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Abstract

This thesis covers two separate but complimentary themes. Firstly, work on the spinel composition of
the ultramafic rocks of has provided evidence that they formed as Alaskan-type intrusions. This has
implications both for prospectivity and for the understanding of neoproterozoic plate movements.
Additionally, the study of the rock and soil geochemistry has been used to identify exploration targets
and evaluate the prospectivity of the major complexes.

It is proposed here that the ultramafic complexes Tulu Dimtu, Kingy, Daleti, Ankori and Yubdo, in the
Western Ethiopian Shield are Alaskan type intrusions. Alaskan-type intrusions are concentrically zoned
ultramafic intrusions thought to be the feeder pipes of volcanoes. They have dunite at the core and
grade outwards to clinopyroxenite and sometimes hornblendite. These intrusions typically occur in
continental arc settings such as Alaska, British Colombia and the Urals. This compares with ophiolite
complexes which are thought to be obducted oceanic upper mantle and crust. The two types of complex
may be difficult to distinguish because if ophiolites are dismembered and deformed fragments, they
may resemble Alaskan-type intrusions.

This thesis documents several features of these Ethiopian complexes that are typical of Alaskan type
intrusions. Mapping of the Yubdo complex has shown a circular out crop pattern with concentric zones
of clinopyroxenite at the edge to dunite at the centre. New mapping of the Tulu Dimtu area has shown
a similar zoned circular body. Both the Yubdo and Tulu Dimtu complexes show concentric zones of Cr
values, where the greatest values occur at the edge and the lowest in the centre.

These mafic and ultramafic intrusions are very altered by surface weathering but contain chrome-
spinels which have a geochemistry which is unlike ophiolites and similar to Alaskan-type intrusions.
The analysis of these spinels demonstrates how the compositions of spinel Fe**# and Cr# values may
be used to distinguish between an Alaskan type or ophiolite complexes. In Alaskan-type intrusions,
spinels with Fe**# values greater than 0.85 frequently have Cr# values which are lower than 0.5. Such
low Cr# values in spinels with high Fe**# values are rare in ophiolite complexes.

The variations in Ni, Cu, Cr and Al contents of highly altered ultramafics and fresher ultramafics have
been used to investigate the magmatic and post-magmatic ore forming processes that have influenced
the Pt and Pd content of the complexes. It is expected that medium to low temperature hydrothermal
activity may have had a significant impact on the geochemistry of even the fresher rocks. The
discovery of high Pd values and low Pt in lithologies such as talc-schists and quartzite support the idea
that Pd is more mobile than Pt in medium to low temperature conditions. Furthermore, in the Tulu
Dimtu Main Intrusion, the altered rocks indicate that Pd has been removed from the magmatic sites of
concentration. In a few places it is possible to see through the extensive alteration and potential
magmatic processes can be considered. Within the Tulu Dimtu Main Intrusion and the Main Yubdo
Intrusion, the most primitive rocks occur at the flanks. Furthermore, it is indicated that sulphide
segregation may have occurred in the Tulu Dimtu Main Intrusion and Daleti Ultramafic. In the Daleti
Ultramafic, regardless of the presence of sulphides, the Pt and Pd values remain low — it is therefore
unlikely that the complex hosts economic grades. However, at Tulu Dimtu and Yubdo, it is
recommended that any future exploration be targeted at the flanks of the complexes, where magmatic
and post-magmatic processes may potentially co-incide to elevate the grade.

Much work has been published to document the nature of platinum-group minerals (PGM) in the
alluvial and eluvial placers around the Yubdo area and some PGM have been discovered in the
serpentinsed dunites of the main Yubdo intrusion. In this thesis further discoveries of PGM have been
made in the serpentinised dunites and chromites from the Yubdo area.

In the course of this work new base maps covering the ultramafic complexes and the surrounding
basement have been produced. These have revealed many smaller ultramafic bodies which are referred
to here as the Lensoid Ultramafics. Both spinel and whole rock geochemistry supports the hypothesis
that these are slivers of rock “sheared-off” the outside of larger complexes.

The conclusion that these complexes have an Alaskan-type origin has consequences for the
understanding of plate movements in this part of the Neoproterozoic Western Ethiopian Shield.
Additionally, the identification of exploration targets will help focus efforts to uncover any potential
economic mineralisation.
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Chapter 1: Introduction

1. Introduction

1.1. Introduction

The Western Ethiopian Shield (WES) is 500 km west of the capital Addis
Ababa (see figure 1.2). It is a Neoproterozoic ancient mining district (United Nations,
1971; Jelenc, 1966) and the alluvial and eluvial deposits around the Yubdo ultramafic
complex have been mined for Pt-Fe alloys and Au since 1926 (Mogessie and Belete,
2000). Yubdo forms part of a line of ultramafic complexes located along a NNE-SSW
trending structure. The ultramafic complexes from the WES are (from north to south)
Tulu Dimtu, Kingy, Daleti, Ankori and Yubdo (see figure 1.2). None of these bodies
are mined on a commercial scale but Pt-Fe alloys are known in the surrounding
placers. Most of the WES is only accessible on foot. The rocks are covered by a thick
laterite which is frequently over 15m in thickness and exposure is generally less than

5%.

Ethiopia is covered by extensive Quaternary and Tertiary flood basalts. In
some areas, the older rocks can be observed as inliers between these sequences
(Mohr, 1983). The WES is one of such inliers and has been correlated northwards to
join the Arabian Nubian Shield and southwards to the Mozambique belt, all of which
form part of the East African Orogen. Johnson et al. (2004) believe that the WES
records a history of crustal formation and deformation of around 500Ma in duration,
this may have begun with a rifting event starting at around 900Ma (Stern, 1994). The
eastern and western flanks of the WES are orthogneissic and they surround a central
zone of volcano-sediments and ultramafics (Johnson et al., 2004). These ultramafic

bodies are the subject of this thesis (see figure 1.2).
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Chapter 1: Introduction

introduce the two issues. The final sections (1.6 and 1.7) outline the way in which

these issues will be addressed.

1.2. The tectonic setting of the ultramafic complexes

There is a dispute about the origin of the ultramafic bodies in the WES. The
complexes have been spatially linked with intrusions of a similar petrology
northwards in the Arabian Nubian Shield and southwards in the Mozambique belt
(Berhe and Rothery, 1986). These have been collectively interpreted as the mantle
sequences of ophiolites using the criteria specified by Penrose, (1972) and structural
observations (Berhe and Rothery, 1986). Berhe (1990) further considered these to

mark a suture zone between east and west Gondwanaland.

