Lord’s thesis, 1991.

Chromitite Pod Height {m)

Quoys -1600
qliff -1500
Harold's Grave -650
Nkrd South -340
Nkrd East -280
Long Quarry 50
Keen of Hamar 600

Cr/ Fe** values initially decrease with stratigraphic height producing the lowest values in
chromitite at Harold’s Grave. Cr/Fe”* values then rise from Harold’s Grave to Long Quarry
which is situated just above the Moho before decreasing again within the cumulate sequence

(Figure 4.19A).
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Cr# values within chromitite appear to show a small decrease when switching from the
deepest mantle sequence deposit (Quoys) to the shallowest crustal sequence deposit. This
trend is not significant (R2 = 0.377), (Figure 4.19B). As with the Cr/Fe2+ there appears to be
another reset to slightly higher Cr# values at Long Quarry (i.e. at the base of the cumulate

sequence) before values decrease again. The Cr/Fe2+ and Cr# patterns will be discussed again

in Section 4.6.
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Figure 4.19: Two graphs showing variations in major element geochemical ratios with stratigraphic
height. The Moho is demarcated in each. The chromitite pods are labelled in 4.19A. A: Cr/ Fe2* - arrows
show the changing trends of chromite geochemical composition within the mantle and crustal sequence.

B Crit- trendline with R2 value also shown.
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Concentrations of trace elements within chromite grains show no definitive pattern within the
mantle and cumulate sequence of the Shetland ophiolite. Nevertheless there are some points
of interest. Firstly, if you include Harold's Grave as part of the mantle sequence and Nikkavord
South and East as part of the transitional/cumulate sequence (e.g. as within (Lord, 1991)),
then there appears to be one trend with height within the mantle sequence and a different
trend with height in the transitional/cumulate sequence (Figure 4.20, 4.21 & 4.22). This is
observed for Ti02 V20 5§ NiO, Co, Zn, Ga and possibly MnO. A discussion on these trends is

reserved for Section 4.6.
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Figure 4.20: Two graphs showing variations in trace element contents with stratigraphic height The
Moho is demarcated in each, as are arrows showing possible trends within the mantle sequence and the

transitional/cumulate sequence. The chromitite pods are labelled in 4.20A. A: TIO& B VA 5
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Figure 4.21: Three graphs showing variations in trace element contents with stratigraphic height. The
Moho is demarcated in each, as are arrows showing possible trends within the mantle sequence and the

transitional/cumulate sequence. The chromitite pods are labelled in 4.21B. A: MnO, B: NiO, C: Co.
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Secondly, the uniqueness of the geochemistry of Harold's Grave is once again apparent with
the already observed high V205 and Zn contents (Figure 4.20B & 4.22A), but also Ti02
enrichment (Figure 4.20A), and some minor MnO, Co and Ga enrichment (Figure 4.21A, C &
4.22B), which isn't as obvious on previous diagrams. A discussion on these trends is reserved

for Section 4.6.
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Figure 4.22: Two graphs showing variations in trace element contents with stratigraphic height. The
Moho is demarcated in each, as are arrows showing possible trends within the mantle sequence and the

transitional/cumulate sequence. The chromitite pods are labelled in 4.22A. A: Zn, B: Ga
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4.4.4 MORB normalised multi-element plots

MORB normalised multi element plots of the Shetland chromitites reveal a strong affinity to
similar plots from the Thetford chromitites in Canada (Figure 4.23), which are proposed to be
supra-subduction ophiolites. The Shetland ophiolite has previously been postulated to be from
a supra-subduction zone setting (Prichard and Tarkian, 1988), so this similarity with the
Thetford chromitites is expected. The key similarities between Thetford and Shetland are in
the value of Mg, FeOta and Zn. Nevertheless there are a few notable differences with the
range of Al203 Ga, Ni and V values higher within the Shetland ophiolite, and the range of
Cr20 3 values slightly lower. The lower Cr20 3 and higher Al20 3 values in the Shetland ophiolite
imply that the degree of partial melting experienced within the Thetford ophiolite was slightly
greater than in the Shetland ophiolite.

500' 5.00

00 100 8 100
BON lava aMORB lava
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Figure 4.23: MORB normalised multi-element plots for A: Thetford Chromitites (Page and Barnes, 2009)
and B: Shetland Chromitites. Regions shaded in grey show the compositional range for each ophiolite.
The blue indicates the chromite composition from chromite grains within boninitic lava. MORB and
boninite sources taken from Page and Barnes (2009). For Al 'Ays the Co and Zn are semi-quantitative so

their absolute position relative to the y-axis is only approximate.
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4.4.5 Olivine-Spinel Mantle Array (OSMA)

For co-existing olivine and chromite grains all (previously) mantle-hosted samples should plot
within the OSMA (see Section 1.5.6 for more detail), barring any samples within podiform
chromitites which plot to higher Fo# owing to re-equilibration within the 2+ cations. Dunites
plotting within the OSMA may be the products of replacement (defined as dissolution of
pyroxene with concomitant precipitation of olivine (Kelemen, 1995)) or products of fractional
crystallization (Arai, 1994), with any samples plotting to the right of the OSMA being
interpreted as the product of fractional crystallization (e.g. Pearce et al., 2000) or
metasomatic reaction (e.g. Arai, 1994).

Table 4.5: Table showing the Cr#, Mg# and TiO, contents of chromite grains within all the dunite and
harzburgite samples containing analysable olivine. Also shown are the forsterite values of the analysed
olivine grains.

