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Tectonic and Chemical Evolution of a Late Proterozoic Gold
Deposit, Gebeit Mine, Northern Red Sea Hills, Sudan.

by Antony Starling

The Gebeit Gold Mine in the Northern Red Sea Hills of Sudan is a late-
Proterozoic mesothermal, shear zone-~hosted, gold~quartz vein deposit. It
is situated on the western margin of the accreted oceanic island arc
terranes which comprise the central area of the Pan-African, Nubian-
Arabian Shield. The deposit is hosted by low-K tholeiite to calc-
alkaline, basaltic andesites of the Gebeit Volcanic Group. At Gebeit,
four main accretion-related deformation events have been recognised:

i) Di, NE-trending regional upright folding,

i1) Dz, the main phase of dextral strike-slip shearing, accommodated
along regional, NE-trending ductile phyllonite shear zones which
subdivided the region into elongate (=5x30km) tectonic blocks.

111) Ds, a minor phase of NW-directed folding and thrusting, which was
followed by renewed dextral strike-slip shearing, and

iv) Da, a switch from dextral to sinistral strike-slip deformation
followed by NE-directed thrusting and folding.

The ENE-trending gquartz veins which host the gold mineralisation were
emplaced during late-Dz dextral shearing and were subsequently folded and
fragmented by Ds and D4 deformation phases. Together with three phases
of Pan-African dyke-emplacement, fluid flow and vein formation were
controlled by secondary extensional Riedel shear zones which were
preferentially developed across the Gebeit Block. Gold mineralisation
was immediately preceded by a phase of pervasive ankerite metasomatism
which sealed the main Riedel shears and restricted mineralisation to
secondary, parallel, adjacent shear zones. Formation of the Vi lode
veins was pre-dated by emplacement of calc-alkaline, diorite dykes, and
post-dated by a transitional phase of calc-alkaline to alkaline dolerite
dykes.

Six phases of veining are evident but gold is confined either to gold-
only fractures or on the surfaces of vein sulphides within the massive
Vi, blue gquartz veins. Gold has not been observed in association with
wallrock sulphides. Wallrock alteration consists of sulphidation (Fe-As-
sulphides) and sericitisation together with varying degrees of
carbonatisation {(calcite), and is characterised by significant additions
of K20 (+ Rb, Ba), MgO, Fetot, Cr, Ni, As, Au, * Ca0 and MnO, with
concomitant depletion of Naz0 and Sr. The alteration assemblages,
incorporated with fluid inclusion data, indicate that the ore fluids at
Gebeit comprised Hz0-COz fluids (Xcoz =0.1) of low salinity and low Eh,
and near neutral pH, at 250-300°C. O=xygen isotope analyses indicate that
fluid compositions remained fairly constant for most of the accretion-
related deformation (fluid &80 estimated at 2.4-8.7% ). The fluids were
probably metamorphic in origin but may have had a magmatic input. Fluid
pressure estimates of 2.0 to 3.9%kb (=7-12km depth) are consistent with
evolution at the brittle-ductile transition at greenschist facies grade.
Available evidence, although limited, suggests that phase separation was
the main gold precipitation mechanism.
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"Tectonic and Chemical Evolution of a Late Proterozoic Gold

Deposit, Gebeit Mine, Northern Red Sea Hills, Sudan.®

PART ONE

INTRODUCTION

"And the gold of that land is good."

Genesis 2:12



Chapter 1

Introduction, Project Objectives, Location and History

1.1 Introduction

World gold production in terms of geological time is markedly
polarised into Archaean deposits and deposits of Phanerozoic and
Tertiary age. Approximately 20% of the world’'s gold production
(ancient and modern) has come from Archaean greenstone terranes, a
further 40% from the Witswatersrand goldfields {(Woodall, 1988), and the
bulk of the remaining production from Palaeozoic turbidites, placers
and Tertiary epithermal deposits. The majority of Precambrian deposits
studied in Canada, Australia and Zimbabwe have been shown to be largely
of late Archaean age (2.8-2.6 Ga) and associated with rift-related
(back-arc marginal basin?), tholeiitic volcanic greenstone successions
(Colvine et al., 1984,1988; Kerrich, 1986; Groves et al.,1984,1985,
1987; Foster, 1985,1987,1988). This compares with the linear fold
belt/convergent boundary characteristics which are predominant in most
Palaeozolic and Tertiary gold deposits. However, convergent boundary
characteristics have now been recognised in some of the Australian
Archaean deposits (Groves,1988). The real or apparent paucity of
significant gold mineralisation in the Proterozoic remains enigmatic.
This may be due, in part, to the lack of extensive exploration
resulting from the geographical or political remoteness of the bulk of
Proterozoic terranes (e.g. Antarctica, Africa, and South America).
There is the possibility, however, that tectonic styles in the
Proterozoic may not have been appropriate for the generation of large-
scale Archaean-type gold deposits and only continued research into
Proterozoic terranes and deposits may resolve this problem.

The Gebeit Gold Mine in the Red Sea Hills of Northern Sudan is a
late Proterozoic, shear-zone-hosted, lode gold deposit occurring in
calc-alkaline, volcanic arc assemblages. The nature of the tectonic
controls, mineralisation, and alteration of the Gebeit deposit bears
many similarities to mesothermal Archaean lode gold deposits (e.g.

Colvine et al., 1984). This indicates that, although the Proterozoic
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may have been a transitional phase between Archaean and modern plate

tectonic regimes, it is likely that common fluid processes prevailed.

1.2 Project Initiation

The N.E.R.C.-supported topic "Tectonic and Chemical Evolution of a
Late Proterozoic Gold Deposit, Gebeit Mine, Northern Red Sea Hills,
Sudan" is a CASE award with Minex Minerals (Sudan) Ltd, a subsidiary of
Greenwich Resources plc. This studentship was allocated for the period
October, 1985, to September, 1988, and was supervised by Dr R.P.
Foster. The project is focused on the Gebeit Gold Mine which has been
worked by various companies intermittently from 1903 to the present.
Pharonic surface workings, however, indicate that mining may have
started as far back as 1500 BC (Gaskell, 1985). Gebeit lies in an area
where numerous gold prospects have been reported but, due to the
remoteness of the region, exploration and general reconnaissance
mapping has largely been restricted to interpretation of aerial
photographs and Landsat data. As a result of the poor geological
understanding of the area, this project was initiated by Greenwich
Resources and the Department of Geology at the University of
Southampton in order to identify the geological setting and elucidate

the precise controls on the gold mineralisation.

1.3 Method of Study

The project commenced with an initial six-month field season based
at Gebeit with a subsequent three-month field season ten months later.
During both field seasons, structural and lithological mapping was
undertaken on surface (2km? at 1:1000) and underground (Wadi Lode, 4
Level, 1:250), along with detailed sampling of vein material, altered
and unaltered host rocks and intrusive lithologies. These two field
periods were augmented by laboratory studies at the University of
Southampton comprising polished block and thin section work, X-ray
diffraction and fluorescence analyses, and scanning electron microscope
investigations and fluid inclusion studies. In addition, background
gold and stable isotope analyses, electron micro-probe, and
thermoluminescence studies were completed outside the department. Full
details of analytical techniques, limits of detection and precision are

listed in Appendix A.
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1.4 Project Objectives

Initial fieldwork by Robertson Research (1985) indicated that the
gold-sulphide mineralisation at Gebeit was stratabound, confined to
chert horizons between two volcanic complexes. Previous descriptions,
however, suggested it was a volcanic hosted vein-type deposit (Gass,
1955: Ruxton, 1956; Whiteman, 1971; E1 Boushi, 1972). The early stages
of fieldwork undertaken as part of the present project showed that the
auriferous mineralisation was structurally controlled and exhibited a
protracted and complex history of tectonism, magmatism and fluid flow.
The availability of drillcore data, ease of underground access and
problems with transport dictated that field studies be concentrated on
Gebeit. The lack of any detailed geological work in the area meant
that the project could not be confined to a detailed study of any one
aspect until the overall geological framework had been defined. Hence,
the project obiectives can be summarised as follows:

1) to define the petrography and geochemistry of the unaltered
volcanic and intrusive rocks in order to add to the scant
regional database and to act as a control when considering
variations due to deformation and mineralisation;

2) to determine the metamorphic and structural evolution of the
Gebeit area;

3) to resolve the tectonic, magmatic and fluid evolution of the
deposit;

4) to detail the alteration facies and petrological and chemical
variations due to mineralisation;

5) to ultimately develop a unifying model for the evolution of the
deposit, define the controls on mineralisation and produce an
exploration strategy for the area;

6) to lastly compare and contrast the tectonic and chemical styles
of the Gebeit deposit in relation to established models for the

more extensively studied Archaean lode deposits.

1.5 Location, Climate and Topography

Gebeit al Ma'adin is situated at 36° 23' 30"E, 21° 03' 30"N in the
Red Sea Hills Province {Jubal Al Bahr Al Ahmar) of north-east Sudan,
approximately 100km west of the Red Sea coast and 730km north-east of
the Sudanese capital Khartoum (Fig.l1.1). The area around Gebeit is

classified as a hammada-type semi~desert with the edge of the Nubian

Page 1-3



|
{
{
|
i
|
}
{ CEGYPT
|
H
1

SAUDI
ARABIA

LIBYA ‘
L,Nasser P
S o "‘ ”””””””” ,,' NS
~o |
S |
\\\ F"J
~d
I
I
CHAD |
_J
{ KHARTOUM
/ [
/ |
/ )
) SUDAN /
b
\ =
\
,_,~/—\\
-~ \\ {
/""} /
— ) {
CENTRAL S~ o ETHIOPIA
AFRICAN S Mo
REPUBLIC . )
\
T /"‘—\‘\\
N~ //M \\\
\\\‘f.,, ./"\J/\"L L,Turkana\\\
| { o~
ZAIRE 4/¢:MMH 1
KENYA
E UGANDA
g

Figure 1.1 Location Map of Gebeit al Ma'adin

Page 1-4



desert lying approximately 15km to the west. Rainfall averages 137mm a
year and occurs as violent thundery showers. Much of this water is
lost by surface run-off and evaporation but the water table is fairly
high at Gebeit and often breaks the ground surface during the winter
months. Maximum shade temperatures vary between 20°C in the winter to
around 42-45°C during the summer. Vegetation, which is confined mainly

to the wadis, is sparse and is characterised by Acacia tortillis,

Acacia etabaica, Acacia nilotica and Maerua crassifolia desert scrub.

The greenstone belt topography is rugged but relatively flat, locally
varying between 550m and 850m above sea level, but can reach up to
2200m in the younger granitic areas (e.g. Jebel Asotriba, 2216m). The
hills are generally rounded and invariably covered in a blanket of
coarse scree with most lithologies weathering to a dark brown or black
desert varnish. The main wadis follow basement structural trends and
produce a NE-NW trellis-type drainage system supplied by sub-dendritic
tributaries (Fig.1.2). A N-S~trending watershed roughly follows the
35° line of longitude. Wadis to the west of this divide tend to drain
westwards to the Nile and wadis to the east flow to the Red Sea.

Though the wadis can be very wide (up to 1km), they are usually shallow
with less than 5m of wadi alluvium overlying a layer of weathered bed
rock which can be 15-30m thick (B.Williams,pers. comm.,1986; Fletcher,
1985). The Northern Red Sea Hills region is only sparsely populated.
The Sofaya-Gebeit area is occupied by the Bisharin and Amarar tribes,
sub-tribes of the nomadic Beja people, who graze sheep, goats and
camels and occasionally grow sorghum (dura). The village of Gebeit has
a population of about three hundred and provides the majority of the

mine work force.

1.6 History of Hining

Gold has reportedly been mined in the Sudan for over 3000 years
and mining activity dates back to the time of the Middle and New
Kingdoms of Ancient Egypt (Vercoutter, 1959; Whiteman,1971). Gold
initially came from Wadi Allagi, a tributary of the Nile close to the
present Egyptian border, and when these resources began to dwindle the
ancient prospectors moved further afield. Vercoutter (1959) stated
that the areas of Kush and Wawat (the Ancient Egyptian areas of
Northern Sudan) were not mined before Middle Kingdom times (1900 BC)
and Gebeit was probably not developed until the reign of Pharoah
Thutmose III (1500 BC, Gaskell, 1985). The earliest reference to
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Gebeit was by Mr Theodore Bent (1896) who noted at least 700-800 small
dry-built miners' huts distributed up to 2 miles along Wadi Gebeit, the
area being littered with hundreds of crushing stones. There was a
large open pit and evidence of extensive quarrying and underground
stopes worked along outcrops but these were not fully surveyed until
1929. It appears that a small stream had once flowed down the valley
and cave drawings at Salala depicting long-horn cattle and fossil
evidence (Mawson and Williams, 1984) suggest there was a wetter climate
in the past allowing the region to support a settled population. From
0ld maps and descriptions it is estimated that the ancients did not
mine below 50m but they are believed to have extracted 100,000-150,000
tonnes of ore at an average gold grade of 30g of gold per tonne of rock
{(g/t) along with an indeterminable amount of alluvial material
(Gaskell, 1985).

According to Whiteman (1971), modern gold prospecting is
considered to have started in the 1820's with the expeditions of
Mohammed Ali Pasha and his son Ismail to the alluvial area of Beni
Shangul near the Ethiopian border in their search for gold and slaves.
These expeditions, however, ended with little success 30 years later.
In 1899, following the formation of the Condominium Government,
Egyptian financial interests were attracted to the Sudan and the
impression that vast unexploited mineral resources existed, fostered by
knowledge of Ancient Egyptian gold, drew many prospectors and mining
companies. Modern mining methods were introduced to the Sudan mainly
by British companies searching for gold in the early 1900's and by
1940, eight mines had been opened. These included; the Onib group of
mines i.e. Oyo, Micraff and Shishiteib, (Kassala Gold Mines (Sudan)
Ltd, 1934-1937); Garabein/ Ohaff (Garabein Mining Syndicate, 1932-
1935); Aberkateib, and Umm Nabardi (Sudan Gold Fields Ltd, 1902-1942).

Due to finance and mining problems, however, only Gebeit survived.

1.6.1 Gebeit HMining History

The following brief account is derived from the incomplete mine
records at Gebeit collated by Robertson Research (1983) and Roberton
{1987). During this period Gebeit's name has varied and so several
variations exist (e.g. Gabait, Jabet). A summary of past production

at Gebeit is given in Table 1.1
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Tonnes Kg of Grade
Period of Ore Gold (g/t)
1500 BC-1903 100-150,000* | 3000-4500* 30*
1903 - 1921 68,267 2643.76 38
1934 - 1942 100,000 1300.00 13
1947 ~ 1954 48,900 342.13 7
1954 - 1975 32,000 48.20 1.5
1988 - 1989 16,537(t) 16.59 1.0
30,801 (0) 146.26 4.75
Min. Total 396,505 7500.00 15.71

* denotes estimated figure (t)=tailings, (o)=ore

Table 1.1 Summary of gold production at Gebeit - ancient and modern.

Gebeit was revived in 1903, when a prospecting license, covering
8000 sq. miles around Gebeit, was first granted to the Gabait Mining
Syndicate following a visit by Mr C.G. Alford on a prospecting tour.

At the end of 1904, a mining lease had been acquired by Sudan Mines Ltd
and mining continued intermittently to September 1908. During this
period, mining was confined to a 0.5m thick zone, 10-25m below the
surface with grades reaching up to 217 g/t.

In 1911, the Gabait Tributing Syndicate was formed and new
machinery was installed at Gebeit including a S5-stamp crushing battery
with gold recovery by mercury on a copper amalgamation table. By 1914,
mining had extended down to 34m below surface and 92.8kg of gold had
been recovered from 1498 tons of ore at an average grade of 62 g/t. In
1917 a cyanidation plant was built and a new branch of the orebody was
discovered grading at 31 g/t. Production continued to 1928 at a break-
even grade of 15 g/t with workings developed on a south-easterly
dipping lode folded into a shallow antiformal structure. This activity
realised approximately 2550kg of gold from 50,000 tons of ore (average
grade exceeding 45 g/t) and 42,000 tons of tailings (5 g/t). During
the period 1914-1928, many of the existing shafts were sunk including
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the main 45° decline. The operation was suspended in January 1930 due
to the financial crisis of 1929.

In 1931, Auruns Ltd was formed to acquire the option on Gebeit and
a new counter-current cyanidation plant was installed to treat 60,000
tons of tailings grading at =5 g/t. On January 1st, 1933, the company
was re-registered as Sudan Gold Mines, then incorporated as Gabait Gold
Mine Ltd and the mine re-opened. Mining steadily increased up to 1936,
when 197kg of gold and 20kg of silver were recovered from 9299 tons of
ore at a cut-off grade of 10.5 g/t. Production ceased in 1942 due to
supply difficulties. From 1932-1942, a total of 1300kg gold was
recovered from 100,000 tons of ore with workings extending down to 250m
below surface.

From 1948-19%3, Atbail Gold Ltd was formed and gold recovery
reverted from cyanidation to amalgamation resulting in 342.13kg of gold
from 48900 tons of ore (an average grade of 7 ¢g/t). The decline in
production and grades continued when the mine was bought by the El
Aliab Mining and Prospecting Company, a private Sudanese company, in
1954. Up to 1975, 48.2kg of gold were recovered from 32,000 tons of
ore using hand amalgamation.

On 17th June, 1978, Minex Inc. (a subsidiary of Greenwich

Resources) signed an exploration agreement for a large area of Northern
Sudan with the Sudanese Government and detailed exploration work
commenced at Gebeit in January, 1982. A Sudan-Minex joint venture was
formed in December 1982 with mining leases granted to cover the 6 km?
around Gebeit. The majority of exploration at Gebeit was confined to
the broadly triangular area between Wadi Gebeit and Wadi East Gebeit.
A mine grid system was produced and the area subdivided into separate
prospects (Fig 1.3). All lithological mapping, including this study,
was based on the mine ¢grid as detailed topographic maps were then not
available.

In 1983, construction work commenced on four 350-tonne cyanide
leach vats capable of treating 2-3000 tonnes per month on a 15-17 day
leach cycle. Continued percussion and diamond drillhole exploration
delineated unworked portions of known orebodies designated as the X,Y,
and A lodes (Fig.1.4). The 45° inclined main shaft was refurbished and
deepened to 140m vertical depth in 1985/6 to gain access to the newly
discovered Wadi Lode and mining commenced on 4 level and 5 level (80m
and 120m vertical depths respectively). A new 300 tonne-per-day mill
was commisioned in late 1987. The mill consisted of crushing, fine

grinding, gravity concentration, and sulphide flotation circuits for
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non-oxidised ore, with gold recovery by intensive leach in a Merril-
Crovwe plant.

Continued underground exploration of the Wadi Lode, however,
revealed extensive faulting of lode veins, greatly reducing ore
reserves amenable for stoping. Although the genesis and evolution of
the deposit had been established, sufficiently undeformed new reserves

could not be located and in March 1990 Gebeit was once again closed.

1.7 Thesis Structure

The research programme discussed in the following chapters was
established to evaluate the controls on mineralisation in order to
facilitate mine and regional scale exploration. A brief summary of the
main discussion points is given at the end of each chapter. Specific
locations in the Gebeit mine area refered to in the text are denoted by
grid co-ordinates corresponding to the mine grid, which is orientated
at 45° to north.

Chapter 2 is a continuation to the introduction and describes the
regional and local geological setting.

Chapters 3 and 4 deal with the petrography and geochemistry of the
volcanic and intrusive rocks at Gebeit, providing an indication of the
tectonic setting and magmatic and metamorphic evolution of the area.
The host-rock data also adds to the scant regional database and acts as
a control when considering hydrothermal alteration reactions.

Chapter 5 details the structural evolution of the area and
elucidates the structural controls on mineralisation and the subsequent
deformation of lode veins.

Chapter 6 considers the paragenesis of the various vein sets with
emphasis on the ore and vein mineralogy of the early, gold-bearing,
blue qguartz veins. The results of fluid inclusion and stable isotope
studies are also discussed.

Chapter 7 deals with the petrography and geochemistry of the
altered wallrocks, quantifying the variations due to mineralisation.
Collation with the data from Chapter 6 provides estimates of fluid
temperatures and fluid compositions and defines the fluid evolution of
the area.

The conclusions drawn from the work are summarised and discussed
in Chapter 8 outlining the tectonic, magmatic and fluid histories. A
unifyving model is then presented for the geological evolution of the

Gebeit gold deposit.
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1.7.1 Haps

As a guide to the overall lithological and structural trends,
four geoclogical maps of the mine area at different scales, produced
during this study, have been included. These comprise:

a) drainage and general geology of the Gebeit area based on aerial
photograph interpretation and reconnaissance mapping,

b) a synoptic sheet of the northern half of the Gebeit block compiled
from this study and from maps produced by Robertson Research and
Greenwich Resources,

¢) a map of the mine area north of the main shaft including the areas
of Wadi Lode Extension, Vein 18, Vein 13, Marble Bar, East Gebeit,
and Bishops Dam, and

d) an underground map of the Wadi Lode exposed along 4-level.
Original maps of the mine area were produced by tape and compass

traverses which were surveyed at a later date. Large-scale maps of the

Gebeit area were based on drainage traces traced from air photographs.
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Chapter 2

Regional Geology and Previous Work

2.1 Introduction

The late~Proterozoic lithologies of the Northern Red Sea Hills
comprise part of the Nubian-Arabian Shield, a terrane which forms the
Upper Proterozoic crust across Sinai, Eastern Egypt, Sudan, Ethiopia,
Somalia and east into Western Saudi Arabia and the Yemen. The true
extent of this basement is obscured by Phanerozoic cover and may
continue further south and west to include parts of Ugancda and Kenya
(Fig.2.1). It is now widely accepted that the Nubian-Arabian Shield
evolved largely by accretion of progressively maturing, intra-oceanic,
island arc terranes {(Greenwood et al.,1976; Bakor et al.,1976; Frisch
& BAl-Shanti,1977; Gass,1977,1979,1982) as part of widespread late~-
Proterozoic to early-Palaeozoic diastrophism (900-600 Ma). The effects
of this period of intense crustal deformation and remobilisation can be
traced throughout Gondwanaland but were especially important in the
structural evolution of Africa (Stern and Hedge,1985) which Kennedy
(1964) termed the "Pan-African Thermo-Tectonic Episode™. There were
probably, however, several diachronous events as opposed to a single
"Pan-African episode" (Jackson and Ramsay,1980).

In this chapter, the tectonic evolution of the Northern Red Sea
Hills is discussed together with previous work in the region.
Structural studies at Gebeit indicate that gold mineralisation occurred
as part of a protracted tectonic history related to the complex
interaction of several terranes. Hence, consideration has been given
to the development of the whole of the Nubian-Arabian Shield and to the

neighbouring Pan-African belts which may have interacted with it.
2.2 Evolution of the African Craton

Bs with all other continental crustal plates, the African craton
has undergone protracted accretion of Proterozoic mobile belts around

early Archaean nucleii. In the period extending from 1200 Ma to the
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The Eburnean cycle was coincident with a collision between Africa
and Laurentia (Morgan and Briden,1981), and stabilisation of the East
Sahara and West African cratons (Leblanc, 1981) and included

development of;

i)} the Ruzizian-Ubendian Belt and the Buganda-Toro Belt between the
Zambian, Tanzanian and Sudan cratons (Krdner,1977; Shackleton,
1986),

i1) the Magondi Mobile Belt in north-west Zimbabwe (Treloar,1988), and
iii) the Northern Zalingei Folded Zone, which purportedly separates the

Eburnean and Sudan cratons (Schandelmeier and Harms,1987;

During the Kibaran cycle, collision along the Irumide/ Lurio belt
and the Kibaran-Burundi belt joined the Tanzania and Zambia cratons
with the Kasai craton to form the Congo Craton. By the beginning of
the Pan-African cycle, four major cratonic areas had evolved; the West
African Craton (comprising the Reguibat Shield and the Man Shield); the
Congo Craton; the Kalahari Craton (composed of the Zimbabwean/Rhodesian
and Kaapvaal cratons), and the East Sahara Craton. Throughout the
late~Proterozoic to early-Cambrian Pan-African orogenic cycle, these
cratonic areas were consolidated to form the present day African craton
with only minor additions during the late-Palaeozolc and Tertiary (the
Cape Fold Belt and Atlas Mountains, Fig.2.2).

Including the Nubian-Arabian Shield, twelve Pan-African belts have
been identified in Africa (Kréner, 1979), the more notable of which
include the the Dahomeyan and Pharusian belts {(the Hoggar/Touareg
Shield), and the Mozambique belt. It is necessary to briefly evaluate
the tectonic evolution of these two major late-Proterozoic belts as
they were contemporaneous and interacted with the Nubian-Arabian Shield

and its adjacent cratons.

2.3. The Pharusian-Dahomeyvan Belt

The Hoggar Shield of the central Sahara underwent a multi-stage
rifting and collisional history of a full Wilson cycle between 900 and
550 Ma (Caby et al.,1981). This trans-Saharan, north-south trending
mobile belt extends along the eastern and northern boundaries of the

West African craton from Adrar des Iforas (Mali) and Hoggar (Algeria)
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to Anti-Atlas (Morocco) and resulted from the collision between the
West African craton and the East Sahara craton (Fig.2.2 & 2.3). It
comprises the Dahomeyan belt as part of the Nigerian Shield in the
south and the Pharusian belt in the north which forms the western edge
of the Touareg Shield (Bertrand and Caby,1978; Black et al.,1979;
Caby,1982).

The Pharusian belt in the east comprises up to 6 km of
volcaniclastic sediments with island arc calc-alkaline volcanics and
batholiths and passes laterally eastwards into the Cordilleran-type
continental margin domains of Hoggar-Air and Hoggar-Teénéré. The
Hoggar-Ténéré domain acted as an early active continental margin until
it was stabilised around 730 Ma as a pre-Pan-African north-west-
trending fold belt intruded by syn- to late-tectonic calc-alkaline
batholiths (Caby and Andrepoulos-Renaud,1987). This domain is
separated from the Pharusian belt by the central Hoggar-Air domain - a
polycyclic area consisting of reactivated ancient gneisses intruded by
Cordilleran-type plutons.

Initial collision of the western branch of the Pharusian belt
occurred in a north-south direction probably linked to the southward
subduction and obduction at 685%15 Ma of the Bou Azzer ophioclites
(78849 Ma) and the overlying calc-alkaline volcanics of the Anti-Atlas,
Morocco, on to the West African passive continental margin
(Leblanc,1981,1984). Eastward subduction culminated in a final east-
west collision and nappes of the passive margin sediments were thrusted
westwards on to the West African craton, with the suture zone
delineated by the Gourma-Dahomeyan Frontal Thrust.

Post-collisional, east-west shortening (580-540 Ma, Liégeois et
al.,1987) produced conjugate strike-slip, brittle fault systems east of
the suture in the recently created shield. This involved considerable
lateral displacements along major shear zones caused by eastward
indentation of the more rigid West African craton (Ball,1980) - a
situation analogous to the rigid indenter tectonic model proposed by
Molnar and Tapponnier (1975) for the Himalayan-Tibetan region. This has
been suggested as the mechanism for the development of the Najd fault
system in the Nubian-Arabian Shield (Stoeser and Camp,1985).
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2.4 The Mozambigue Belt

The Mozambique belt (Holmes,1951) is the longest mobile zone in
the African continent, extending along the East African coast from
Mozambique to Ethiopia and Somalia. This belt largely comprises high-
grade granitoid gneisses and metasediments indicative of crustal
thickening, and has been considered to be a zone of ensialic crustal
mobility (Kréner,1977). Reappraisal, by Shackleton (1986), however,
has shown it to be a deeply eroded, Himalayan-type belt with post-
collisional thrusts that have penetrated into the Archaean gneissic
basement which probably underlies the metasedimentary sequences
(Kazmin,1971). A multi-stage continental collision involving intense
and complex deformation is envisaged, producing Alpine-type recumbent
thrusts, imbricates and isoclinal fold structures (Vearncombe,1983:
Shackleton, 1986).

Palaeomagnetic evidence from apparent polar wandering paths
indicates that the Mozambique belt represents a collision between the
previously separated continental plates of east and west Gondwana
(McWilliams,1981; Fig.2.2,inset). This produced north-south folding of
the pre-Pan-African basement gneisses of Northern Somalia and generated
basaltic and dioritic magmatism on the eastern flank (west of
Madagascar) due to westward subduction of the East Gondwana plate
(Warden and Daniels, 1984; the Asiatica plate of Vail,1983). North-
west-trending stretching lineations in the western part of the belt,
together with an overall westward vergence and the identification of
three probable, easterly-dipping, ophiolite-bearing sutures (Sekerr,
Baragoi and Moyale-Shakiso), infer a north-west/south-east direction of
plate motion. The ophiolite belts have been tentatively correlated
with sutures in the Nubian-Arabian Shield (Shackleton,1979;
Vearncombe,1983) and substantiated by satellite imagery interpretation
and lithological mapping (Fig.2.4; Berhe and Rothery,1986). However,
stretching lineations in the central zones have a north-south trend
which is interpreted to result from post-collisional ductile shear
parallel to the plate boundaries after transverse plate motion became
impossible (Shackleton and Ries,1984) -a process which appears to have
also occurred in the western Nubian Shield along the Oko shear zone
(Almond and Ahmed,1987).

The contrast between the greenschist facies, island arc
assemblages of the Nubian-Arabian Shield and the high-grade gneisses

and metasediments of the Mozambique belt can be attributed to
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differences in age or depth of erosion. In Kenya and Tanzania, the
western margin of the belt is clearly defined by a generally easterly-
dipping mylonite zone which truncates or transposes the east-west
structures of the Archaean Tanzanian craton. Further north, however,
the nature of the contact with the Nubian-Arabian Shield remains
unclear. The Mozambique belt bifurcates in Southern Ethiopia and the
amphibolite grade paragneisses which make up the belt are separated by
tholeiitic and calc-alkaline volcanics, immature clastics, and
ophiolitic slices derived from the closure of island arc basins
(Warden,1982).

The belt continues north into south-west Arabia where it is
truncated by a north-west-trending shear zone and to the north-west
there is a transition from the Mozambique gneisses to the rocks of the
Arabian-Nubian Shield. Almond (1984) considered the major features of
the Mozambique belt to be Eburnean in age (2000£200 Ma) which formed a
foreland and local basement to rocks of the Nubian-Arabian Shield.
Tentative structural evidence suggests that north-trending folds
characteristic of the Nubian-Arabian Shield post-dated the north-east
structure of the Mozambique belt (Warden,1982). Although scant
geochronological data indicate that the suture ophiolites and the
collisions of the Mozambique belt in Tanzania are late-Proterozoic in
age (Shackleton,1986), the belt was undoubtedly polycyclic and
comprises a complex assemblage of Proterozoic belts of different ages
(i.e. of Eburnean, Kibaran and Pan-African age) which, in southern
Tanzania, define successive orogenic fronts from west to east
{Shackleton,1979). It is probable that the older belts were
reactivated and overprinted by intense Pan~African deformation and
metamorphism due to the collision of East Gondwana (ca.700 or 600-550
Ma, Warden,1982) and subsequently their geochronological signatures
were largely obliterated. This would suggest that the various phases

of Pan-African orogenesis in East Africa comprised:

a) the reactivation of the Mozambique belt, which separated Archaean
crustal segments, and

b) the eventual collision of the East Gondwana plate ranging from a
continental collision in the south to the softer collisions by
closure of oceanic island arc basins in the north (the Arabian-
Nubian wedge of Vail,1983).
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2.5 Evolution of the Nubian-Arabian Shield

Calc-alkaline arc assemblages were first recognised in the Arabian
Shield by Jackaman in 1972. However, contrasting views for the
evolution of the African Shield i.e. continental accretion and
progressive cratonisation (Clifford,1970) versus the ensialic formation
of younger belts in older shields (Kréner,1977) initially realised two
tectonic models for the Nubian-Arabian Shield (Al-Shanti & Roobol,1979)
namely:

a) a pre-plate tectonic ensialic model where the magmatic stratigraphic
groups sit on a sialic basement; and

b) a plate tectonic model where magmatic arcs (% sialic basement) were
juxtaposed by subduction of intervening oceanic crust and are now
joined along ophiolitic sutures.

The identification of several discontinuous, linear, ophiolite
belts (Brown & Coleman,1972; Bakor et al.,1976; Greenwood et al.,1976)
resulted in an eventual general acceptance of the magmatic arc plate
tectonic model (Fig.2.5). Early models progressed from the ideas of a
single ensimatic arc for the Arabian Shield (Greenwood et al.,1976;
Fleck et al.,1980) or multiple arcs with sialic basement (Garson &
Shalaby,1976; Stern,1981) to a model of crustal growth by accretion of
closely spaced oceanic island arc terranes (Bakor et al.,1976; Neary et
al.,1976; Al-Shanti & Mitchell,1976; Gass,1977,1979, 1981; Frisch & Al-
Shanti,1977; Shackleton,1977; Engel et al.,1980). Research in the
region revealed an abundance of volcaniclastic sequences and related
sediments, the ubiquitous presence of calc-alkaline volcanic and
plutonic rocks with generally low initial 87Sr/868r ratios of 0.702-
0.704, isotopic ages of <1200 Ma, and !'43Nd/144Nd values consistent
with original derivation from oceanic crust between 900 and 600 Ma
(e.g. Stern,1981; Dixon,1981; Jackson & Ramsay; 1980; Gass,1977,1979;
Vail,1978; Klemenic & Poole, 1982). Brown (1980) estimated heat
production during the Pan-African to be 1.4-1.7 times that of the
present day and indicated that Upper Proterozoic arcs would have had
similar dimensions (+10%) to current narrow arc systems (100-150 km
from trench to back arc basin). A subsequent comparison by Gass (1982)
suggested that up to ten or more collided arcs could be accommodated in
the 1500 km north-south or east-west extent of the Nubian-Arabian
Shield.

Although the apparent absence of older continental crust within

the Shield initially indicated its origins by arc accretion, early-
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conditions and lack of exposure, and require concentrated research to

completely define the evolutionary history of the Shield.

2.5.1 Boundaries of the Hubian-Arabian Shield

The Nubian-Arabian Shield forms the late-Proterozoic basement of
Eastern Egypt, Ethiopia, Sudan and Western Saudi Arabia but its true
limits are largely obscured by Phanerozoic sedimentary cover. This
restriction, coupled with a paucity of geochronological data means
that, in most parts of the Shield, the nature and position of the
boundary between the Pan-African oceanic island arc system and any
older foreland continental basement remains equivocal. In the west,
the boundary lies somewhere between the granulite facies Archaean
basement exposed on the borders of Sudan, Libya and Egypt at Jebel
Uweinat (Figs.2.2 & 2.5; 2670 Ma, Klerkx and Deutsch, 1977; Harris et
al.,1984) and the late-Proterozoic greenschist facies calc-alkaline
juvenile arc lithologies in the Eastern Desert of Egypt and the Red Sea
Hills of Sudan.