However, Mogessie et al. (2000) state that the PGE and chromite chemistry of
the Yubdo and Tulu Dimtu ultramafics infer the geochemical signature of an Alaskan-
type intrusion. Thought to mark the feeder pipes of volcanoes (Murray, 1972), these
concentrically zoned ultramafic complexes have been studied principally in Alaska
and British Columbia (Nixon et al., 1997, St Louis et al., 1986; Taylor, 1967; Johan,
2002). They are known in many parts of the world including Northwest Columbia
(Tistl, 1994, Tistl et al., 1994), Kamchatka and the Russian Far East (Tolstykh et al.,
2000; Tolstykh et al., 2002) and Central Australia (Andrew et al., 1995). Alaskan-type
complexes commonly occur in lines of discrete intrusions in mobile belt settings
which also contain ophiolite complexes, for example the Urals, E Russia (Garuti et

al., 1997; Garuti et al., 2003) and southeastern Alaska (Taylor, 1967).

Mogessie et al. (2000) suggested that an Alaskan-type intrusion origin for
these bodies indicates that the Mozambique belt and Arabian Nubian Shield are not

spatially linked and may only have an inter-fingering relationship.

This thesis includes an extensive study of the spinel geochemistry from the
ultramafic samples throughout the WES (chapter 7). The results are compared with

published spinel analyses from Alaskan-type intrusions and ophiolites worldwide.
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1.3. The development of Pt and Pd

Research into Pt and Pd in the area has focused on studies of placer platinum
group minerals (PGM) from the Yubdo area (see Belete et al., 2000 and Mogessie et
al., 1999). Further mineralogical studies have characterized some PGM from
serpentinised dunite within drill core (Mogessie et al., 1999). The only published
geochemical work on the area is that of Mogessie et al. (1999) and Signolfi et al.
(1993). Both studies discuss the likely effect of serpentinisation and comment only
briefly on the mechanisms by which Pt and Pd may have become concentrated into

the primary rocks before alteration.

An assessment of the geochemistry of altered ultramafic rocks with fresher
rocks is included in this thesis (chapter 6). This may uncover some of the ore forming
processes by which Pt and Pd may have been concentrated and hence develop future

targets for exploration.

1.4. The mining history of the WES

Although it has been speculated that platinum grains from Yubdo were used to
decorate objects in Egypt in the 7™ century BC (Mogessie and Belete, 2000), the
platinum deposit at Yubdo is generally regarded to have been discovered by a Russian
missionary sometime in the early 20™ century. In their account of the mining history
of the area, Mogessie and Belete (2000) state that large scale extraction did not begin
until 1926. Mining was conducted initially under a French company, which was then
taken over by and Italian firm and by 1941 the mine was in the hands of the
government. During the 1960°’s some mining and exploration was carried out by the
Duval corporation. At the time of writing mining licences for the Yubdo and Sodu
areas are held by Golden Prospect Mining (Ethiopia) Ltd, a wholly owned subsidiary
of Golden Prospect Plc.
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1.5. The conduct of the study

This project was conducted in co-operation with and partially sponsored by
Golden Prospect Mining Co Ltd (GPM). As a result these circumstances, there were
certain constraints on the way in which the work could be performed. As detailed in
chapters 7 and 8, many samples were collected and analysed for a suite of chemical
clements. Although the author participated in the exploration programme which
collected the samples, the geochemical analysis was conducted without his

involvement.

Three bore-holes were sypK ipto the Yubdo Main Intrusion by the Duval
corporation in 1969 (for a review See section 2.3.5). Studies of these cores were
performed by Mogessie et al. (1999) and Belete et al. (2000). The rock retrieved by
this method has been kept in archive by the Ethiopian Ministry of Mines and was
availlable for study by members of the GPM team. Some geochemical analyses were
performed on a few grab samples from within the core. A description of the core itself
was not included within this study as this work had already been performed by other
workers (see above). Furthermore, the manner in which samples had been taken from
the drill-core meant that a scientific apalysis of the geochemical variations was not

possible.

1.6. Aims and methods used in the thesis

This thesis aims to use Ni, Cu, Cr, Al and Mg to investigate the differences in
geochemistry between altered and fresher ultramafic rocks and hence suggest the
mechanisms by which Pt and Pd have been concentrated. Furthermore, it aims to use
spinel geochemistry investigate the tectonic origin of the ultramafic complexes of the
WES with particular reference to Alaskan-type intrusions and ophiolites. The methods

used for each theme are summarized as follows.

In chapter 8, the distribution of Ni, Cu, Cr, Al, Pt and Pd in the ultramafics is
examined. The rocks are classified as fresher or altered (see section 8.3.1). The
disitribution of these elements has lead to the development of ideas about potential

magamtic and post-magmatic ore forming processes. These allow an assessment of
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the prospectivity of the ultramafic bodies of the WES and the identification of
possible exploration targets. To compliment this, a discussion of the possible factors
affecting the distribution of Pt and Pd in the overburden of the WES is also included
(see chapter 7).

To evaluate the tectonic origin of the ultramafic complexes, the geochemistry
of spinels is studied (see chapter 7). The results of this analysis are compared with
published spinel analyses from Alaskan-type intrusions and ophiolites. Furthermore,
the relative influence of alteration and magmatic processes is evaluated using core and

rim analyses and comparison with published work.

1.7. Layout of the thesis

In order to fulfill the above aims, chapter 2 describes the geological
background to the area, introduces Alaskan-type intrusions and ophiolites, and
discusses the key differences between them. Subsequently, chapter three describes the
alteration to which the rocks have been exposed and the key minerals of interest to the
thesis. Chapters 4 and 5 show the production of geological base-maps for the
subsequent chapters using the analysis of terrain and geological observations. To
support an understanding of the alteration processes in the Main Yubdo Intrusion, a
magnetic survey was carried out, this is described in chapter 6. As a way of
understanding the redistribution of the pathfinder elements in the overburden, chapter
7 describes the geochemistry of the soils. Chapter 8 describes an attempt to use rock
geochemistry to ascertain the prospectivity of the complexes. Following this, the
geochemistry of spinels is described in chapter 9 in order to investigate the tectonic

origin of the complexes.