Sample # U‘Ihology Locality Mg# Crit | TIO, Olivine Fo#

RLO11 Dunite Harold’s Grave 0.56 | 0.48 0.25 0.89
RLO16 Dunite Harold’s Grave 0.61 0.37 0.10 0.89
RLO19 Dunite Harold’s Grave 057 | 0.48 0.16 0.89
MR6 Dunite diff 0.46 0.80 0.04 0.92
RLOO7 Dunite dliff 0.47 0.64 0.14 0.89
MR12 Dunite aiff 044} 073 0.06 0.92
CF19 Dunite diff 0.51 0.70 0.08 0.92
CF20 Dunite Cliff 0.51 0.70 0.08 0.92
CF23 Dunite dliff 0.52 0.70 0.07 0.92
MR267 Dunite Quoys 049 | 0.65 0.04 0.89
MR35 Dunite Quoys 0.47 0.68 0.07 0.91
MR144 Harzburgite | Taing NU 0.52 | 0.67 0.00 0.91
MR162 Harzburgite | Clibberswick South 0.45 0.77 0.09 0.91
MR256 Harzburgite West of Nikkavord 060 | 054 0.02 0.91
MR1 Harzburgite | Cliff 0.46 0.68 0.03 0.91
MR254 Harzburgite | S. Of Crussa Field 0.57 0.55 0.02 0.91
MR276 Harzburgite Mid Fetlar 0.71 0.30 0.04 0.91
NB2a Dunite Crustal 0.58 | 0.53 0.22 0.91
NB2b Dunite Crustal 0.59 0.53 0.21 0.90
RLMO26 Dunite Crustal 0.55 0.66 0.21 0.92
RLMOS7 Dunite Crustal 0.62 0.52 0.22 0.91
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Figure 4.24: Olivine Spinel Mantle Array (OSMA) plot showing Cr#  Fo# for the Shetland mantle
harzburgites. Cri# are derived from chromite within harzburgite, whilst Fo# is derived from olivine grains

within the same polished section as the chromite grains. Peridotite regions are taken from Pearce et al.

(2000).

All the harzburgite samples analysed plot within the OSMA (Figure 4.24), but at varying Cr#
implying that they have been subjected to varying degrees of partial melting. The lower Cr#
imply more fertile harzburgitic mantle associated with passive margins or ocean ridges whilst
the higher Cr# imply more depleted harzburgitic mantle typical of SSZ peridotites. Harzburgite
represents the residuum after melt extraction, into which later melts deposit chromitites. The
wide variety of Cr# highlights how spatially heterogeneous melt extraction can be, as
undepleted fertile peridotites contain chromite grains with low Cr# (e.g. passive margin
peridotites (Table 4.5, Figure 4.24)), whereas depleted peridotites contain chromite grains

with high Cr# (e.g. oceanic SSZ peridotites (Figure 4.24)).
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For the dunite samples most of the collected data points plot within the OSMA (Figure 4.25),
though with some noticeable exceptions. There are several data points which plot to the right
of the OSMA (towards lower Fo#). These include one sample from the CIiff dunites, one
sample from the Quo/s dunites, and two samples from around the Harold's Grave chromitite.
In addition, the last sample from Harold's Grave plots right on the edge of the OSMA
envelope. Dunite analyses which plot to the right of OSMA are the product of fractional
crystallization, or metasomatic reaction (Arai, 1994). Unexpectedly, dunite samples from the
cumulate sequence plot within the OSMA when it would be expected that they would plot to

the right of the OSMA region.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

X Crustal
0.0

0.96 0.94 0.92 0.90 0.88 0.86 0.84
Fo#

Figure 4.25: Olivine Spinel Mantle Array (OSMA) plot showing Cri# - Fo#for the Shetland dunites (from
both the mantle and crustal sequences). Cr# are taken from chromite grains within the dunite, whereas

Fo# are taken from olivine grains associated with the chromite in the same section.



4.4.6 Cr#-TiO; diagram (Pearce et al., 2000)

The Cr# - TiO, diagram was developed to distinguish between the effects of partial melting
and melt/rock reaction within mantle peridotites (Arai, 1992; Zhou et al., 1996; Pearce et al.,
2000). The partial melting trend defines an expected evolution of chrome-spinel compositions
during increasing degrees of partial melting (Figure 4.25). This melting model shows that the Ti
content of a chromite grain rapidly decreases as the Cr# of the chromite grain and the degree
of mantle melting increases. Four of the six harzburgite samples plot along this partial melting
trend, with two displaced significantly from the curve (Figure 4.25). This displacement could
be caused by reaction of the peridotite host with upwelling melts which re-introduce TiO, (e.g.
(Kelemen, 1995)) and in this case produces a trend which points towards the likely
composition of the melt, and the likely degree of depletion of the initial peridotite host (Figure
4.25). For the two displaced harzburgite samples, the reaction line suggests reaction of a
highly depleted peridotite host with boninitic melts. The remaining 4 harzburgite samples
which plot on the partial melting trend record the heterogeneity of the partial melting within
the Shetland ophiolite, with partial melting percentages varying from ~15% to >30%.

For the dunite samples the composition of the chromite grains all plot in positions which are
displaced from the partial melting trend. This suggests their formation through reaction of the
peridotite host with TiO,—bearing upwelling melts. However, there are some ambiguities.
Firstly, the Quoys dunites suggest formation through reaction of highly depleted harzburgite
with boninitic melt (Figure 4.26), even though the same dunites plotted within the OSMA
suggest one of the dunite samples may be the product of fractional crystallization (Figure
4.25).

Secondly, the Harold’s Grave dunites suggest