In the Eastern Desert of Egypt, as with the other arc terranes of
the Shield, very low initial Sr ratios (87S5r/®6Sr=0.7026) and very low
LIL and REE abundances preclude the existence of any pre-existing
continental crustal material (Stern,1981). The dating, however, of
granitic and arkosic cobbles in rare conglomerate bands within the 600-
700 Ma volcaniclastic and greywacke assemblages show a wide range of
ages (1.1-2.3 Ga, U-Pb on zircons) and are considered to be derived
from adjacent pre~Pan-African continental areas to the west and/or
south (Dixon,1981). In addition, the continental affinities of some
granitic rocks near Aswan are consistent with a proximal continental
margin near the western boundary of the exposed Nubian Shield (Fig.2.6:
Gillespie & Dixon,1983). Elsewhere in Egypt, gneisses originally
considered to be older continental crust (Hume,1934; Schirmann,1966;
Abdel-Monem & Hurley,1979; Shimron,1980), are principally exposed in
the three areas of Sinai (Wadi Feiran), Central Eastern Desert (Meatiq
Dome), and South Eastern Desert (Migif-Hafafit). Subsequent
geochronological and isotopic studies in these areas, however, have
shown that pre-Pan-African continental crust was not involved in
generating the gneisses (Sturchio et al.,1983; Harris et al.,1984;
Stern & Hedge,1985; Stern & Manton,1987) and there is still no evidence
for either a pre-Pan-African stable foreland or reworked pre-Pan-

African basement in northernmost Afro-Arabia east of the River Nile.
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To the south in Sudan, high-grade gneisses (Grey Gneiss Group;
Vail,1979) found with amphibolite grade metasediments (Metasedimentary
Group; Vail,1979) along the Nile in the Bayuda desert, at Sabaloka and
in the Blue Nile Province (the Tin Group; Vail & Hughes,1987) were
tentatively correlated with the granulitic gneisses at Jebel Uweilnat
and considered to represent the remobilised pre-Pan-African continental
margin (vail,1976,1979; Almond,1980,1982). This delineated the
continental margin and western limit of the Nubian Shield which was
assumed to occur roughly along the Nile Valley on a north—south trend.
Subsequent geochemical and geochronological studies (Harris et
al.,1984; Ries et al., 1985; Kréner et al.,1987) contradict the
previous hypotheses and indicate that the gneisses are of similar age
to the greenschist facies arc volcanics. However, detrital zircon ages
from 870 Ma sediments at Sabaloka range from =1000Ma to 2650Ma,
indicating sedimentary input from the ancient shield close to the west,.
Although the granulite and gneiss complexes have been disputed as the
remobilised margin to the African craton, the occurrence of continental
margin shelf deposits in the form of the amphibolite grade meta-
sediments on the edges of the Nubian Shield appear to be indicative of
its close proximity, especially in the absence of good exposure, and
isotopic and geochronological data (Fig.2.7).

Problems due to lack of dating around the Nubian Shield and
uncertainties in the evolution and age of the Mozambique belt have
resulted in a poor understanding of the limits of the Nubian Shield in
Ethiopia. Hence, only tenuous correlations of the Metasedimentary and
Grey Gneiss Groups with the Mozambique belt and its possible
continuation into north-east Africa have been made (Almond,1980,1982;
Kréner et al.,1987). Consequently, on the western side of the Nubian
Shield, boundary definition between the late-Proterozoic fold belt and
an older craton is still ambiguous but appears to lie west of and close
to the Nile valley on a roughly north-south trend.

Although initial evolutionary models for the Arabian Shield were
based on the accretion of oceanic arc systems, the existence of a pre-
Pan-African sialic basement had been reported underlying parts of the
eastern Arabian Shield (Baubron et al.,1976; Delfour,1979; Nawab,1979;
Schmidt et 3l1.,1979). The ages and nature of this basement were
largely inferred on geclogical grounds and were inconclusive (Krdner et
al.,1979; Stacey et al.,1980; Engel et al.,1980; Duyverman &
Harris,1982; Duyverman et al.,1982). The initial lead isotope data

from the Halaban-Al Amar region of the eastern Arabian Shield exhibited
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Fig.2.7 Isotopic data for Precambrian rocks of the Nubian-Arabian
Shield compiled by Dixon and Golombek (1988).

a continental crustal component of at least early Proterozoic age (2100
Ma; Stacey et al.,1980). Follow-up studies (U-Pb zircon, feldspar
common Pb,whole-rock Sm~Nd and Rb-Sr) indicated an evolved early
Proterozoic continental crustal basement component of 1800-1600 Ma age
(Fig.2.7; Stacey & Stoeser,1983; Stacey et al.,1984; Stacey &
Hedge,1984) but no definitive evidence was presented. Similar lead
isotope data from massive sulphide deposits in the Arabian Shield were
published by Bokhari & Kramers (1982) who did not accept the conclusion

of a lower older continental crust. However, the identification of
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2000 Ma zircons in a trondhjemite along the Al Amar fault by Calvez et
al. (1983) lent further support to the original assertion of a pre-
Pan-African basement. As with the Egyptian Desert, although an older
basement is suggested, no source terrain within the exposed Saudi
Arabian Shield has been identified.

Within the Halaban-Al Amar region of the eastern Shield, Delfour
(1980) recognised three north-south-trending geological provinces
bounded by fault zopnes: the Afif province in the west, the Ad Dawadimi
province in the centre, and the Ar Rayn province in the east. To the
north Johnson and Vranas (1984) defined another terrane composed of
metamorphosed arc-derived volcano-sedimentary rocks with a distinctive

north-east magnetic grain which have been dated at 2735 Ma and comprise

the Ha'il terrane (Fig.2.8).

Terrane boundary,
dashed where inferred

Intraterrane boundory

% Phanerozoit cover
. .

200 kms

Fig.2.8 Sketch map of the Arabian Shield outlining the main terrane

boundaries (after Johnson et al., 1987).
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The Afif terrane consists of post-orogenic granites (640-580 Ma)
and intermediate to felsic volcanic rocks and molasse-type sediments
(=660-600 Ma) that unconformably overlie a crystalline basement (the As
Sawda Domain of Delfour,1979). The basement complex 1s composed of
felsic gneiss, sparse paragneiss and schist, and voluminous
intermediate plutonic lithologies (Stoeser & Camp,1985). Dating and
correlation of metasediments and volcanics in the Afif terrane
(Mahanid, Khida, and Kabid Formations 1839+14Ma; and Siham Group) has
produced direct evidence for a late-Proterozoic continental microplate
and active continental margin in the eastern Saudi Arabian Shield
(Stacey & Agar,1985; Agar,1985; and White,1985).

The Ar Rayn province occurs in the eastern-most part of the
Halaban-Al Amar region and is largely concealed by Phanerozoic
sediments. It is separated from the Afif terrane by the Ad Dawadimi
province which Stoeser & Camp (1985) termed the Al Amar (-Idsas) suture
(Fig.2.7). This province comprises a 40 km wide zone of deformed
clastic sediments (chlorite-sericite schists of the Abt Formation)
intercalated with fault-bounded mafic-ultramafic complexes collectively
known as the Urd Group (Stacey et al.,1984). The Urd Group appears to
form a broad synclinorium with the ophiolite complexes at the base but
there is uncertainty concerning the polarity of subduction (east or
west) and whether the clastic sediments and ophiolitic mélange
constituted an accretionary wedge (Al-Shanti & Mitchell,1976; Stacey et
al.,1984) or a back arc basin (Nawab,1979; Al-Shanti & Gass,1983).
Pallister et al. (1988), however, consider the Ad Dawadimi province as
a separate microplate on the basis of it being bounded by fault zones
containing ophiolitic material (Urd/Halaban and Al Amar-Idsas sutures)
and U-Pb zircon dating suggests there is a possibility that the
ophiolitic rocks of the Al Amar-Idsas suture may be considerably older
than those of the Urd suture.

The Ar Rayn terrane 1s composed primarily of syn-tectonic
tonalitic gneisses and a group of calc-alkaline volcanic rocks (Al Amar
Group) which pre-dated suturing, probably representing arc magmatism
(Stoeser & Camp,1985). Camp et al. (1984) pointed out that the rocks
either side of the Abt schist basin are distinct in terms of seismic
and magnetic characteristics, metallogenic signature, and Pb-isotope
characteristics, and, therefore, cannot be rifted fragments of the same
arc complex. The Al Amar arc in the Ar Rayn terrane indicates that
initial subduction was to the east with the Abt schist representing an

accretionary complex that formed in an arc basin. Collision, however,
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west and, to the east, the Afif microplate with its early-Proterozoic
microplate enclosed by volcanic and pluteonic rocks (Hulayfah volcanic
complex >720 Ma; Nugrah volcanic complex >820 Ma; Siham arc and basin
>720 Ma; Farshah volcanic complex) similar to those of the Hijaz. The
stratigraphy and palaeogeography of the Siham Group continental margin
metasediments i1s consistent with easterly directed subduction
(Agar,1985). Collision between the more primitive western arc terranes
and the more evolved continental margin arc complex of the Afif
microplate (Schmidt et al..1979) resulted in superimposition of the
eastern part of the belt over the Afif continental margin by eastward
directed thrusting (Stoeser & Camp,1985; Agar,1985). This collision,
known as the the Nabitah orogeny, has been dated at 680-640 Ma (Stoeser
et al.,1984) and culminated in the final suturing of the western margin
of the Afif microplate.

The Afif and Ar Rayn terranes have been interpreted as exotic
continental fragments that may represent rifted fragments of the early-
Proterozoic Mozambigue belt surrounded by larger oceanic-arc terranes.
(Stoeser & Camp,1985; Kroner,1985; Pallister et al.,1987). Compilation
of available isotopic data by Dixon and Golombek (1988) suggest that
the eastern quarter of the exposed Arabian Shield is largely of
continental affinity. Post-thrusting igneous complexes with acquired
continental isotopic signatures indicate the oceanic-arc material of
the Al Amar-Idsas suture zone to be limited to thin sheets over a
continental margin basement as purported by Stacey et al. (1984).
Geochemical trends in A-type (late-stage anorogenic) granites in the
exposed Arabian Shield show increasing continental influence to the
east (Stuckless,1987) and high lead ratios from Oman and Yemen also
indicate derivation from early-Proterozoic or Archaean crust (Stacey et
al.,1980; Stacey & Stoeser,1983). Although there are no basement
exposures in the Phanerozoic cover further east in Saudi Arabia, the
isotopic data suggest the obscured basement in this area to consist of
pre-existing continental crust. The presence of narrow, late-
Proterozoic, oceanic-arc terranes flanked by older continents are
suggestive of a Wilson cycle (Dixon & Golombek,1988). New volume
estimates for the arc terranes indicate the growth rate of the Nubian~
Arabian craton between 950~640 Ma to be 10-20% of the modern global
rate (Pallister et al., 1988: Dixon & Golombek,1988) and that the
anomalously high growth rates for the continental c¢rust postulated by

Reymer and Schubert (1984,1986) are not required.
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In Saudi Arabia almost complete and intact ophiolite sequences
have been described at Jabal al Wask (Bakor et al.,1976), in the Al
Amar-Idsas zone (Al-Shanti & Mitchell,1976), and along the Nabitah
mobile belt (Hulayfah-Hamdah zone), at Bir Umg {(Frisch and Al-
Shanti,1977) and at Jebel Thurwah (Nassief et al.,1984). These have
recently been comprehensively reviewed and dated by Pallister et al.
(1988). On the western side of the Nubian-Arabian Shield, probable,
though less well documented, complexes have been described from the
Eastern Desert of Egypt (Garson & Shalaby,1976; Dixon,1980; Shackleton
et al.,1980; Nasseef et al.,1980; Ries et al.,1983), in Sudan (Fitches
et al.,1983; Vail,1983; Hussein et al.,1984; Krdner,1985;
Steiner,1987), Ethiopia (Kazmin et al. 1978) and Kenya (Shackleton,
1977). Early tentative correlations of outcrops of ophiolitic affinity
in Saudi Arabia indicated that the belts which represented possible
palaeo-sutures trended north-westwards (Greenwood et al.,1976; Bakor et
al., 1976) despite the recognition in north-east Sudan and western
Saudi Arabia of a general north to north-east trend to the basement
(Gass,1955; Neary et al.,1976). A detailed structural traverse across
the Eastern Desert of Egypt (Shackleton et al.,1980; Ries et al.,1983)
showed the ophiolitic complexes there to comprise an allochthonous
ophiolitic mélange which originated as a trench olistostrome before
being tectonically transported in a north-west direction. Hence, a
justifiable correlation with the Arabian ophiolites could not be made.

Different criteria have been used, in addition to the correlation
of ophiolitic complexes, to identify individual Pan-African arc
systems. These include: regional variations in the geochemical
characteristics of magmatic rocks (Greenwood & Brown,1973; Gass,1977:
Gass & Nasseef, 1980), zones of distinctive lithological and/or
metamorphic character (Ramsay et al.,1979), and zones of characteristic
mineralisation (Shanti & Roobol,1979; Vail,1985). Gass (1982)
reappraised the above criteria and opted to use linear granitic zones,
best developed in north-eastern Sudan, to mark the plutonic cores of
eroded arc axes, the north-south to north-east-south-west orientations
of which coincided broadly with many of the ophioclite zones and
structural trend lines (Vail, 1979). Following the identification of
terranes of continental affinity by Stacey et al. (1984) in the
eastern Arabian Shield and the delineation of two north-east~trending
arc systems (Hijaz and Asir) by Camp (1984) in the western Arabian
Shield, Stoeser and Camp (1985) synthesised the data to define at least

five oblique and geologically distinct terranes {(microplates) in the
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Recent studies of shear zones in the Sudan by Almond and Ahmed
(1987; Almond et al.,1984) have indicated that the north-east~trending
arc systems of the central Shield terminate to the west, as they do
along the Nabitah mobile belt in the eastern Shield, against the north-
south~trending Abirkitidb shear zone which Almond and Ahmed believe
represents a suture zone between the central Gebeit~Hijaz arc and an
immature arc to the west, c¢lose to the African continental margin (see
Fig.2.20). The resulting tectonic pattern comprises a narrow central
zone of north-east-trending oceanic-arc terranes bounded by regions of
older continental crust and associated continental margins (Fig.2.11).
The orientation of the arc terranes and the Mozambique Belt controlled
the subsequent rift trends of the Red Sea and the East African Rift.
Stoeser and Camp (1985) recognised three ensimatic island arc terranes
separated by arc-arc sutures: the southern, composite Asir terrane; the

central Hijaz terrane; and the northernmost Midyan terrane (Fig.2.9).

2.5.2.1 The Asir Island Arc Systen

The Asir island arc system is separated from the Hijaz terrane to
the north by a north-east-trending suture zone delineated by the
ophiolite localities of Bi'r Umqg, Thurwah and Khor Nakasib (Fig.2.10;
Al-Rehaili & Warden,1980; Nassief et al.,1984; Vail,1979) and is
commonly termed the Bi'r Umg-Port Sudan suture. It is a narrow (20 km
wide) belt of highly deformed, greenschist facies, arc-related
lithologies together with amphibolite, gneiss, and dismembered
ophiolite complexes contained in isoclinal folds and north-west-dipping
allochthonous, imbricate thrust sheets (Camp,1984; Stoeser & Camp,1985;
Pallister et al.,1988). The suture extends for 600 km from the Nabitah
mobile belt to at least 150 km south-west of Port Sudan and has been
dated 820-870 Ma. It may also continue further north, transposed along
the western side of the Nabitah belt, to define the northern half of
the Nabitah suture (Bir Tuluhah ophiolite 823-847 Ma, Pallister et
al.,1987). South of the Bi'r Umq-Port Sudan suture lies the Asir arc
system of Camp (1984) who identified several lithostratigraphic and
tectonic provinces conforming to fore-arc, arc and back-arc
environments with at least two generations of arc magmatism (Fig.2.12).
B palaeo-accretionary prism, accretionary basin, frontal arc, inter-arc
basin and remnant arc have been recognised (Camp,1984), prompting other
workers f{e.g. Vail,1985a,b; Johnson et al.,1987) to subdivide the Asir

terrane into several volcanic complexes {(Table 2.1).
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The accretionary prism and frontal arc (the At Ta'if frontal arc)
are separated by an upper-slope discontinuity (Fatimah Discontinuity)
and collectively they, possibly, constitute a paired metamorphic belt.
The area south-~east of the At Ta'if zone is interpreted as an inter-arc
basin (Bidah Inter-arc Basin) with its associated remnant arc (An Nimas
Remnant Arc) further to the south being delineated by the north-east-
trending, fault-bounded trondijhemite block of the An Nimas Batholith
(Camp,1984).

The back-arc area 1s dominated by a metabasalt-greywacke-chert
assemblage comprising the Baish Group (primarily basalt but locally
bimodal low~K tholeiitic volcanics) and the Bahah Group
(contemporaneous volcaniclastic and epiclastic sediments). This domain
contains the oldest rocks in the Asir dated at 820-900 Ma (Marzouki et
al.,1982). Ocean-floor ultramafic and mafic rocks contained in major
faults between the At Ta'if frontal arc and the An Nimas remnant arc
represent the thin oceanic floor produced during spreading of the
inter~arc basin. This zone is delineated by the Afaf suture,
separating the At Ta'if-Jiddah terrane and the Asir terrane of Johnson
et al. (Fig.2.13; 1987). The Afaf suture separates regions of north-
east-trending structures in the At Ta'if-Jiddah terrane from north-
south trends in the Asir terrane and has been correlated with the
Baraka ophiolite which forms the northern boundary to the Asir South-
Eritrea terrane of Vail (Fig.2.11; 1985a,b).

Bt the eastern edge of the Asir terrane lies a north-south-
trending zone of volcanic and intrusive rocks of an island arc complex
produced by westward directed subduction below the older Bidah inter-
arc complex and dated at 785-725 Ma (Camp, 1984; Johnson et al.,1987).
This arc termed the Khadra-Ishmas complex by Johnson et al. (1987) was
designated the Tarib arc by Stoeser and Camp (1985). It is deemed to
be coeval with secondary arc volcanism due to continued south-easterly-
directed subduction beneath the Ta'if region (Fig.2.14). Similar
lithologies are found in the Malahah-Yafikh and Wassat volcanic
complexes exposed east of the Nabitah suture (the older Junaynah suture
of Pallister et al., 1987) and constitute the Malahah-Najran composite
terrane which is dated at 2732 Ma and encompasses the high-grade
mélange and basin deposits (Nabitah suture of Pallister et al.,1987) of
the Tathlith terrane (Fig.2.13; Johnson and Vranas,1984).
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represent the strongly deformed accretionary prism of the Farri
marginal basin subsequently intruded by a suite of pre-accretionary
tonalites dated at 796-743 Ma (Johnson et al.,1987). The Jabal al Wask
and Jabal Ess ophiolites have been dated at 743+24 Ma and 782%38 Ma
respectively (Claesson et al., 1984) and their trace element
geochemistry suggests they are back-arc in origin (Bakor et al.,1976;
Pallister et al.,1985).

The Farri Group is unconformably overlain by a forearc sequence of
turbiditic sediments and minor volcanics of the sedimentary facies of
the Al Ays group (Fig.2.12; Kemp,1981). The Al Ays Group dated at 735~
705 Ma covers most of the Hijaz terrane (Fig.2.13) and is intruded by
gabbro~-diorite-tonalite-granodiorite batholiths elongated in parallel
to the Yanbu suture (Camp,1984). To the south-east the Al Ays
succession is predominantly volcanic consisting of mostly sub-aqueous,
arc facies, calc-alkaline basalts (Matran Formation) which become
increasingly silicic up section (Camp,1984). Dating of plutonic
lithologies indicates that arc magmatism continued up to 715 Ma when
the north~east trending Samran fold belt was produced by arc collision
along the Bi'r Umg suture between 700 and 680 Ma (Stoeser & Camp,1985).
Unconformably overlying the Al Ays Group fore-arc turbidites to the
south-west are basalts and andesites of the Furayh and Hadiyah Groups
which were generated through Andean~type magmatism {Furayh Arc) by
continued south-east subduction beneath the Hijaz terrane (Fig.2.14)
and deposited subaerially in a north-east trending intramassif basin
(Camp,1984; Stoeser & Camp,1985).

The oldest volcanics in the Hijaz cut by intrusives dated 870-800
Ma (Al-Shanti et al.,1984) are exposed along the southern margin of the
terrane as the Birak Group where they are associated with ophiolites of
the Bi'r Umg suture zone. The Birak volcanic complex comprises low-K
tholeiitic mafic volcanic, and volcaniclastic rocks intruded by arc-
related calc-alkalic diorites, granodiorites and tonalites (Johnson
et al., 1987).

In Sudan, the Sol Hamed ophiolite dips steeply and faces south-
east indicating a south-easterly dipping subduction zone (Fitches et
al.,1983). The volcanic/sedimentary polarity and the structural
vergence of the belt in Saudi Arabia led Camp (1984) to concur with
south-east directed subduction. The ophiolite complex at Sol Hamid is
unconformably overlain by a greenschist facies volcaniclastic series of
andesites, dacites, tuffs, volcaniclastic sediments, turbidites and

limestones {(Nafirdeib Series of Ruxton,1956; Oyo Series of Gass,1955)
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dated at 712458 Ma which were deposited on the flanks of an emergent
island arc (Fitches et al.,1983). At Wadi Onib shear zones and
ophiolites define a Y-shaped pattern (Fig.2.10) where the north-east
trending Halaib-Yanbu suture is transposed/truncated by the north-
south-trending Abirkitib shear zone which contains dismembered
ophiolites (Hussein et al.,1984) and is regarded as a rejuvenated
suture (Almond & Ahmed,1987). To the west of the Abirkitib suture lies
a north-south belt of low-grade metavolcanics and metasedimentary rocks
backed by a zone of high~grade shelf metasediments. It has been termed
the Gabgaba terrane by Kréner et al. (1989) and the North Red Sea Hills
terrane by Vail (1985b), and has been interpreted as an immature island
arc marginal to the Proterozoic African continent (Almond &
Ahmed,1987).

2.5.2.3 The Midyan Island Arc Terrane

The area north of the Halaib~Yanbu suture, termed the Midyan
terrane (Stoeser & Camp,1985) is poorly understood and in Saudi Arabia
the older formations have been subdivided into the volcaniclastic,
turbidite and shale continental edge deposits (Zaam Group, Silasia
Formation, Alqunnah and As Safra Groups) of the Zaam basin and the
mafic to felsic, low-K to calc-alkaline, volcanics and volcaniclastic
rocks of the Bayda-Hegaf volcanic complex (Fig.2.13; Clark, 1985;
Johnson et al.,1987). Both groups have been intruded by arc-related
diorites and tonalites which constrain minimum ages to 800-725 Ma and
pre-710 Ma respectively. In the Eastern Desert Of Egypt, Ries et al.
(1983) defined four different tectonic units separated by structural
contacts which comprise;

a) the lowest group of continentally derived, shallow water, arkosic
metasediments exposed as gneisses in the Meatiq and Hafafit areas;
b) an ophiolitic mélange (containing the Older Metavolcanic Group of

Stern, 1981) separated from the lowest unit by a mylonite zone:

¢) a predominantly andesitic group of calc-alkaline volcanics

(Younger Metavolcanic Group of Stern,1981) thrusted over the

ophiolitic mélange but with the upper members possibly erupted in

situ; and

d) unconformable, molasse-like, sediments of the Hammamat Group.

Lineations and fabrics in the ophiolitic lithologies indicate

north-west directed transport; however, the nearest suture at Sol Hamid
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would require transport of the ophiolite masses a distance of 300 km
and hence a nearer unrecognised suture may exist (Ries et al.,1983).
In addition, epiclastic sediments in the north of the Bayda-Hegaf
volcanic complex in Arabia indicate a palaeo-continental margin to the
far north (Johnson et al.,1987). An east-west belt of ultramafic
complexes extending from southern Sinai into the northern Midyan
terrane (Fig.2.10) may represent another suture zone (Clark,1985).

Blthough primitive volcanics older than 725 Ma are present (Clavez
et al.,1983) the Midyan terrane is dominated by mature, calc-alkaline,
magmatic rocks younger than 680 Ma (639-612 Ma Dixon,1979; Stern,1979)
and possibly as young as 575 Ma (Stern & Hedge,1985), suggesting arc
ma gmatism was active much later than the other terranes. Stern and
Hedge (1985) recognised three distinctive basement terranes in the
Eastern Desert of Egypt, namely, the North-Eastern Desert, the Central-
Eastern Desert, and the South-Eastern Desert, all of which are
separated by significant discontinuities which Vail (1987a) identified
as distinct, possibly suture-bound, terranes.

Dating of the Eastern Desert lithologies suggests that, to a first
approximation, the locus of intense magmatism appears to have migrated
north with time, i.e. the basement broadly youngs to the north, similar
to the Arabian Shield arc assemblages (Stern & Hedge,1985; Stoeser &
Camp,1985). The Dokhan volcanics of the Northern Eastern Desert dated
at 602+13 Ma are evidence for still younger volcanic activity and their
geochemistry has prompted Stern & Hedge (1985) to invoke an arguable
phase of crustal extension, possibly related to the formation of
Infracambrian rift basins linked by the sinistral Najd fault system,
which was active from 630-550 Ma (Husseini,1988). The change in
geochenistry of the volcanic groups suggests that suturing of the Hijaz
and Midyan terranes may not have occurred until sometime after 630 Ma
(Stoeser & Camp, 1985).

2.6 Accretion and Deformation of the Nubian-Arabian Shield
The final ages of suturing between the various terranes are
difficult to ascertain and can only be bracketed by the ages of the

suture ophiolite complexes and rocks that intrude or are deposited over
these sutures (Pallister et al.,1988) (Table 2.2).
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Suture Terranes [Collision| Units Dated References

(Ma)
Fatimah Jiddah & T15-755 | syn-kinematic | Fleck,1981
Discontinuity | At Ta'if granites
B'ir Umg- Hijaz & TI5-150 | syn-kinematic
Port Sudan At Ta'if to gneisses Duyverman et al.,1980

TOO-675 | overlapping
Furayh Group Stoeser & Camp,1985

Afaf Jiddah-At 730 foliated

Ta'if & granites along| Krdper et al., 1984
Asir suture
Halaib~ Hijaz & 676672 | syn—kinematic Bedge, 1984
Yanbu Midvan to granites
640~630 | calc-alkaline
“stitching Calvez et al,, 1983
granites"
Nabitah North | Afif & started | overlapping Jobnson et al., 1987
Hijaz at 700 Furayh Group
Nabitah South | Afif & 640-630 | syn-kinematic | Stoeser & Camp,1985
Asiy plutens

Al Amar-Idsas | Ar Rayn & | 670-640 | syn-kinematic | Stacey et al.,1984

/Ar Rayn Ad Dawadimi plutons -

vrd/ Afif & 670-640 | syn—kinematic | Stacey et al.,1984

Halaban Ad Dawadimi plutons

Abirkitib- (Hijaz)~ 2700 syn-kinematic | Almond & Abmed, 1987

Onib Gebeit & plutons Stern et al., 1989
Gabgaba

Table 2.2 Summary of suturing dates for the Nubian-Arabian Shield.

The general younging of the basement from south to north, seen in
Arabia (Stoeser & Camp,1985) and in the Egyptian basement (Stern &
Hedge,1985), is reflected in a progressive accretion and cratonisation
sequence in which early collision within the Asir group of terranes
(760-730 Ma) was followed by suturing of the Hijaz, northern Afif, and
Asir terranes (720-670 Ma; Fig.2.14) and culminated in the
contemporaneous collision of the Midyan terrane and the north-socuth-
trending continental and marginal terranes at the eastern and western
boundaries of the shield (670-630 Ma).

Deformation within each of the terranes and their suture zones is
controlled by the original orientation of the composite units that form
each terrane and the subsequent collision with adjacent microplates.
The predominant structures within the arc terranes comprise north-east-
trending fold and thrust belts (e.g. Samran belt), whereas the bounding
marginal Afif, Ar Rayn, and Ad Dawadimi terranes, the Nabitah mobile
belt and the area west of Abirkitib (Gabgaba/Northern Red Sea Hills
terrane; Krdner et al., 1989) display structures with north-south
trends (Fig.2.15). Marginal zones of the arc terranes close to the
Nabitah and Abirkitib sutures display secondary north-south structures

superimposed on early arc-accretion trends.
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Early east-west trending major folds have been identified in western
Ethiopia (Geba Phase; Kazmin et al.,1979), in northern Kenya {Samburu
Phase, Berhe & Rothery,1986), in the southern Arabian Shield
(Moore,1983,1984; Agar,1985) and in the north-eastern Arabian Shield
(Beurrier & Villey,1984) where they are overprinted by open, north-
south folds related to the later phases of accretion.

In the Eastern Desert of Egypt, several phases of deformation are
evident on north-west and north-east trends and at the Wadi Hafafit
Culmination, Elbayoumi and Greiling (1984) claim to have identified
eleven deformation episodes. The majority of the deformation appears
to be related to north-west-directed tectonic transport during folding
and thrusting (Ries et al.,1983; Greiling.,1987). It is not clear,
however, whether folds and thrusts identified on a north-west trend
pre~dated the north-east trending deformation (Soliman et al.,1982;
Abdel-Khalek & Abdel-Wahed,1982), post-dated it (Ries et al., 1983) or
occurred before and after the main arc collision event (Elbayoumi &
Greiling,1984; Greiling,1987). Estimation of the timing of accretion
in the region suggests that collision of the Midyan terrane with the
Hijaz terrane was contemporaneous with suturing of the marginal arc
terranes and the terranes of continental affinity to the east and west,
producing locally complex interactions and deformations on both trends.

Similarly, in the Sudan, the ophiolite complex at Sol Hamid has
been thrust to the north-east following obduction and deformation on a
north~east trend (Fitches et al.,1983). Post-dating emplacement of the
Bi'r Umg~Port Sudan ophiolites, two further ductile shearing phases
have been identified. These comprise modification of the Nakasib-(B'ir
Umng~Port Sudan) shear zone suture by dextral shearing with a large
strike-slip component, followed by sinistral strike-slip shearing along
a north-south trend typified by the braided Oko shear zone (see Fig.
2.20; Almond & Ahmed,1987). The accretion of the arc terranes, with
the subsequent collision of the north-south trending marginal
microplates, effectively ended accretion of the Shield and these
deformation events were followed by development of the Najd fracture
system and widespread emplacement of post-orogenic ¢granites.

Collision of the Nubian-Arabian Shield and Mozambique Belt to the
east and the West African Craton to the west is considered to have
reactivated parts of the early- to mid-Proterozoic Fast Sahara Craton,
east of the Archaean basement at Jebel Uweinat (Schandelmeier et
al.,1987). The reactivated north-east-trending structures include the

Northern Zalingei Fold Zone, the Trans-Africa Lineament, the Bir
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Safsaf-Aswan Uplift System, and the Central African Lineament (Fig.
2.16) in which Pan~African dextral wrench faulting has been observed
and linked as a possible conjugate system of the Najd event
(Schandelmeier et al.,1987; Schandelmeier & Harms,1987).
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Fig.2.16 Early- to mid-Proterozoic structures reactivated during the

Pan-African (after Schandelmeier et al.,1987).
2.7 Post-Accretion Evolution of the Nubian-Arabian Shield

The Najd fracture system comprises a north-west-trending group of
strike-slip faults which traverse the northern part of the Arabian
Shield into Egypt (as the Duwi Shear zone; Moore,1979). It forms a
zone 300-400 km wide and, although its extent is obscured by
Phanerozoic sedimentary cover, it has a strike length of between 1200
and 2000 km (Fig.2.17; Brown & Jackson,1960). Displacement across
individual faults varies from 2 to 25 km but produce a cumulative
sinistral diplacement of 240-300 km (Brown,1972). The age of Najd
faulting has been constrained to between 640 to 540 Ma by the dating of
fault bounded and cross~cutting intrusions (e.g. Hufrayh complex, Haml
Batholith) and by volcanosedimentary sequences (e.g. Bani Ghayy Group,
620~-608 Ma; Murdama Group,615-595 Ma) deposited into fault-bounded
graben (Fleck et al.,1976; Davies,1984; Stacey et al.,1984; Agar,b1987).
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Fig.2.17 Sketch map of the Arabian Shield showing the major faults of
the Najd fracture system (from Agar,1987).

Moore {1979) demonstrated the earliest phase of faulting to be
ductile/brittle~ductile followed by the main brittle faulting event.
Analysis of the major and secondary structures of the fault systen,
i.e. normal and reverse faults, thrusts, folds, graben structures and
dyke complexes, by Agar (1987) indicated that components of dextral as
well as sinistral shear existed. Hence, the Najd episode appears to

have consisted of two phases, namely:
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i) an early dextral ductile event from 640 to 600 Ma together with
greenschist facies regional metamorphism which was possibly
related to the final phase of collision along the Al Amar-JIdsas
suture;

ii) a second phase of brittle movement from 600 to 540 Ma, culminating

in an overall sinistral displacement of up to 300 km (Agar,1987).

The origin of the Najd system is generally considered to be due to
tectonic reactivation (Johnson et al.,1987), likened by many to the
intracratonic phase that followed the collision of the Indian and Asian
plates (Tapponier & Molnar,b1976), with the Ar Rayn terrane acting as
the rigid indenter (e.g. Schmidt et al.,1979; Stoeser & Camp,1985).
Stern (1985) has criticised this model and stated that the Najd system
consists of transform faults which accommodated a north-east-trending
rift zone in Egypt which was active between 600 and 540 Ma. The
deformation style of the Najd system does not appear to comply with the
rigid indenter model in that the strike-slip fault system remains
parallel throughout its length and does not converge on the corners of
the rigid Ar Rayn plate along with the difficulty of explaining the
ipitial dextral episode. Suturing of the Nubian-Arabian Shield was
virtually complete by 625 Ma and at around 600 Ma there was a
transition from post-orogenic bimodal calc~alkaline ring complexes,
distinguished as Younger Granites from the larger syn-to late-tectonic
batholithic complexes, to the plugs and ring complexes of anorogenic
alkali granites and quartz syenites (Neary et al.,1976; Almond,1979;
Harris,1982; Vail,1982,1985¢,1989). 1In Saudi Arabia, syenites were
emplaced between 620 and 550 Ma and alkali granites from about 680 to
517 Ma (Stoeser,1986).

The widespread intrusion of anorogenic alkali granites and
syenites is indicative of a phase of crustal relaxation and extension
which is supported by the identification of Infracambrian (600-540 Ma)
rift basins on both sides of the Najd system in northern Egypt
(Stern,1985), southern Oman, Pakistan and the Arabian Gulf
(Fig.2.18; Husseini,1988). The early phase of ductile dextral shearing
(640-600 Ma) has thus been attributed to the continental collision of
the Ar Rayn plate which was followed by sinistral brittle shearing with
the onset of rifting from 600 to 540 Ma (Husseini,1988).

Following the end of tectonic activity in the area, the Nubian-

Arabian neocraton subsided and was peneplaned on a regional scale.
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Fig.2.18 Infracambrian rift basins related to the Najd fault system

(after Husselni,1988).