Each results chapter (4, 5, 6, 7, 8 and 9) considers each of the four geographic
areas shown in figure 1.2 in turn. At the end of each results chapter the conclusions
from all four areas is compared. Finally, in chapter 9 the conclusions for each method

are summarized for each geographic area.
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2. Literature Review

2.1.  Introduction

Due to its position within the large Precambrian shield that extends from Egypt to
Mozambique there have been several studies of the structural aspects of the WES. These
are used in section 2.2 to set this thesis into context within East Africa. Studies of the
ultramafic rocks in the area are less common, although there is an abundance of
petrological studies which have been undertaken and these are reviewed in section 2.3.
Two preliminary geochemical studies have been published and section 2.3 describes
these along with a review of the research published on the famous Pt-Fe nuggets from

Yubdo (see section 2.3.5)

An important theme of this thesis is the question of the tectonic origin of the ultramafic
complexes. Section 2.4 introduces the structure, petrology, mineralogy and geochemistry
of the Alaskan-type intrusions and ophiolite complexes and proposes several differences

that may be used to distinguish the two.

2.2.  Geological Setting

Most of Ethiopia is covered by Tertiary or Quaternary volcanic flood basalt sequences.
The area of western Ethiopia examined in this thesis occurs within a window through this
basalt plateau which allows the underlying Precambrian basement to be observed (United
Nations, 1971). This 100 by 300 kilometer inlier is a N-S trending mobile belt hosting:
metavolcano-sedimentary sequences, zones of gneiss and migmatite and the ultramafic

complexes that are the subject of this study.

Using remote sensing, Berhe and Rothery (1986) linked the ultramafic complexes in
western Ethiopia with those further north and south in East Africa and identified the
position of five N-S trending sutures in this part of East Africa. In his discussion of the

tectonic consequences, Berhe (1990) considers that these sutures with remnant ophiolites
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The Baraka — Yubdo — Sekerr suture is the result of the accretion of two arc terranes
(Abdelsalam and Stern, 1996). The deformation within this suture is characterized by
north trending sinistral transpression. Arc-arc sutures in the EAO typically have nappes
containing ophiolitic material associated with them, and these were steepened by upright
folding during the final stages of collision (Abdelsalam and Stern, 1996). Another aspect
of the post accretionary deformation is the development of northwest trending strike slip

faults and shear zones (Belete et al., 2000; Abelsalam and Stern, 1996).

The Western Ethiopian Shield (WES) records a history of crustal formation and
deformation within the EAO lasting around 500Ma (Johnson et al., 2004). The shield is
divided into three lithotectonic domains: the Baro, Geba and Birbir domains (Johnson et
al., 2004; Ayalew et al., 1990; Allen and Tadesse, 2003). These domains strike NNE-
SSW with the Birbir domain in the centre, this trend is parallel to the trend of the EAO.

The Birbir domain hosts the ultramafic complexes.

The Birbir domain comprises mainly either schistose metaclastic or metavolcanic
sequences. The metaclastics are typically pelites or greywackes with intercalated
metavolcanics. The metavolcanic sequences are typically metamorphosed to greenschist
facies and sometimes contain actinolitic hornblende. The protoliths for such
metavolcanics are believed to be andesitic tuffs and felsic sediments which are commonly
associated with arc settings (Johnson et al., 2004). Some authors refer to the domain
hosting the ultramafics as the Kemashi domain (Allen and Tadesse, 2003; Tadesse and
Allen, 2005). These rocks of the Birbir or Kemashi domain are pervasively deformed by
NNE-SSW trending structures with the strain taken up by folding and westerly directed
thrusting. Post accretionary tectonics mark the WES by the imprint of NNE-SSW
transcurrent shearing and strike-slip faulting on top of the earlier N-S directed folds
(Johnson et al., 2004). The shear zones related to this late stage of deformation appear to
have been the conduits for hydrothermal fluids and further north in Baruda these deform

the flanks of the mafic-ultramafic complexes (Braathen et al., 2001).

11
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2.3.  Previous Work on the Ultramafics of the WES
2.3.1. Introduction

Studies of the ultramafic rocks in the WES fall into two categories. Some authors
consider the ultramafic complexes together and relate them to the other lithological and
structural domains in the region. Other studies have focused on the individual bodies. In
the following sections, the regional studies including the ultramafics are described and

then an account of the work on individual ultramafic complexes is summarised.

2.3.2. Regional Studies of the Ultramafic bodies

The Yubdo complex is considered to be the southernmost ultramafic body in the WES.
There are several more bodies north of Tulu Dimtu (these are not covered in this study).
These additional bodies include: Jaja Kubsa (Alemu and Abebe 1998), Korka Meti
(Alemu and Abebe, 1999; Tadesse and Allen, 2005) and Baruda (Braathen et al., 2001,
Allen and Tadesse, 2003). The publications summarized in this section treat all
complexes together and therefore some observations described may have originated from

outside the coverage area of this study.

There is a general consensus that the ultramafic complexes studied here are elongate and
occur in a zone associated with metavolcanics and metasediments (Johnson et al., 2004;
Allen and Tadesse, 2003; Alemu and Abebe, 1998; Warden et al., 1982). The bodies are
orientated parallel to the regional tectonic fabric (NNE-SSW). Allen and Tadesse (2003)
report the presence of associated gabbros, diorites and plagiogranites. One publication
states that the terrain associated with the ultramafic units is low-lying with some elevated
areas where the rocks are less altered (Tadesse and Allen, 2005) but another reports that

the ultramafics form prominent ridges almost devoid of vegetation (Alemu and Abebe,

1998).

Altered dunites and pyroxenites have been observed in all studies of petrology. Several

publications report that the dunites are completely serpentinised, however, Alemu and

12
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Abebe (1998) also report that fresh olivine is present at up to 20% in some samples.
Furthermore, Tadesse and Allen (2005) describe metre-scale blocks of harzburgite,
lherzolite and wehrlite within ultramafic schists. Warden et al. (1982) observed a relict
cumulate texture in some samples from the WES. Tadesse and Allen (2005) also report
only partial replacement towards the centre of the ultramafic masses. Alteration minerals
such as talc and carbonate are found along thrust faults and shear-zones and also in rims
around massive serpentinite blocks (Alemu and Abebe, 1998; Warden et al., 1982).
Pyroxenite samples show variable alteration to chlorite, albite, epidote and sometimes
actinolite (Johnson et al., 2004). Furthermore, pyroxene psedomorphs containing
secondary hornblende suggests lower amphibolite facies metamorphism (Warden et al.
1982). In most publications, the strongest alteration is reported closest to fault or shear-

zones. All descriptions of petrology report the presence of magnetite and chromite.

An account of the whole-rock geochemistry of the ultramafic rocks in the WES is
provided by Warden et al. (1982) and is accompanied by a comprehensive study of
alteration petrology. Chondrite normalized REE analyses show that the intrusive

ultramafic rocks of the area have a very strong LREE enrichment and HREE depletion.