Throughout the Palaeozoic, the general northward dip of the African
continental platform was rapidly transgressed by Palaeozoic seas
southward to the north-western Sudanese border around Jebel Uweinat
(Klitsch,1987; Fabre, 1988). Sedimentation dominated by fluvial and
shallow marine sheet sandstones was, in part, controlled by a north-
west structural relief and by basins formed from reactivation of the
north-east trending Trans-African and Central African lineaments (Nagy
et al.,1976; Wycisk, 1987). Collision of Gondwana with northern
continents during the Carboniferous produced an east-west-trending
uplift through Jebel Uweinat and Aswan, resulting in deposition of
glacial and continental fluvial sediments into a large but shallow
basin to the south. From the late-Jurassic onward, sedimentation was
of predominantly continental sheet sandstone sequences of the Nubian
Formation, with marine transgressions migrating further south during
the Cretaceous in response to further reactivation of north-east- and
north-west-trending Precambrian structures (Klitsch,1987; Wycisk,1987).
The onset of the break up of Pangea, initiated in the Permian, is the
likely cause of the earliest phase of rift related magmatism dated at
around 250 Ma (Table 2.3).
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Table 2.3

Phase Period Age Cause Associated
(Ma) Volcanism
1 Permian 2250 Initiation of the
. break-up of Pangea
anorogenic
=Neocomian to 160-130 Initial opening alkali~
2 late-Albian to 98 cof Sth Atlantic basalt
& rifting of syenite &
Benue Trough trachyte
= magmatism
3 Turonian to 90 Opening of South
late~Senonian to 65 Atlantic
late-Eacene 40 Propogation of
4 to Oligocene to 25 Red Sea rift from
Gulf of Aden to Cenozoic
the Gulf of Suez volcanics
along the
intra- from middle 15 Opening of Red Central
cratonic | Miocene Sea along Dead African
gag Sea Transform, shear zone
Gulf of Agaba

Summary of late-Phanerozoic and Cenozoic phases of extension

in Sudan.

Three further phases of rifting, beginning in the late-Jurassic, were

controlled by dextral reactivation of the Central African shear zone

and resulted in the formation of four north-west-trending basins in

southern Sudan, namely; the Bagarra, the Muglad, the Melut and the Blue
Nile basins (Fig.2.19; Schull,1988).

Fig.2.19
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Regional tectonic map of central Africa showing the major
rift basins and structures associated with the break-up of
Pangea {(from Schull,1988).
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In eastern Sudan and Egypt, phases of anorogenic alkali basalt-trachyte
magmatism dated at 150-89 Ma (Vail,1987a) and 104-80 Ma (Greiling et
al.,1988) were focused by reactivated north-south structures (Oko shear
zone and the Onib-Hamisana shear zone} and probably correspond to the
first two rifting events (Medani & Vail,1974; Almond & Ahmed,1987).

The third phase, from the Eocene to the Oligocene, was confined to the
eastern side of the African Shield (Girdler,b1985) with continued
deposition into the southern Sudan basins (Schull,1988). The Central
Bfrican shear zone was once again reactivated and can be traced across
Sudan by the north-east line of Cainozoic volcanic rocks from Gebel
Marra to the Central Bayuda Desert (Schandelmeier et al.,1987). This
phase of extension ceased in the Sudan when increased lithospheric
strength in the Mediterranean continental margin prevented further
rifting to the north-west and opening continued along the Dead Sea
Transform along the Gulf of Ahgaba (Steckler & ten Brink,1986).

2.8 Geology of the Northern Red Sea Hills around Gebeit al Ma‘adin

The majority of geological research on the Nubian-Arabian Shield
has been concentrated in Saudil Arabia and consequently the geological
database for the Northern Red Sea Hills Province at present remains
more limited. Present understanding of the Red Sea Hills area is
derived from the work of several authors dating back to the studies of
Gass (1955), Ruxton (1956), Gabert et al. (1960) and Kabesh (1962),
which were synthesised by Whiteman (1971). The basic stratigraphic
interpretation for the area produced by Gass (1955) changed very little
up to the succession published by Vail (1979; Table 2.4a) in which the
units underlying the volcano-sedimentary assemblages (formerly the Oyo,
Nafirdeib, Salala, and 0di Series) were subdivided into the amphibolite
grade meta-~sediments of the Metasedimentary Group and the quartzo-
feldspathic gneisses of the Grey Gneiss Group (formerly the Primitive
or Kashebib Series and not represented in the Red Sea Hills). The acid
through to basic lavas, pyroclastics, and associated greywackes,
marbles, shales, quartzites and conglomerates that comprise the
volcano-sedimentary sequences have been described and correlated from
various parts of the province (e.g. the Oyo Series of Gass,1955 and the
Nafirdeib Series of Ruxton,1956). The range of descriptions, however,
indicated that there are rapid lateral and vertical variations which
prompted Vail (1979) to use the overall term of Greenschist Assemblage,

later called the Nubian-arc-system metavolcanics by El-Nadi (1984).
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Bdvances in the understanding of geological processes allied to
plate tectonic theory and the evolution of the Shield (e.g. Greenwood
et al.,1976; Neary et al.,1976) lead to rationalisation of the
stratigraphy by Almond (1982) and Embleton et al. (Table 2.4b; 1982)
who divided the rocks into nine major units within which there may be a
substantial temporal overlap. The recent recognition of discrete
tectonic terranes in the Arabian Shield (Camp,1984; Stoeser &
Camp,1985; Johnson & Vranas,1984) has been paralleled in the Nubian
Shield mainly by the research of Vail (1983,1985a,b,1987a) and co-
workers and by Almond (1982,1984,1987) and co-workers.

Gebeit Gold Mine is situated in the north-western corner of the
Hijaz oceanic-arc terrane approximately 100 km south-west of the
ophiolite complex of the north-east trending Halaib-Yanbu suture at Sol
Hamid and 120 km east of the north-south Onib-Hamesana suture at
Abirkitid (Fig.2.20). Although sixty percent of the areal extent of
the province comprises intrusive granitoids, the area around the mine
complex comprises greenschist facies, basic to intermediate, volcanic
and volcano-sedimentary rocks. This Proterozoic basement displays a
strong north-east-trending structural grain and has been intruded by
syn- to late-tectonic, post-tectonic, calc-alkaline complexes and
anorogenic syenite and alkali granites (formerly the Batholithic
Granites and Younger Granites of Gass,1955). The volcano-sedimentary
succession is separated from the Halaib-Yanbu suture by a north-east
trending zone of syn-orogenic granitoid plutons aggregated to form a
batholith which intrudes and envelopes the Onib-Hamesana suture as the
Serakoit batholith. This batholithic zone, along with syn-orogenic
batholiths to the south-east of Gebeit, has been preferentially
intruded by several dyke swarms of doleritic to microgranite
composition dated at around 725 Ma (Vail et al.,1984). Conversely, the
later calc-alkaline post-orogenic complexes are concentrated in bands
parallel to the ophiolite zones and preferentially intrude the volcano-
sedimentary assenblages (Vail,1982). To the south of Gebeit lies the
Sasa Plain where amphibolite-grade paragneisses (high-grade shelf
metasediments) are exposed and are believed to represent original shelf
deposits derived from the Nile craton, possibly as a detached micro-
continental block (Vail,1987a; E1-Nadi,1987). Mapping of the Red Sea
Hills by previous workers including the Soviet-Sudanese project (Ahmed,
1984) has been augmented by Landsat MSS Imagery Interpretation
(Geosurvey,1983). These studies demonstrate that widescale faulting on
NW-SE, N-S, and E-W trends has occurred in addition to the north-
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Fig.2.20 Geological sketch map of Gebeit-~Hijaz terrane in north-east
Sudan (after Vail et al.,1984; Almond & Ahmed,1987).
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east~trending folding and faulting associated with arc-accretion
events. Field~based studies of ductile shear zones by Almond and Ahmed
(1987) indicate that the Nakasib shear zone of the Bi'r Umg-Port Sudan
suture was reactivated dextrally following obduction and, with the
Onib~Hamesana suture, subsequently was deformed by later north-south-
trending Oko and Abirkitib shear zones. West of the Sasa Plain is a
block of Cretaceous(?) Nubian Formation sandstone preserved in a north-
south graben produced by further reactivation of the Oko shear zone.
This shear zone also controlled Tertiary alkali basalt-syenite
volcanicity (Almond & Ahmed,1987) and implies that the region has
undergone a protracted and complex tectonic history including
reactivation of older structures.

Gold prospects and limited mining activities are evident
throughout the province which has a long history of mining and
exploration dating back to the Pharoahs. Even though the auriferous
guartz veins are generally confined to the volcano-sedimentary areas,
mineralisation was originally considered to be related to the intrusion
of the Younger (post-orogenic) Granites (Whiteman,1971; El-Boushi,
1972). Although the precise controls on mineralisation have not been
established, Vail (1978) indicated that the veins were controlled
mainly by north-east trending fractures, post-dating all major folding
and metamorphism but pre~dating emplacement of post-orogenic intrusions
(Vail,1978; Almond et al.,1984). The paucity of geological information
on the Red Sea Hills Province coupled with the complexity of the
basement geology has constrained this study, primarily, to an
evaluation of the geological evolution of the Gebeit area in order to

define the exact controls on mineralisation.
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"Tectonic and Chemical Evolution of a Late Proterozoic Gold

Deposit, Gebeit Mine, Northern Red Sea Hills, Sudan.”

PART TWO

GEBEIT LITHOLOGIES: PETROGRAPHY AND GEOCHEMISTRY



CHAPTER 3

Gebeit Volcanic Group

3.1 Introduction

Greenschist facies, andesitic, oceanic arc, meta-volcanics are the
host lithologies to gold mineralisation at the Gebeit Mine and in the
immediate satellite prospect areas. Whole rock and mineral Sm-Nd data
yield a late Proterozoic (Pan-African) age of between 832+26 and 871173
Ma (Reischmann et al.,1986) and these lithologies reportedly display
the geochemical affinities of calcalkaline andesites, consistent with a
regional genetic model of an oceanic arc accreted terrane (Jackaman,
1972; Greenwood et al.,1976; Al-Shanti & Mitchell,1976; Bakor et al.,
1976; Gass,1977,1979,1981; Frisch & Al-Shanti,1977; Shackleton,1977,
1986).

Within the mine sequence, three main lithotypes can be
distinguished petrographically and geochemically and these have been

further subdivided on a textural basis. The lithologies comprise:

1) aphyric and plagioclase-phyric volcanics, consisting of:

a) fine, laminated, tuffs, and

b) coarse flows and tuffs,

ii) hornblende~, clinopyroxene-, and plagioclase-phyric volcanics,

which consist of:

a) massive and basal cumnmulate flows,
b) fine to coarse tuffs, and

¢) lapilli~tuffs and agglomerates,

iii) black, carbonaceous, pyritic shales.

Because of the inherent difficulties in correlating ancient

volcanic sequences across the Nubian Shield, the stratigraphic
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succession around Gebeit has been logged and is here designated the

Gebeit Volcanic Group (GVG).

3.2 Field Descriptions

Virtually all outcrops of the volcanic lithologies are coated in a
dark brown to black desert varnish, which is enhanced by the relatively
high ferromagnesian contents of these rocks (see 3.6.1). As a result,
mapping is restricted to chip-sampling all definable units although an
estimation of grain size can be made from the smoothness of surface
textures. Because of the additional structural complexities,
recognition of lateral extents, correlation of individual beds, and
definition of depositional types have proved to be very difficult.
Classification of pyroclasts and rock-types is taken from Schmid (1981)
and Fisher and Schmincke (1984).

Well-bedded volcaniclastics, which generally occur at lower
topographic levels, have sharply defined bedding planes with beds
ranging from laminae <3 mm to beds 5 m thick. The majority, however,
lie between 1 and 50 cm in thickness. Grain size varies from very
fine, grey-green, laminated, flinty tuffs to coarse (average grain
size, 2 mm), often plagioclase-phyric, more thickly bedded, grey-green
tuffs. The aphyric tuffs are often grouped in sets of laminae from 50
cm to 5 m, which commonly are separated by single, coarse, plagioclase-
phyric, volcaniclastic beds, from 5 cm to 5 m thick (see section 3.5.2,
Fig.3.2). Carbonaceous black volcaniclastic shales are seen
interbedded with the fine tuff horizons in drill core and underground,
but have only been observed in two locations on surface at Gebeit
(Bishops Dam; 4200E,5600N and Wadi Lode Extension; 5100E,5500N).

Graded bedding is evident in these lithotypes and relationships with
other sedimentary structures, e.g. scours and flame structures (see
3.3.1), indicate that grading is usually normal although rare examples
of reverse grading have been observed.

Hornblende-, c¢linopyroxene~, and plagioclase-phyric, green,
volcanics form the higher topographic features and produce a coarse,
blocky scree outcrop, which hinders estimation of bed thicknesses.

Lava and pyroclastic flows, lapilli-tuffs, and agglomerates can be
identified, with individual members ranging from 20 cm to 10 m thick,
however lateral variations in depositional style and thickness have not
been ascertained. Untectonised bombs and lapilli from these units are

generally sub-angular to sub-rounded, 2 to 50 cm in diameter, and
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contain ¢ 25% matrix. Some lithotypes display sub-rounded ejecta,
commonly harder than the matrix on weathered outcrops, indicating they
are agglomerates. Conversely, with the sub-angular varieties the
ejecta are not prominent or are preferentially weathered suggesting
that flow breccias are also present (Moseley, 1983). Sub-rounded,
sometimes coemposite, amygdales up to 15 mm in diameter, containing
quartz, carbonate, chlorite and zoisite, are relatively common in the
flow horizons and many of the larger pyroclastic fragments are
intensely vesiculated. Rare, fine agglutinated pyroclasts have been
observed with highly weathered matrices and probably represent scoria

deposits.

3.3 Depositional Structures

3.3.1 Aphyric and Plagioclase-Phyric Tuffs

In the aphyric and plagioclase-phyric tuffs, graded bedding and
lamination is a common feature and is better developed in the coarser,
plagioclase-phyric units (Plate 3.l1a & b). The lower contacts of each
lamination and bed, although often very sharp, are generally irregular
due to scour and flame structures. These are most prominent where
coarse tuffs overlie shale units (Plate 3.1c). The relationship
between bedding and the scour and flame structures indicates that
grading is normal and is evident in beds from 1 to 30 cm thick.
Ripples and cross-lamination have been observed and often the upper
surfaces of laminae and beds are truncated by local unconformities
{Plate 3.1c). Rare sub-angular clasts of fine laminated tuffs occur
generally parallel to bedding and range in size from 2 to 35 cm. At
Garabein, angular to sub-rounded, matrix-supported, chaotic, rip-up
clast units are common at the base of the coarser, more massive beds
{Plate 3.14). As well as minor syn-depositional micro~-faulting, slump
folds, 5 to 100 cm in length, have been observed at Garabein (Plate
3.1le), and Gebeit. Syn~depositional, north-east-trending folding is
also evident in the form of an angular unconformity e.g. as seen at:
5350E,5450N; 5480E,5520N; and 4730E,6460N where gentle, upright folding
of the lower fine tuffs (interbedded with hornblende-~phyric lavas at
4730E,6460N) are overlain by relatively flat-lying hornblende-phyric
agglomerate. The plagioclase-phyric and aphyric rocks have been dated
as possibly older than the hornblende-phyric rocks (871%73Ma and
832+26Ma respectively; Reischmann et al.,1986). This suggests that the

Page 3-3









sequence at Gebeit is not inverted and that there may have been a
significant hiatus between the deposition of the plagioclase-phyric and
aphyric rocks and the hornblende-phyric lavas and agglomerates.

Many of the sedimentary structures evident in these
volcaniclastics are very similar to the textures of the water-lain
tuffaceous units of the Borrowdale volcanics in the Lake District
(Moseley, 1983) and, in addition to being interbedded with carbonaceous
shales, indicate a predominantly submarine depositional environment
{see 3.7).

3.3.2 BHornblende-, Clinopyroxene-, and Plagioclase-Phyric Volcanics

In contrast to the lower succession dominated by the aphyric and
plagioclase~-phyric tuffs, the upper hornblende- and clinopyroxene-
phyric volcanics mainly comprise flows and agglomerates with
subordinate tuff and basal cummulate units. Where observed, the
relationship between flows and underlying fine tuff beds show both
conformable and erosional contacts (Plate 3.1f). Pillow lavas have
been reported in the area (Yassin and Ahmed, 1984; Robertson Research,
1983). Breccias are evident but the host matrices are usually coarse-
grained (2-10mm) and appear to represent autoclastic flow breccias. No
distinct, unequivocal pillow structures, hydroclastic or similar,
large-scale quench textures, suggestive of a submarine dominated
depositional environment, have been observed. Occasionally, however,
finely brecciated flows occur with pale coloured, very fine~grained,
aphanitic matrices indicative of rapid quenching (Plate 3.2a). Bombs
and lapilli in the agglomeratic beds are rounded, highly vesiculated,
and often have well-developed tails. Sag textures have been identified
(Plate 3.2b) and are due to subaerial tephra fall-out into
unconsolidated fine tuff laminae with some bombs displaying quenched

rims.

3.4 Petrography

Samples of all the sub-groups of the volcanic lithologies have
been examined as thin sections for mineralogical and textural
information followed up by random powder X-ray diffraction analysis to
aid mineral identification. Surface and drill core samples have been
studied in order to define a set of specimens which display the least

alteration and hence can be used to characterise the geochemistry.
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From petrographic studies, the original classification of the Gebeit
volcanics (i.e. crystal tuff, fine, medium and coarse lithic tuff,
banded tuff, lapilli tuff, and tuffaceous schist (Robertson Research,
1983) has been discarded as many of these ignecus terms were employed
to describe variably sheared and hydrothermally altered basaltic
andesites. As a result, the broad field-based sub-divisions of aphyric
tuffs, plagioclase~phyric volcaniclastics, shales, and hornblende-,
clinopyroxene~-, and plagioclase-phyric volcanics have been retained.

In this chapter, only igneous textures and mineralogies are discussed;
structural textures and mineralogical changes due to hydrothermal

alteration are discussed in Chapter 7.

3.4.1 Aphyric Laminated Tuffs and Shales

The aphyric tuffs are generally very fine-grained, ranging from
a micro-porphyritic texture (Plate 3.2¢) to a cryptocrystalline
consolidated ash where no crystallite phases are readily identifiable
using thin-section petrography. The finest tuffs appear to be
volcaniclastic in origin rather than being altered holohyaline
lithotypes; however, the very fine grain size makes estimation of the
amount of subsequent alteration by sea water and hydrothermal fluids
difficult to assess. The coarser texture consists of equant albitic
plagioclase crystals, up to 0.5mm, in a trachytic matrix of albite
laths up to 0.2mm. The mineralogy of the groundmass and the very fine-
grained lithologies, determined by X-ray diffraction studies, comprises
fine~grained chlorite, quartz, albite, epidote, sericite and calcite %
apatite * opaques. The larger feldspar grains show minor alteration to
chlorite and sericite. In contrast to the other lithotypes, both the
aphyric volcanics and the shales show sericite peaks on X-ray
diffraction traces indicating a sericite content of at least 5 vol%.
As these rocks are very similar, geochemically, to the porphyritic
volcanics, the high sericite contents probably represent a higher
degree of alteration. The finer-grained tuffs would be more
susceptible to sea-floor and diagenetic alteration especially in a
predominantly submarine depositional environment (Suthren,1985). The
majority of the tuffs investigated are crystal-rich which may be
attributed to both pyroclastic and epiclastic processes (Cas &
¥Wright,b1987)

The finest tuff units are found finely interbedded with laminae

and beds of shale. The mineralogy of the shales is essentially the
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same as the aphyric tuffs but they display a very dark colouration
(Piate 3.2d) due to the presence of fine grained graphite, which was
not detectable using XRD methods. This has been reported as "up to 1%
elemental carbon” (Robertson Research, 1983). The change from shales
to aphyric tuffs is gradational and feldspar laths (up to 0.2mm) are
evident in laminae with a lower graphite content. These tuffaceous
bands within the shale often contain horizons of early, euhedral pyrite
cubes (up to 2mm in diameter) parallel to bedding and oblique to the

tectonic fabric suggestive of primary, syngenetic pyrite.
3.4.2 Plagioclase-~Phyric Volcanics

Mineralogically, the plagioclase-phyric volcanics are coarser
grained eqguivalents of the aphyric tuffs and are composed of albite,
quartz, chlorite, epidote, and calcite % apatite % rutile # dolomite %
opagques. The plagioclase phenocrysts are albitic in composition, occur
up to 4mm in length and seriate as well as porphyritic textures are
displayed (Plate 3.2e). Carlsbad, albite and sawtooth deformation
twinning are common and, in the freshest samples, alteration of the
phenocrysts is restricted to minor, fine-grained, chlorite and
sericite. This alteration occurs along cleavage traces and is most
often concentrated at the grain centres, indicating original normal
zonation. Generally all grains are intact with only the largest
phenocrysts appearing fractured. The fine-grained, often trachytic,
groundmass contains fine feldspar laths up to 0.5mm in length, together
with fine, pervasive chlorite, epidote, calcite and quartz. In the
more altered sections, the albite microlites in the groundmass are
pseudomorphed by carbonate. Vesiculation is relatively common and
amygdales (from 0.2 to 5mm) are infilled by quartz, carbonate and

chlorite.
3.4.3 Hornblende-, Clinopyroxene-, and Plagioclase-Phyric Volcanics

This lithology displays similar textures and mineralogy to the
plagioclase~phyric volcanics with the addition of euhedral phenocrysts
of hornblende and clinopyroxene (Plate 3.2f). In the flow units, the
hornblende phenocrysts are up to 12mm long with the clinopyroxene
phases generally finer grained (0.5 to 4mm). The hornblende
phenocrysts are predominantly fresh, usually range from 0.5 to 6mm, and

display twinning and the brown pleochroism indicative of an original
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igneous amphibole (Plate 3.2g). Minor alteration to chlorite and
carbonate occurs along cleavages. In coarse grained samples,
hornblende can be zoned and commonly shows ophitic and sub-ophitic
texture with plagioclase. Clinopyroxene phenocrysts range from 0.5 to
4mm and, unlike the fresh hornblende, are usually altered to patchy
chlorite, calcite and actinolite. Actinolite commonly occurs as a
fibrous replacement of crystal rims and cleavage planes separating
patches of chlorite, calcite, quartz and relict clinopyroxene. As a
consequence, in hand specimen the pyroxene phases are not always
evident in the chloritic grey-green groundmass and some of the
pyroxene- and plagioclase-phyric beds may have been mapped in this
study and by previous workers as purely feldspar-phyric lithologies.
Plagioclase occurs as a phenocrystic phase but is subordinate to the
mafic phases (0.2 to 2mm) and is often more altered. Groundmass
mineralogies comprise albite, quartz, chlorite, actinolite, calcite,
hornblende, epidote and zoisite + apatite * rutile * opaques.

Vesiculation is common and more pronounced than the plagioclase-
phyric lithologies, with vesicles more irregularly shaped, up to 15mm
across, and with coarse radiating zoisite crystals round the rims in
addition to the usual infill of chlorite, gquartz and carbonate (Plate
3.2h). Seriate as well as porphyritic textures occur and trachytic
texture is often evident in the groundmass along with preferential
alignment of vesicles. Rare cumulate basal flows, as observed at the
logged section (see 3.5.2), are coarse (2 to 5mm), equigranular, and
comprise euhedral hornblende, clinopyroxene (generally altered to
fibrous actinolite) and minor plagioclase grains with intersertal
chlorite.

The well-rounded tephra of the agglomerate and lapilli-tuff units
are usually highly vesiculated and fine grained but retain a micro-
porphyritic texture in contrast to cryptocrystalline host matrices.
The angular to sub-angular tephra of the breccia units display only
minor vesiculation and are coarsely porphyritic. Host matrices are
either cryptocrystalline, showing fine compaction structures, possibly
due to welding, or are of similar grain size and texture as the clasts.
This suggests that pyroclastic, possibly hydroclastic, and autoclastic
(flow brecciation) depositional mechanisms were active to produce both
fine-and coarse-grained textures respectively. In both agglomeratic
and breccia units, ejecta composition is petrographically consistent
with the host and hence most of the clasts appear to be juvenile or

cognate in origin.
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3.4.4 Metamorphism

From the mineralogy of the relatively unaltered lithologies, an
estimate of the peak metamorphic grade can be made. Pervasive
alteration of the groundmass to chlorite, epidote, zoisite, albite and
calcite, replacement of clinopyroxene by actinolite, calcite, and
chlorite * epidote, and pervasive albitisation of the plagioclase
feldspars indicate a peak metamorphic grade of greenschist facies
(Miyashiro 1973). The brown colouration and euhedral habit of the
hornblende phenocrysts (Plates 3.2f & g¢g) implies that these are
original high temperature igneous phases (as opposed to lower
temperature, green-blue, metamorphic hornblendes, Miyashiro, 1973) and
hornblende has acted metastably during metamorphism (Barker, pers.
comm.,1987). 1In addition, the lack of biotite suggests that
metamorphism of these metabasites was confined to lower greenschist
facies. The presence of actinolite also signifies a relatively low
Pcoz during metamorphism; at higher Pcoz, actinolite breaks down to

form calcite and chlorite (Miyashiro, 1973).

3.5 Stratigraphy

Assessment of the volcano-sedimentary belts in the Central Arabian
Shield (Jackson & Ramsay,1980; Roobol et al.,1983) resulted in the

subdivision of the stratigraphy into three sequences namely:

i)"Sequence C", >900 Ma; the oldest volcano-sedimentary belts of
chemically immature bimodal suites of low-K tholeiites and sodic
dacite and rhyolite depleted in lithophile elements and similar to
immature island arcs such as the Tonga-Kermadec and Lesser Antilles
arcs. This sequence contains greenschist to amphibolite facies
metanorphic rocks derived from fine-grained terrigenous clastic
assemblages interbedded with the volcanic/volcaniclastic rocks that
were deposited in a marine basin marginal to but some distance from a
continental landmass (Jackson & Ramsay,1980). These rocks were
deformed and intruded by =900 Ma old diorite plutons (Darbyshire et
al.,1983) and include rocks assigned to the Baish, Bahah, Ajal/Siham,

Arafat and Hali Groups.

ii)"Sequence B", 900-700 Ma; comprises several volcano-sedimentary
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complexes which locally contain allochthonous mafic and ultramafic
rocks interpreted to be ophiolites. This sequence consists mainly of
greenschist facies rocks intruded by composite calc-alkaline batholiths
ranging between =x850-700 Ma in age. The lavas are predominantly calc-
alkaline and low~-K arc-tholeiite series, slightly more mature in
composition than sequence C, with higher lithophile element contents
comparable with Pacific island arc averages {(Jackson & Ramsay,1980;
Darbyshire et al.,1983; Rocbol et al.,1983).

1ii)"Sequence A", 700-570 Ma; contains coarse-grained terrigenous
clastic sediments locally interbedded with fluviatile to shallow-marine
carbonates and sub-aerially deposited rhyolite-dominated volcanics.
The voluminous lavas are generally calc-alkaline or high-X calc~
alkaline lavas with moderately high lithophile element abundances
comparable to velcanic arcs such as those of Central America and
Indonesia which are transitional between island arcs and continental
margin volcanics. This succession is weakly metamorphosed and intruded

by =600 Ma granite plutons.

Although the volcano-sedimentary belts of the Nubian-Arabian
Shield are characterised by rapid lateral and vertical lithological
variations, there is a high degree of similarity in the lithological
character and gross structure (Jackson,1980). This is a result of
apparent common depositional environments and processes throughout the
Shield in which a broad development can be seen from extensive marine
basins which received detritus from both continental and immature
island~arc sources (sequence C) through diachronous volcano-sedimentary
basins related to maturing intraoceanic arc systems ({sequence B), to
shallow marine to subaerial depostion of sediments and calc~alkaline to
alkaline volcanics (sequence A) on continental basement (Jackson &
Ramsay, 1980). It has been recognised, however, that the Shield
comprises distinct tectonostratigraphic terranes that have intrinsic
geological histories and are separated by major crustal
discontinuities. Mapping in contiguous regions has produced a plethora
of stratigraphic names but the probable independent and diachronous
evolution of the various terranes means that direct correlation of
similar facies is unrealistic unless supported by accurate age data.
The recognition of progressively maturing arc facies within each
terrane indicates that the Nubian-Arabian Shield evolved in terms of
superimposed volcanic arcs as opposed to the juxtapositioning of

oy,
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oceanic arcs as suggested by Gass (1977) and Shackleton (1979).
Johnson et al. (1987) identified a series of autochthonous,
unconformable, post-accretion, "overlap sequences” ranging in age fronm
760 to 570 Ma that were deposited diachronously over the Shield and
obscure previously accreted terranes and terrane boundaries. These

consist of a number of structural environments, namely:

a) Successor basins which occur above terrane boundaries; an
example is the Furayh Group (700~-675 Ma) of conglomerate, sandstone and
mafic volcanics which were deposited in a successor basin above the
sutures joining the Hijaz, At Ta'if-Jiddah (Northern Asir), and Afif
terranes. Similar sequences include the Fatimah Group (704-675 Ma) in
the At Ta'if-~Jiddah composite terrane and the Thalbah (670-640 Ma) and
Amlas Formation within the Midyan terrane.

b) Crustal downwarp basins; such as the elongate Murdama basin
across the Afif, Ad Dawadimi and Ha'il terranes which contains a thick
succession of shallow-marine to fluviatile, volcaniclastic and
epiclastic rocks of the Murdama, Jurdhawiyah and Hibshi Groups with
marginal, mature, calc-alkaline volcanics (sequence A, Jackson &
Ramsay, 1980) dated at 631 Ma. The contraction and downwarp of
basement rocks following thermal expansion during syn-accretionary
granite emplacement is seen as a likely basin-generating mechanism.

¢) Pull-apart basins; in which subaerial and shallow-water
sequences were deposited in ensialic, fault-controlled grabens,
delineated by the north-west-trending, sinistral, strike-slip faults of
the post-accretionary Najd system. They include the Jibalah and Bani
Ghayy (630-610 Ma) Groups and the Minawah Formation (=575 Ma) of
clastic, epiclastic and volcaniclastic sediments interbedded with
bimodal volcanic rocks typical of lavas in continental rifting

environments.

3.5.1 Stratigraphy of the Northern Red Sea Hills

The stratigraphy of the Red Sea Hills is poorly understood owing
to the complexities of the late~Proterozoic granite-greenstone basenment
and the remoteness of the region. Several attempts have been made to
correlate the greenstone belt volcanics in the area under various
collective terms, i.e. Oyo Series (Gass, 1955), Nafirdeib Series
(Ruxton, 1956; Gabert et al.,1960; Kabesh, 1962) and the Nubian arc
system meta-volcanics (NAM) (El Nadi, 1984,1987). Although the

volcanic and sedimentary groups of the Nubian-Arabian shield may be
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linked in terms of common genetic processes, it is unwise to attempt to
erect regional stratigraphies within the Northern Red Sea Hills, let
alone across supposed plate boundaries into adjacent terranes. As Vail
(1987a) has rightly pointed out, these lithologies do not extend over
great distances and hence stratigraphic nomenclature should be confined
to a local scale (Embleton et al.,1982; Klemenic et al.,1985).

Geological mapping of the Gebeit~Sofiya area (Dunganab Sheet 36-1)
by a joint Soviet-Sudan team (Ahmed,1984) divided the greenstone
lithologies into a metasedimentary suite consisting of sandstone,
marble, gquartzite and conglomerates % basic volcanics (Salala area) and
a volcanic suite (Gebeit area) (Fig.3.1). The volcanic suite,
comprising andesite and basalt tuffs, flows and agglomerates, were
further subdivided into a lower succession of volcanics and interbedded
slates, greywackes and marbles, as at Gebeit, and an upper volcanic
succession * metasediments.

Recent Landsat imagery of the basement around Gebeit Mine has
recognised two further subdivisions of the Precambrian volcano-
sedimentary lithologies, termed PGl and PG2 (Geosurvey, 1983), which
were previously defined by Ruxton (1956) as the Nafirdeib Series and
the older, Primitive System, respectively. In the field, the low
relief, PG2 tuffaceous slates contrast markedly with the massive,
blocky, high-relief, PGl volcanics. The north-easterly dipping contact
between these two units, 4-5km to the south and south-east of Gebeit,
is sharply defined by shear zones {(30-50m wide) where PGl is over-
thrust on to PG2 (Fig.3.1). El-Nadi (1984, 1987) defined the PG2 rocks
as metagreywacke-dominated, volcanogenic metasediments of low
metamorphic grade, with interbedded meta-basic schists possibly
representing basic sills and flows. Consideration of the transitional-
element geochemistry of the interbedded volcanics prompted El-Nadi
(1984, 1987) to suggest that the sediments were possibly derived by
erosion of an earlier or proto-Nubian arc with deposition in a marginal
basin. El-Nadi also correlated the PGl volcanics with the Homogar
Volcanic Group (250 km south of Gebeit] (Klemenic et al.,1985) under
the genetic term of Nubian-arc system metavolcanics (NAM). Although
extensive rhyolites were identified in addition to the syn-orogenic,
intrusive/extrusive rhyolite complexes by Landsat imagery, these have
not been verified by the field-based Soviet-Sudanese mapping (Ahmed,
1984).

As all observed gold mineralisation in the area occurs within the

PGl volcanic group, all stratigraphic, petrographic and geochemical
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investigations undertaken in this study have concentrated on the PG1
group. From geological mapping of the PGl volcanics in the immediate
mine area, (this study, Robertson Research 1983-1985, Greenwich
Resources 1985-1987), with reconnaissance mapping and sampling up to 15
km from the mine, a local stratigraphy has been realised. Using the
type of stratigraphic nomenclature employed by Embleton et al., (1982);
Klemenic et al., (1985); and Vail (1987a), the PGl volcanics studied at
Gebeit have been termed the Gebeit Volcanic Group (GVG).

3.5.2 Stratigraphy of the Gebeit Volcanic Group

Establishment of a stratigraphic sequence for a succession
dominated by volcanics must be generalised and restricted to a
relatively small area. Because of the structural complications in the
mine area, a well exposed section at the southern margin of the GVG
outcrop was logged (Fig.3.2) and then compared with mine-scale and
reconnaissance mapping. The logged section, 2.5 km south-east of
Gebeit on the Gebeit-Muhammad Qol road, appears to be fairly
characteristic of the overall succession and can be correlated at least
15 km to the north-west at Garabein Mine. The main belt of volcanics
extends 10 km west to the contact with the predominantly granitic belt
north of Tagoti. The rocks appear to become more subaerial in
character both east and west of Wadi Gebeit with the succession
dominated by agglomerates and lavas together with discontinuous, north-
east-trending belts of metasediments, quartzites and marbles. The
consistency in stratigraphy to the north-east along strike and the
rapid lithological variation perpendicular to strike may be due solely
to F1 folding or may also reflect deposition controlled by north-east-
trending, elongate, marginal basins.

The broad stratigraphy at Gebeit comprises a lower succession of
fine, well-bedded, aphyric and plagioclase-phyric pyroclastics which
grade into an upper sequence dominated by hornblende-, and
clinopyroxene-phyric agglomerates, lapillistones, and flows (Fig.3.3).
Shear zones delineate the lower limit of the succession and generally
within these zones lapilli-tuffs and agglomerates can be identified
which display strong fabric-development in the matrix but minor
deformation to the clasts. Because of the apparent repetition in the
succession across the Gebeit block, it is uncertain whether these
agglomerates within the shear zones form the lowest identifiable unit

of the stratigraphy or are from the upper agglomerate-dominated part of
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the succession. Graphitic shales are evident at Gebeit, interbedded
with aphyric tuffs at the base of the succession. They consistently
occur along the hanging wall of many of the major shear zones and
appear to be significant in the siting and localisation of these
structures. As a consequence of the preferential deformation of the
shale units, they vary considerably in thickness. However, drill
intersections of relatively undeformed rocks suggest some shale beds
exceed 50 cm in thickness.

At Garabein, the sequence of interbedded shales and tuffs is
thicker. The relatively more abundant sedimentary structures (e.g.
slump folds, cross-lamination, rip-up clast beds) and rock types
indicate a more submarine-dominated depositional environment than at
Gebeit. Further up the succession, coarser pyroclastic lithologies
become predominant along with a gradual increase in the abundance of
agglomerate, lapilli-tuff and flow units. At the transition zone from
aphyric and plagioclase-phyric tuffs to the hornblende-phyric
lithlogies, the laminated tuffs are sometimes observed interbedded with
flows and agglomerates. The top of the stratigraphic sequence is
composed of thick (>1m) but laterally variable agglomerates which form
the tops to many of the hills, especially to the west of Bishop's Dam.

Because of the problems of abundant upper scree-cover, desert
varnish, and structural complexities, estimation of the thicknesses of
various units and of the overall succession must be approached with
caution. The lower contacts to the defined stratigraphic succession
are invariably structural and the apparent repetition in stratigraphy
between the Wadi Gebeit, Wadi Lode and Wadi East Gebeit shear zones is
considered to be a structural repetition rather than a stratigraphic
cyclicity. Thus, due to the effects of thrusting and folding, the
observed succession may not represent the true depositional sequence
and as a result any estimations represent a maximum thickness. Mapping
indicates that the Gebeit Volcanic Group sequence in the mine area is
generally 500 to 800 m thick. However due to the localised nature of

pyroclastic deposition, significant lateral variations will occur.

3.6 Geochemistry of the Gebeit Volcanic Group

Geochemical analyses of relatively fresh samples of all lithotypes

were undertaken for two main reasons, namely:

i) to act as a control when comparing major and minor element
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mobilities in alteration zones, and
1i) to add to the limited geological database for Proterozoic

volcanic lithologies in the Red Sea Hills.

Samples that displayed minimal hydrothermal alteration and veining
were taken for analysis and were examined in thin section prior to
processing. However, alteration was difficult to identify in the
cryptocrystalline groundmasses and in the aphyric lithologies and,
consequently, some samples may have contained the products of incipient

alteration. All surface samples were cleaned of any desert varnish.

3.6.1 Geochemical Effects of Desert Varnish

Desert varnish forms a dark brown-black coating up to 0.1 mm thick
on the exposed surfaces of outcrops in the Red Sea Hills. Studies of
desert varnishes in Southern California (Engel and Sharp,1958) have
indicated that varnish-formation is primarily a weathering process
involving the dissolution, transportation and precipitation primarily
of Mn, Fe, Ti, Ba and Sr, together with many other trace elements.
Engel and Sharp (1958) considered that most elements are derived from
local sources and are transported in solution or by ionic diffusion
through moisture films. This is enhanced in the Red Sea Hills due to
the relatively high water table, the predominance of mafic lithologies,
and the wetter c¢limate that is known to have existed historically
(Mawson & Williams,1984).

In addition to iron and manganese, Ti, Ba, and Sr are the most
abundant trace elements in desert varnish, followed by Cu, Ni, Zr, Pb,
V, Co, La, Y, B, Cr and Sc¢ + Nb and it appears that most trace elements
are considerably enriched (Engel and Sharp,1958). This possible source
of contamination is of particular importance because of the relatively
low abundances of the high field strength (HFS) elements (Nb, Ti, Zr,
Y) in oceanic island arc mafic volcanics (Gil11,1981) and their use as
immobile elements for characterising altered lithologies (Pearce and
Cann, 1973).

Rates of varnish-formation vary widely with local conditions from
hundreds or thousands of years to as little as twenty-five (Engel angd
Sharp,1958). At Gebeit, old grindstones which are considered to be
Pharonic in age {(from the reign of Tutmose III; Gaskell, 1986) also
display desert varnish which sets the upper time limit of formation to

three and a half thousand years.

Page 3-19



3.6.2 General Geochemical Characteristics of the Gebeit Volcanic Group

Previous workers have variably classified the Gebeit Volcanic
Group as silicic volcanics (El-Boushi, 1972), andesites and greywackes
(Ruxton, 1956; Robertson Research, 1983}, and basalts and basaltic
andesites (El1-Nadi, 1984, 1987 ; Reischmann et al.,1986). Petrographic
studies of these volcanics indicate that they are basaltic to andesitic
in composition; however, distinction into three sub-groups suggests
there may be significant geochemical variations. Discrimination of
magma type using the Jensen cation plot (Fig.3.4; Jensen,1976) suggests
the GVG rocks are tholeiitic andesites, and major and minor element
analyses of the Gebeit Volcanic Group (Appendix &) indicate a general
accordance with basic andesites (Table 3.1). Comparison of the Gebeit
lithologies with basic andesites {Table 3.1) illustrates, with the
exception of Si0:z, the good correlation in major and trace element
geochemistry. The more definitive geochemical characteristics are
summarised in Table 3.2. The andesitic nature of the GVG suggests a
convergent plate boundary tectonic setting.

The Gebeit volcanics have Ba/La ratios 215 which is consistent
with all volcanic rocks erupted at destructive plate margin boundaries
{in contrast to Ba/La values of 4~15 for MORB). The Ba/La ratios for
the GVG are relatively high (Table 3.2) and tend to be higher in low-X
volcanics compared to high-X rocks. The Ba/La ratio is also higher in
island arc rocks compared to rocks derived from thicker continental
margins and increases with differentiation (Gill, 1981). Comparison of
K20, Rb, and K/Rb, and Zr/Nb ratios suggest that the hornblende-phyric
rocks of the GVG are low-K in character relative to the medium- to
high-K nature of the plagioclase-phyric and aphyric volcanics
(6i11,1981).

3.6.3. Geochenistry of Orogenic Andesites

Andesites are associated with convergent plate boundaries and are
normally classified as intermediate hypersthene~normative volcanic
rocks with $i02 between 53% and 63%. Andesitic magmas usually contain
2~5 wt% water which is released on eruption. This volatile loss causes
precipitation and generates the porphyritic textures characteristic of
andesitic rocks. The high phenocryst content (20-50vol%), the low
settling rates of some phenocrysts, the high yield strength of
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andesitic magma, and the possibility of magma-mixing during andesite
genesis suggest that some samples may not have been homogenous liquids.
Some phenocrysts, therefore, may not have precipitated from the liquid
in which they occurred at eruption (Gill, 1981). As a result, scatter
of data can occur in element-element diagrams and variation diagrams
may represent mixing lines rather than lines of liquid descent.
Geochemically, arc volcanics are characterised by the enrichment
of large ion lithophile (LIL) elements (Rb, Ba, K, Th, & Sr) over the
high field strength (HFS) elements (Nb, Ta, Zr, Hf, Ti, Y, & Yb)
relative to mid-ocean ridge basalt (MORB). Calc-alkaline volcanics can
be differentiated from arc tholeiites by & greater magnitude of LIL
enrichment along with additional variable enrichments of Ce, P and Sm
(Pearce, 1982). It is not possible to derive island arc tholeiites and
calc-alkaline basalts from mantle with trace element and isotopic
properties similar to the source of N-MORB. Furthermore, partial
melting or high level fractional crystallisation cannot produce the
observed LIL/HFS element ratios (Saunders and Tarney, 1984). Fronm
studies of oceanic island arcs (Ringwood,1974; Pearce,1982,1983;
Saunders and Tarney,1979,1984; Pearce et al.,1984) the selective
enrichments in Sr, K, Rb, Ba, Th = Ce *+ Sm * P and the relative lack of
enrichment of Ta, Nb, Hf, Zr, Ti, Y and Yb have been attributed to
mantle source modification by a subduction component of aqueous and
siliceous fluids derived from an underlying subducting slab undergoing
dehydration. Additionally, the mantle wedge source regions become
gradually depleted in all incompatible elements due to extraction by
repeated arc magma production and the continuous transfer of LIL
elements from the adjacent subducting slab serves to rapidly increase
the LIL/HFS element ratio. Continental margin basalts carry an
additional geochemical component which contains Nb, Ta, Zr and Hf and
is assumed to be derived from trace element-enriched, metasomatised,
sub-continental lithosphere. This results in higher concentrations of
Nb and Ta relative to Zr and Hf, along with higher concentrations of Zr

and Hf relative to Y and Yb.
3.6.4 Immobile Element Discrimination Diagrams

Despite the fresh appearance of the analysed samples, relatively
low Si0; values suggest that some degree of major element mobility may
have occurred. Certain minor and trace, high field strength (HFS),

elements (Ti, Zr, Y, Nb, Ce, Ga), which have low ratios of ionic charge
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to ionic radius, i.e. ionic potential, have been shown to be generally
immobile in aqueous fluids (Cann, 1970; Pearce and Cann, 1973) and
behave incompatibly during most partial melting and fractional
crystallisation events (Pearce, 1982). .-As a result, rocks which have
undergone secondary alteration processes or metamorphism can be
characterised by comparison with fresh volcanics (Winchester and Floyd,
1977; Floyd and Winchester, 1978). Plots of the immobile elements
(Ti,Zr,Nb,¥) for the GVG (e.g. Ti vs. Y; Fig.3.5) show good positive
correlations that indicate these elements have behaved isochemically.
The Gebeit Volcanic Group lithologies have been plotted on established
geochemical grids (Figs.3.6-3.10) in order to classify them
geochemically, to indicate petrogenetic affinities and to identify a
possible tectonic setting. Despite petrographic differences, all the
GVG lithologies plot closely together in the basaltic andesite and sub-
alkaline basalt fields (Fig.3.6).

Plots of immobile elements (Ti,Zr,Y, and Cr) on discrimination
diagrams confirm that the GVG rocks are characteristic of volcanic arc
basalts rather than mid-ocean ridge basalts (MORB; Fig.3.7) and are not
of within-plate affinity (Fig.3.8). Figures 3.8 and 3.9 also indicate
that the hornblende-clinopyroxene-phyric volcanics are low-K tholeiites
(K20:0.01-0.69wt%) compared with the calc-alkaline plagioclase-phyric
and aphyric rocks (K:0; 0.80-2.7wt%). On each plot, one or two samples
ocecur in the MORB field but no single sample plots congistently as a
mid-ocean ridge basalt. Given that the Gebeit Volcanic Group rocks are
volcanic arc in origin, the Zr/Y vs. Zr plot (Fig.3.10) suggests that
the GVG rocks were erupted as part of an oceanic island arc and not in
a continental margin environment. The Zr/Y ratioc is a measure of
within-plate enrichment and not alkalinity (Pearce, 1982); thus,
continental margin and within-plate lavas, derived from metasomatised
sub-continental lithosphere similarly enriched in Nb, Zr, Ta, and Hf,
plot in the same field. Continental margin lavas also have a
subduction component.

These inferences are supported by comparison with basalts from
other tectonic settings (Table 3.3). The GVG has low TiOz values (<1%)
and low abundances of Cr, Ni, Zr, Y, and Nb relative to basalts from
within-plate and mid-ocean ridge environments. The lack of any silicic
volcanics, Y values of 20-25 ppm, and low Ni, <40 ppm also indicate
that the GVG were not erupted through thick continental crust,

supporting an oceanic arc setting.
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Fig.3.6 Zr/Ti02 vs. Nb/Y discrimination plot showing the andesitic

basalt affinities of the Gebeit Volcanic Group (after
Winchester & Floyd,1977).

Fig.3.7 Cr vs. Y plot showing the volecanic arc affinities of the

Gebeit Volcanic Group (after Pearce,1982).
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Fig.3.8 Discrimination diagram for the Gebeit Volcanic Group using
Ti, 2Zr, and Y. In conjunction with Fig.3.7, the hornblende-
phyric rocks are more arc tholeiitic compared to the aphyric
and plagioclase-phyric calc~alkaline rocks (after Pearce &
Cann,1973).
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Mid-Ocean Ridge Within-Plate Volcanic-Arc Gebeit Volcanic Group

Thol. Trans. Thol. Alkaline Thol. Calcalk. Shosh. Hb/Cpx Plag. Aphyric
K20 (%) 0.20  (0.51) (0.5) (1.5) 0.43 0.9 2.51 0.20 1.87 1.79
Rb (ppm) (2) (6) (7.5} (40) 4.7 23 51 [¥) 48 33
Ba(ppm}  (20) (60} {100) (600) 60 260 609 73 308 298
TiOz (%) 1.40 1.39 2.23 2.90 0.84 0.98 0.94 0.83 0.82 0.58
Zr (ppm) 90 9% 149 23 40 7 87 57 73 58
P20s (%) 0.12 0.18 0.25 0.64 0.08 0.19 0.44 0.24 0.21 0.10
Ce (ppm) 11 23.3 31.3 9.8 6.94 29.3 50.2 <10 16 10
b (ppm) 4.6 16 13 84 1.7 2.7 8.4 3 5 3
Srippm} 121 196 290 842 231 428 934 560 301 323
Bi(ppm) (90) (130 {70) (90) 18 50 14 52 19 15
Y {ppm) 33 25 26 25 17 22 22 22 22 17
Crippm) 251 411 352 536 111 160 100 180 41 38

( ) Estimated values (no compilation available)

Table 3.3 Chemical characteristics of mid-ocean ridge (MORB), within-plate, wolcanic arc
basalts (Pearce, 1982), and Gebeit Volcanic Group basaltic andesites.

Average post- Average
Archean shale GVG shale
1. 2. =5

5102 (%) 62.8 61.6 56.8
Ti02 1.0 1.0 0.56
Alz20a 18.9 18.3 17.5
Fe0 6.5 7.4
Fe202 8.4
¥no 0.11 0.13 0.06
Kgo 2.2 2.7 2.3
Ca0 1.3 4.2 4.8
Kaz0 1.2 1.1 4.4
K20 3.7 3.4 2.0
P20s 0.16 0.22 0.15
L 99.9 100.1 97.0
LoI 6.0 7.0
Ba(ppm) { 650 580 207
Rb 160 140 35
Sr 200 450 199
Pb 20 20 17
La 38 40 10
Ce 80 50 16
Y 27 30 24
Th 14.6 11 <3
U 3.1 3.2 [$
Zr 210 200 97
Sn 4.0 6 6
Nb 19 20 4
Mo 1.0 2 5
Cr 110 100 188
v 150 130 225
Ni 55 95 35
Cu 50 57 52
Zn 85 80 118
Ga 20 19 21

Table 3.4 Average composition of Gebeit Volcanic Group shale compared
with average post-Archaean shales (1.= terrigenous shale,
excluding carbonate components; after Taylor & McClennan,
1985 and 2.= after Krauskopf,b1967).
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3.6.5 MORB-Normalised Discrimination Plots

Reischmann et al. (1986) have suggested that the aphyric and
plagioclase-phyric volcanics of the GVG are tholeiitic and were erupted
in a back arc environment, whereas they believe that the hornblende-
phyric lithologies are calc-alkaline in character. If this is the
case, then some of the GVG rocks may be expected to display some of the
geochemical characteristics of mid-ocean ridge basalts (Saunders &
Tarney,1984).

Major and trace element variations relative to MORB are best
displayed using spider plots (Pearce,1982) with the geochemical data
for the GVG normalised to N-MORB (normalising values and analytical
precision are given in Appendices A & B). The analytical data for the
GVG are, however, restricted by relatively high detection limits under
standard operating conditions (Appendix A) for low abundance elements
like Ce (<10 ppm), Nb (<2 ppm), Th (<3 ppm), and La (<6 ppm) when
compared with their normalising values ( 10 ppm, 3.5 ppm, 0.2 ppm, and
3 ppm respectively). This creates a problem with diagnostic immobile
elements such as Ce and Th which only appear on plots when enriched
relative to MORB and, in the case of Nb, can also have large analytical
errors due to abundances of as little as 3-4 ppm. Further limitations
are imposed as other diagnostic elements such as Ta, Hf, Sm, Yb and Sc
have not been analysed. Although detailed geochemical studies for
modelling igneous processes were beyond the time constraints of this
project, the distinctive geochemistry of the GVG does allow some degree
of characterisation.

Blthough the various lithotypes of the GVG display minor
differences, the overall trends are consistent. All groups show a
flat trend of the HFS elements, parallel but depleted relative to MORB,
an enrichment of the large ion lithophile (LIL) group (i.e. Sr, K, Rb,
Th and Ba) and variable enrichments of Ce and P.

In both sets of spider diagrams of the Gebeit Volcanic Group. the
aphyric and plagioclase-phyric volcanics display very similar trends
and their corresponding plots are virtually congruent (Figs. 3.1la &
3.11b). Although the aphyric tuffs often show more chemical
variability (possibly due to alteration), both groups display marked
LIL enrichments, flat depleted HFS element trends and enrichments in Ce
and P compatible with calc-alkaline, island arc affinities.

The hornblende-phyric volcanics have similar but much flatter

patterns (Figs. 3.11¢) along with variable, large scale potassium
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of alteration and further detailed work on the Th abundances of these
rocks (only detectable at >15x background under normal operating
conditions) could ascertain whether the LIL element variations are
primary or due to secondary alteration. Determination of Ta, Hf, Sm,
and Yb abundances would also enhance the geochemical characterisation
of the GVG.

3.6.7 Carbonaceous Shales

Comparison of GVG shales with estimates of average post-Archean
shale (Table 3.4, p.3-28) shows relative depletions of major, immobile
and trace elements, with the exception of Ca0, Naz20, Cr, V, and Zn.
High field strength elements such as Zr, Ti, Nb, ¥, La, Ce, and large
ion lithophile elements, e.g. Ba, Rb, K20, and Th, all show much lower
relative abundances. The overall geochemistry is similar to the
volcanic members of the GVG with additional organic material now in the
form of graphite. The organic content probably originates from blue-
green algae within the submarine basin. The close correlation of
chemistry with the volcanic units together with the observed, graded
tuffaceous horizons suggests that direct deposition of volcanic ash,
as well as products from the erosion of the arc itself, acted as the

main source of material.

3.6.8 Comparison of the Gebeit Volcanic Group to other volcanic

assemblages in the Red Sea Hills.

The transitional, low-K to calc-alkaline nature of the GVG differs
from the more calc-alkaline Kadaweb volcanics, 110 km south of Gebeit
(Klemenic et al., 1985). Age determinations on both groups indicate
that the Gebeit group is older (87173 to 832+26 Ma, Reischmann et al.,
1986) than the Kadaweb group (723%#4 Ma, Klemenic,1985) and differences
in chemistry suggest the Kadaweb suite was derived from a more mature
arc system. The Kadaweb volcanics have been compared to the younger
Homogar Volcanic Group (671 Ma; Klemenic et al.,1985), 250 km south of
Gebeit, which appears to be more evolved than the Kadaweb group and is
believed to have been extruded along a transitional arc or continental
margin {(Klemenic et al.,1985). Although data are scarce, the apparent
increase in arc maturity with decreasing age displayed by the Gebeit,
Kadaweb and Homogar Volcanic Groups in the Red Sea Hills, is consistent
with the model of Roobol et al. (1983) for the Central Arabian Shield
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(3.5). This comprises progressively maturing volcanic arcs from early,
immature, low-K, tholeiitic arcs (sequence C) through more mature, low-
K tholeiite and calc~alkaline arcs (sequence B) to mature arcs
transitional between island arcs and continental margins. The
geochemistry and age of the Gebeit Volcanic Group conforms with the

sequence B volcano-sedimentary complexes of Roocbol et al. (1983).
3.7 Depositional Environment

From the variation in lithology, depositional structures, and
textures, the general Gebeit Volcanic Group stratigraphy appears to
define an upwardly coarsening and shallowing sequence which represents
a transition from a submarine‘to a subaerial depositional environment,
similar to that proposed for the Kadaweb Volcanic Group (Vail et al.,
1984). Trace element discrimination plots indicate an oceanic island
arc setting and, although volcanic vents may be subaerial, submarine
deposition is also likely. The transitional low-K/ calc-alkaline
characteristics of the hornblende phyric volcanics compared with the
calc-alkaline character of the plagioclase phyric and aphyric
lithologies, and the absence of any MORB-type chemical signature
contradict the observations made by Reischmann et al. (1986) that the
plagioclase phyric volcanics are back-arc basinal in origin. However,
the Gebeit Volcanic Group is well preserved and it is likely that it
was deposited in a marginal basin as volcanics on the arc axis tend to
get uplifted and eroded. To the north-west of Gebeit, the linear,
north-east-trending zone of syn-tectonic granitoid batholiths are
considered to represent the plutonic core of an eroded arc axis
(Gass,1982). The north-west boundary of this granitoid zone is defined
by the Bi'r Umg-Port Sudan suture which is believed to represent a zone
of south-east directed subduction (Fitches et al.,1983; Camp,1984). By
analogy with present day marginal basins, the area around Gebeit thus
correlates with the palaeo-back-arc basin but geochemical signatures
suggest the GVG was largely derived from the volcanic arc (to the
north-west?) and not from back-arc spreading. Thus, a back-arc
depositional environment is postulated but not on the basis of
geochemistry.

The calc-alkaline nature of the lower plagioclase and aphyric
units imply that highly explosive eruptions created large volumes of
ash (Fischer & Schminke, 1984) deposited with shales into adjacent

basins producing the characteristics of submarine fall-out tephra
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Chapter 4

Intrusive Lithologies

4.1 Introduction

Generally, granitoids comprise up to 60% of the outcrop area
within the Red Sea Hills and contiguous terranes. However, known sites
of gold mineralisation are generally restricted to the volcanic
successions. Although large-scale mapping (1:250000, Geosurvey,1983;
1:100000, Technoexport,1978) has not identified any intrusive complexes
within the Gebeit area, detailed mapping of the area around the mine
(1:1000, Robertson Research,1983; this study) and reconnaisance mapping
of satellite gold prospects has shown that several phases of intrusive
magmatism are present.

Owing to the structural complexity of the Gebeit area, the
earliest formed structures, including those which focussed and now host
economic gold mineralisation, have been continually reactivated.

As a result of the protracted tectonic and magmatic evolution of the
area, various distinct phases of dyke and stock emplacement have been
identified which pre- and post-dated auriferous vein formation. The
inter-relationship between structure, vein-formation and intrusive
magmatism can be used to determine the age of mineralisation more
specifically.

In order to elucidate the pre- to post-collisional magmatic
evolution, the petrography and geochemistry of each intrusive group has
been characterised. At Gebeit, at least four distinct phases of dyke
and stock emplacement are evident;

a) an early calc-alkaline dolerite, microdiorite, granodiorite,
tonalite association,

b) an intermediate, late-tectonic, phase of dolerites and
granodiorites with more evolved, transitional geochemical
signatures,

¢) post-tectonic, within-plate, alkaline gabbro, dolerite, sodic~-
trachyte, and alkali-granite which probably comprise more than one

phase of intrusion, and
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d) a late phase of ultra-potassic trachyte dvkes.

Comparisons and possible correlations have also been made with
established petrographic, geochemical and geochronological data of
intrusive suites in the Northern Red Sea Hills in order to constrain
the timing and nature of emplacement of the Gebeit intrusive
lithologies. However, as the intrusions at Gebeit form only a
relatively minor component, it is beyond the scope of this project to

analyse these units in great detail.

4.2 Plutonic Magmatism in the Nubian-Arabian Shield

In the Nubian and Arabian Shields, plutonic assemblages have been
broadly assigned to two phases of emplacement known as Older and
Younger Granites (Almond,1979). In Saudi Arabia, where the majority of
research has been concentrated, the older granitoids (900-715 Ma) have
been subdivided into an early trondjhemite association and a slightly
younger calc-alkaline granodiorite association (Table 4.1; Greenwood et
al.,1976; Jackson et al.,1984; Jackson,1986a). The older trondjhemite
association, comprising calcic gabbro-dicrite or gabbro-diorite-
tonalite-trondjhemite suites, are depleted in K, Ba, Ce, F, Li, La, Nb,
Rb, Y and Zr relative to the more evolved granodiorite assemblage of
gabbro-diorite-tonalite-granodiorite * monzogranite (Marzouki et
al.,1982). The early arc-stage plutonic magmas were controlled by
subduction-related processes and were emplaced in contemporary,
immature to mature, island arcs (Brown,1982; Brown et al., 1984).

These associations represent the products of mantle (gabbro-diorite)
and crustal (tonalite-trondjhemite-granodiorite) partial melting,
modified by fractionation processes (Jackson,1986a), and in the Nubian
Shield are recognised as the batholithic, predominantly granodiorite,
assemblages of the Eastern Desert of Egypt (715-665 Ma: Stern &
Hedge,1985) and the Red Sea Hills, Sudan (c.815-724; Neary et al.,1976;
Klemenic,1988). In the Northern Red Sea Hills, the north-east-trending
syn-orogenic batholiths are composed of biotite-hornblende lithologies
which developed from early gabbro-diorite-granodiorite plutonism to
more evolved granites at ¢.700 Ma. Both groups have significantly low
K20, Rb, Nb and Y contents (Neary et al.,1976), similar to the calc-
alkaline Arabian assemblages. Numerous orogenic to post-orogenic dyke
swarms, ranging from basalt to rhyolite in composition, have been
identified in the Red Sea Hills, and these preferentially intrude the

orogenic batholiths and post-orogenic ring complexes (Vail et
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Petrologic Rock Types Melting Protolith
Association Process
E; Trondjhemite tonalite, immature,low-K
& | association trondjhemite, simple fusion | tholeiitic arc
© minor gabbro
[ ]
o Granodiorite gabbro,diorite, simple fusion | mature,
9 | association tonalite and calc-alkaline,
- granodiorite arc crust
=
Monzogranite monzogranite,
association granodiorite, simple fusion
syenogranite mature,island
o arc & continental
> gabbro,syenite reaction crust
- & anorthosite melting and
o hybridisation
2
@
% | Alkali-feldspar alkali~feldspar simple fusion
S| granite granite and
L | association syenogranite continental crust,
b4 previously fused
8| Alkali-granite alkali granite, simple fusion mature arc and
association alkali~feldspar continental crust
granite and
syenite

Table 4.1 Formation and evolution of late-Precambrian plutonic associations
in the Arabian Shield, also applicable to the Northern Red Sea
Hills {(after Jackson et al., 1984; and Jackson, 1986a).

Complex Lithology Age, Ma
Jebel Tagoti Coarse microcline granite 552
Jebel Um Arad Granophyric biotite granite 508
Salala Ring complex: Anorthositic Gabbro 550,517

Granite 542
Syenite 462,411

Nepheline svenite 226

Jebel Ankur Gabbro 2317
Syenite 144,115

Jebel Erbairi Regerine-quartz syenite 147

Table 4.2

Summary of the main post-orogenic and anorogenic complexes

dated around Gebeit, 21°00'~21°30'N, 36°00'-37°00'E {(after
Gass, 1955; Vail,1976; Neary et al.,1976).

detailed

in Figure 4.1.
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occurred from ¢.530-500 Ma during the later stages of subduction~-
related magmatism coincident with the emplacement, in zones parallel to
suture zones, of calc-alkaline, gabbro-granite ring complexes
(Delany,1955; Vail, 1973,1976,1982,1989; Vail & Kuron,1978; Harris,
1982). There are, however, certain differences between alkaline
magmatism in the Nubian and Arabian portions of the shield. Anorogenic
alkali granite-syenite ring complexes formed in two further cycles in
the Nubian Shield (phase 2 and 3 of the Younger Granites; Harris,1982)
around 250-222 Ma (central Sudan) and 150-89 Ma (eastern Sudan) with
the latter event being accompanied by north-south-trending trachyte and
microsyenite dyke swarms (Stoeser & Elliot,1980; Vail,1985¢). The main
post-orogenic, calc-alkaline and anorogenic, alkaline ring complexes
and circular masses which occur within the volcanic succession around
Gebeit are summarised in Table 4.2 and shown in Fig.4.1. These
complexes comprise late- to post-orogenic gabbros and granites dated at
550-508 Ma (Tagoti, Um Arad and Salala) and anorogenic gabbros and
syenites ranging from 237 to 115 Ma in age (Salala, Ankur and Erbairi;
Vail, 1976).

4.3 Petrography and Field Descriptions of the Gebeit Suites

Field mapping of the intrusive lithologies is considerably easier
than the Gebeit Volcanic Group rocks as most phases tend to follow
major structural trends along wadis. The basic dyvkes tend to create
saddles across ridges and depressions in outcrops of the shear zone
phyllonites. Conversely, the more acidic intrusions often stand proud
of the host volcanic rocks. In most cases, especially with the earlier
phases of intrusion, classification of the Gebelt rocks has been
hindered by pervasive propylitic alteration and by the fine-grained
nature of many of the lithologies. The intrusions, dominated by
various phases of dyke emplacement, were subdivided in the field by
lithology and relation to local structural controls, and have
subsequently been classified and grouped using thin section

petrography, X-ray diffraction studies, and trace element geochemistry.

4.3.1 Phase 1 Dolerites, Microdiorites and Related Intrusions

In the immediate mine area defined by the shear zone boundaries of

the Gebeit tectonic block, this suite comprises an intrusive phase of
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dolerite and microdiorite dykes which are confined to many of the major
north~east-trending, carbonatised shear zones (Fig.4.2). They
invariably occur parallel to the main c¢-fabric of these shear zones
and, though not pervasively deformed, these units have undergone at
least one further phase of faulting and/or folding. The early
emplacement of these dykes along the shear zones has proved invaluable
in identifying post-Ds structures which can otherwise be fairly
cryptic. Although the more leucocratic microdiorites can be
distinguished from the finer-grained, darker dolerites, they cannot be
separated in terms of age of emplacement. Outcrops along the Wadi Lode
shear zone from Wadi Lode Extension to West Gebeit (Plate 4.la, Fig.4.3
along grid line 5000E) are often fragmented, having been affected by
north-south-trending normal faulting, white quartz veining, and
stacking due to north-east-trending, imbricate thrusting (5050E, 5300M;
4900E,5400N) .

At West Gebeit (4700E,4900N), a phase 1 dolerite dyke, which lies
parallel to the steep main NNE-trending c~fabric, is transected by a
shallow south-easterly dipping, coarse cleavage (5-15 cm) with
associated fine white quartz-carbonate stringers. Along the centre of
this dyke runs a vein of coarse~grained sericite and along strike to
the south-west the dyke is isoclinally folded and faulted around
shallow, north-east- and north-south-trending axes. Similar structures
have been observed along strike-parallel shear zones at Bishops Dam
(4C00E,6000N~-4500E,6500N) and along the North Gebeit shear zone at the
confluence of Wadi Gebeit and Wadi East Gebeit (Fig.4.2; 4000E,8250N).
At these localities the lower surfaces of the dykes appear to have been
reactivated as fault surfaces and are now defined by quartz veining
(see 5.6.2). In areas where the shear zones have undergone pervasive
carbonate alteration, the dykes also display varying degrees of
alteration, indicating that emplacement occurred prior to the main
phase of carbonate alteration.

In thin section, the slightly coarser-grained, equigranular (1~
2mm) microdiorites are generally propylitised, composed of quartz,
evhedral to subhedral albitic plagiocclase feldspar (50-60%), and minor
sericite and epidote with chlorite (20-30%), calcite and iron oxides
replacing all the original ferromagnesian phases (Plate 4.1b). The
more mafic dolerites comprise the same mineralogy but contain higher
amounts of chlorite and iron oxides and less quartz. To the east of
Marble Bar (4840E,6050N), the dolerite intruded along the shear zone

that forms the southern limit to the prospect contains a more
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leucocratic, less altered centre in which the original euhedral
hornblende (up to 3mm long) and biotite phases are only partially
replaced (uralitised) by actinolite and chlorite (Plate 4.1c). The
most highly altered dykes, located in blocky carbonatised chlorite
phyllonites which comprise the shear zones, are paler in colouration
due to a similar but much less intense carbonate metasomatism. Where
carbonate is present, ankerite is the dominant phase but this
alteration is far less pervasive than that observed in the phyllonites
(see 7.8) and probably reflects the much less permeable nature of the
unsheared massive dykes.

In addition to the dolerite and microdiorite dykes are two small
intrusive bodies which appear to be contemporaneous with phase 1 and
have been classified as such due to their geochemical affinities (see
4.4.1). At the junction of Wadi Gebeit and Wadi East Gebeit lies an
elongate (100m x 10m), possibly folded, medium-grained gabbro which
strikes parallel to the main fabric (Fig.4.2). It comprises the
characteristic greenschist facies assemblage of saussuritised caleic
plagioclase and hornblende with relict pyroxenes altered to epidote,
actinolite and chlorite and groundmass grains of epidote, zoisite,
actinolite, chlorite and calcite. The lack of pervasive carbonate
alteration of this intrusion, however, suggests it was emplaced after
the main phase of carbonatisation.

The timing of intrusion of phase 1 lithologies can be constrained
to post-dating the formation of north-~east-trending shear zone fabrics
during D: and early-D2 deformation and pre-dating a phase of intense
carbonate alteration followed by thrusting. This indicates that
emplacement of phase l-type intrusions at Gebeit occurred at roughly
the same time as the auriferous mineralisation. Although wide-scale
carbonate alteration is characteristic of many gold deposits world-wide
(e.g. Colvine et al., 1984), the intense carbonatisation at Gebeit does
not occur in association with the lode veins and hence may not be
coeval with the main stage of gold mineralisation (see Chapter 7).
Thus, as no contact between dykes of proven phase 1 affinity and
auriferous lode veins has been observed, the exact timing of
emplacement of phase 1 dykes relative to the main dold precipitation
event 1s unclear.

At the two small Pharonic satellite prospects of Wadi Messesana
and Tikraneit (Fig.4.1), elongate bodies of calc-alkaline granodiorites
and diorites respectively form the host lithologies. Mineralisation is

confined to shear zone-hosted auriferous white quartz veins which trend
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NE (Wadi Messesana) and NW (Tikraneit), indicative of a phase of
intrusion prior to the gold mineralisation. Although both prospects
appear to have the same structural controls as at Gebeit, suggesting a
coeval development, fluid inclusion and stable isoctope studies could
not be used (see 6.9 and 6.10) to confirm this. At the Vein 18 area of
Gebeit (Fig.4.2), however, a small (25x%25 m) tonalite body has been
intruded through the fabric of the south-easterly dipping shear zone
east of Wadi Tuwiya and contains rounded xencliths (up to 30 cm long)
of vein quartz. This indicates that emplacement of the earliest phases
of plutonisx in the area were approximately synchronous with
mineralisation, occurring before and after formation of the auriferocus

veins.

4.3.2 Phase 2 Dolerites and Related Intrusions

This phase of emplacement was initially defined by the cross-
cutting relationships displayed at the north-south phyllonite ridge
immediately east of Gebeit village (Fig.4.3; 4900-5000E,5300-5400N).

At this location, the thrust structures which displace the phase 1
microdiorite dyke are crosgs-cut by an east-west-trending undeformed
dolerite dyke enveloped by massive white quartz veins. This second
phase of dyke intrusion is itself transected by a north-west-trending
vesicular dolerite related to a third phase of dolerite intrusion.
Intrusions of this intermediate second phase of magmatism cannot be
differentiated from the other dolerites petrographically but tend to
occupy reactivated extensional structures, trending E-W, oblique to the
shear zone c-fabric.