2.3.3. Tulu Dimtu and Kingy

This section covers Tulu Dimtu and Kingy together. This is because the publications
summarized here do not distinguish between the two and they are jointly referred to as

“Tulu Dimtu”. Later in this thesis these two areas are described separately.

The Tulu Dimtu area was mapped at a scale of 1:50,000 by de Wit and Aguma (1977),
they identified a large mass of partially serpentinised dunites surrounded by serpentinite
schists. They also identified a zone of other more elongate bodies which extend
southwards into the Kingy area. Many accounts comment on the fact that the largest
ultramafic body in the area stands out as a conspicuous hill which is barren of vegetation.

The rocks forming this large hill are referred to in this study as the Tulu Dimtu Main

Intrusion.

13
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The most comprehensive study of the petrology of the Tulu Dimtu area is that of de Wit
and Aguma (1977), but further descriptions are given by Sighinolfi et al. (1993) and
Alemu and Abebe (1998). The lithologies discovered in the Tulu Dimtu and Kingy areas
include dunite, olivine-clinopyroxenite and hornblendite. Serpentinisation is never
reported at less than 80% and it is often over 95% (de Wit and Aguma, 1977; Signolfi et
al., 1993). The relict outlines of forsteritic olivine crystals with diameters of 0.2-0.5mm
are observable and olivines can be observed now as chrysotile mesh and window
structures. Fine grained magnetite occurs along silicate grain boundaries and Cr-spinel
and chromite are also present. Furthermore, de Wit and Aguma (1977) describe original
“magmatic” (sic, see chapter 3) galena and barite crystals within dunite. The olivine-
clinopyroxenites include clinopyroxene crystals of up 0.5mm which all have tremolitic
rims. There are believed to have been at least two phases of alteration which include one
of serpentinisation and a separate silicification phase (de Wit and Aguma, 1977; Alemu
and Abebe, 1998).

A study of the geochemistry of the rocks in the Tulu Dimtu complex was undertaken by
Sighinolfi et al. (1993). The PGE analysed from serpentinised dunites were depleted with
respect to chondrite, but Pt was found to be more enriched than the other elements.
Furthermore, Sighinolfi et al. (1993) only found significant PGE values in serpentinised
dunites and the silicified equivalents were almost barren. Although Ni is reported to
increase with serpentinisation, the distribution in the altered lithotypes is similar to that of
the less altered rocks suggesting that Ni remobilization is a local effect (Sighinolfi et al,
1993). A depletion in Cu values with serpentinisation led Sighinolfi et al. (1993) to

suggest that serpentinisation had removed sulphides and chalcophile elements from the

complex.

14



0
0
! ;% * # % : 8 ( %
&) . . E &'(&40%1&7 <AA=F5
K < $ 4 $ % 1) I (
% = ( H ?
) $ «( ) ‘81 - ( & 1 (
=H " $ OFEO? % * 4 )
H " =0FEO0? & (
) ( ( 4 2)
& ) $ 1 *
) = + $ OFFD? % *
S # T =H " $ OFEOQ?
% ) ( ) * ) ( )
=H " $ OFEO@ + $ OFFD? + & * *
& ( !
* = + $ OFFD? %
( $ 1
1) —H n $ OFEO0?
= ) K ?
% H " ) =0FEO0? ( 4 H
% /) c . " & * ( H

0G



Chapter 2: Literature Review

Nations (1971) and most samples were serpentinite or talc-serpentine. The complex is
reported to host lenses of chlorite and actinolite schists. Mogessie and Hoinkes (1998)

also report the presence of smaller serpentine bodies in the area.

2.3.5. Yubdo, Andu and Sodu

The maps of the Main Yubdo Intrusion generally show a “pear” shaped intrusion
(Kazmin and Demessie, 1971). The elongate northeast end of the intrusion forms a NNE-
SSW trending prominent ridge which is barren of vegetation. The United Nations (1971)
report that the eastern contact of the intrusion dips gently to the east and that further
ultramafics to the north are caps of the same intrusion. The western contact is reported to
be a steeply dipping thrust fault associated with shearing (United Nations, 1971). A
system of NNE-SSW trending “en-echelon” shear-zones is said to cross-cut the centre of
the complex. Furthermore, a set of WNW-ENE transcurrent faults are recorded that are
frequently associated with both shearing and quartz-veins. The ultramafics are found to
be zoned having dunite at the core, with peridotite then pyroxenite surrounding it (United
Nations, 1971; Mogessie and Hoinkes, 1998). Some peridotites are found to be
intercalated with dunite in the eastern and southern parts of the intrusion (Mogessie et al.,
1999). Several cross-cutting diorite dykes are reported (United Nations, 1971). Most of
the geological features recorded in the literature are also mentioned in a drilling report by
the Duval Corporation (Howell, 1969). All the drill holes were sunk into the dunite zone
and they only intersected dunite and peridotite layers. The drill core also intersected

hairline magnetite veinlets which extend along fault zones and talc-chlorite dykelets.

There are two large studies of the petrology (United Nations, 1971 and Mogessie and
Hoinkes, 1998) and these are supplemented by the work of Belete et al. (2000) and
Mogessie et al. (1999). All studies report that the central dunites are serpentinised to a
large degree and a relict cumulate texture can be observed (Mogessie and Hoinkes, 1998;
Mogessie et al., 1999). The olivines have a forsterite content of 81-84% (Mogessie et al.,
1999) and are typically rimmed by talc, carbonate and opaque minerals. Pyroxene is

mainly diopside and is associated with chlorite. The United Nations report (1971)
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commented that pyroxenes tend to be coarser than olivine minerals and are often found
with tremolite and chlorite. Euhedral and subhedral chromites with altered rims can be
observed in all the ultramafic host rocks. The United Nations (1971) report the
occurrence of pyrite and arsenopyrite in the shear-zone on the northeastern contact of the

intrusion.

Platinum-group minerals (PGM) have been found in both the rocks and placers around
Yubdo. The two largest petrological studies report sperrylite (PtAs;) in both dunite and
pyroxenite (United Nations, 1971; Mogessie and Hoinkes, 1998). Furthermore,
Augustithis (1965) discovered sperrylite in birbirite samples. The more systematic
accounts of primary PGM in the area are of Pt-Fe nuggets in both chromite and
serpentinite (Belete et al., 1999; Belete et al., 2002). These were discovered in the
boreholes sunk by the Duval Corporation (Howell, 1969). The Pt-Fe alloys in the
chromite appear to be rounded in shape and contain minor Ir (Mogessie et al., 1999). The
Pt-Fe alloys (with minor Rh and Cu) found in the serpentinites are reported to be elongate

and between 20um and 30pum (Mogessie et al., 1999).