Phase 2 declerite dykes observed underground always cross-cut the
auriferous quartz veins (see Fig.5.15) and display fine (<1 cm) chilled
margins (Plate 4.2a). The dyke outcroping at 5150E,5130N (Fig.4.3) can
be traced down to intersections at 4 and 5 levels of the Wadi Lode,
confirming emplacement after thrusting. Although post-dating
mineralisation, the fine-grained dolerites are often hydrothermally
altered, resulting in a quartz, chlorite, albitic plagioclase, sericite
and Fe-calcite % epidote mineralogy. These dykes are late-tectonic in
age but are affected by late, minor, north-west-and east-west-trending
normal faults and north-east-trending dextral faulting which probably
occurred as a result of reactivation of Dz structures during post-Di
strike-slip deformation {(see 5.6.1). The phase 2 dolerite at the end
of the Wadi Lode Extension (Fig.4.3; 5100E, 6000N) is confined to the
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£)

Plate 4.2 Petrography of the alkaline intrusions at Gebeit.

Contact of phase 2 dolerite (showing 2-3cm chilled margins) and

graphitic shales exposed on 4-level Wadi Lode (see Fig.5.15).

Photomicrograph (CN) of fresh phase 4 analcime-olivine dolerite at
Vein 18 (4600E,6150N; field of view 15mm).

Photomicrograph (CN) of post-tectonic, anorthositic olivine-
analcime gabbro showing minor alteration of clinopyroxene and
olivine and saussuritisation of the plagioclase (Wadi East Gebeit,
5500E, 6500N; field of view 20mnm)

Photomicrograph (CN) of altered vesicular phase 3 alkaline dolerite
from Wadi East Gebeit (5400E,6020N; field of view 8mm).

Photomicrograph (CN) of alkali-granite from East Gebeit
(5500E,6400N) showing ferriferous orthoclase with interstitial
quartz, and sericite with minor aegirine and chlorite (field of

view 27mm) .
Photomicrograph (CN) of late ultra-potassic trachyte dyke from Wadi
East Gebeit (5150E,6350N) showing sanidine phenocrysts sets in a

trachytic groundmass of sanidine laths with minor interstitial

guartz, sericite, aegirine, and chlorite (field of view 12mm).

CN = crossed Nicols, PPL = plane-polarised light.
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Wadi Lode shear zone and is also transected at 90° by a phase 3
dolerite. The orientation of the phase 2 dyke within the shear zone
and its fragmentation by dextral D-shears parallel to the c~fabric
suggest that emplacement was coeval with the post-Ds dextral
deformation (see Fig.5.16). As the east-west-trending, phase 2
dolerites are late-tectonic in age, they may belong to the same phase
of east-west-trending basic dykes dated at 74080 Ma (Whiteman,1968)
which intrude the batholithic granites.

At Tagoti West, a vertical granodiorite dyke trending NNE, has
been intruded into sheared andesitic tuffs parallel to a massive white
quartz vein, indicative also of structural reactivation. Similarly, 4
km to the south-west of Gebeit on the Sasa Plain, a 30 m wide,
southerly-dipping biotite-granodicrite dyke appears to have been
emplaced along an ENE-trending reactivated thrust structure. In both
cases, the mineralogy comprises quartz, sericitised albitic
plagioclase, chlorite, carbonate and epidote with the addition of

actinolite at Tagoti and euhedral biotite in the Sasa Plain dyke.

4.3.3 Post-Tectonic Dolerites

The post-tectonic phase(s) of dolerite dyke emplacement produced a
series of north-west-, north-south-, north-east- and east-west-trending
dykes which partly cross-cut and in places reactivate the older
structures. Although grouped together as post-tectonic alkaline
dolerites, these intrusions probably represent more than one phase of
emplacement. At Vein 18 (4620E,6250N) the dvke which transects the
northern end of the prospect is a coarse-grained, east-west-trending,
fresh olivine-analcime dolerite in which even the olivine crystals show
no evidence of alteration (Plate 4.2b). The undersaturated nature of
this coarse-grained intrusion, coupled with its lack of any observable
alteration, suggests it is relatively young and may be related to the
post-30 Ma alkali basalts associated with the opening of the Red Sea
(Gass,1955; Harris, 1982).

Similarly, a coarse-grained anorthositic olivine-analcime gabbro
which outcrops on the eastern side of Wadi East Gebeit (5500E,6400N)
also displays minimal chlorite and serpentine alteration of olivine
grain rims and saussuritisation of the plagioclase (Plate 4.2c¢). This
differs markedly from the other post-tectonic dolerites which tend to
be finer grained, vesicular dolerites (Plate 4.2d) and have variable

north-west to north-east trends. These dykes have intruded reactivated
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structures such as the Wadi East Gebeit shear zone (Fig.4.3; 5500E,
5600N to 5300E, 6150N) and the reactivated north-east-trending thrusts
at the Wadi Lode and Wadi Lode Extension (5150E,5200N and 5100E,5950N).
At the southern end of the Wadi East Gebeit shear zone (=5800E,5100N)
the intruded dyke both parallels and cross-cuts the main shear zone
fabric. This intrusion is a much coarser-grained (plagioclase 5-30mn),
anorthositic gabbro which shows fine, pervasive alteration of the
plagioclase phenocrysts and hematitic replacement of the interstitial
mafic phases. The dyke is accompanied by coarse drusy carbonate
{calcite and ankerite) veins parallel to the shear zone c~surfaces
indicating repeated late-stage extension of the shear zone structures
during early D4 sinistral shearing (see 5.7.1).

The other, finer, dykes show variable alteration ranging from
chlorite and serpentine replacement of the mafic phases to the addition
of quartz and calcite. If these altered alkaline dykes are all of the
same age, as seems likely, then they appear to represent a change to
within-plate magmatism during post-collisional deformation and may be

coeval with the gabbros at Salala dated at 517-550 Ma.

4.3.4 HNon-specific Alkaline Intrusions

A few intrusions which can be clearly identified as being post-
tectonic in age have been included in this group due to the lack of any
structural or age dating criteria with which to sub-divide them. At
Gebeit, these comprise a sodic trachyte at the western boundary of the
Gebeit Volcanic Group and the tuffaceous slates of the Sasa Plains, and
a commenditic alkali-granite at the eastern edge of Wadi East Gebeit
(5500E,6400N). The sodic-trachyte occurs as a north-west trending
dyke, dipping gently to the south-west at Wadi Yemomt, 4km west of
Gebeit. This very fine-grained intrusion comprises riebeckite,
aegerine, plagioclase and orthoclase and contains a pronounced igneous
foliation. Conversely, the alkali-granite at East Gebeit is exposed as
a coarse-grained (3-12mm), reddish brown, elliptical, intrusion
(40x20m) composed of euhedral ferriferous orthoclase laths with
interstitial quartz and sericite and minocr chlorite, aegirine and Fe-
oxides (Plate 4.2e) The poor exposure and close proximity of this
intrusion to the anorthositic analcime-olivine gabbro suggest it may be
part of a concealed multiple intrusion such as the gabbro-syenite ring

complexes exposed at Salala and Jebel Ankur.
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4.3.5 Late Potassic Trachytes

A set of trachyte dykes have been intruded into the north-south-
striking sections of the Wadi East Gebeit and A Lode shear zones at
East Gebeit and Bishops Dam (Figs.4.2 & 4.3). These dykes are
petrographically similar to the alkali-granite at East Gebeit and are
possibly coeval. They are composed of sanidine phenocrysts (5-9mm) set
in a trachytic groundmass of sanidine laths {0.5-3mm) with interstitial
quartz, sericite, aegirine and chlorite (Plate 4.2f). The dykes at
East Gebeit show no obvious signs of alteration but the more basic
trachy-andesite dyke at Bishops Dam is finer grained and textures are
partially obscured by Fe-oxide staining. These dykes have been
separated from the other alkaline intrusions because of their ultra-
potassic geochemistry, trachytic textures and north-south orientation.
The consistent N-S trend suggests they belong to the extensive,
Mesozoic, anorogenic trachyte and microsyenite dyke swarms which are
concentrated along a belt parallel to the Red Sea coast in reactivated
shears similar to the Oko shear zone ({(see Fig.2.20; Vail et al.,1984;
Almond & Ahmed,1987).

4.4 Geochemistry of the Gebeit Intrusives

Although the Gebeit intrusions have not been dated, structural
relationships, correlation with intrusions studied throughout the
Northern Red Sea Hills (e.g. Neary et al.,1976; Vail,1985c¢), and
changes in the geochemical characteristics of the various lithologies
allow the Gebeit rocks to be fitted into an evolutionary framework.
Progressive variations in chemistry, especially in the different phases
of dolerite emplacement, are largely reflected in changes in trace
element concentrations. Due to the high degrees of hydrothermal
alteration experienced by the older units, classification of these
rocks was mainly achieved using trace element discriminant analysis.
The analytical techniques employed and data precision are listed in
Appendix A and a complete database of geochemical analyses can be found

in Appendix B.

4.4.1 Phase 1 Intrusions

The geochemistry of the earliest phase 1 intrusions is very

similar to the trends seen in the extrusive calc-alkaline Gebeit
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Volcanic Group (3.6). When plotted on Zr/TiOz-Nb/Y discriminant
diagrams (Winchester & Floyd,1977), four separate groups emerge which
correspond directly to the gabbros, dolerites, microdiorites and
granodiorites/tonalites defined petrographically (Fig.4.4). These are
distinct from the later phases of intrusion, a feature which is
emphasised on fractionation trend diagrams (Fig.4.5). The calc-
alkaline nature of the phase 1 suite is reflected in the low
concentrations of TiOz, P20s, Nb, Y, Zr, Ce, La, Rb, and K20 (Tables
4.3 & 4.4), similar to the low-K tholeiite and immature calc-alkaline
Gebeit volcanics, and is indicative of primitive island arc plutonism.
As expected, all the rocks plot within the volcanic arc field using
discriminant Rb, Y, Nb, Ti, Zr diagrams for basic rocks (Pearce &
Cann,1973; Meschede,1986; Fig.4.6) and granitic rocks (Pearce et
al.,1984; Fig.4.7).

When normalised against ocean ridge granites the granitoid
lithologies all plot as volcanic arc granites but the granodiorites
from Wadi Messesana and Tikraneit appear to be more evolved than the
Vein 18 tonalite and display higher Zr, Nb, Y, Rb, Kz0 and Ti02, values
(Fig.4.8). This may reflect either age differences and/or source
variations for the granitoids possibly as a result of increasing arc
maturity with time (Brown et al.,1984). All lithologies are related to
subduction-controlled magmatism and were probably emplaced as part of
the plutonic phase of active arc formation. Classification of the
granitic rocks using the normative albite-anorthite-orthoclase ternary
diagram (Fig.4.9), however, indicates that the Vein 18 tonalite has
trondjhemitic affinities (Ramsay et al.,1986) but, like the phase 1
diorites, is too basic (i.e. Si02 <68%, FeOt+lgO »3.4%) to be
classified strictly as a trondjhemite (Jackson,1986b).

Other granitic rocks of both phases 1 and 2 plot as granodiorites
and granites and significantly contain higher concentrations of Zr, Nb,
La, Ce, Rb and K20 analogous to the granodiorite association recognised
in Saudi Arabia. Notably, the only calc-alkaline granitic rock
identified and sampled within the immediate mine area was the
trondjhemitic Vein 18 sample which contrasts geochemically with the
granitoids of granodioritic affinity which were sampled in satellite
prospect and marginal areas (Sasa Plain, Wadi Messesana, Tikraneit,
Tagoti West, Yemomt). Although only a limited number of samples were
taken, no intrusions of trondjhemite affinity were identified outside
Gebeit. This contrast may reflect the more primitive, low-K nature of

the Gebeit Volcanic Group at the mine and suggests that the partially
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Phase 1 Phase 2 Phase 3 Phase 4
Dolerite Diorite| Dolerite Diorite{Dolerite Dolerite

n=4 n=7 n=2 n=2 n=4 n=2
S102 (%) 51.1 56.1 47.3 54.6 43.9 44.2
Ti02 0.7 0.6 2.1 1.5 2.7 4.0
Al203 17.8 15.7 14.6 15.7 14.9 15.6
Fez203* 9.0 5.9 11.5 8.8 11.8 15.3
Mno 0.2 0.1 0.1 0.1 0.1 0.2
MgO 5.5 4.5 6.8 3.8 5.5 5.1
Ca0 8.7 3.8 6.9 4.3 7.4 7.7
Naz©0 3.6 6.5 2.2 3.7 2.5 3.6
K20 0.7 0.4 1.8 2.6 2.3 1.2
P20s 0.2 0.2 0.7 0.7 0.6 0.8
ILH20 1.9 6.0 5.0 3.7 7.5 1.4
Total 99.4 99.8 99.0 99.7 99.2 99.1
Rb (ppm) 8 5 35 31 49 16
Sr 610 253 445 503 360 671
Ba 190 402 503 661 601 503
Pb 3 5 <3 8 <3 3
Th <3 3 3 3 4 3
U <5 <5 <5 <5 <5 <5
La <6 10 31 35 35 36
Ce 10 14 53 65 53 63
Y 19 12 38 31 23 33
Zx 68 103 264 366 242 257
Nb 3 4 22 13 40 37
Ga 24 22 24 © 24 27 28
Ni 42 36 125 48 88 61
Cr 215 170 160 83 85 40
v 239 151 194 163 153 160
Cu <2 24 52 42 47 41
Zn 73 74 121 129 135 129
As 30 20 <7 <7 17 7

* Total Fe calculated as Fez03
LH20 = Loss on Ignition
<3 = Below Lower Limit of Detection

Table 4.3 Comparison of Average Major and Trace Element Geochemistry
for Basic and Intermediate Intrusive Suites at Gebeit.
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Syn~-tectonic Transitional Post-Tectonic

Tonalite  Granodiorite Granodiorite Na-trachyte

n=1 n=2 n=3 n=1
510z (%) 66.4 66.9 61.9 62.7
T1i02 0.4 0.6 1.0 0.1
Alz203 16.2 15.6 15.6 17.4
Fe203* 3.3 3.7 5.8 4.3
MnO 0.7 0.1 0.1 0.2
MgO 2.4 1.3 1.4 0.0
Cao 3.2 1.9 2.9 0.7
Naz20 4.9 4.4 4.6 7.9
K20 0.4 3.4 3.1 4.7
P20s 0.1 0.2 0.3 0.01
LH20 2.1 1.2 2.5 1.3
Total 100.1 99.3 99.2 99.2
Rb(ppm) 7 92 57 224
Sr 535 326 347 25
Ba 174 697 841 62
Pb 3 8 7 21
Th 3 8 <3 43
U <5 <5 <5 10
La 6 20 33 200
Ce <10 35 73 368
Y 11 17 45 107
Zr 110 227 462 1742
Nb 4 8 17 275
Ga 19 24 26 60
Ni 41 28 35 15
Cr 368 34 20 7
v 69 56 54 <5
Cu 30 23 27 <2
n 41 37 95 247
As <7 45 <7 15

* Total Fe calculated as Fe20s
LH20 = Loss on Ignition
(3 = Below Lower Limit of Detection

Table 4.4 Comparison of Average Kajor and Trace Element Geochemistry
for Granitoid Intrusive Suites at Gebeit.
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fused crustal precursors to the granodioritic association were more
evolved, mature, arc volcanics.

North-east-trending, strike-slip shears transect the Wadi
Messesana and Tikraneit bodies and host minor, gold-bearing veins.
This indicates that the north-east-trending accretion-related
deformation was still active following emplacement of these more
evolved granodioritic rocks. 1In Saudi Arabia, the granodiorites of
this association are seen to post-date rocks of the trondjhenmite
association (Jackson et al., 1984). Field relations between shearing,
mineralisation and trondjhemite emplacement at Gebeit (i.e. the Vein 18
tonalite), however, infer that this phase of magmatism post-dates
auriferous mineralisation. The two alternative conclusions to be drawn
from this are that either:

a) magmatic evolution was diachronous and was geochemically
controlled by the host volcanics. The granodioritic rocks at Wadi
Messesana and Tikraneit may, in this case, have been mineralised
contemporaneously with Gebeit followed by intrusion of the more
primitive Gebeit trondjhemitic suite, or

b) there is more than one phase of gold mineralisation in the area.
The north-east-trending shear zones which host the auriferous

veins at Gebeit and at the satellite prospects appear to be of the same
age. However, vein textures are different and at Tikraneit
mineralisation is accompanied by intense cupriferous alteration (up to
1.5% Cu). This suggests that either more than one auriferous
precipitation event occurred, or ore fluid chemistry was significantly
different at Tikraneit. As the two magmatic phases are mutually
exclusive, spatially, in the Gebeit area, then it is probable that
magmatism and possibly mineralisation were diachronous. As both
prospects were investigated only briefly, resolution of this problem

is, unfortunately, beyond the scope of this study.

4.4.2 Phase 2 Intrusions

Samples from this intrusive suite are chemically and temporally
intermediate between the calc-alkaline arc intrusions of phase 1 and
the alkaline within-plate rocks of the later post-tectonic suites. The
transitional nature of the geochemistry is reflected in chemical
variations evident in the dolerites of phases 1 to 3. Phase 2
dolerites display higher TiOz, Fez0s, K20, P20s, Y, Zr, Nb, Ga, La, Ce,
and Rb contents relative to the phase 1 dolerites (Table 4.3) and
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although having Nb/Y <1 (alkalinity index, Fig.4.4), they plot largely
in the within-plate field (Fig.4.6). Generalised discrimination
parameters for tholeiitic and alkalic basalts indicate that these
intrusions are alkaline (i.e. TiOz >1.8 wt%, P20s >0.25 wt%, Zr/P20s
<0.06; Floyd & Winchester,1975), but not to the same extent as the
dolerites of phases 3 and 4. Peraluminous (Al203>(Ca0+Naz0+K20)
granitic rocks of the granodiorite association appear to be
transitional between volcanic-arc and within-plate rocks (Table 4.4,
Fig.4.7) and when normalised against ocean ridge granites they display
the HFS element enrichment trends with characteristics of both volcanic
arc and within-plate granites (Fig.4.8). As not all the trace elements
required for the discrimination plot were determined, the geochemical
affinities of these rocks remains equivocal. Post-tectonic granitoids
with similar compositions from the Red Sea Hills 120-250km to the south
of Gebeit (Kadaweb, Shabateb, Erheib and Tehilla granites; Klemenic &
Poole,1988) have been interpreted as more evolved, calc-alkaline
granites derived from a volcanic arc margin. These intrusions have
been dated between c. 717 and 55%Ma. and suggests that the second
episode of plutonism at Gebeit may have represented a late- to post-
tectonic phase of magmatism that marked the transition to within-plate

magmatism.

4.4.3 BAnorogenic Alkaline Dolerites

These post-tectonic within-plate alkaline dykes (Figs.4.4 & 4.6)
represent an end member of a transition series from calc-alkaline to
alkaline basic magmatism and display the highest enrichment of HFS
elements relative to the dolerites of phases 1 and 2 (Table 4.3). The
progressive within-plate enrichment trends are demonstrated by
increases in TiOz, Fez0s, K20, P20s, Y, Zr, Ga, La, Ce, Rb and Nb and
an overall decrease in Naz20. Petrographically the unaltered
undersaturated dolerites appear to be younger and in some of the
discriminant plots they can be geochemically distinguished as a
separate group (Fig.4.6). This is due to significantly higher TiO:
(3.9-4.1%), Y (31-34 ppm), Fez20s (>14.8%), P20s (>0.75%) and Naz20
(>3.5%) values compared to the altered alkaline dolerites (TiOz, 2.5-
2.9%: Y, 18-28 ppm; Fez0s, <12.8%; P20s5,<0.66% and Naz0, <2.7%), a
feature which is reflected in their fractionation trends (Fig. 4.5).
This implies that four distinct phases of dolerite magmatism can be

defined at Gebeit which show a progressive change from the saturated,
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calc-alkaline, volcanic-arc-related dolerites of phase 1 to the,
alkaline, within-plate dolerites of the third and fourth phases. The
undersaturated phase 4 dolerites are probably associated with the more

recent (<30 Ma) phases of Red Sea rifting.

4.4.4 Anorogenic Alkaline Granitoids

Alkaline rocks of this association contain the highest HFS element
concentrations of all lithotypes studied and comprise the alkali-
feldspar granite at East Gebeit (5450E,6500N), the sodic-trachyte at
Yemomt, and the ultra-potassic (K:0/Naz0 >3, molar ratio) trachyte and
trachy-andesite at East Gebeit and Bishops Dam (Table 4.5). The sodic
trachyte has comparable trace element characteristics to the alkal:
granite but is so alkaline, i.e. Nb/Y=3.6, that it does not plot on a
Zr/TiO2-Nb/Y discrimination diagram and is noticeably enriched in Na:0
similar to the syenites at Salala (Neary et al.,1976). The north-
south-trending trachytic dykes reflect the predominant sanidine
feldspar mineralogy with very high K:0 values of >9%. However, as
the ratio K:0/A1203 is <1, they are not deemed to be perpotassic
(Bergman, 1987). These rocks are too low in Mg0 (<5 wt%) and too high
in Alz0s (»12%) to be classified as lamproites (sensu stricto) but the
high K20/Naz0 (4-24) and K20/A1:0s (0.6) ratios, coupled with
enrichment in Ba (892-1291ppm), suggest that this suite may be the
fractionated derivatives (Bergman, 1987). The alkali granite at East
Gebeit, like the ultrapotassic trachytes, is also high in K20 (6.53%),
but contains much lower Al20s (9.6%) and higher Fe.0:; and TiO: levels,
indicative of a lamproitic affinity. The much higher HFS element
concentrations compared with the K-rich trachytes implies they are not
consanguineous but does not negate a similar mode of formation. If
indeed these rocks are fractionated lamproites, a refractory, K-
metasomatised, mantle-peridotite source is inferred with water as the
main volatile species in contrast to COz-rich alkali basalts (Bergman,
1987). 1In addition, lamproite suites tend to be localised at the
margins of continental cratons in areas that overlie fossil Benioff
zones, a situation analogous to the Nubian Shield. The ultra-potassic
trachytes have been correlated with the extensive north~south,
trachyte-syenite dyke swarms considered to be 150-89 Ma in age
(Vail,1987a). They represent an extensional phase related to Red Sea
rifting which reactivated north-south-trending deep crustal fractures
such as the Oko (Almond & Ahmed,1987) and Gebeit shear zones.
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Mesoczoic Ultra-potassic Suite
Trachyandesite Trachyte Blkali Granite

n=1 n=2 n=1
S10z2 (%) 47.8 62.0 70.7
Ti0z 1.6 0.06 0.3
Al203 15.7 15.7 9.6
Fez03* 8.0 3.7 7.5
MnoO 0.1 0.1 0.1
MgO 3.3 0.9 0.3
Cao 5.3 2.1 1.4
Naz20 0.4 2.1 0.9
K20 9.9 9.6 6.5
P20s 1.0 0.03 0.04
LH20 5.9 3.2 2.2
Total 9.0 99.3 99.6
Rb (ppm) 185 162 146
Sr 119 60 22
Ba 1291 897 264
Fb 3 11 9
Th 6 11 22
U 5 5 6
La 51 90 88
Ce 98 149 190
Y 36 38 186
Zr 385 786 1742
Nb 62 137 173
Ga 24 34 40
Ni 20 10 14
Cr 14 89 286
v 10 5 10
Cu 2 <2 <2
Zn 118 137 96
As <7 7 <7

* Total Fe calculated as Fez20s3
LH20 = Loss on Ignition
<3 = Below Lower Limit of Detection

Table 4.5 Comparison of Major and Trace Element Geochenmistry
for Mesozoic Ultra-potassic Intrusions at Gebeit.
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Chapter 5

Structural Geology

5.1 Introduction

The interaction of oceanic-arc, continental and continental-margin
micro-plates during the accretion and evolution of the Nubian-Arabian
shield has resulted in a complex and protracted tectonic history. The
Proterozoic basement in the Northern Red Sea Hills province displays a
strong north-east grain but fault sets on N/S, NW/SE and E/W trends
with asgociated perturbations in the north-east-trending fold and fault
patterns indicate more than one deformation episode has occurred
(Geosurvey,1983). Unfortunately, in the Nubian-Arabian Shield,
structural studies have been the most neglected of all disciplines and
in order to understand the processes of vein formation and the effects
of later deformation episodes, elucidation of the structural history of
the area is essential.

In addition to the recent Red Sea rift related structures, four

distinct deformational episodes have been identified. These comprise:

a) D1 - compression about NW/SE axes to produce upright, regional folds
Fi,

b) Dz - dextral strike-slip deformation along NE-trending phyllonitic
shear zones,

¢) Dz - minor NE-trending, Fs folding accompanied by NW-directed
thrusting and dextral reactivation of D2 shears, and

d) Da - sinistral reactivation of Dz shears followed by NE-directed

thrusting and N-S to NW-trending Fs folding.

Although four distinct deformation phases have been distinguished,
they collectively represent the protracted tectonic evolution of the
Gebeit area during late-Proterozoic island arc accretion. The Dz phase
of strike-slip tectonism is the dominant mode of deformation
interspersed with the other phases and marks a progression from a

ductile to a brittle regime. Other than alluvial prospects, gold
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mineralisation in the province appears to be confined to relatively
early, north~east-trending quartz vein sets. The intrinsic control on
gold mineralisation at Gebeit is the availability of extensional sites
for fluid access during D; dextral shearing. Mining of the auriferous
lodes has been complicated due to the overprinting by the later
deformation events, Ds and D4, which have laterally and vertically
fragmented an otherwise fairly continuous vein system. As a result,
structural studies have largely been confined to the immediate mine
area in order to define the precise controls on lode vein formation, to
differentiate non-auriferous veins, and to evaluate the subsequent

degree and direction of lode offset.

5.2 Regional Structure

The region is bounded to the north and south by the north-east
trending Halaib-Yanbu and Nakasib/Port Sudan-Bi'r Umg sutures,
respectively, which define the Gebeit-Hijaz arc terrane (see section
2.8, Fig.2.20). The overriding north-east trend of this late-
Proterozoic basement fold and fault system is compatible with a genetic
model of arc accretion along a north-east-trending axis and is
intruded by large syn- to late-tectonic composite batholiths and minor
post-tectonic ring complex intrusions (Fig.5.1). The area appears to
be dominated by complex interactions between the north-east-trending
faulting and folding, indicating large strike-slip displacements in
addition to thrusting. The western limit of the Hijaz-Gebeit terrane
is delineated by the Abirkitib/Hamisana shear zone which marks a
transition from the north-easterly deformation trends in the Gebeit
terrane to the north-south upright, isoclinal structures in the
westerly Gabgaba /Northern Red Sea Hills terrane, as part of the Midyan
arc system (Almond & Ahmed,1987; Stern et al.,1989).

Large-scale structural analysis of the Northern Red Sea Hills
region has been derived through extrapolation of field observations to
Landsat MSS image interpretation maps compiled by Geosurvey (1983),
aerial photographs and Soviet-Sudanese survey maps (e.g. Ahmed,1984).
From aerial photography, the broad association between the north-east-
trending folding and faulting in the Gebeit terrane suggests that they
are contemporaneous; however, fold axes are evidently offset by some of
the north-east faults and hence the relationship is not completely
clear. The north-east faults display a range of trends (approximating
to 045°, 020° and 360°) in the form of fault splays which appear to
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relate to the same system. In addition, a large dextral offset along
Wadi Adarit indicates a phase of north-east-trending, strike-slip
tectonism which post-~dates regional folding. As well as minor north-
to NW~trending faults whose relation is unclear, Geosurvey confirmed a
second major fracture trend, approximately E-W (080°-095°), which
appears to cut every mapped rock unit with no apparent displacement and
may be due to regional crustal extension induced by tectonic uplift
(Nur, 1982).

5.3 Local Structure

The coarse blocky nature of the volcanic lithologies in the
Northern Red Sea Hills tends to obscure the more minor structural
trends and only regional-scale folding and deformations with
significant components of strike-slip displacement can be identified
using remote sensing-type techniques (i.e. Landsat Imagery and aerial
photography). Aerial photograph analysis (1:40,000 scale) of the
immediate mine area coupled with field observations and reconnaissance
mapping show that within the Gebeit Volcanic Group (PGl greenstone
group, defined by Geosurvey) several tectonic blocks can be delineated.
Each block displays an apparent difference in orientation of internal
structures and to the south-west their boundaries are defined by
phyllonitic brittle-ductile shear zones which are clearly visible on
air photographs (Fig.5.2). For this study, the four main blocks around
Gebeit have been named after their satellite prospects and comprise
from north-west to south-east the Um Arad-Messesana, the Halal Hindeib,
the Gebeit, and Garabein blocks.

Gebeit is located at the centre of a broadly triangular shaped,
north-east-trending block, 10km x 2.5km, bounded on all sides by
carbonate~altered phyllonitic shear zones. Deformational fabrics are
largely restricted to these major and subsididary shear zones whereas
the intervening volcanics display no apparent tectonic foliations.
Similar shear zones cross-cut the block at low angles to the margins
which, on close inspection, are evidently part of the same shear
system, implying a strike-slip shear zone array. Splay-patterned
faults and dextral offsets are evident in the surrounding blocks,
indicating that the dextral phase of deformation is not restricted to
the Gebeit block alone but appears to be ubiquitous in the region and
has been reported from the Nakasib shear zone ({(see section 2.8; Almond
& Ahmed,1987).
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North-east-trending antiforms and synforms can be identified (El
Boushi, 1972) which parallel the 045°N shear zones and have been
attributed to a regional folding event, F1 (see section 5.4). At the
junction of the Um Arad-Messesana and Halal Hindeib blocks, 5km to the
north-west of the mine, these bedding-strike ridges in both blocks are
rotated towards the sub-parallel Wadi Messesana and Khor Adarit faults,
indicating a component of dextral, strike-slip shear (Figs.5.1 & 5.2).
Restoration of the strike ridges to their original north-east trend
indicates that a minimum of 1.5 to 2 km of lateral movement has been
accommodated along this zone. At the south-western edge of the Gebeit
block, the strike ridges are similarly deflected to the north-west. In
the Garabein block, south-east of the Gebeit block, the main structural
trend is north-south to north-easterly and, in the field, a clear
change in fabric orientation is observed across the boundary of the
Wadi East Gebeit shear zone. Because of the lack of previous
structural studies to act as a framework, mapping (scale,1:1000) was
confined to the immediate mine area where some underground exposure

provided good 3-dimensional control.

5.4 Di Deformation Phase

The first phase of deformation, Di, appears to have generated
regional folds, Fi, of 5 to 8 km wavelength with north-easterly aligned
fold axes (Fig.5.1). These folds have been defined from Landsat
imagery (Geosurvey 1983) and aerial photography (El Boushi 1972) and
are essentially cryptic in the field. Although Dz and Da events
disturb bedding trends on the small scale (<1m-100m), large scale
(>3km) variations in the direction of dip of bedding (NW and SE) around
Gebeit with consistent directions of bedding strike substantiate an
early folding event. The nature of the folding appears to be upright
and relatively open but no estimate of vergence can be made.

Within the Gebeit and Garabein blocks, bedding generally strikes
north-east and dips to the south-east but immediately north-west of
Bishops Dam (Fig 1.3) in the Halal Hindeib block, the direction of dip
changes to the north-west indicating that the axis of a major antifornm
is congruent with Wadi Gebeit. Similarly, to the north-west there
appears to be a synclinal axis running along Wadi Adarit and, to the
south~east, the axis of another major synclinal structure (identified
by Technoexport,1978 and Geosurvey,1983) coincides with Wadi Derba.

The parallel association between this phase of folding, the north-
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east~trending shear zones, and the later dextral movement along the
same structures suggest that shearing parallel to the fold axes may
have accompanied Fi folding during the D; deformation event and that
the resulting shear zones were subsequently reactivated during the
dextral D2 phase. The timing of formation of the pervasive north-east-
trending basement grain must pre-date the main dextral strike-slip
episode as it is deformed by this later event (Fig.5.2; dextral
novement along Wadi Adarit). Similarly, the north-east orientation of
the F1 folds are incompatible with formation synchronous to dextral
strike~slip shear. Shearing of phase 2 dykes shows that dextral
shearing also occurred at Gebeit after Ds deformation (see 5.6.2).
Although the D3 folding and thrusting locally appears to be a
relatively minor event, it cannot be completely ruled out as the main
phase of regional folding. However, angular unconformities of
hornblende-phyric lavas overlying gently folded aphyric tuffs (e.g.
5350E,5450N) and bedding parallel, syn-sedimentary slump folding of
deep water tuffs (see Plate 3.l1e) within the local stratigraphy suggest
that north-west-directed compression was initiated at an early stage,
during sedimentation. As bedding is generally steep and orientated
sub-parallel to the extensional strike-slip shear zones, uplift must
have occurred prior to shear zone initiation.

Reischmann (1986) has attributed the dextral deflection along Wadi
Adarit to an unspecified north-east folding event. However, the plunge
of such folding would have to be very steep to produce the observed

outcrop pattern and is also inconsistent with the regional F: folding.

5.5 Dz, Dextral Strike-slip Deformation Phase

The regional folding event, Fi, was post-~dated by a strike-slip
deformation phase, D2, along a north-east trend. Phyllonitic ductile
shear zones were developed, possibly through the reactivation of D;
shear zones, and these shear zones define the boundaries of the various
tectonic blocks. From large-scale structures {e.g. Wadi Adarit),
small-scale kinematic indicators (see section 5.5.2), and the geometry
of the shear zone arrays, the strike slip event was largely dextral in
sense, corroborating evidence for dextral slip on the regional scale
(i.e the Nakasib shear zone). The first observable phases of quart:z
vein formation (Vi and Vz) and dyke intrusion occurred during this
deformation event and the timing of their emplacement is constrained by

overprinting by the later Ds and D4 deformation phases.
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5.5.1 Phyllonite Shear Zones

The sheared rocks which form the linear fault zones are more
highly deformed towards the centre of each shear zone where steeply
dipping, pervasive schistose planar foliations are developed. These
braided shear zones are up to 200m in width and the longer faults,
including the Wadi Gebeit shear zone, can be traced for a minimum
distance of 15km. Landsat MSS images indicate these faults extend to
the Red Sea coast and may continue into the Arabian Shield (Fig.5.1).
The anastamosing shears incorporate elongate pods, up to 400 n long
(Fig.4.3; 4850E,5500-5900N), of much more weakly deformed lithologies,
which are identifiable as sheared basaltic andesites. The most highly
deformed lithologies display s-c¢ foliations and are composed of fine-
grained chlorite, quartz, albite, calcite, ankerite and sericite. The
schistose nature of these rocks (see Plates 5.2 & 5.3) and their
associated micro-structures are characteristic of mylonites, as defined
by White & Baxter (1987) and were produced as a result of ductile
revorking within the shear zones. From the terminology of fault rocks
outlined by Sibson (1977), the predominance of chlorite in the Gebeit
lithologies suggests that they should be classified as phyllonites.

Many of the shear zones are characterised by an intense red-brown
colour in weathered outcrop due to a phase of ankeritic alteration
which is exclusively confined to the sheared lithologies (Plates 5.1 &
5.2a). This ranges from the incipient replacement of chlorite by
ankerite and sericite along cleavage planes to a pervasive replacement
of all chlorite and the obliteration of the phyllonitic planar
foliations to form a cohesive, blocky, ankerite-rich rock. As a result
of the obscured cleavage, the most altered lithologies have been
previously mapped as marbles, rhyolitic volcanics, or as dykes.
However, petrographic and trace element geochemical analyses across
these zones show them to be composed of mylonitised andesitic basalt
volcanics (see section 7.8). This large-scale carbonate alteration can
be identified on air photographs and has been understandably mistaken
on Landsat imagery as an intrusive lithology (Fig.5.3).

The Gebeit block is bounded by the Wadi Gebeit Fault to the north-
west and by the Wadi East Gebeit Fault to the south-east and on aerial
photographs, both shear zones appear to curve very gently towards the
south (Fig.5.2). Similar shear zones cross-cut the block at low angles
(22° to 31°) to the margins but cannot be traced outside the Wadi

Gebeit and Wadi East Gebeit Faults and are evidently part of the same
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Fig.5.3 Sketch map of the Gebeit block showing the main phyllonite

outcrops.
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shear system (Plate 5.2a). The shear zone geometry and alignment
patterns conform to a dextral strike-slip simple shear system which has

been verified using micro to macro-scale kinematic indicators.

5.5.2. Shear Zone Characteristics and Kinematic Indicators

As development of the phyllonites occurred relatively early in the
deformation history, most of the subsequent strain has been taken up
along these zones. Unlike the blocky undeformed volcanics, the
phyllonites exhibit well developed structures and are invaluable in
deciphering the subsequent tectonic history. Generally the shear zone
fabrics at Gebeit are vertical (e.g. Wadi East Gebeit Fault, see Plate
5.3a) or dip steeply (>60°) to the south~east but lower angle dips are
observed due to rotation by the later folding and thrusting events.
Stretching lineations are generally masked, as are many of the small-
scale kinematic indicators, by the later pervasive carbonate alteration
event. However, in the rare cases where they are observed, they are
orientated sub-parallel to the strike of the shear zones and
substantiate the predominantly strike-slip mode of deformation. Some
of the fault zones contain irregular, coarser horizons of rounded,
prolate clasts which at each location (i.e. Garabein, East Gebeit,
Gebeit village at 4700E,4800N, and 5100E,5400N) are elongated parallel
or sub-parallel to the strike. Because of the roundness and common
vesicular nature of these clasts, they are considered to represent
sheared agglomerates as opposed to a fragmented more resistant unit or
a dismembered dyke. Measurements of the orthogonal axial lengths of
these clasts show low ratios in the region of 2.7:1.3:1 (R¢; X:Y:Z)
indicative of low amounts of strain (Appendix C). Furthermore, high
values of Ry (%2.3:1.5:1) indicate that a significant proportion of the
ellipticity seen is due to the original shapes of the clasts produced
during deposition. These agglomerates are matrix supported and the
intense deformation displayed by the chlorite phyllonite matrices
suggests that the bulk of the strain during shear zone formation was
partitioned into the matrix. However, some of the sheared lapilli-tuff
units display clasts elongated up to ten times their width (Plate
5.2b), confirming much higher strain conditions.

Foliation varies from a single continuous cleavage to a spaced (3-
10 mm) cleavage but often a reticulate pattern is observed due to
two, low-angle, apparently conjugate cleavages which define s- and c-

foliations typical of mylonites (Plate 5.2d; Berthé et al.,1979; Lister
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Plate 5.2 The Wadi Tuwiya Shear Zone at Bishops Dam and fabrics

a)

of the shear zone phyllonites.

Junction of the Wadi Gebeit and Wadi Tuwiya shear zones at Bishops
Dam (4100E,5500N) showing the chlorite phyllonites of the Wadi
Gebeit shear zone (WG) separated from the ankerite phyllonites of
the Wadi Tuwiya (WT) by a lens of undeformed andesitic volcanics
(A). The trend of the A Lode shear zone is also delineated by a

topographic low.

Chloritic phyllonite composed of sheared andesitic agglomerate
displaying extensive ductile deformation and the development of D2
sheath folds whose axes are delineated (Wadi Lode Extension; 5000E,
5950N; see Fig 5.9).

S-c~foliation in the ankerite phyvllonites near the base of the Wadi

Lode shear zone (5000E, 5600N) indicating a dextral sense of shear.
Lozenge-shaped microlithons produced by a combination of

carbonatisation and intersecting s-c-fabrics indicating dextral
shear, Wadi Tuwiya shear zone {4600E,6900N).
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& Snoke,1984). Occasionally, minor {(<50mm wavelength) isoclinal sheath
folds occur parallel to the s-surfaces (Plate 5.2b) but vary from 0-90°
in plunge, suggestive of fold rotation during deformation (White &
Baxter,1987). VWhere the cleavage is continuous and pervasive, the c-
surfaces sometimes appear to post—date the s-surfaces. The s-
foliations are orientated at 25-30° to the margins of the shear zones
in a north-north-east trend (010-020°N), indicating a dextral sense of
shear (Plate 5.2c¢). In the zones where cleavage is spaced, lensoid
microlithons up to 80mr long and 12mm wide are preserved (Plate 5.2d).

Quartz-calcite veinlets between 13mm and 2mm wide, are
occasionally developed in the extensional (R-shear) shear band
orientation (Plate 5.3b,c) and are thickened at the junctions with the
c~surfaces. These veins are transected by pressure solution cleavages
parallel to the s-surfaces (Plate 5.3b) and by extensional, high-angle,
sinistral, X shears (Plate 5.3c). These orientations are reflected on
a larger scale {10-100m) where the weakly deformed parallelogram-shaped
pods enclosed by the north~east-trending shear zones are defined by
shears in R- and P-shear (s-surface) orientations producing the
anastamosing trends.

The first phase of emplacement of the syn-tectonic, dolerite-
microdiorite dykes was confined to the shears in the 070°N orientation,
parallel to the c~foliations, demonstrating the overall extensional
nature of the shears in this orientation. The dykes are generally
fragmented and offset, up to 2.5m, by a set of widely spaced (0.5-10m),
high-angle, shear surfaces (see Plate 3.la; Fig.5.4). Usually these
occur as extensional kink bands up to 15 c¢m wide, which are confined to
the shear zones, and all indicate an opposite (sinistral) sense of
shear. They appear to be coeval with a similar set of low-angle (east-
west-trending) shears which are sometimes intruded by the transitional
phase 2 dolerite dykes (Fig.5.4). These synthetic and antithetic
shears (Riedel and X shears) represent later secondary planar fabrics
identified here as "extensional crenulation cleavages” (Platt,1979;
Platt & Vissers,1980) or "shear-band cleavage" (White et al.,1980).
This is indicative of the departure from progressive simple shear where
the bulk flow field is partitioned and slip on the s~-surfaces leads to
the formation of coaxial deformation domains, common in strongly
anisotropic micaceous rocks such as phyllonites (Platt, 1984).

Although difficult to differentiate, these shear bands are not obscured
and appear to post-date the carbonate metasomatism phase. The large

scale replacement by carbonate during deformation, concentrated
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Plate 5.3 The Wadi East Gebeit Shear Zone and D2 kinematic indicators.

b)

View south-west along Wadi East Gebeit showing the restriction of
pervasive ankerite metasomatism (red ridge) to a narrow zone 3-5m

wide.

Low-angle Vi quartz-calcite veins developed along extensional
Reidel shears (C') in carbonatised phyllonite and transected by
low~angle pressure solution s-foliation (S) indicating a dextral
sense of shear. Note thickening of veins at C'~C fabric
intersections (I) and incipient folding of early veins (1) cut by
unfolded lower angle veins (2; Bishops Dam, 4000E, 5800N).

As for 5.3b) but note high-angle extensional crenulation shears

{i.e. antithetic shear, X).

Photomicrograph (CN) of asymmetric augen in chlorite phyllonite
showing s-c-foliations and extensional calcite veining indicating a
dextral sense of shear (Wadi Lode Extension; 5200E,6000N; field of

view 3mm).
Photomicrograph (PPL) of altered hornblende phenocrysts showing
high angle extension fractures (f) and development of minor

asymmetric chlorite pressure shadows indicating a dextral sense of
shear (Vein 18, 4400E,5900N; field of view 4um).

CN = crossed Nicols, PPL = plane-polarised light.
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initially along the foliation surfaces, would probably result in a
significant change in the mechanical properties of the shear zone and
possibly initiated more brittle behaviour along the s~surfaces with the
development of the extensional crenulation cleavages.

In most cases, the phyllonite samples are too friable or are too
obscured by carbonate metasomatism for petrographic studies and only
the more incipiently deformed samples can be examined. The 0.03-0.8mm-
wide cleavage domains are delineated by fine-grained chlorite with
minor biotite and are gradational into the microlithons composed of
fine-grained (<0.lmm) chlorite, albite, quartz and calcite. Asymmetric
augen of quartz-albite-~calcite and s-c¢ foliations in the finer-grained
lithologies also indicate a dextral sense of shear (Plate 5.3d), and
recrystallisation textures predominate over sub-grain development in
the quartz grains. 1In the coarse hornblende-clinopyroxene-phyric
volcanics where only a weak fabric is developed, the long axes of the
hornblende phenocrysts are generally flattened and rotated into
parallelism with the foliation. Often these grains display high-angle
extensional fractures and minor chloritic pressure shadows due to
dextral shear (Plate 5.3e). The smaller plagioclase grains show little
evidence of deformation but the chlorite-actinolite pseudomorphs of the
pyroxene phenocrysts form elongate patches sub-parallel to the
foliation.

Similar micro-structures have been observed underground in altered
host-rocks adjacent to the major auriferous veins. These kinematic
indicators indicate that gold mineralisation and wallrock alteration
were synchronous with dextral shear and are fully discussed in Chapter
6. The occurrence of dynamic recrystallisation, sub-grain development,
micro-veining, and pressure shadows is indicative that both crytal-
plastic and diffusive mass transfer processes were active during
ductile deformation but the formation of s-c shear surfaces due to
strain localisation suggests that these textures were produced in the
semi-ductile regime (Shimamoto,1989) within the brittle-ductile

transition (Sibson,1977).

5.5.3. The Gebeit Shear Zone System

The small-scale kinematic indicators, outlined above, show that
the shear zones at Gebeit were produced during dextral, strike-slip,
simple shear. Experimental shearing of clay blocks (e.g. Riedel,1929:

Tchalenko,1970) has shown that shear zones are composed of a system of
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shears on a lower scale. The orientations and sense of shear of the
shear zones within the Gebeit block indicate they conform to a dextral
shear zone array and D, R (Riedel), and P shears can be identified
(Fig.5.5). These shear zones, along with later Red Sea rift related
north-west and east-west structures e.g. Wadi Hadayu (see Fig.1.2),
control the wadi drainage pattern on the local scale and probably on
the regional scale. Within the Gebeit block, three major Riedel shears
trending 070°N are evident: the Wadi Lode shear zone, on which Gebeit
village is sited; the Wadi Tuwiya shear zone; and the North Gebeit
shear zone, with a possible fourth Riedel (South Gebeit shear zone) to
the south of the mine (Fig.5.5).

In the Gebeit block, only the Riedel shears are pervasively
carbonate altered (see Plates 5.1 & 5.2a), implying they are
preferential sites for large scale fluid movement, and as a result tend
to appear as topographic highs, unlike the P shears. 211 the known
auriferous veins are hosted by numerous parallel but subordinate,
anastamosing shear zones from 2 to 20m wide which lie on either side of
each main Riedel shear. The main zone of mineralisation on which the
Gebeit mine is based lies immediately south-east of the Wadi Lode shear
zone and comprises steeply south-east-dipping, blue-grey quartz veins
hosted by shear zones showing a variable intensity of deformation. The
veins are offset in both sub-vertical and sub-horizontal planes due to
late-Dz, Dz and D4 deformation and consequently several lodes have been
distinguished, namely the X, Y, A, wadi and Arsenic Lodes (Fig.5.6; see
Fig.5.18). Further north, the satellite prospects of Marble Bar, Vein
13, Vein 18 and East Gebeit, which lie in between the Wadi Lode and
Wwadi Tuwiya shear zones, have only been exploited by surface pitting
(Marble Bar, Vein 18 and Vein 13) or exploration adits (East Gebeit).
The structural control of the lode veins and their subsequent
fragmentation by the later deformation events constrain the
mineralisation phase as synchronous with early dextral strike-slip
tectonism (see Chapter 6). Similarly, intrusion of the first phase of
dyke emplacement, parallel to the c-foliation of the 070°-trending
shears, confirms the extensional nature of these shears. Within an
ideal shear zone array, the tensional and compressional components
would lie oblique (approximately 20°) to the F and R shears (Fig.5.5)
but at Gebeit, tensional features, i.e. syn-tectonic dykes and massive
quartz veins, occur parallel to the Riedel shears. This is probably
due to the northward convergence of the boundaries of the Gebeit array

at 25° in which the ranges of possible shear orientations from the Wadi
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a)
Wadi Gebeil shear zone

North Gebeit
shear zone

E/T = extension B = Riedel shear

Y
H

compression

Fig.5.5 Geometry of the Gebeit shear zones (a) and their comparison
with a dextral shear zone array (b) allowing identification of

extensional and compressional shears.
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Gebeit and Wadi East Gebeit faults overlap the tensional (065-090°N)
and Riedel (045-070°N) components.

Within the Riedel shears, the intensity of deformation appears to
be polarised between the finer-grained phyllonites and the weaker
deformation textures observed in the coarse-grained lavas and
agglomerates; however, the degree of tectonic reworking is difficult to
gauge in the finer tuffaceous units. All of the Riedel shears and
auriferous Vi veins at Gebeit tend to be developed within the fine-
grained tuffs and shales towards the base of the stratigraphic
succession or are confined to the thin tuffaceous units of the upper
lava- and agglomerate-dominated succession (e.g. Marble Bar, see Fig.
5.11; Y Lode, see Fig.5.18). The loci of shear zone development may,
therefore, have been controlled and concentrated by the fine-grained
tuffaceous horizons which would tend to be preferentially deformed.

The main P shear at Gebeit is the north-south-trending Gebeit
shear zone which intersects the Wadi Lode shear zone at the village
and, although not widely exposed, appears to be approximately 15 to 25m
wide. Like the other minor P shears, which have been identified from
aerial photographs and by mapping, alteration is minimal and no syn-
tectonic dykes or veins have been observed. Although no mineralisation
occurs along the Gebeit fault at the intersection with the auriferous
shears, parallel to the Wadi Lode shear zone, the original structural
relationships are difficult to determine due to the repeated
reactivation of these structures during later deformation events.

The Wadi East Gebeit shear zone differs from the other block-
bounding shears in that intense deformation and alteration is
restricted to a relatively narrow vertical zone 30-50 m wide which
trends 020°N (Plate 5.3a). Approximately 750m east of the Wadi East
Gebeit shear zone another prominent shear zone, similar to the Riedels
at Gebeit, trends 010°N. This shear zone, termed the Eastern Gebeit
shear zone, extends from the southern limit of the Garabein block to an
intersection with the Wadi East Gebeit shear, 500m south of the
junction of the Wadi Gebeit and Wadi East Gebeit shears (Figs.5.2,5.3,
& 5.5). The width of the zone varies from 30m to 200 m and foliation
dips steeply to the east. §-c foliations, stretching lineations, and
extensional crenulation cleavages, similar to those seen at Gebeit,
indicate a dextral sense of strike-slip shear along this zone but no
pervasive carbonate alteration is evident except at the intersection
with the Wadi East Gebeit shear zone.

At the northern-most end of Wadi East Gebeit, several isolated
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outcrops of ankeritic phyllonite are located at the projected
intersections of the Wadi East Gebeit shear zone and the Riedel shear
zones (Fig.5.3), implying that these intersections were sites of
enhanced fluid flow.

The nature of the intersection of the Wadi East Gebeit and the
Eastern Gebeit shears is not clear but the predominant 020°N foliation
of Wadi East Gebeit shear appears to merge with the 010°N-trending
Eastern Gebeit fault zone, indicating they were coeval. The Gebeit
fault can be traced south across the Wadi East Gebeit shear into the
Garabein block, suggesting that early in the Dz phase the Gebeit block
was part of the Garabein block and subsequently became detached. The
orientation of the Wadi East Gebeit shear zone indicates that it was
initiated as a P-shear between the parallel Wadi Gebeit and Wadi Derba
shear zones. The Eastern Gebeit may have been formed as a P-shear
between the Wadi East Gebeit and Wadi Derba shear zones when the Gebeit
block had become a separate entity (Fig.5.7).

As the Gebeit Riedel shears are located towards the northern end
of the Gebeit block where the Wadi East Gebeit and Eastern Gebeit shear
zones converge, it is difficult to determine whether they extend across
to the Eastern Gebeit shear or terminate against the Wadi East Gebeit
shear. Areas of weakly carbonatised phyllonite, intruded by phase 1
diorite dykes, outcrop immediately east of the Wadi Lode shear zone
(around 5500E, 6900N) and indicate that the Riedels extend to the
Eastern Gebeilt shear zone. This suggests that the Eastern Gebeit shear
zone may have been formed before the Wadi East Gebeilt shear zone.
However, the phyllonite zones along the centre of Wadi East Gebeit are
not pervasively carbonatised like the Riedel shears west of Wadi East
Gebeit shear zone and the Eastern Gebeit shear zone may not have been
active during later shearing. As pervasive carbonate alteration along
both the Wadi East Gebeit and Eastern Gebeit shear zones is restricted
to their intersection with other structures (Fig.5.3), it appears that,
like the Gebeit shear zone, enhanced fluid flow did not occur along
these structures.

The strike ridges in the southern part of the Garabein block ars
rotated southwards into a north-south trend, apparently folded against
the Wadili East Gebeit and Eastern Gebeit shears. This may have been due
to a cessation of movement along the Eastern Gebeit shear zone which
prompted further deformation along the Wadi East Gebeit shear zone.

The complex area between the Wadi East Gebeit and Eastern Gebeit shear

zones contains predominantly north-north-east-(010-020°N) trending
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Fig.5.7 Sequence of shear zone formation at Gebeit during Dz dextral

shear.
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structures and there are no major shears evident between the bounding
shear zones other than the apparent continuation of the Gebeit fault to
the south. Twelve kilometres north-east of Gebeit lies the satellite
prospect of Garabein which is smaller than Gebeit but is the only other
prospect in the area that was developed into a mine. The east-north-
east trending auriferous quartz veins at Garabein are shear-hosted and
lie parallel to a 070°N-trending shear zone (Wadi O'Haff). There is
minimal pervasive carbonate alteration along this shear but its
orientation suggests that, like Gebeit, the mineralisation at Garabein
1s controlled by east-north-east-trending Riedel shears related to a
north-east~trending phase of dextral shearing.

The parallelism of the P- and R-shears at Gebeit with other fault
splays in the area (Fig.5.1) suggests that similar shears were
developed in the adjacent blocks as components of the 045°N-trending
shear zone system with the north-south faults, e.g. the Gebeit fault,
produced from the interaction of the 045°N-trending shear zones and
their associated subsidiary shears. The dominance of the Riedel and D-
shears in the Gebeit array produces sigmoidal lozenge-shaped blocks
within the Gebeit block, especially at the northern end and is
characteristic of an extensional strike-slip duplex (Fig.5.8; Woodcock
& Fischer,1986).

The 045°-trending shear zones, which define the various tectonic
blocks, extend to the southern margin of the Gebeit Volcanic Group
outcrop where they change strike to form the continuous south-western
boundary with the Sasa Plain tuffaceous slate (PG2) assemblages (Figs.
5.1 & 5.2). On these margins the shear zone foliations strike north-
west and, as with the slate assemblages further west, dip at around 35°
underneath each block. The north-east-trending bedding in the Gebeit
Volcanic Group, likewise, is rotated to a NW strike, dipping to the
north-east. The dextral sense of shear identified in the north-east-
trending shear zones and their continuation round the south-western
margins indicate that the blocks were transported to the south-west,
eventually overriding the Sasa Plain slate assemblages. This implies
that the north-east-trending, dextral, strike-slip shear zones acted
locally as lateral ramps to south-westerly-directed thrusting induced
by a regional phase of dextral deformation. The unexplained south-west
directed thrusting observed in the Eastern Desert of Egypt, where
north-west-directed thrusting is the predominant style of deformation
(see section 2.6; Elbayoumi & Greiling,1984), is probably related to an

early, dextral, strike-slip phase.
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Fig.5.8 Comparison of the Gebeit shear zone array (a) with an
extensional strike-slip duplex (b) and the sequence of
extensional duplex development along a straight shear zone (c)
(after Woodcock & Fischer,1986).
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5.6 D3, North-east-trending Folding and Thrusting

The third deformation phase recognised at Gebeit comprises north-
east-trending (045°-060°N) folding and thrusting which occurred sub-
parallel to the 070°N Riedel shear orientation. Stretching lineations
parallel to the strike of foliation in the shear zones demonstrate a
purely strike-sliip mode of shearing during Dz deformation and there is
no evidence for transpression. As the Riedel shears are extensional in
nature, folding and thrusting on this trend cannot be reconciled to the
D2 dextral strike-slip phase and has been designated as a separate
phase within the framework of arc accretion. Thrusting appears to be
largely restricted to a fold-accommodation process and seems confined
to the partial reactivation of the Dz Riedel structures which
consequently makes the thrusts difficult to trace. The majority of
thrusts generally exhibit minor displacenments of less than 2 m but are
usually closely spaced and in many cases are identified by the offset
or repetition of dykes and veins.

The shear zone pargins at Gebeit tend to be gradational with their
limits set by the recognition of a relatively unsheared, continuous,
protolith. The exposed footwall contacts of the the Wadi Lode and Wadi
Tuwiya shear zones, however, are very sharp and mark the boundary
between blocky, undeformed andesitic basalts and upper shear zone
phyllonites (e.g. Plate 5.2a). These basal contacts dip at relatively
shallow angles (25-45°) to the south-east and are sometimes delineated
by massive white quartz veins up to 80 cm thick (5050E,6000-6300N). In
contrast with the general steep dip of the shear zone fabrics,
foliations in these areas dip variably from 20° to vertical and north-
west~facing recumbent folds are common. Where the contact is well
defined at Bishops Dam and the Wadi Lode extension, the phyllonite
outcrops trend 050°N, obligue to the main 070°N trend of the Riedel
shears and the sharp lower boundaries of these phyllonites appear to be
thrust contacts produced by local décollement during folding. Along
the phyllonite ridge which forms a topographic high, parallel and
north-west of Wadi Tuwiya, D4 folding has resulted in localised
preferential erosion through the shear zone (4400E,6600-6900N). The
underlying undeformed volcanics, with steeply dipping (135°N/80°)
north-east~trending bedding are exposed, with the Wadi Tuwiya shear
zone phyllonites preserved as a small klippe =50 x 20 m which dips at
45-50° to the south-east (Fig.5.3).

Further east along strike, the 030°N-trending foliation abuts
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sharply against blocky undeformed volcanics along a 070°N-trending
fault plane dipping at 60° south (Plate.5.4a). Slickensides are very
poorly developed at the intersection but localised, minor, upright
folding sub-parallel to the trend of the fault indicates it is an
oblique ramp related to Ds: thrusting. A similar structure at the
southern end of the shear zone at Bishops Dam occurs within 017°N-
trending phyllonites and has been identified due to its locally
anomalous 070°N trend (Plate 5.4b). This thrust rapidly changes dip
along a 1.5 m perpendicular section from 60° to 32°, parallel to the
south-east dip of the footwall phyllonites and demonstrates the
localised nature of Ds thrusting. Thin (10-25 mm) quartz-carbonate
veins are developed along the trust plane along with tensional veins
normal to the fault surface. Slickensides trend 330-340°N and small
recumbent footwall folds trend 040°N, indicating a north-west direction
of transport.

At the north-eastern end of the Wadi Lode shear zone a topographic
depression provides a cross-section through the contact area along
5950N (Fig.5.9). BAlong a 50m section line perpendicular to the strike,
a minimum of twelve thrusts can be identified dipping at 25-60° to the
south-east with the steeper, and presumably older, thrusts furthest
from the contact. Many of the carbonate phyllonite blocks bounded by
the thrusts have north-east-trending parallel joint sets orientated
perpendicular to the fault surface. Often these joints are infilled by
massive, white, quartz ladder veins, up to 30 mm wide, some of which
are gently folded. Low angle (<40°) reverse kink bands, which dip to
the north-west, commonly intersect fine (8-15 mm) quartz-carbonate
veins generated along the thrust surfaces and indicate a component of
back-thrusting. Although most of the phyllonites are cohesive and
blocky due to pervasive carbonate metasomatism, there are two thrust-
bounded lensoid pockets of recumbently folded (050°N), dark green,
chlorite phyllonite, indicating that the carbonate alteration event
preceded Ds deformation. As the non-carbonate altered phyllonites are
highly sheared, it is unlikely that they represent preferentially
unaltered protolith blocks and are probably derived from the shear zone
footwall. The movement on each thrust is difficult to quantify due to
a lack of identifiable marker horizons but the deviation of the zone
from the presumed 070°N Riedel shear trend indicates a combined
displacement across the whole zone of less than 150m. The thrusts are
difficult to trace individually to the south-west as they strike sub-

parallel to the foliation and reactivate low angle c-surfaces.
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Plate 5.4 Dz structures in the shear zone phyllonites.

View north at East Gebeit (4500E,7000N) showing the Dz fabric of
the Wadi Tuwiya shear zone (left) abutting against undeformed

andesitic volcanics along a Ds oblique thrust ramp.

Section through Wadi Tuwiya shear zone at Bishops Dam (4000E,5%00N)
showing a high-angle Ds frontal thrust ramp with minor Vs veining

{hammer scale = 40cn).

North-east~trending Fs isoclinal recumbent fold in sheared
andesites in footwall of Wadi Lode shear zone (4900E,5500N).

North~east-trending, open, recumbent Fz folding of ankerite

phyllonites at southern end of Wadi Gebeit shear zone.

High-angle Vs NW-trending extensional veins in ankerite phyllonites
at Bishops Dam (4000E,6000N).

East-west~-trending, second order Vs Riedel veins (Rz2) along margin
of phase 2 dolerite (Do) linked by third order Vs Riedel veins (Rg)
to Vs vein along D-shear (Wadi Lode shear zone, 4950FE,5325N; width

of dyke =1m), indicative of late-D3 dextral shear.
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Recunbent parabolic folds (15-45 cm wavelength) trending 030-050°N
occur in the sheared footwall volcanics at a few locations (e.g. 4900E,
5500N; Plate 5.4c). Recumbent folds on the same trend are evident
within the shear zone phyllonites (Plate 5.4d) but vary from 50cm wide
(Wadi Lode extension 5100E,5800N) and 1.5m wide (Vein 18, 4450E,6300N)
to folds many tens of metres in wavelength at the northern end of Wadi
Tuwiya (4600E,6950N). Often a weak local axial planar cleavage is
developed through the fold hinges, with dip ranging from horizontal to
shallow (<40°) to the south-east. The smaller-scale recumbent folds
sometimes show minor displacements along these axial planar surfaces
due to shearing across the lower fold limbs. The relatively open form
of these folds, their formation in weakly deformed lithologies, their
consistent north-easterly strikes and straight hinge lines preclude
their origins as sheath folds. Sheath folds would parallel foliation
trends and plunge steeply or lie upright in shear zones with steep
fabrics; however, all these folds are recumbent irrespective of the
original dip of the host foliation. East of Marble Bar (4900E,5600N),
an outcrop of carbonate altered phyllonite, possibly another klippe,
comprises a sub-vertical Dz foliation (70° to SE) transected by a
coarse, sub-horizontal, (<(20° to SE) crenulation cleavage, Ss.

Cleavage spacing varies between 5cm and 20cm and produces small,
recumbent, chevron folds and kink bands up to 18cm wide which give an
overall north-west sense of vergence (Fig.5.10).

Within Marble Bar prospect itself (4700E,5900N) the central area
consists of a rim of tuffaceous phyllonite and quartz-carbonate veining
which dips away on all sides from a central block of massive andesite
lavas (Fig.5.11). This dome structure is the result of folding on two
trends i.e. north-east and north-north-west related to Ds and D4
deformation phases, respectively. Folding on the north-east trend
(045°N) reflects a fairly gentle open and upright style of folding but
a small (1.2m) monocline on the western side of the prospect indicates
north-westerly vergence. Drilling at the prospect has shown that the
south-easterly dipping shear zone and quartz vein of Vein 13 propect,
west of Marble Bar, is the continuation of the Marble Bar shear
defining a minor synform along grid line 5100E.

Further south towards the intersection of the Wadi Lode shear zone
and the Gebeit Fault (4900-5100E,5350N), a phase 1, syn-tectonic
microdiorite dyke is, in two locations, repeated three times by south-
east-directed back-thrusting (see Fig.4.3). Thrusting appears to have

been controlled by the lower dyke-phyllonite interface with ramp
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Fig.5.11 Sketch map and cross-sections of the Marble Bar, Vein 13,
Vein 18 propects showing the effect of Ds and Ds folding.
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propagation at 45° to the upper dyke surface. The initiation of
thrusts is common along the upper and lower surfaces of more competent
layers within the preferentially reactivated phyllonite shear zones and
occurs along lode veins and units of blocky carbonatised phyllonite as
well as dykes (Fig.5.12). A similar mechanism of thrusting along the
footwall of the shear zone accounts for the incorporation of wedges of
non-carbonatised phyllonite along the base of the blocky, ankeritic
phyllonite outcrops (Fig.5.9).

150 m south-west of the mine centre (5300E,4450N), a short
exploration decline (-45°) has been driven at the base of a thick
north-west-trending (116°N) quartz vein complex which is up to 2 m in
thickness and extends in continuous outcrop for nearly 300 m. The
veins lie approximately 500 m south-west of, and parallel to, the
outcrop of the Y Lode but are apparently uneconomic. The outcrop
comprises a set of 3 early blue, Vi, quartz veins of 0.75 m combined
thickness intruded by a sub-parallel, 1.5m thick, massive, white quartz
Vi vein. The veins are hosted by ferruginous phyllonite and appear to
lie parallel to the foliation but the shear zone extends less than 20
cm from the vein margins. The blue quartz tends to form the upper and
lower boundaries of the vein complex but cross-cutting veins of the
much thicker white quartz indicates the blue quartz is the older of the
two. The intruding white quartz veinlets are orientated either
parallel to the margin of the blue quartz vein or at 30-40° clockwise
from it, suggesting formation under dextral strike-slip shear (Fig.5.13
inset). The cross-section provided by the decline, however, shows that
the lower exposed blue quartz veins and hosting shear, which initially
dip at 52° to the south-west, shallow out 5 m down dip and are
transected by the footwall of the white quartz (Fig.5.13). The blue
quartz and enveloping sheared tuffs display fracture cleavages
parallel, normal and 30° to the vein margins which are usually infilled
by the white quartz. The ferruginous alteration is confined to the
shear zone immediately adjacent to each blue vein and does not occur as
a halo to the white gquartz.

The structural relationships infer that the Riedel-parallel shear
zone and blue quartz veins were gently folded prior to the emplacement
of the white quartz vein. The thickness of the white quartz vein and
the orientations of the cross-cutting veinlets suggest that the white
quartz vein was not formed during Ds folding or thrusting but was
emplaced under extensional, dextral, strike-slip shear which partially

reactivated the shear zone. The thick white quartz veins which occur
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Fig.5.12 Sketch sections of a Gebeit Riedel shear showing the eiffects
of Ds folding (a-b). Thrust ramp propogation along the base of more
~ competent units such as blocky, carbonatised phyllonite or phase 1
dykes produces stacking of dykes by back-thrusting (c) or lenses of

chlorite phyllonite between cchesive ankeritic phyllonite {di}.

Page 5-33




.
NE o 3 SW
, < )
£ 9
U blue / o / \3\
Quartiz (S S
by
Vy white {
quartz
’ ~

base of shear
zone and limit
sf alteration

[
gndeformed
voleanics

Q im

Fig.5.13 Sketch section of the SE wall o% a éecline south of the mine

showing the relationship of the Vi and Vs quartz veins. Inset, sketch

section parallel to strike.

SE NW

0 25cm o =

Fig.5.14 Sketch of Ds thrust duplexes developed in andesitic tuffs at

Garabein mine, 12km north-east of Gebeit.
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towards the bases of the Wadi Lode and Wadi Tuwiva shear zones were

probably emplaced during this second phase of dextral slip.

5.6.1. D3z Deformation Beyond the Gebeit Block

Thrusting is not restricted to the Gebeit block alone and has been
observed in the adjacent tectonic blocks, usually trending north-east.
At Garabein, the north-east- (040°N) striking vertical bedding contains
two vertical- to steep south-easterly-dipping fine cleavages trending
000°N and 035°N which are probably related to D: dextral shearing (1.e.
s~c surfaces). These are transected by two low-angle (35-40°) later,
coarser, foliations, which trend 040-060°N dipping to the south-east,
and 330°N dipping to the south-west, and which probably represent Ds
and D4 phases respectively. The south-east-dipping Ds fracture
cleavage tends to be localised, unlike the more pervasive D:
foliations, and is associated with groups of closely spaced thrust
surfaces (<40cm apart) which occur in both sheared and unsheared
tuffaceous volcanics. The thrusts are often connected by sigmoidal
imbricate thrust surfaces forming small-scale duplexes indicative of
north-west-directed deformation (Fig.5.14).

Similarly, ENE-trending structures hosting blue quartz veins,
identified immediately south of Um Arad prospect, display discrete
parallel white quartz veins adjacent to the blue veins. This indicates
that continued structural reactivation related to Dz dextral shearing

was not restricted to Gebeit.

5.6.2 Post-Dz Dextral Shearing

In places where the Dz foliation dips at shallow angles due to Ds
folding (e.g. Bishops Dam), later, steeply-dipping fabrics due to late-
Dz dextral shearing produce extensive pencil cleavages. This second
phase of dextral strike-slip tectonism following D3 deformation is
confirmed by the emplacement of the east-west-trending, phase 2
dolerite dvkes which display transitional calc- alkaline to alkaline
geochemical affinities. Immediately north-east of the Gebeit and Wadi
Lode shear zone intersection (see Fig.4.3; 5175E,5150N), one of these
sub-vertical dykes can be traced down to 4 Level of the Wadi Lode where
it cross-cuts the auriferous veins. Although the dyke is not affected
like the lodes by Dz-related folding or thrusting, it is offset by
foliation-parallel dextral shearing and folding (Fig.5.15).
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Pig.5.15 Sketch map of a section of the Wadi Lode exposed on 4-~level

{mapped by Greenwich Resources).