The placer Pt-Fe nuggets from Yubdo historically generated controversy over the
formation of Pt-nuggets (Bowles, (1986); Hattori and Cabri, 1992). All nuggets reported
from Yubdo are Pt-Fe (isoferroplatinum and tetraferroplatinum) in composition and
Belete et al. (2000) analysed a wide variety of inclusions from these nuggets. The most
abundant inclusions found were hollingworthite (RhAsS), genkinite ((Pt,Pd)4Pb;),
irarsite (IrAsS), platarsite (PtAsS) and native Os.

2.4.  Alaskan-type intrusions versus ophiolites
24.1. Introduction

Alaskan-type complexes and ophiolites represent different tectonic settings and have
differing implications for mineralisation. Ophiolites are fragments of ancient oceanic
lithosphere now emplaced on land at fossil subduction zones (eg Gass, 1990). The setting

of Alaskan-type complexes is less well defined. There have been many attempts to
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explain the characteristics of Alaskan-type intrusions (see Johan, 2002). The generally
accepted model is that they originate as the feeder pipes of volcanoes in continental

subduction zones (Murray, 1972).

Both comprise mafic and ultramafic sequences and considering the two genetic models, it
may at first glance be hard to understand why the two may be confused. However the
various modifications and complications of the models result in some overlap in
structure, petrology, mineralogy and geochemistry. The ophiolite descriptions given here
focus on the Troodos massif of Cyprus and the Semail nappe in eastern Arabia, as these

provide the best exposed and studied complexes.

24.2. Scale of Alaskan-type intrusions and ophiolites

Complete ophiolite complexes typically consist of a basaltic unit predominantly
composed of up to 0.5 to 1 km thickness of pillow lavas and sheeted dykes. This in turn
is underlain by plutonic gabbro and ultramafic crustal units which in the Oman ophiolite
make up a total of 3.6 km in thickness (Nicolas et al., 1996) and lie on top of mantle
lherzolite or harzburgite which may also be several km thick. These sequences extend
along strike for 450km (Lippard et al., 1986). Ophiolites are often truncated at the base
by a thrust, below which is a metamorphic aureole that continues into lower grades of

metamorphism away from the contact with the ophiolite (Gass, 1990).

In contrast, Alaskan-type intrusions are concentrically zoned with dunite in the centre
grading outwards to clinopyroxenite and hornblendite, they are often associated with an
outer gabbro zone. In many cases, one or more of these zones may be missing from the
complex. The two largest Alaskan-type intrusions include Nizini Tagil (70km?) and
Tulameen (80km?), but most range between 12km? and 40km? (Johan, 2002).

Both ophiolites and Alaskan-type intrusions are commonly highly fragmented. The

Troodos and Oman complexes display the full lithological sequence and both are exposed

over several hundreds of square kilometers. However, most ophiolites are much smaller,
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are frequently highly deformed and occur in fault bounded blocks. The primary igneous
textures of ophiolites are offset and juxtaposed against country rocks by thrust faulting
related to their emplacement onto continental crust. Similarly, Alaskan-type complexes
such as the Hickman and Polaris, British Columbia (Nixon et al., 1997) are highly
disrupted by faulting and other types of deformation. There are further complications in
that the proportions and sizes of primary igneous lithologies in Alaskan-type complexes
may vary. The complete zonal structure of Alaskan-type intrusions is only seen in a few
localities such as the Konder and Inagli intrusions of the Aldan shield, Eastern Siberia
(Malitch, 1991) and Alto Condoto complex in NW Columbia (Tistl et al., 1994; Tistl,
1994). Konder and Inagli show central dunite cores comprising 60% of the total volume
whereas in the Alto Condoto complex the dunite occupies around 20% of the intrusion.
As with ophiolites, Alaskan-type complexes may either have one or more zones missing
and/or the zonal structure could be disrupted by deformation. In some cases the central
dunite core is missing, such as in the Duke Island western body (Taylor, 1967), Gnat
Lakes and Menard Creek (Nixon, 1997). In others, there is no clinopyroxenite zone as in

Duke Island East, Annette Island and Blashke Island (Taylor, 1967).

2.4.3. Structure of Alaskan-type intrusions and ophiolites

The large components of ophiolites (described above) cover much larger areas than those
of Alaskan-type complexes. However, smaller features of fragmented ophiolites may
resemble Alaskan-type intrusions (see figure 2.3). Lippard et al. (1986) and Robertson
and Xenophontos (1993) describe how the ultramafic rocks of ophiolites within smaller

features occur as three distinct lithological associations:

e The Mantle sequence: a residual suite of massive lherzolite or harzburgite
frequently containing dunite pods.

e The Crustal layered sequence: a rhythmically layered series of dunite,
wherlite and pyroxenite.

o The Late intrusive complexes: usually composed of wehrlite, peridotite or

gabbro; these plutonic bodies intrude the crustal sequence.
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chromitite deposits, these display a gradational relationship with their host (Roberts and
Neary, 1993).

A gabbroic complex is an essential component of a complete ophiolite as defined at the
Penrose Conference in 1972 (Penrose, 1972). In the Semail ophiolite this is represented
by the layered series consisting of a complex association of 0.5cm to 2m rhythmic layers
of interbedded gabbro, dunite and wehrlite. Contacts are gradational or sharp and the
layers are traceable up to 100m. A number of bodies cross-cut the Oman layered series
including wehrlite, gabbro and pegmatitic gabbros (Lippard et al., 1986). Showing a
remarkable similarity with the gabbros in Oman, the layered series in the Troodos
ophiolite consists of gabbros with dunite and wehrlite displaying rhythmic layering

ranging from 0.5cm to 2m in width (Gass, 1990).

The Late Intrusive Complexes in the Oman ophiolite vary in size from around 1km up to
5km in diameter, although some peridotite-gabbro complexes cover less than lkm?
(Lippard et al., 1986). The structures of these intrusions vary considerably, they are
generally crudely layered and irregular with sharp cross-cutting contacts with the upper
crustal rocks. One complex is a large plutonic body, but others are regarded as dykes or
sills. The layers often consist of coarse grained wehrlites with subordinate gabbro

sometimes grading into lherzolites (Lippard et al., 1986).