Restoration of the dyvke indicates that a combined displacement of 15 m
due to dextral folding and faulting occurred parallel to the strike of
the shear zone across the exposed 25 m zone. This figure is a minimum
estimate as sinistral reactivation associated with early D4 deformation
may have recovered some of the dextral displacement. '

300 m to the north, within the Wadi Lode shear zone (4950E,5300K),
another phase 2 dyke cross-~cuts the back-thrusts which repeat the phase
1 microdiorite dykes (see Fig.4.3}. This dyke is bounded on both sides
by parallel, massive, white, Vs quartz veins from 5-23 cm wide,
implying that the structure has been reactivated at- least once. High-
angle (50-60°) discontinuous veinlets link these veins to massive white
guartz veins generated parallel to the c-surfaces (Fig.5.4). The
coeval formation of these vein sets is compatible with extension during

dextral strike-slip shearing. From the regional scale (tens of kn)
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through outcrop scale {(1-10m) to the scale of thin sections (0.1-10cm),
second and third order shears are evident. The east-west-trending
veins and dykes lie along the extensional Riedel surfaces relative to
the margins of the Wadi Lode shear zone, which is itself a Riedel
shear. Similarly, the link veins occur along second order extensional
shears relative to the east-west veins (see Plate 5.4f, Fig.5.4).

Similar vein sets occur in the blocky altered phyllonites at
Bishops Dam where north-east-trending white quartz veins,
preferentially developed parallel to the less ductile horizons, are
linked by irregular, second order, extensional (Riedel orientation)
veins which dip at >65° clockwise from the margin of the fractured unit
(Plate 5.4e; Fig.5.4). The small white Riedel veins formed in the
phyllonites during early dextral shearing, which are initially similar
in appearance, dip at <(45° to the c-foliation, are often carbonate
infilled, and are transected at 90° by a pressure solution cleavage.
These velnlets are also often strongly sigmoidal in shape and
occasionally offset by shearing along c¢-surfaces. The length and
relatively high angles of the later Riedel veins contrast with the
earlier Riedel veins. The later veins are not cut by pressure solution
cleavages, indicating that dextral shear was accommodated by fewer,
discrete, shear surfaces. These surfaces appear to have been
preferentially reactivated along the margins of less ductile units such
as the pervasively carbonatised, blocky, phyllonites, the early lode
veins, and syn-tectonic dykes (Plate 5.4f, Fig.5.4).

The relationship between emplacement of the phase 2 dykes and the
later dextral shear-related, white quartz veins is unclear. As the
dykes are often bounded on both sides by veining, it would appear that
the dykes were intruded first since it is not likely that the dykes
would be emplaced along the centres of pre-existing quartz veins.
Further dextral movement following dyke intrusion is evident and could
account for the late-stage vein orientations. The dykes, however, are
not cut by this veining which infers that reactivation occurred along

the dyke margins.
5.7 Da Deformation, Easterly Directed Folding and Thrusting

The final phase of accretion-related deformation commenced when
post-Ds, dextral, strike-slip shearing was reversed to a late phase of

sinistral displacement prior to NNW-trending folding accompanied by

eastward-directed thrusting.
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5.7.1. Early D4 Sinistral, Strike-slip Shearing

Sinistral reactivation of the D: shear zones produced extensional
veins (V4) within the main shear zones perpendicular to those generated
during post-Ds dextral deformation. The sinistral sub-vertical quartz
veins are distinct from earlier veining as they cross-cut all previous
structures and contain coarse, sericite selvages. These veins are most
concentrated along the northern end of the Wadi Lode shear zone
(5000E,5600-5900N) where they appear to reactivate some of the north-
south-trending, antithetic shears but are usually orientated obliquely
on a 010°N trend. These veins are not confined to the shear zones and
extend, undeformed, for several hundred metres, indicating that they
were formed relatively late in the arc accretion-related deformation.

Composed of massive white quartz, they are up to 30 cm wide and
also display 1-2 cm wide bands of coarse sericite flakes which grow
normal to the vein walls. The selvages commonly form along the margins
and centres of the quartz veins and occasionally occur as nultiple
layers. The veins are not heavily jointed like the earlier quartz
veins and extend up to 350 m south from the base of the Wadi Lode shear
zone to the south-eastern limit of shear zone formation (along 5250E).

At the northern end of the VWadi Lode ridge (5000E,5900N), the
ecast-west-trending, phase 2, dolerite dyke is intersected by a north-
south-trending, untectonised, phase 3, alkaline dyke which partially
reactivates the Ds thrust structures (see Fig.4.3). Another phase 3
dolerite occurs sub-parallel to the foliation at the southern end of
the Wadi FEast Gebeit shear zone, indicating this structure was
reactivated during sinistral shear. Eastwards along strike, the phase
2 dyke is offset by both sinistral and dextral 025°N-trending shears.
This demonstrates that between Dz and D¢ deformation phases, intrusive
magmatism evolved from calc-alkaline to alkaline in character.
Emplacement of the respective dykes was controlled by discrete, cross-
cutting structures (Fig.5.16) confirming that the various deformation
phases outlined were distinct and not produced by a single,
dextral,strike-slip deformation event.

Sinistral shearing of the steeper lode veins resulted in vein-
parallel extension by brittle dextral microfractures, 6-15 mm wide, at
high-angles to the vein margins (Fig.5.17, Plate 6.1c¢), similar to
those produced in displaced broken grains described by Simpson & Schmid
(1983). The more shallow-dipping veins tend to be intersected and

sinistrally displaced by steeper (>70°), thin, NE-trending fault zones.
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b} faulting of phase 1 dykes by antithetic (X) shears {i) followed by
stacking due to Da folding and thrusting {ii).

¢) Intrusion of phase 2 transitional dykes along second order Riedel
shears during late-Ds dextral shearing with faulting by D-shears.
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d) Reversal of shear sense during Ds with emplacement of phase 3
alkaline dykes along second order sinistral Riedels and reactivation of D-shears.

Fig.5.16 Diagram of a Gebeit Riedel shear zone showing the control of
emplacement of dyke phases 1,2, and 3 during strike-slip

shear.
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Fig.5.17 Late-shear structures displayed in the roof of the Wadi Lode 4-level. As
the sketches are drawn looking up dip, all shear criteria are reversed. Blue
auriferous quartz (a) is cross-cut by early white quartz Riedel veins (Ri) due to Dz-
‘Ds dextral shearing. These are transected by later Riedel veins (Re) and antithetic
shears due to early Dy sinistral shear. Comparison is made with the sheared stack of
cards model and a fractured grain in a ductile matrix (b; after Simpson &
Schmid,1983). 5.17¢ demonstrates the sinistral shearing of foliation parallel Vi
quartz stringers.
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5.7.2. Da Folding and Thrusting

The main phase of D4 deformation followed early sinistral strike-
slip shearing and produced large NNW-trending {(=340-350°N), gently to
noderately inclined folds which tend to verge to the east. The largest
of these evident is the antiform centred on the mine complex (Fig.5.18;
5000E,4900N} which folds the Wadi Lode shear zone and the main
mineralised zones about a NNW~trending axis (between 4950E,5000N and
5300E,4800N). Although the folded mineralised zone appears to
represent a continuocus zone, the fold axis is delineated by faulting
which separates the A Lode from the Y and X Ledes to the south-west.

The A Lode dips more steeply (45~50° to the east) than the Y and X
lodes (25° west), showing an easterly vergence. At the fold hinge, the
flat-lying X Lode abuts against the steeply dipping A Lode which
continues to outcrop and suggests the shear zone hosting the A lode was
reactivated as a reverse fault (A Lode Fault) during Ds folding.

The main part of the fold is bracketed by the Gebeit shear zone and the
Western Boundary fault which originated as P-shears to the dextral
system and may have been reactivated during D4 to control the north-
south folding. The south-east dip of the shear zones, lode veins and
bedding produced by Dz folding makes the antiform appear to plunge to
the south.

Although folding in this orientation would be compatible with
east-vest~directed compression during dextral strike-slip shearing (see
Fig.5.6), the folding and displacement of the Wadi Lode and subsidiary
shear zones indicates it is a later event. The late-Ds: white Vs quartz
veins which parallel the phase 2 dolerite dyke near Gebeit village
{4900E,5300H) can be traced westward into the village wadi where they
are folded on a 35C°N trend into tight, upright, synforms and antifornms
which appear to plunge to the south at 60°.

Further north, a second antiform at Marble Bar combines with the
the north-east-trending Dz folding to produce the dome-shaped fold
interference structure (Fig.5.11). At the southern margin of the
prospect, the blue-grey auriferous veins dip beneath a north-south-
trending structure which dips at 55° to the west. The phyllonites,
where this structure enters Wadi Tuwiya (4400E,6100N) to the north, are
recumbently folded on the hanging wall and display an easterly sense of
vergence. The phyllonites which host the veining at Marble Bar display
north-south-trending, reverse kink bands (2-4 mm wide) and minor thrust

faults which dip to the west (Plate 5.5a), indicating that easterly-
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Fig.5.18 Sketch map and cross section of the Gebeit mine area showing

the effect of Dsa folding and the subdivision of the lodes.
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c)

d)

Plate 5.5 Ds structures and deformation of the Vi lode veins.

Easterly-verging, N-S-trending D4 reverse kink bands in oxidised
sulphidic phyllonite from Marble Bar (4650E,5950N) .

NE-verging Ds chevron folds with axial planar cleavage in ankerite

phyllonites at southern end of Wadi Gebelt shear zone.

NE-trending Da back-thrust and box fold in ankerite phyllonites at

southern end of Wadi Gebeit shear zone.

Incipiently carbonatised phyllonite from southern end of Wadi
Gebeit shear zone showing orthogonal Ss and Sa crenulation

cleavages on Sz foliation surface.

south view of Vi lode vein abutting against Ds high-angle brittle

fault (lateral ramp?) at southern end of Wadi Lode, 4-level.

NW-view of Vi lode vein of the Y Lode (eastern end, main adit)
hosted by thin oxidised sulphidic phyllonite envelope showing
boudinage and extensional veins (R} in the footwall due to D2
and/or Ds shearing. As view is up dip overall sense of shear is

dextral.
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directed thrusting accompanied Ds folding. Similarly, at the north-
east end of the prospect, the lode veins dip east into the hill which
separates Marble Bar from the east-north-east trending veins at Vein 18
prospect.

The auriferous veins at Vein 18 are stacked in discontinuous
outcrops, repeated by north-east-trending Ds folds and thrusts which
dip to the south-east (Fig.5.19). The dips of these veins vary along
strike from 30 to 70° and overall strike of the veins changes from
080°N to 050°N to the north-east. The Ds structures are intersected by
0.25 to 0.75m-wide, upright folds and steep faults, trending 340 to
360°N, which have minor offsets (1-3 m) but no consistent sense of
displacement. The hanging-wall of the uppermost vein is defined by an
ENE-trending, parabolic, recumbent fold, 1.3 m wide, which is truncated
on its upper limb by a thrust plane. The thrust plane, which dips
gently at 25° to the south-south-east, separates the lower shear zone
phyllonites from upper, massive, andesite lavas.

The thin unit (3-5m) of tuffaceous phyllonite which hosts the
mineralisation at Vein 18 appears to be part of the same folded
structure as Marble Bar and Vein 13. Structurally, however, Vein 18
sits 10-15m lower than Marble Bar, and the north-south folding at
Marble Bar coupled with the upper thrust boundary at Vein 18 suggests
that Marble Bar was thrusted above Vein 18 during Da folding (Fig.
5.19). This folding appears to have produced smaller-scale folds in
the Vein 18 lodes which was also accompanied by minor faulting.

The phyllonites along the southern side of Wadi Tuwiya (4500E,
6500N) contain 50-150mm wide, eastward-verging, reverse kink bands
which dip at 35-60° west, parallel to minor thrust faults. BAs the
kinks and folds do not plunge to the north or south, they cannot be
related to sinistral shearing and have the wrong sense of shear to be
D.-related sheath folds. Minor reverse kink bands occur throughout the
phyllonites in most of the shear zones and all give an easterly sense
of vergence. At West Gebeit, closely spaced, ENE-directed, imbricate
thrusts in the phyllonites produce complexly deformed zones (Fig.5.20).

Preferential erosion through the shear zone phyllonites at the
thrust window in the Wadi Tuwiya shear zone (4400E,6700N) appears to
represent another interference structure due to NE-SW- and N-S-trending
folding. The adjacent N-S-striking phyllonites dip away from the axis,
which tends to confirm the presence of a 340-360°N-trending antiform.

A progressive change in the foliation to a NE-SW-strike further south

suggests a synformal structure exists, as anticipated, between the
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Fig.5.19 Sketch map of the Vi veins which comprise Vein 18 prospect.
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Fig.5.20 NNE-directed, imbricate, Da thrusts in the phyvllonites of the
Wadi Lode shear zone at West Gebeit (4675E, 4800N).

thrust window and Marble Bar, coinciding with Vein 18 (Fig.5.21).
The three antiforms noted at Marble Bar, Wadi Tuwiya and at the
mine suggest that Ds deformation produced easterly-verging folds of
400-500m wavelength and, like Ds, was accompanied by localised
thrusting. As with the thrusting associated with Dz folding, D4
thrusts seem to be fairly steep (up to 65°) as only the high angle
ramps tend to be visible within the phyllonites, acting primarily as
contractional faults due to décollement during folding. The thrusts
appear to be largely restricted to the shear zones and indicate that
local thrusting within the phyllonites was a common accommodation

process during folding.

5.7.3. Ds4 Deformation Outside the Gebeit Block

At the intersection of the Hindeib and Gebeit blocks and the Sasa
Plain slate assemblages, south-west of Gebeit village, the phyllonites
which border the blocks are well exposed. At this location, recumbent,
north-east-trending folds of Ds age are overprinted and refolded by
340-350°N-trending Da folds. These folds range from upright to
westerly dipping (45°) chevron and polyclinal open folds from 7 to 50cm
wavelength and all have a strong axial planar cleavage (Plate 5.5b).
These folds are associated with low-angle, easterly-directed thrusts,
back-thrusts, kink bands, and box folds and are parasitic to 100-200m

wavelength, upright folds (Plate 5.5¢). At this location Sz, Ss, and
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Sa foliations are mutually perpendicular producing two orthogonal
crenulation cleavages on the S2 surfaces (Plate 5.5d4). Similar
structures occur at Garabein, where a strong S4 cleavage is developed
on a 330~340°N trend dipping at 35-40° to the west.

Throughout the area, the relatively undeformed rocks of the Gebeit
Volcanic Group occur as coarse, blocky outcrops produced by well-
defined orthogonal joint surfaces. The spacing of these joints varies
from 30cm to 150cm and the trends usually parallel the Dz to D4
foliations {(i.e. NE-, N-S-, and NW-trending) thus, defining a coarse

fracture cleavage.
5.8 Post-Pan—African Structures

Following the late-Proterozoic deformation phases associated with
arc collision during accretion of the Nubian-Arabian Shield, this
neocratonic area remained inactive until the early stages of the break
up of Pangea, culminating in the rifting of the Red Sea (see section
2.7). The early phases of rifting reactivated the northern end of the
Wadi East shear zone at the intersections with the Wadi Lode and Wadi
Tuwiya shear zones and resulted in the intrusion of the ultra-potassic
trachyte dykes considered to be 100Ma in age. The main effect of
rifting at Gebeit produced normal faulting on north-west and east-west
trends. The sub-vertical north-west and east-west faults which cross-
cut the Wadi Lode have variable displacements between 5c¢cm and 130cm.
These faults tend to partially reactivate some of the structures they
cross, producing extensional cavities and geodes which are infilled by
coarse, drusy carbonates. Joints are also well developed on this trend
and are infilled with carbonates and minor sulphides {pyrite and
chalcopyrite). However, not all north-west-trending joints and
foliations are post-Pan-African in age as north-west lineations are
produced by the intersection of secondary Dz shears with the flat-
lying, north-east-trending, D2 shear zone foliations (Fig.5.22).

Drusy carbonate veins also occur in outcrop at Vein 18 and along
the lower end of the Wadi East Gebeit shear zone. Several major north-
west-trending faults can be traced for up to 25 km across the area
including Wadi Hadayu and Wadi Yemomt/Sofiya which, with the Oko shear
zdne {(see Figs.2.20, 4.1 & 5.1), probably controlled the siting of the
Salala ring complex.

East-west faults form a significant group of faults in the

Northern Red Sea Hills and extend for over 60 km inland from the coast
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and cross-cut the Nubian sandstone outcrops 10 km west of Gebeit. Two
main east-west faults cross the Gebeit block through Vein 18 and the

main mine complex and host the phase 4 undersaturated, alkaline olivine

dolerites (see Fig.4.2).

Fig.5.22 North-west-trending intersection lineations produced on D2

foliation surfaces.

5.9 Vi Quartz Vein Deformation Trends

The Vi auriferous veins exposed underground commonly display
marked variations in dip along strike and are frequently truncated by
structures and veins of varying orientation and dip. Overall, the
scale of vein fragmentation appears to decrease to the east and west
away from the Wadi Lode-Gebeit shear zone intersection and ranges from
the complex multiple offsets of the central mine area to the almost
continuous, single, planar veins of the western X and Y lodes. In
plan, the Wadi Lode veins (Fig.5.23) show D2-Ds dextral and D4
sinistral offsets related to steep faults which trend sub-parallel to
the lodes. Close to the Gebeit shear zone, the host structures and
veins of the Wadi Lode trend NNE (020°N), forming part of the eastern
limb of the main Fs4 fold which traverses the mine (see Fig.5.18).
Cross-sections of the lode vein intersections, however, also show the
effects of D3 folding and thrusting (Fig.5.23). The recumbent open
folds, secondary veining and north-west-trending slickensides on the
listric thrust surfaces confirm that these structures belong to a

separate deformation event and are not rotated D: structures.

Page 5-49



O Figsi7a

0 20m RN

Fig.5.23 Map of the Wadi Lode 4-level with sketch sections showing the
deformation of the Vi auriferous, blue, quartz veins (shown
in black).
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Many of the later structures which boudinage and fragment the
lodes (Plates 5.5e,f) appear to have been initiated along the vein-
wallrock interface, similar to the thrusted phase 1 dykes and blocky
ankerite phyllonites in the Dz shear zones (Fig.5.12). This is
accompanied by later white,Va, quartz veining which cross-cuts the
blue, Vi quartz lode veins (gee section 6.2) and occurs along the
interface between the V: veins and the altered wallrocks. In addition
to fragmentation by later deformation (Plate 5.5e) , the Vi quartz
veins also vary considerably in thickness, both laterally and
vertically, and in many cases pinch out along steep Dz structures.

The combined effects of the Dz to Da deformation phases resulted
in zones of sub-parallel, stacked veins, seen as small double- and
triple-decked stopes in the A Lode old workings, interspersed by areas
of little or no apparent veining. The lack of extensive, continuous
lode zones results in a considerable reduction of ore reserves amenable
to stoping and increases exploration costs. Although individual
offsets along each fault surface is generally less than a few metres,
the close spacing of the cross-cutting structures can combine to
produce much larger (>10m) displacements. The lodes show considerable
variation in thickness and because bedding trends and thicknesses in
the volcanic lithologies are irregular, correlation of drill-hole and

underground lode intersections is greatly hindered.
5.10 Structural Summary

The complex interaction of oceanic-arc terranes and terranes of
continental affinity in the region has resulted in a protracted
tectonic history. At Gebeit four deformation episodes have been

recognised (Table 5.1). These comprise:

i) the earliest D:i phase of arc accretion, when regional north-
east~trending F: folds were produced throughout the region;

ii} the main Dz phase of dextral, strike-slip deformation
accommodated by major, north-east-trending, brittle-ductile, phyllonite
shear zones. These shear zones subdivided the rocks of the Gebeit
Volcanic Group into a series of discrete, north-east-trending, tectonic
blocks. Several Riedel and P shears were formed within the Gebeit
block. Fluid flow was preferentially focussed by the extensional
Riedel shears which hosted the auriferous V: blue quartz veins, minor

V2 calcite-albite veins and phase 1 calc-alkaline dykes.
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Phase | Folding Faulting Intrusive Veins Tectonic
Magmatism Setting
D1 NE-SW, F1 minor shearing . _ early arc
upright along fold axes? accretion &
regional obduction ?
Dz rotation dextral strike—~ | phase 1 Vi blue initiation
of v fabric | slip along calc-alkaline | quartz of collision
into dextral | brittle-ductile diorites and Ve albite-| marginal N-S
vwrench folds | shear zones dolerites calcite terranes

Ds upright open | minor NW-directed late~
to recumbent | thrusts with _— . collision &
isoclinal ,NW~| Fs folding obduction of
verging Fa arc terranes

late- - dextral strike~ | phase 2 calc- | Vs massive

Ds slip shearing alkaline to vwhite final

alkaline quartz collision of
NE-trending
early . sinistral strike-| phase 3 V4 quartz-| arc terranes

Dq slip shear alkaline sericite and N-S-

dolerites trending,
narginal,

D4 F4 open to NE-directed Vs quartz | continental
isoclinal thrusts and kink _ along terranes
NE-verging bands thrusts

_ NW-trending . Vs drusy
normal faults carbonates| rifting due
to the
post~ . reactivated N-S5 | alkaline __. break-up

Dy shear zones trachytes of Pangea

culminating
. regional post- undersaturated _ in rifting
Nubian normal alkaline of the Red

faults dolerites Sea

Table 5.1 Summary of the structural evolution of the Gebeit area and its possible
correlation to regional tectonism.
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Strike-slip deformation was probably induced by east-west-directed
compression due to the simultaneous collision of the northern arc
terranes and the north-south-trending continental terranes to the east
and west (see Figs.2.7 & 2.10).

1i1i) The Dz deformation was interupted by a phase of north-west-
directed D3 folding and thrusting which was concentrated along the D:
shear zones and resulted in deformation of the Vi veins and phase 1
dykes.

iv) Dz was followed by renewed north-east dextral shearing which
controlled the emplacement of phase 2, transitional calc-alkaline to
alkaline, dykes and Vs, massive, white quartz veins and further
fragmented the Vi lodes. The block-bounding shear zones formed the
south-west margin to the Gebeit Volcanic Group where they are thrust
over the Sasa Plain tuffaceous slate assemblages, believed to represent
part of a continental margin arc terrane (E1 Nadi,h1984).

v) The final stages of arc accretion commenced with a switch from
dextral to sinistral strike-slip deformation, probably due to collision
with the marginal arc terranes to the west. This phase of strike-slip
deformation reactivated the D2 shears, controlling the emplacement of
the phase 3 alkaline dykes and V4 quartz-sericite veins and deforming
the earlier veins and dykes.

vi) Accretion-related deformation ended with the D4 phase of
eastward~directed folding and thrusting which folded the north-east-
trending, V: lodes into NNW-trending antiforms and synfornms.

vii) Several phases of extension, related to the break-up of Pangea
and the rifting of the Red Sea (see section 2.7; Table 2.3}, produced
faults on E-W and NW-~SE trends and reactivated many of the N-S-trending
Pan-African structures. At Gebeit reactivated N-S$ faults host the
alkaline trachyte dykes similar to the Oko shear zone (see section
4.4.3). E-W faults host the late, phase 4, undersaturated, alkaline,
dolerites. NW-trending normal faults cross-cut and partially
reactivate the late-Proterozoic structures but usually have
displacements of <50cm. Some of these NW structures may have been
coeval with reactivation of the N-S shear zones and controlled the
siting of many of the post-tectonic ring complexes (e.g. Salala;
Fig.5.1).
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Chapter 6

Mineralisation I: Vein Paragenesis and Ore Mineralogy

6.1 Introduction

Structural studies at Gebeit indicate that g¢gold mineralisation is
largely confined to an early phase of north-east-trending, shear-zone
hosted, blue quartz veins which lie parallel and adjacent to major
Riedel shear zones. The main target of mining and exploration has been
the area immediately south of the Wadi Lode shear zone where known
reserves comprise a continuous narrow belt of veining approximately 1
km in strike length. These south-east-dipping blue quartz veins have
been fragmented by the subsequent Ds and D4 deformation phases to
produce a complex lode pattern, with multiple orebodies designated as
the X, Y, A and Wadi lodes (see Fig.5.18). It is this complexity which
hinders mine-scale exploration. Several generations of quartz and
calcite vein sets are evident in addition to the auriferous, blue,
quartz veins (see Fig.6.11). In many cases these have been
distinguished by texture, mineralogy and structural location, and often
the relative ages have been determined indirectly from these geological

relationships. The separate vein sets identified comprise:

Vi - massive blue-grey quartz veins * calcite, tourmaline, gold and
sulphides formed during Dz dextral strike-slip shearing;

V2 - late~Dz calcite and albite % chlorite veins;

Va - coarse white quartz veins related to late-Ds dextral shearing;

Va - N/S-trending, coarse, milky quartz and sericite veins due to early
D4 sinistral shearing;

Vs - minor white quartz veinlets emplaced along D4 thrust surfaces;

Vs ~ post-tectonic, NNW- to E/W-trending, drusy carbonate veins

sulphides.
These various vein sets demonstrate a protracted and variable fluid
history that developed with the changing deformation styles and P-T

conditions. The overprint of later f£luid phases has proved to be a
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problem in deciphering the wallrock alteration patterns associated with
mineralisation and are discussed in the next chapter. This chapter
outlines and characterises the mineralogy and paragenesis of the
separate vein types with emphasis on the earliest phase of auriferous

vein mineralisation.

6.2 Vi Blue Quartz-Calcite Veilns

The earliest veins recognised at Gebeit consist of north-east-
trending quartz veins which contain variable amounts of calcite up to a
maximum of 60%. Vi veins are distinct from the later sets of quartz-
carbonate veining due to a characteristic blue colouration which varies
from blue-white to dark blue-grey. Braided phyllonitic shear zones of
varying width, which parallel the Wadi Tuwiva and Wadi Lode Riedel
shear zones, invariably host Vi veining. The veins generally occur
parallel to the shear zone c-surfaces and vary in thicknesses from 2-
5mm wide stringers to the massive 1.2 m thick veins exposed on 4-level
of the Wadi Lode (see Fig.5.23). Some minor Vi veining, in the form of
2-10 mm wide calcite~quartz stringers, occurs in the Wadi Tuwiya and
Wadi Lode shear zones but the majority of veins are confined to
subordinate marginal shears (see 7.6.1). There is no apparent positive
correlation between shear zone and vein thicknesses associated with the
increase in shear zone widths towards the Wadi Tuwiva and Wadi Lode
shears zones. In some sections of the Y Lode, the host shear zones
comprise thin chlorite phyllonite envelopes (15 cm wide around blue
quartz veins from 15-50 cm thick (see Plate 5.5f). However, gold
mineralisation appears to occur exclusively within the Vi veins which

are enveloped by propylitic alteration halces of variable widths.

6.2.1 Internal Structures and Textures

Varying styles of vein-formation and degrees of subsequent
deformation are displayed by the veins grouped into the Vi category.
The large quartz veins which constitute the Wadi, X, Y and A lodes are
commonly fragmented and discontinuous both laterally and vertically.
Because of the more competent nature of the veins relative to the
sheared and hydrothermally altered host volcanics, fault surfaces
commonly form the upper and lower vein surfaces (see Fig.5.12), making
it difficult to establish a representative wallrock alteration profile.

Veins more than 10 cm thick usually contain microbands of wallrock
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parallel to the vein-rock interface. Thicknesses of wallrock laminae
range from 0.25 to 5mm and are spaced at 2-50mm intervals. These are
particularly well developed in the shale horizons where

wallrock slivers are spaced at 1-5mm intervals (Plate 6.l1a); however Vi
veins are rarely thicker than 50mm due the relative plasticity of the
shales during shearing. Wallrock inclusions are important sites for
precipitating gold and sulphides and are more significant as a guide to
grade than overall vein thicknesses (Plate 6.1b & ¢). These textures
indicate an antitaxial crack-seal type mechanism for vein growth
{(Durney & Ramsey, 1973; Ramsay,1980a). The successive assimilation of
wallrock material into veins produces a blue-grey banding parallel to
the vein margins due to the replacement of wallrock chlorite by fine-~
grained tourmaline (Plate 6.1c).

Sub-parallel discontinuous quartz veinlets and stringers are
commonly developed within the alteration haloes of the larger veins.
These are generally orientated parallel to the main veins and the main
c-foliation but also lie at a low angle (<40°) to this trend,
perpendicular to the local shear extension directions, along second
order Riedel structures (Fig.6.1). Subordinate stringers generated
within less deformed, coarser tuff horizons tend to display a much
wider variety of trends up to 60° from the main veins (Plate 6.1d).
Small calcite crystals up to 1.2mm long often occur along the vein
margins and are generally orientated at high angles to the walls (Plate
6.1le).

The walls of the smaller veins tend to have stepped margins at up
to 25° from the overall vein trend (Fig.6.1). Some veins clearly
display growth fibres orientated at between 25° and 65° to the vein
walls, the fibres lying parallel to the elongation of pressure shadovs
developed around wallrock sulphide grains. Although some sulphide
mineralisation occurs in the veins, the major part is concentrated in
the wallrock alteration haloes, especially in the zones of visible
bleaching (Fig.6.2). The asymmetry of some of the chlorite, quartz,
carbonate and secondary sulphide pressure shadows indicates that
deformation occurred by dextral simple shear. The oblique growth
fibres and stepped margins of the smaller veins indicate that vein
formation progressed by initial development of en échelon P- and R-
surfaces followed by precipitation of quartz-calcite vein material
during extension sub-parallel to the P-surfaces (Fig.6.1). Some of the
apparent growth fibres, on close inspection, are fracture planes across

the quartz vein and are generally infilled by fine-grained calcite.
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Fig.6.1 Summary of the characteristics of Vi veins and their altered
margins together with formation of stepped vein margins (a-c;
after Gammond,1983).






The predominantly quartz-filled veins display a range of
deformation textures from brecciation to the development of deformation
bands and lamellae, sub-grains, and dentate grain margins together with
new, recrystallised grains {see Plate 6.2a-d). All of the Vi blue
gquartz veins show some evidence of deformation and the range of
textures probably reflects repeated changes in strain rate during vein
formation.

In addition to the delineation of P-surfaces in the alteration
zones by the alignment of pressure shadows, Riedel surfaces are visible
in the form of fine, parallel zones of intense bleaching orientated at
high angles to the P-surfaces (Figs.6.1 & 6.2). These microbands are
usually <0.1 mm thick, lie about 2-5mm apart, and are crenulated by the
P-surfaces. The intense bleaching indicates that local fluid movement
was preferentially channelled along these surfaces during syn-
deformational mineralisation and increased fluid access to the more
distal parts of the alteration haloces.

B11 of the small-scale kinematic indicators observed within the
alteration zones demonstrate that vein growth accompanied deformation
during dextral simple shear. As the thickest veins lie parallel to the
c-foliation, the host shear zones must have been orientated normal to
the regional extension direction. This supports the hypothesis that
economic, auriferous, quartz vein mineralisation at Gebeit was
controlled structurally by preferential channelling of fluid flow along
localised Riedel structures during early dextral strike-slip shear.

The dark blue colouration of the earliest quartz veins enables
successive generations of quartz veining to be easily recognised. 1In
the smaller veins, secondary blue-white quartz infill occurs along the
upper or lower vein interface (Plate 6.1f) similar to the antitaxial
vein growth process observed in the large quartz lodes. In some cases
the earlier quartz is fractured and infilled at low angles to the vein
wall parallel to the second order Riedel shears. In the thicker lode
veins, however, cocarse white veins up to 65 mm thick cross-cut the
early blue guartz and entrained laminae of wallrock at steeper angles
up to 60° from the vein margins (see Plate 6.3d & e). Quartz fibres
normal and angled to the fracture surfaces demonstrate that hybrid
shear-extension processes due to dextral shear were active during
later quartz precipitation. The contrasting styles of quartz
fracturing relative to the antitaxial veins of the early Vi veins
suggest that the later quartz may be related to the Vs veins formed

during late-D3, dextral shearing.
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6.2.2 Vi Vein Mineralogy

The Vi veins are chiefly composed of massive quartz but in the
smaller veins calcite becomes a more significant component. Fine-
grained calcite (10-150um) usually occurs around fractured quartz
grains and the degree of fracturing is more pronounced in the smaller
veinlets and stringers. At the margins of the sheared quartz zones,
small, secondary, twinned albite crystal laths are often found
intergrown with the calcite. In many veins (Plate 6.2a-e), extensive
brittle fracturing forms discrete planar cross-cutting calcite veins.
In the large lode veins, the calcite is much coarser (0.2-1.5 mm) and
is frequently associated with gold grains (see Plate 6.6). When found
in mineralised samples, calcite is confined to isolated rectangular
pockets that often terminate against wallrock stringers and appear to
represent late-stage fracture infill. Fine-grained calcite is also
more rarely observed close to gold grains in strained quartz in which
wide~scale, sub-grain development and recrystallisation has occurred
(Plate 6.2d). Although primary calcite grains up to 1.2 mm long have
been observed as small crystals on vein walls, the majority of the
fracture~-hosted calcite post-dates quartz precipitation. The
conposition of the carbonate vein phases were identified as calcite
using X-ray diffraction studies and confirmed by microprobe analysis.

In addition to the quartz and calcite in the larger veins, fine
laminae of entrained wallrock material are evident. 1In contrast to the
chloritic phyllonites, these corrugated layers comprise quartz,
tourmaline, sericite, rutile and arsenopyrite = gold (Plate 6.2e),
sometimes bounded by a muscovite-tourmaline envelope. The fine,
pleochroic, tourmaline grains (5-50 um long) are generally euhedral and
prismatic to acicular in habit, displaying no preferred orientation.
When not confined by a muscovitic envelope, the tourmaline crystals
extend out into the surrounding quartz vein matrix, indicating
formation synchronous with the vein quartz (Plate 6.2f). Deformation
of the tourmaline is restricted to minor fracturing of the longer
crystals. The fine grain size of the tourmaline grains hinders
accurate studies by microprobe; however, two analyses (Appendix H)
indicate the tourmaline to be intermediate in composition between
schorl and dravite (Fe/Fe+Mg = 0.4). Abundant sericite occasionally
occurs intergrown with tourmaline parallel to the margins of the

wallrock laminae.
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6.3 Vz Calcite-Albite Veins

The second type of veins which has been identified within the lode
alteration profile consists of minor extension-shear albite-calcite
veins. These veins are generally <10mm wide and comprise euhedral
plagioclase laths up to 2.5mm long orthogonal to the vein margins with
coarse calcite intergrown along the vein centres (Plate 6.3a). The
albites display well developed albite twinning, and multiple crystals
growing from a single point form a variolitic-type texture. Many of
the longer laths are strongly curved and stepped twin planes indicate
growth under combined extension and vein-parallel simple shear (Plate
6.3b). Some quartz grains are evident but albite tends to form >90% of
the total vein silicates. The albites also show evidence of brittle
fracture and often exhibit fine-grained calcite along fractures and
grain boundaries. The coarse late calcite-infill usually displays
strong deformation lamellae and appears to be coeval with the fine
interstitial carbonate. Small calcite-only veinlets also occur with
low-angle growth fibres which display a large component of simple shear
(Plate 6.3c).