In contrast to the layering in ophiolites, Alaskan-type intrusions exhibit a pipe-like
concentrically zoned structure with a dunite core (Taylor, 1967; Johan, 2002). The
idealized sequence displays dunite surrounded successively by clinopyroxenite,
hornblendite and monzonite-gabbro rims. The contacts at the rim of the dunite core of
and Alaskan-type complex are typically gradational and it is common to find olivine-
bearing clinopyroxenite rafts. However, dunite to clinopyroxenite contacts in ophiolites
can be either sharp or gradational. The contact between Alaskan-type gabbro zones and
the associated ultramafics is normally sharp (Johan, 2002; Taylor, 1967), however, the
gabbros of ophiolites have either sharp or gradational contacts. Massive chromitite lenses

and pods occur at the rims of some Alaskan-type intrusions (Nizini Tagil, Garuti et al.,
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1997). In ophiolites, chromitites also form in dunite pods in the mantle sequence,

however, they are more abundant towards the centre of each dunite body (Roberts and

Neary, 1993).

Both ophiolites and Alaskan-type intrusions are often disrupted and deformed to the point
at which they are indistinguishable on the basis of structure. Therefore, based on structure
or proportions of lithotypes alone, it is difficult to distinguish between an Alaskan-type

intrusion and a dismembered ophiolite.

24.4. Petrology and Mineralogy

The mantle sequences of the Semail and Troodos ophiolites consist of variably
serpentinised peridotites (85%) with associated lherzolites and dunites (5 to 15%) (Gass,
1990; Lippard et al., 1986). The harzburgites are medium to coarse-grained and are
composed of 75 to 85% olivine and 15 to 20% orthopyroxene. Within these,
clinopyroxene forms an average <l1% abundance and a maximum of 5% of the mode and
chrome spinel forms 0.5 to 2%. Chromite is a ubiquitous and accessory phase. The
dunites typically comprise >98% olivine and <2% chromite and are largely massive

dunite with chromite segregations (Gass, 1990; Lippard et al., 1986).

The dominant lithology in the Layered Series is gabbro with dunites (including minor
chromite) and wehrlite as the other main rock types (Gass, 1990). The primary minerals
of the Semail and Troodos ophiolites are plagioclase, clinopyroxene, olivine, chrome
spinel, orthopyroxene, hornblende and titanomagnetite (Lippard et al., 1986; Gass, 1990).
Within each cyclic unit of the Semail Nappe the most common crystallization sequence
shows that olivine and chromite form the earliest phases, followed by pyroxene and
plagioclase as intercumulus phases, then titanomagnetite and hornblende as minor phases
(Lippard et al., 1986). This means that the most common rock sequence is: dunite —
wehrlite — olivine-gabbro — gabbro (Gass, 1990). Other ophiolites can display differing
orders of crystallization including olivine — plagioclase — clinopyoxene (eg the Lizard

ophiolite).
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The Late Intrusive Complexes of the Semail are divided into two broad groups: gabbro-
diorite-plagiogranite bodies and peridotite-gabbro complexes (Lippard et al., 1986;
Browning and Smewing, 1981). The former composed mainly of layered gabbros,
diorites and subordinate plagiogranite (Lippard et al. 1986). These gabbros are typically
medium grained with plagioclase and interstitial clinopyroxene grading upwards into
coarser diorites. The Mashin intrusion is a typical peridotite-gabbro complex in the
Semail. Lippard et al. (1986) describes this as wehrlite grading upwards into coarse
grained gabbros and diorites. The wehrlites are typically coarse grained poikilitically
enclosed by clinopyroxenes and orthopyroxenes. Smaller peridotite-gabbro intrusions

sometimes grade from wehrlite into lherzolite (Lippard et al., 1986).

Alaskan-type intrusions are composed of dunite, olivine-clinopyroxenite,
clinopyroxenite, hornblendite and gabbro zones (Taylor, 1967). This compares with the
more orthopyroxene-rich lherzolites and harzburgites which dominate ophiolite mantle
sequences. Alaskan-type intrusions are noted for the absence of orthopyroxene.
Considered on their own, the petrologies of the ophiolitic crustal sequence are similar to
the zones of Alaskan-type intrusions. However, in Alaskan-type intrusions the contact
between clinopyroxenites and gabbros is generally sharp whereas gabbro contacts in
ophiolites may be either sharp or gradational. Additionally, plagioclase in Alaskan-type
complexes is only observed in the peripheral hornblendite zone whereas it is ubiquitous
in the typical ophiolite crustal sequence. Accessory chromite in Alaskan-type intrusions
occurs exclusively and throughout the dunite zones (Johan, 2002). Alaskan-type
intrusions show the crystalisation sequence olivine — clinopyroxene — plagioclase
(Murray, 1972). The same crystallization sequence is observed in the Semail and Troodos
ophiolites although some complexes show plagioclase crystalising before clinopyroxene.

In both Alaskan-type intrusions and ophiolites, olivine generally crystallizes first.
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Alaskan-type intrusions are generally enriched in REE with respect to chondrites and the
Late Intrusives complexes of the Semail Nappe are enriched to the same extent. These
late Intrusive Complexes show a similar degree of enrichment, however, they have
positive slopes. In general, the REE patterns from the Alaskan-type intrusions of
Owendale and the Urals display gentle negative slopes with only slight Eu anomalies
(Fershtater et al., 1997; Johan, 2002). This also contrasts with the mantle sequence
dunites which display severe depletion and positive slopes. Commonly, the REE
abundances in ophiolites show pronounced anomalies such as Ce, Eu and Gd - only broad

anomalies are observed in Alaskan-type intrusions (figure 2.4).

2.4.6. Platinum-Group Elements

Platinum-group elements (PGE) in ophiolites are depleted in comparison with chondrite,
they show a generally neutral slope with Os, Ir and Ru enrichment, however, some
samples are slightly enriched in Rh, Pt and Pd (figure 2.5). Table 2.1 compares Pt and Pd
values, it is observed that Pt/Pd ratios for dunite pods in ophiolite complexes worldwide

are generally below 7.

PGE abundances for the Troodos Layered Series show significant depletion with respect
to chondrite, however, they are slightly enriched in Rh, Pt and Pd. In ophiolites Pd
typically predominates over Pt and a negative Ru anomaly is rarely observed (Prichard

and Lord, 1990).
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Complex and Location Pt Pd Pt/Pd | Reference
(ppb) _(ppb)
Nizhni Tagil, Urals, Russia 93 38 2.45 | Fominykh and Khvostova
g . (1970)
2 £ | Alto Condoto, Colombia 38 2 21.11 | Tistl (1994)
g g Lunar Complex, British Columbia (8) 214 8 26.75 | Nixon et al., 1997
8 g | Wrede Complex, British Columbia (8) 7 BD >1 | Nixon et al., 1997
< | Polaris Complex, British Columbia (18) 1 BD >7 | Nixon et al., 1997
Chad, Eastern Siberia 24 BD >24 | Malitch (1996)
Troodos Ophiolite, Cyprus (5) BD 1 <1 { Becker and Agiorgtis (1978)
Newfoundland Ophiolite(4) 3 5  0.69 | Page and Talkington (1984)
- Troodos Ophiolite, Cyprus (1) 3 4  0.71 | Prichard and Lord (1990)
._"‘-'__f Zambales Ophiolite, Philippines (2) 25 32 0.78 | Zhou et al. (2000)
-g Northern Oman Ophiolite(63) 14 16  0.88 [ Ahmed and Arai (2002)
8- Northern Oman Ophiolite (40) 2 2 1.00 | Ahmed and Arai (2002)
Leka Ophioilite, Norway (7) 8 6 1.33 | Pedersen et al. (1993)
Semail Ophiolite, Oman (1) 10 6  1.67 | Prichard et al. (1996)
New Caledonia Ophiolite, South Pacific (8) 20 3 6.67 | Augé and Maurizot (1995)

Table 2.1: Pt/Pd ratios for dunites in Alaskan-type intrusions and dunite pods in ophiolite complexes.
Abundances are averages, numbers of samples in brackets. BD: Below Detection Limits

24.7. Fractionation of Nickel, Copper and Chromium

In the Layered Series in the Semail Nappe, the compatible elements Ni and Cr are most
abundant in the early formed olivine- and pyroxene-rich lithologies. Their abundances
decrease in the more mafic lithotypes (Lippard et al. 1986). The same is seen in
ultramafics of Alaskan-type intrusions. Ni is concentrated and Cu depleted in the early
dunites in the Urals. These abundances fall and rise respectively in the mafic lithotypes
(Garuti et al., 1997). Similar patterns are observed in the Tulameen and Condoto
complexes of British Columbia and Columbia (Findlay 1969; Tistl, 1994).

2.4.8. Summary

Alaskan-type intrusions are pipe-like concentrically zoned ultramafic-mafic intrusions
(Taylor, 1967, Johan, 2002), in some cases this may be sufficient to distinguish them
from the layering of ophiolites. However, due to the dynamic setting into which Alaskan-
type complexes are intruded and ophiolites are obducted, both may be deformed so that

the layering or zoning cannot always be observed.
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In such geological situations, the following criteria are suggested to distinguish the type

of mafic-ultramafic complex:

¢ In ophiolite sequences, gabbros can display both gradational and sharp
contacts with ultramafic rocks, whereas, in Alaskan-type complexes such
contacts are typically sharp.

e The mantle sequences of ophiolites are dominated by orthopyroxene-rich
lithotypes. Conversely, Alaskan-type intrusions are noted for the absence
of orthopyroxene.

e The ratio Pt/Pd for ophiolitic dunites is typically <7 whereas Alaskan-type
dunites are generally >2 (Table 2.1)

e Alaskan-type intrusions frequently display negative Ru anomalies on
chrondrite normalized PGE diagrams (see figure 2.5), whereas ophiolites
rearely show negative Ru anomalies.

e Ophiolitic mafic and ultramafic rocks show neutral to positive gradients
on REE abundance diagrams, whereas, similar mafic-ultramafics in
Alaskan-type intrusions display negative gradients (figure 2.4)

e Ophiolite REE patterns can include pronounced positive or negative Ce,
Eu and Gd anomalies. Whereas, all lithologies in Alaskan-type intrusions

only display a slight rise in Sm, Eu and Gd abundances (figure 2.4).
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3. Petrology and Mineralogy
3.1.  Introduction

Samples of ultramafic rocks from the each of the four geographic areas of study within
the WES were cut and mounted as either thin sections or polished blocks. These samples
were then observed using transmitted light microscopy and scanning electron
microscopy. The sulphide minerals were analysed using an energy dispersive X-ray

analyzer attached to a Scanning Electron Microscope (SEM).

This chapter is divided into four sections. The first section describes the study of thin
sections to define the rock-types and to document the degree of alteration present in the
WES. The second section describes the texture of oxide minerals in order to support a
study of their geochemistry. Another section describes typical sulphide minerals and
lastly three PGM are described.

3.2.  Methods
3.2.1. Scanning Electron Microscopy

Polished blocks were analysed using a Carl Zeiss SMT (Cambridge) S360 scanning
electron microscope (SEM). The search for PGM and photographs of spinels and
sulphides were performed using a 4-quadrant back-scattered electron detector.

Photographs of PGM were taken using a Veeco FEI (Philips) XL30 environmental SEM.

3.2.2. Energy Dispersive X-Ray analyzer

Both quantitative and qualitative analyses were obtained using an Oxford Instruments
INCA ENERGY (EDX) X-ray analyzer. Quantitative analyses were undertaken using an
accelerating voltage of 20kV, a probe current of InA and a working distance of 25mm.
During petrological studies, mineral identification was confirmed by qualitative analyses

the SEM.
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3.3.  Petrology
3.3.1. Introduction

The petrology of the rocks from the WES was investigated using both transmitted light
microscopy and electron microscopy. This section describes the typical petrology of the
ultramafic rocks and is illustrated by photographs of thin sections taken under transmitted
light. The degree of alteration is described and subsequently a definition and description

of rock-types is described.

The petrology of each of the ultramafic complexes covered in this thesis has been
documented by other workers (see chapter 2). Furthermore, many studies comment on the
significant degree of alteration to which each complex has been subjected (eg Mogessie
and Hoinkes, 1998). This section aims to describe the variation in alteration through the
two key rock types: dunite and clinopyroxenite. Additionally, some rocks may be
classified as olivine-clinopyroxenite, as this is composed of two minerals it is not
described here because it is easier to describe the alteration of olivine and clinopyroxene
separately. In order to demonstrate the degrees of alteration present, this study focuses
only on the two mono-mineralic lithotypes. For both rock types, a number of thin sections
are described from the least to most altered. In addition to this, a description of the little
known lithotype known as birbirite is included. Birbirite is an alteration product and is
widely distributed in the soils of the area. It is named after the Birbir river which flows

around the Main Yubdo Intrusion.
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Chapter 3: Mineralogy and Petrology

Figure 3.8: A photograph of a birbirite sample from the Tulu Dimtu Main Intrusion area. The lower edge of

the image is 120pum in length. Left: Plane polarized light. Right: Crossed polars

This sample contains a fine silica network with highly altered spinels (hematite)

sometimes disseminated and sometimes in veins (see figure 3.8).

3.3.5. Summary

The dunites show a gradual change in texture with serpentinisation (from 50% to 100%).
The least altered samples (50%) show serpentine forming around fresh olivine grains and
the edges of the original minerals are decorated with fine anhedral spinels. With further
alteration serpentine becomes more abundant and the mesh texture more extensive.
Although the most altered samples have no fresh olivine, a relict olivine texture remains
visible within the serpentine mesh and fine spinels are visible. Regardless of the degree
of alteration, euhedral to subhedral spinels can be observed in most samples in addition to
the fine grained anhedral spinels found at the edges of the olivine grains. Furthermore
throughout all samples, olivines show pull-apart textures and some show slightly wavy

extinction.

No fresh clinopyroxene has been observed in this study of the WES. Some minor olivine
(<10%) is observed. The clinopyroxene is recognized by a closely spaced relict cleavage
which does not occur in the olivines or spinels. In one sample the clinopyroxene shows a
poikilitic texture around olivine. The clinopyroxene has been replaced by fibrous
amphibole and cleavage can continue as far as 1.5cm, indicating that the original crystals

were large. Furthermore, no relict or fresh orthopyroxene has been identified.

3.3.6. Classification of Rock Types

This study uses the recommendations made by the IUGS subcommission on the
Sytematics of Igneous Rocks (Streckeisen, 1976). The rock types used here are defined as

follows:
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e Dunite: greater than 90% olivine and less than 10% pyroxene
¢ Clinopyroxenite: greater than 90% clinopyroxene and less than 10% olivine.
¢ Olivine-olinopyroxenite: Greater than 60% clinopyroxene and less than 40%

olivine.

Given the high degree of alteration observed in the WES (a minimum of 50%) minerals
are often completely replaced. However, even in the most altered dunites (figure 3.5) and
clinopyroxenites (figures 3.6 and 3.7) relict features of the key minerals can be observed.
Therefore, in this study the identification of the primary magmatic minerals is made
either using observations of fresh minerals (eg high birefringence for olivines) or by the
identification of relict features. The following relict features have been used to identify

olivine and clinopyroxene:

e Olivine: A relict olivine texture preserved within a serpentine mesh with or
without fine anhedral spinels decorating the relict mineral edge.
o Clinopyroxene: A closely spaced cleavage which does not occur in spinels or

olivines.

An ultramafic rock as classified here may not actually contain any of the igneous
minerals specified by Streckeisen (1976). For example the term dunite as used in this
thesis may refer to a rock entirely composed of serpentine, so long as pseudomorphed
olivines can be recognized using a mesh texture. A further account of the degrees of
alteration within each area is undertaken in chapter 6 which attempts to quantify the

alteration using geochemical data.

In a situation where no relict features are observed the sample is classified as

“unidentified”.
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3.4.7. Discussion

The observation that there are two types of spinel textures is common in ultramafic rocks
(Sack and Giorso, 1995). The serpentinisation of olivine minerals releases Fe from the
crystal lattice to form Fe-oxides. The irregular shapes, formation at the edges of olivines
and association with serpentine support this hypothesis. Furthermore, preliminary

analysis of the geochemistry of these minerals show a high Fe content.

The euhdral to subhedral form of the second spinel group and their association with host
minerals which include fresh olivine suggests that they formed before alteration. These
may be cumulus spinels and therefore their geochemistry may reflect magmatic processes

(see chapter 7).

3.5.  Sulphide Minerals
3.5.1. Introduction

PGE are known to form a close association with sulphide minerals and many models
have been developed whereby the behaviour of sulphur is used to help explain the
development of PGE deposits. In magmas where sulphur is present, geochemical models
suggest that PGE are likely to be taken into solution within sulphide melts (Naldrett and
Duke, 1980). Furthermore, Pt and Pd are most likely to partiton into Cu-rich sulphides
(Barnes et al., 1997). Such geochemical models are complimented by mineralogical
studies. Prichard et al. (2004) have observed the expression of such geochemical models
in sulphide blebs from a mafic dyke in Uruguay. After the crystallization of the magma, it
is believed that the same hydrothermal fluids which remobilize sulphur also remobilize

PGE (Wood, 2002)
This section provides a description of sulphide minerals from the WES and the

subsequent discussion may provide a further insight into the processes which influence

the PGE distribution.
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3.5.7. Discussion

Most sulphides described here are hosted by minerals such as serpentine and quartz
which are often associated with the action of medium and low temperature fluids. A
highly irregular shape is observed for the base-metal sulphides in most cases and this is
unlike the euhedral or rounded shapes expected if these minerals crystallised from a
magma. Furthermore, the presence of magnetite inclusions within the sulphides from the
Tulu Dimtu Lensoid Ultramafics suggests that they formed after the magma cooled and

possibly after at least one phase of alteration.

Given the affinity of these sulphides with high temperature fluids (as discussed above),
the division between the Cu-bearing sulphides (Tulu Dimtu Main Intrusion and Kingy
Ridge Ultramafic) and the Ni bearing-sulphides (Tulu Dimtu Lensoid Ultramafics and the
* Main Yubdo Intrusion) could have two interpretations. Firstly, the Cu and Ni could have
formed in the same magmatic site and then been remobilized different degrees by
alteration — maybe one Ni-rich phase and another Cu-rich. Alternatively, the Ni and Cu
could have been driven apart at a magmatic stage (as proposed by Barnes et al., 1997 and
Prichard et al., 2004).

Two sulphide minerals are observed in the altered rims of spinels, one Cu-rich and the
other Ni-rich (figures 3.9 and 3.19 respectively). Although their presence in the alteration
rim of a spinel suggests that alteration fluids have affected their host, there is no direct
evidence for large amounts of fluid transport through the spinel itself. Furthermore, as
spinels resist alteration to a greater degree than silicate phases, it is possible that little
transport of fluid has been made into the mineral. Even if the sulphide phases have
recrystallised in situ, these two minerals may infer the possibility that Ni and Cu formed

at different sites during magmatic processes.

The low number of sulphide minerals studied here means that this study does not provide
a comprehensive account of the behaviour of S, Cu and Ni in the WES. However it is one

of the first accounts of sulphide minerals in these igneous complexes in the WES.
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