At Marble Bar, a thick (30-60 cm) coarse calcite vein lies
parallel to the Vi quartz vein in the northern part of the prospect and
has previously been referred to as a marble (Robertson Research, 1983).
As no wallrock carbonate alteration occurs at Marble Bar, it seens
likely that the calcite veining represents a separate vein stage.
Similar late coarse calcite veins are found along the Wadi Lode and
Wwadi Tuwiya shear zones and are probably related to the pervasive
carbonatisation of these zones. The V2 phase of veining appears to be
coeval with the late-stage albite-calcite fracture-infill identified
within the Vi auriferous quartz-calcite veins. As no fluid inclusion
or stable isotope studies have been undertaken on the V2 veins, it is
not certain how the albite-calcite veins relate to the tectonic and
fluid evolution of the deposit. There are no sulphides, tourmaline or
gold associated with this phase of veining. However, the similarity of
growth and deformation textures compared with the Vi veins suggest
relatively early development. Occasionally, the V2 veins contain
patches of late coarse fibrous to vermicular chlorite which cross-cuts
the calcite-filled fractured albites and occurs along the Vz veln
margins. This late phase of chloritisation is generally restricted to
the Vz veins and, although apparently genetically related, it may

represent a later fluid phase.
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a)

b)

c)

d)

f)

Plate 6.3 Mineralogy and textures of the Va2, Vs, and Vs veins.

Photomicrograph (CN) of left margin of V2 albite-calcite vein
showing curved albite crystals with stepped twin planes orthogonal
to the vein margin with coarse calcite infilling the vein centre.
Section shows sinistral shear sense but sample taken from non-
orientated drill core (Lode Profile 1, 2.00m from lode; field of

view 5mm) .

Photomicrograph (CN) of close up of 6.3a showing stepped twin plane

in Vz albite grain (field of view 0.5mm).

Photomicrograph (CN) of Ve calcite vein showing low-angle growth
fibres (A-A') and stepped vein margins indicating growth during
dextral simple shear (sample taken from non-orientated drill core;

Lode Profile 1, 4m from lode; field of view 3mm)

Vi blue quartz vein cut by steep Vs white quartz veins which

display orthogonal growth fibres (ladder texture).

View south-east at Vi quartz vein of the Wadi Lode (4-level)
showing large extensional Vs white quartz vein and near-orthogonal
antithetic veins suggesting formation during late-Da dextral shear

{pen scale = ldcm).
View east at north-south-trending, vertical Vs white quartz vein

(20cm wide) with coarse sericite margins (Wadi Lode Extension:
5000E,5800N) .

CN = crossed Nicols, PPL = plane-polarised light.
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6.4 Vs White Quartz Veins

This phase of veining brackets the coarse, massive white quartz
veins which parallel the Vi veins, produced during Ds thrusting and
late-Ds dextral reactivation of the D: shear zones. Veining in this
phase varies from the 80cm thick veins (see Fig.5.13) such as occur at
the basal contact of the Wadi Lode shear zone, to the fine white quartz
veinlets which cross-cut the Vi blue auriferous veins (Plate 6.3 d,e).
These veins are composed almost entirely of coarse quartz which 1is
milky due to abundant sub-micron size fluid inclusions. Deformation
textures range from undulose extinction to deformation bands, lamellae
and sub-grain development but the white quartz is always less strained
than adjacent blue quartz material. Recrystallisation at the contact
between the blue and white quartz makes boundaries, which are clear in
hand specimen, difficult to pin-point in thin section. Unlike the Vi
veins, Vs veins do not have discrete and extensive alteration envelopes
and do not display widespread ribbon-quartz texture from entrained
wallrock laminae. As this phase of gquartz veining is invariably white
and not associated with carbonate alteration, the Vs-related fluids
probably did not contain the significant quantities of COz seen in Vi
inclusions.

The Vs veins which cross-cut the blue Vi auriferous veins usually
display a ladder texture due to quartz growth fibres orientated at high
angles to the sharply defined vein margins (Plate 6.3d). No goléd or
sulphide mineralisation has been observed within these veinlets or in
any of the Vs quartz veins, and extensive cross-veining of Vi lodes
produces a dilution effect resulting in lower gold contents, as seen at

the southern end of the Wadi Lode (4 Level; Plate 6.3e, see Fig.5.23).

6.5 Va4 Quartz-Sericite Veins

The steep Va veins, formed during early Da sinistral strike-slip
shearing, are consistently aligned on a nerth-south trend and are
distinct both texturally and mineralogically from the other shear-
related quartz veins. The veins are variable in thickness, generally
<25 em wide, and are composed of milky white quartz and sericite.
Coarse mica selvages, up to 30 mm wide, usually form the vein margins
and less commonly the centres of the V4 veins (Plate 6.3f). These
consist of muscovite flakes up to 20 mm long which are orientated

orthogonal to the vein walls. The white quartz which forms the bulk of
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these veins is relatively coarse-grained (5-15 mm) and displays only
minimal effects of strain (undulose extinction, sutured grain
boundaries). Occasional small patches (<15mm across) of finely
intergrown biotite and dravite appear in the quartz as an opaque blue
colouration. The milky colour of the quartz itself is due to numerous
parallel trails of secondary sub-micron sized fluid inclusions. As
with all the shear-related veins at Gebeit, the fluid inclusion
populations are too small to be analysed using current thermometric

techniques.

6.6 Vs Thrust Plane Veins

The Vs veins conmprise a small set of thin irregular white quartz
veins (usually <10 cm thick) which occur along the D4 thrust planes.
These veins have not been studied petrographically but have been
separated from the other shear-related quartz veins by field relations
and disparate stable isotope data which indicate a change in fluid

source and composition at the end of accretion-related deformation.

6.7 Ve Post-Tectonic Drusy Carbonate Veins

The youngest vein set identified at Gebeit consists of sub-
vertical drusy carbonate veins (1-15c¢m wide) and joint infills (<2cm)
which generally trend north-west to east-west. These Ve veins tend to
cross-cut all late-Proterozoic structures and veins but sometimes
partially reactivate northerly trending Di-Ds faults. The east-west to
north-west trend of these veins reflects the large scale normal
faulting seen throughout the Northern Red Sea Hills which is considered
to be associated with Red Sea rifting. The coarse calcite-infilled
normal faults which transect the Wadi Lode often display geodes, up to
40 cm wide, containing manganiferous, dog tooth spar calcite, where the
fault planes are stepped (see Fig.6.11). The fault and joint planes
which cut the veins and alteration zones usually contain abundant
euhedral pyrite (# chalcopyrite) grains up to 15 mm across which appear
to be locally remobilised from the wallrock alteration haloes.

Fossiliferous (gastropods), red, arsenic-rich (1.25% As), calcite
cements occur on the surface exposures of Wadi Lode extension fault
surfaces. Similarly, the widespread formation of alluvium cemented by
white, limestone calcretes along wadi bases, indicates that carbonates

have been remocbilised along fault zones by recent ground waters.
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6.8 Ore Mineralogy

In addition to the mineral assemblages produced by wallrock
alteration, the ore mineralogy of the Gebeit lodes primarily comprises
gold, arsenopyrite, pyrite and pyrrhotite, with lesser amounts of
chalcopyrite, gersdorffite (NiAsS), sphalerite, and apatite. Gold
chiefly occurs in the Vi quartz veins, concentrated along wallrock
stringers and at the vein-wallrock interface, but also extends into the
alteration envelope. Economic grades have been encountered in shear
zones where extensive veining has not locally developed (e.g. Marble
Bar), indicating firstly, that the auriferous mineralisation is not
exclusively hosted by the main veins and, secondly, that it is

ultimately controlled by the north-east-trending shear zones.

6.8.1 ¥ein Sulphides

Arsenopyrite and, to a lesser degree, pyrite are the main sulphide
phases developed in the gquartz veins and are more or less restricted to
the wallrock laminae. Vein sulphide contents are very low compared to
the alteration haloes and usually constitute less than 0.1 wt %.
Arsenopyrite is the predominant sulphide within the entrained wallrock
inclusions, forming mutual intergrowths with euhedral prismatic
tourmaline (Plate 6.2e). The textures of the arsenopyrite grains
suggest they have grown as interstitial £ill to the tourmaline grains.
The anhedral to subhedral grains rarely exceed 1mm in size (generally
0.05-0.5 mmn) and contain much fewer silicate inclusions relative to the
sulphides developed in the alteration envelopes. Arsenopyrite grains
which are not precipitated in or on the wallrock inclusions tend to be
euhedral equant c¢rystals in contrast to the prismatic habit commen in
the wallrock alteration haloes (see Plate 6.4). Qualitative SEM
studies show some of the arsenopyrite to contain minor amounts of
nickel, and occasionally inclusions of the nickel-arsenic sulphide
gersdorffite (NiAsS) have been identified. Pyrite is much more common
in the vein sulphides precipitated along the vein-wallrock interface,
suggesting that the bulk of the sulphide iron is derived from altered
wallrock silicates. Pyrite crystal surfaces in contact with the
wallrock tend to show irregular bases often with enclosed silicate
grains (Fig.6.3a).

Pyrrhotite is rare in vein material, forming minor rounded

inclusions up to 30um in diameter within vein-margin pyrite grains.
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Similarly, chalcopyrite is restricted to fine inclusions within
composite gold-arsenopyrite grains, occurring as discrete rounded blebs
<50um in size adhered to the surfaces of gold and arsenopyrite grains.
Chalcopyrite, however, i1s most common in Vi extension-shear veinlets
where coarse calcite predominates over quartz as the gangue phase. It
takes the form of late-stage anhedral cuspate grains from 20 to 450unm
in length. Sphalerite has been identified as fine 15~20 um inclusions
within Vi vein sulphides (mainly pyrite) but is not observed in the
majority of samples. In some vein sections, apatite and, less
commonly, rutile have been identified, using the SEM, in close
association with fine-grained gold grains. These generally lie within
or close to altered wallrock stringers and probably comprise a minor
part of the alteration envelope assemblage.

The range of textures displayed by the sulphide grains and their
host vein minerals indicate that sulphide precipitation was protracted
and, in part, synchronous with deformation. Arsenopyrite and pyrite
grains in the early strained quartz veins tend to show evidence of
brittle fracturing which ranges from elliptical sub-grain formation at
cuspate sulphide-sulphide grain boundaries to complete fragmentation of
original grains (Fig.6.3e). Some late subhedral pyrite grains display
irregular flame-type margins due to growth into brecciated host quartz

matrix and may post-date the phase of gold mineralisation.

6.8.2 Wallrock Sulphides

Although the same sulphide mineral assemblage is found in the
wallrock alteration haloes, the abundances and textures are
significantly different. Arsenopyrite and pyrite are the predominant
sulphides, as in the veins, but pyrrhotite and chalcopyrite are much
more abundant. These sulphides are most concentrated in the 5-50 cnm
thick bleached zones adjacent to the Vi veins (Fig.6.2), however, not
all zones of bleaching contain large quantities of sulphide. Sulphide-
poor bleached zones tend to have higher abundances of fine stringer
veins, with sulphides developed along the veins walls but largely
absent from intervening wallrock.

Pyrite and arsenopyrite grains generally vary between 0.1 and 2.5
mm but can reach 7.5 mm in size. Silicate and oxide inclusions such as
rutile (relict ilmenite?), quartz, albite and chlorite are abundant in
the equant grains relative to vein sulphides, indicating replacement of

wallrock minerals such as magnetite. The most intense areas of
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sulphide precipitation comprise 2.5-4 wt% sulphides with highly
variable relative abundances of arsenopyrite, pyrite and pyrrhotite.
In some lode alteration profiles (see 7.5), arsenopyrite is the
dominant sulphide, producing arsenic anomalies of over 10,000 ppm As,
equivalent to 2.5 wt% arsenopyrite. Arsenopyrite crystals are usually
prismatic and vary in shape from rhombic to acicular. Crystal shapes
are normally euhedral, and the z-axes of the more elongate grains show
preferred orientations parallel to local foliation trends (Fig.6.3; see
Plate 7.1). Fluid access and alteration of less deformed volcanics
appears to have been controlled by foliation and often produces thin
parallel trails of arsenopyrite crystals 0.1-lmm in size along spaced
cleavage domains.

Pyrite comprises up to 60% of the sulphide phases and grains vary
considerably in size (0.1-7.5 mm) and texture (euhedral simple cubes
a{100} to fine anhedral composite granules). Although arsenopyrite and
pyrite are common in the alteration haloes, arsenopyrite is closely
restricted to vein envelopes and the main shear zones whereas pyrite
occurs in the more incipiently sheared volcanics. Sulphide zones with
both pyrite and arsenopyrite in abundance (Fig.6.2) usually contain
significantly more pyrrhotite (& chalcopyrite, % sphalerite), than
observed elsewhere in the mineralisation profile. Chalcopyrite can
constitute up to 5% total sulphides but is generally found as small
inclusions within pyrite, pyrrhotite and, more rarely, within
arsenopyrite. Sphalerite is rare and confined to small irregular
inclusions mainly hosted by pyrite.

Pyrrhotite contents vary from 5 to 25% total sulphides and in a
few samples, at the margins of the alteration zones, forms 80% of all
sulphide phases. The pyrrhotite-rich samples comprise foliation-
parallel massive lenses 1 to 6mm thick, interdigitated with chlorite.
Small euhedral pyrite cubes often form the cores to these patches and
chalcopyrite is common. The pyrrhotite is usually crystalline with
grain sizes around 30-60um.

As with the oblique growth fibres and orientations of the Vi
veins, wallrock textures indicate that the bulk of sulphide
precipitation was synchronous with deformation. 1In contrast with the
vein sulphides, brittle fracturing is limited but pressure shadows are
commonly developed; this reflects the differences in competency between
quartz-rich veins and the chlorite-calcite-sericite-albite-quartz
wallrock assemblage. The pressure shadows vary from 0.2 to 0.75xlength

of sulphide grains and are chiefly composed of fibrous chlorite,
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although quartz, calcite and sericite shadows also occur (Fig.6.2).
They are developed around the more equant grains as none are observed
bracketing acicular or prismatic arsenopyrite. The orientation of the
shadows normal to micro-vein trends and the obligue growth of vein
fibres confirm deformation by dextral simple shear. The elongated
chlorite fringes define the local s~-foliation trends and some sulphides
display asymmetric chloritic shadows which indicate a dextral sense of
shear. The arsenopyrite grains sometimes have secondary overlapping
pressure shadows composed of massive pyrrhotite and minor amounts of
chalcopyrite (Fig.6.4). These shadows, together with pyrrhotite and
chalcopyrite infilling fractures within the arsenopyrite grains,
suggest that the ductile pyrrhotite was extensively remobilised. The
pyrrhotite displays a rectangular crystal shape which coincides with
the primary chloritic pressure shadows suggesting it has pseudomorphed
pyrite. Pyrrhotite grains with no arsenopyrite cores are smeared along
the s-foliation suggesting that some of the early euhedral pyrrhotite-
pyrite pseudomorphs were preserved by replacement of their cores with
arsenopyrite. Subsequent deformation partially remobilised the

relatively ductile pyrrhotite into secondary pressure shadows.

6.8.3 Gold Mineralisation

Within the lode veins, gold occurs in a number of precipitation
sites which broadly fall into two associations, namely,
i} with sulphides in, or close to, altered wallrock inclusions, and

ii) as free grains in zones of deformed quartz, often with calcite.

Gold often occurs with vein sulphides along entrained laminae of
altered wallrock but has not been observed in any of the sulphide
assemblages within the wallrock alteration envelope. Vein-wallrock
profile samples show that gold grades tend to decrease very rapidly
outside veln margins. Significant anomalies of 0.1-6g/t (ppm) are
evident up to 5m from the veins and are controlled by the width of the
shear zones. Many of the minor shear zones which parallel the Wadi
Lode and Wadi Tuwiya shear zones display limonitic/ hematitic gossans
after pyrite and arsenopyrite even though extensive quartz-calcite
veins are not developed. Trench sampling across these zones by
Robertson Research (1982-3) revealed sub-economic gold grades of <0.1-
3.6g/t (e.g. Southern Extension area; 4800E,5600N to 5300E,5000N).

This suggests that auriferous wallrock mineralisation occurs as sub-
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micron scale inclusions in sulphides and/or hosted by fine quartz-
calcite stringers. Background and economic gold grade distribution is
discussed fully in chapter 7.

The gold associated with vein sulphides tends to be hosted by
arsenopyrite within Vi quartz veins but is also associated with pyrite
at the vein-wall rock interface (Plate 6.4). The intergrown gold and
sulphides exhibit a wide range of textures due to precipitation and
subsequent deformation. Gold grains often appear as inclusions in
sulphide minerals but sulphides are only rarely observed within gold.
Occasionally, acicular tourmaline crystals up to 5um long are found
within gold and sulphides along altered wallrock laminae (Plate 6.4d).
Gold inclusions range from <1 to 60um and generally occur towards the
periphery of host sulphide grains, especially in the largest sulphide
crystals (Plate 6.4e). The smallest gold inclusions are less than 8um
across and are irregular to sub-spherical in shape. Larger gold grains
tend to be elongate and have regular straight edges suggesting they
infill spaces between sulphide grain aggregates (Plate 6.4c). In gold-
sulphide composite grains, the majority of gold occurs as grains
adhered to sulphide surfaces but in areas where both free gold and
gold-sulphide grains occur only a minor amount of gold occurs as
inclusions (Plate 6.4a).

Many of the auriferous vein samples contain free gold within zones
of strained quartz in which sulphide grains are notably absent. At
least some of the gold, however, is entrained by larger quartz grains
which remain unrecrystallised, suggesting that gold mineralisation pre-
dated quartz deformation. As no secondary quartz precipitation is
evident, it is unlikely, given the large fluid volumes necessary to
precipitate ore-grade mineralisation, that the gold grains were
precipitated from late-stage fluids channelled along the narrow strain
zones. As a result, an SEM study was made of these gold grains to
determine whether they displayed any evidence of shearing (Plate 6.5).
In order to liberate the grains without producing any mechanical
deformation through processing, three samples of high grade quartz vein
material were digested using established palynological hydrofluoric
acid dissolution techniques (Phipps & Playford,1984).

The free grains vary in size from 10-1000um (rarely up to 3.5mm)
and textures range from small sub-spherical grains with negative
crystal imprints to elongate more planar grains with fine filigree
margins (Plate 6.5a & b). Although the flatter grains are more

abundant in the more deformed veins, there are no textures which can
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definitely be ascribed to shearing of the highly ductile gold. In some
hand specimens, however, gold occurs as fine grains which appear
smeared across fracture surfaces, indicating that some gold grains have
been strained. Qualitative EDX analyses of the gold show relatively
low silver contents, which confirms earlier analytical studies that
indicated 6-13% Ag (average of 10%; Robertson Research,1983). It is
not known what other minor elements are alloyed with the gold but the
relatively high fineness of =900 enhances the ductility of the Gebeit
grains.

In addition to liberating free gold grains, HF acid dissolution
produced numerous composite gold-pyrite-arsenopyrite grain aggregates
(Plate 6.5¢ & d) up to 6mm long, as pyrite (and presumably
arsenopyrite) is not etched by this technique (Neuerberg,1961). The
gold forms discrete anhedral, domal to filigree grains distributed
across the sulphide grain surfaces and occasionally predominates to
form a thick layer which blankets the sulphide grains (Plate 6.5e).
Tourmaline, which is only very weakly affected by HF dissolution (Deer
et al., 1966), is evident as nests of euhedral prismatic crystals
intergrown with gold (Plate 6.5f). Thin-section studies of composite
gold-sulphide grains show most of the gold occurs on the surfaces of
the sulphide grains, producing planar surfaces at the gold-sulphide
interface (Plate 6.4c). Sequential leaching of the sulphides using
H202 confirms that the gold is adhered to the surface and reveals thin
planar gold grains that have infilled the interstices of subhedral to
euhedral sulphide grain aggregates.

Gold and sulphides show evidence of synchronous precipitation as
is expected with destabilisation of gold-thio complexes within the
estimated P-T range of the Gebeit mineralisation (Seward,1973).
However, much of the gold appears to post-date precipitation of iron-
bearing sulphides. This has been attributed to physical adsorption of
the éharged aqueous gold species on the sulphides followed by
reduction~driven chemisorption of the gold species to precipitate the

native gold (Starling et al.,1989):

Au(HS)2 + e~ -=> Au + 2HS-
Siting of the gold is controlled by crystal edges and defects of pyrite
and other sulphides which act as semiconductors with gold predominantly
adsorbed by p-type and mixed n-p-type pyrites (Mironov et al.,1981;
Colvine et al.,1984). Rarely, some gold occurs as fine elongate grains

normal to the corners of some arsenopyrite crystals in the form of a
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pressure shadow (Plate 6.5¢ & h) indicating that, although some of the
auriferous mineralisation may post~date the sulphides, it was
synchronous with shear deformation.

Many of the free gold grains not assoclated with sulphides in Vi
velns occur at the margins of coarse, calcite-filled fractures (Plate
6.6). These grains vary from sub-spherical to stellate and irregular
in shape. The host quartz is usually strained and, although the
calcite often displays deformation lamellae, fine calcite occurs along
gquartz grain boundaries and in cross-cutting fractures. On initial
observation, the gold appears to be contemporaneous with the late
calcite; however, in almost all cases the gold is attached to the
quartz fracture rim and extends into the host quartz matrix (Plate
6.6a,b, & £). Many grains are totally enclosed by the larger relict
quartz and petrographic studies in reflected light and under crossed
nicols show the guartz fracture margins to be brecciated {(Plate 6.6c &
d). 2As most of the free gold is hosted by strained and/or fractured
quartz {(Plate 6.6e) and paradoxically appears to be coeval with it, the
gold grains may have exerted a control on deformation. The presence of
ductile gold grains within a highly brittle quartz matrix would
generate significant heterogeneities during brittle deformation,
preferentially propogating fractures to and away from the gold grains.

The same ductility contrast between gold and sulphides may account
for the occurrence of gold hosted by fractures in sulphides. In two
samples, gold occurs coating both sides of fractures in pyrite but in
places appears to have been squeezed between the two surfaces where the
fractures are constricted (Fig.6.3). The centres of the fractures are
infilled by quartz or silicates which are probably secondary. This
suggests that the gold pre-dated or was precipitated very early in
fracture formation, affirming the intimate association between gold and

vein sulphides.

6.9 Fluid Inclusions

Samples of quartz vein material from lode veins, numerous
satellite prospects, and from the later phases of vein formation at
Gebeit have been investigated for potential fluid inclusion studies.
The aim of fluid inclusion analysis would be to characterise the fluid
evolution at Gebeit and to compare and contrast the nature of
mineralising fluids from the various satellite areas. Initial

petrographic studies on 25 samples of the quartz material, however,
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showed that the majority of inclusions are less than 2.5 um in size and
can only be resolved using the highest magnifications available (800x).
No daughter mineral phases are evident in any of the inclusion types
identified but COz-bearing inclusions are common. Unfortunately, the
long working distance objective lenses necessary on microscopes
modified to incorperate a fluid inclusion stage reduces resolution to
the point where most of the Gebeit samples cannot be analysed.
Significantly, the only two samples with inclusions >5um consisted
of quartz vein material hosted by granitoids: mineralised quartz veins
hosted by sheared granodiorite at Wadi Messesana and quartz vein
xenoliths in the tonalite at Vein 18. The larger inclusions found
exclusively at these two sites possibly reflect the preservation of
original vein textures by the granitoid host rocks.
There are, however, a few problems with using samples from these
localities, namely:

i) although Wadi Messesana was an ancient prospect, no gold was
observed in the vein material sampled and it cannot be directly
correlated with the Gebeit mineralisation,

i1) the gquartz xenoliths at Vein 18 may represent plucked lode vein
material incorporated during igneous emplacement, but without
visible gold mineralisation and comparison with lode inclusion
data this cannot be confirmed,
1ii) data collected from these samples is biased towards the larger
inclusions >5unm.
Nevertheless, a preliminary investigation was carried owing to the
strong similarity of inclusion types seen in the Wadi Messesana and
Wadi Lode, Y and A lode samples. Analytical techniques are described

in Appendix A and all fluid inclusion data are tabulated in Appendix D.

6.9.1 Wadi Messesana Prospect

This minor gold prospect lies approximately 6km NNW of Gebeit and
consists of an auriferous white quartz veiln hosted by a north-east
trending shear zone within a late-tectonic granodiorite. The 750m long
elliptical intrusion lies along the base of Wadi Messesana in the core
of an antiform as part of the Wadi Messesana shear zone (see Fig.5.1).
Most of the original 30-60 cm wide vein has been extracted by Pharonic
mining activity, indicating at least some gold enrichment. As with the
samples from the other prospect areas, the Wadi Messesana quartz 1is

fairly milky and is cross-cut by numerous, very fine fractures and
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inclusion trails. There are, however, several patches of more
translucent quartz which contain irregular to negative-crystal-shaped
inclusions up to 15um in size (Fig.6.5; see Plate 6.7a). From the
primary inclusions {group I}, defined by isoclated random distributions,
a range of compositions exist which can broadly be subdivided into

three categories:

i)} two phase aqueous liquid-vapour inclusions with degree of fill
F=0.95, * CO2,
ii) two phase aqueous-COz liquid inclusions, F=0.30-50,

11i) COz-rich liquid inclusions + H20, F=0.60-0.80.

The COz-rich nature of many of the primary inclusions was
confirmed on cooling of the Wadi Messesana samples which produced a
third gaseous CO: phase in the liquid COz phase. Because of the small
size of the inclusions and problems with clouding of the stage at low
temperatures, temperatures of final melting of COz could not be
accurately measured. It is, therefore, not known whether other phases
such as CHs are present.

Homogenisation of the CO: phases to liquid CO:z ranged from -2.2 to
19.7°C (%=12.3, on=6.5, n=13), indicating an average COz density of
0.85 gem~? (Fig.6.6a). Final melting temperatures of >0°C for most of
the agueous-rich inclusions, evident by a final movement by the vapour
bubble, indicated the formation of gas hydrates {clathrates) due to the
presence of small amounts of COz. <C(Clathrate melting temperatures of
3.2-4.9°C (%=3.9, ou=0.69, n=5) show the salinity of the aqueous phase
to be between 9 and 11 wt% NaCl (Fig.6.6b).

As with the freezing of small inclusions, total homogenisation
temperatures were not easy to determine, especially with the COz-rich
inclusions, and samples had to be repeatedly cooled to determine
whether the inclusions had completely homogenised. Gradual bubble
growth on cooling indicated that complete homogenisation had not been
reached in contrast to rapid nucleation at much lower temperatures (20-
50°C below Tn). Although total homogenisation temperatures for all
three types occur in the range 235-294°C, the COz-rich inclusions tend
to have slightly higher temperatures (x=271.2, on=19.8) relative to the
more aqueous types (x=253.3, on=11.2). This slight discrepancy may be
due to the relatively small sample number (n=12) and the possibility
that leakage has occurred from the more COz-rich inclusions. Several

of the COz-rich inclusions leaked before homogenisation at 230-295°C
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Fig.6.5 Sketches of the primary fluid inclusions observed in
granitoid-hosted quartz samples from Wadi Messesana (a) and

Vein 18 (b).
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and others appeared to homogenise by fading of the meniscus at
temperatures up to 340°C.

Using estimates of the degrees of fill and density of the main
inclusion types, percentage mole fractions of CO:z can be calculated.
For the mixed COz-H20 inclusions which homogenised by meniscus fade,

50 volume% COz (= 46 wt%) equates to a mole fraction of 26%. The COz-
rich inclusions contain up to 80% CO2 (77 wt% CO2), which is equivalent
to 58 mole%. The €Oz content of the H20-rich inclusions varies from
25% (10 mole%) to those inclusions in which €Oz is not visible but is
detectable by the formation of gas hydrates during freezing. BAs less
than 5 wt% (2 mole %) COz is very difficult to detect in aqueous
inclusions (Shepherd et al., 1985), the CO2 content of the Hz20-rich
inclusions appears to vary, approximately, from 2 to 10 mole %.

The variation of phases and apparent isothermal formation of the
three inclusion types suggests they may represent the heterogenous
trapping of immiscible H20-COz fluids, fluid mixing, or the products of
variable inclusion leakage or necking down. Sub-solvus unmixing would
result in progressively more pure H20- and COz-rich fractions during
cooling, typified by fluids of 2-10 mole % and 60 mole % CO2 (Fig.6.7),
respectively, in the Wadi Messesana sample. These values appear to
coincide with expected compositions derived from the Hz20-CO02 solvus,
(Hendel & Hollister,1981: Bowers & Helgeson,1983); however, the shape
of the solvus in T-X space is variable depending on NaCl content and,
to a lesser dedgree, pressure.

Critical homogenisation by meniscus fade is also indicative of
compositions close to the critical point, around 26 mole % CO2.
Superficially the data appear to satisfy many of the criteria for fluid
immiscibility (Ramboz et al.,1982) but it must be emphasised that the
inclusions analysed are close to the limits of resolution and represent
a small, possibly biased, sample set. If phase separation is the cause
of the variable phase CO2-H20 inclusions, then the temperature of
homogenisation equals trapping temperature (Twn=T:), implying trapping
temperatures of around 230-270°C for the Wadi Messesana samples.
Preferential partitioning of saline phases into the aqueous phase
during unmixing would produce artificially high values of wt % NaCleq,
suggesting that original fluid salinities could have been well below 10
wt % NaCleq. P-T bulk fluid isochore diagrams have been calculated for
coexisting H20-COz in the H20-CO02 (fNaCl) system (Brown & Lamb,1986) for
application to fluid inclusion studies of Canadian Archaean gold

deposits. Plotting the Wadi Messesana primary inclusion data for CO:
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density, vol.% and Tnror data indicates fluid pressures in the region
of 2.0 to 3.9kb (=7-12 km depth), consistent with evolution at the
brittle-ductile transition at greenschist facies grades (Fig.6.6e).

Phase separation of H20-CO: fluids resulting in pH increase can be
an efficient process for reducing gold solubility and has been
demonstrated as the main precipitation mechanism in several Archaean
gold deposits (e.g. Wood et al., 1986; Studemeister & Kilias,1987).

The nature of the Gebeit ore fluids, their relationship to wallrock
reactions, and possible precipitatien mechanisms are discussed in
Chapter 7 and Chapter 8.

In addition to the different inclusion types considered to be
primary, the majority of inclusions in the Wadi Messesana samples are
secondary aqueous inclusions (F=0.85-0.95) which give a wide range of
homogenisation temperatures from 110-204°C. Plots of Tn vs. salinity
and frequency (Fig.6.6c & d) suggest that two other populations {groups
II & ITI) exist in addition to the primary inclusions {(group I).
Clathrate melting temperatures from 2.1-4.3°C (%=2.9, on=0.82 n=6)
imply a fluid salinity around 12 wt% NaCl whereas non-COz-bearing
inclusions (Tn, 147-202°C) have low ice-pelting temperatures (-0.5 to
-1.9°¢: x=-0.7°C, 0n=0.5, n=8) suggesting salinities of the order of 2-
3 wt% NaCl. The group III, secondary, CO2-bearing inclusions may
represent the progressive re-equilibration of group I inclusions due to

fracturing during protracted post-vein deformation.

6.9.2 Vein 18

Inclusions from the quartz xenoliths within the tonalite intrusion
at Vein 18 were examined in order to compare the inclusion fluids with
those of Wadi Messesana and to get an impression of fluid variations
closer to the main workings at Gebeit. The inclusions from this sample
ranged from negative crystal to irregular in shape and were generally
between 3 and 7 pm in size (Fig.6.5b). Numerous fractures and very
fine secondary inclusion trails cross-cut the sample and, altbough the
inclusions analysed appear to be primary, a secondary origin cannot be
discounted. All of the primary inclusions are aqueous with a uniform
0.95 degree of fill. Final ice melt temperatures ranged between -0.3
and -3.3°C (x=-1.99°C, ou=1.27, n=23) indicating low salinities of 1-5
wt% NaCl (Fig.6.8a & c). Some inclusions gave final melt temperatures
of 0-1.0°C, suggesting either the presence of small amounts of COz

(clathrates) in more saline fluids (14-16 wt% NaCl) or variations
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produced by systematic machine errors. Homogenisation temperatures are
fairly closely grouped between 190 and 235°C (x=214°C, on=14.2, n=27)
with a few, possibly secondary, inclusions homogenising at 162-190°C.

Apparent primary inclusions from the two prospect areas described
above suggest that early fluids comprised low salinity (1-5 wt %
NaCleq) aqueous and COz-bearing fluids, of which some may have mixed or
undergone phase separation to produce COz-rich inclusions and COz-
bearing aqueous inclusions with elevated salinities (9-11 wt % NaClegq)
due to immiscibility. However, as already emphasised, the sample set
is small having been taken from granitoid-hosted veins and therefore

interpretation of the data must be approached with caution.
6.9.3 Quartz Colouration and Inclusions in the Gebeit Lodes

The inclusions in guartz samples taken from the Wadi, A and Y
Lodes proved to be too small to be analysed but were examined at high
magnifications using a petrographic microscope. Samples in which
apparent primary inclusions were defined contained similar inclusions
to the three main types identified in the Wadi Messesana sample: i.e.
H20- and COz-bearing inclusions of variable degrees of fill. Localised
freezing of the polished chip surface using acetone and liquid nitrogen
confirmed the presence of COz by the formation of a COz gaseous phase
within the liquid COz phase. COz homogenisation into the liquid phase
below room temperature indicated a minimum COz density of 0.8 gcm-2.
The similarity with the Wadi Messesana inclusions suggests that the
main vein-forming and mineralising fluids at Gebeit may have been
produced by fluid mixing or phase separation.

The intense blue to blue~black colouration of the vein quartz is
particularly marked in the veins of the Wadi Lode, Y Lode and A lode
and at the satellite prospects of Garabein and Walati. Blue quartz is
commonly linked to the presence of very fine needle-shaped crystals,
namely rutile in the case of granulite facies rocks and tourmaline in
pegmatitic blue quartz (Deer et al.,1966). In addition, blue quartz
colouration has been ascribed to the fine fracturing of deformed quartz
(Foster, pers. comm.). The colour of smokey quartz may also be linked
with the presence of Al in the quartz lattice (Deer et al.,1966).

As the blue and white quartz could be differentiated in finely
powdered samples, the cauée of the colour difference was considered to
be due to sub-grain size (<100um) mineral or element inclusions.

Samples of blue and white quartz were analysed geochemically and by
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electron microprobe to determine whether there was any significant
component within the blue veins at Gebeit to account for its colour
(Table 6.1). Geochemical analyses showed that TiQz and Al20:3 contents
vary considerably {4-1294 ppm and 0.23-5.16%, respectively); however,
the lowest Ti02 value occurred in blue quartz and the highest Al:0s3
value in the white quartz. Although relatively pure samples were
analysed, the presence of tourmaline, arsenopyrite, and calcite, with
concomitant increases in Ni, Cr, V and Sr, was detected in the blue
guartz samples, reflecting fine inclusions of altered wallrock
material. Conversely, sericite was found in the white quartz samples,
producing higher K, Rb, Ba, and A1:0s values.

Microprobe analyses of blue and white auriferous quartz types were
considered to provide a more pure analysis of the vein quartz as
opposed to the composition of intergrown quartz, calcite, sericite, and
tourmaline. These analyses, however, produced very similar results
with low Ti contents (0.0-0.02%) and only marginally higher Al values
in the blue quartz (0.08-0.15% compared with 0.04%). This indicates
that the blue quartz crystals contain more Al than the white gquartz but
overall, the white quartz veins are richer in A120:; due to the presence
of intergrown sericite. However, if the colour difference was due to
higher Al in the Vi quartz lattice, the veins would tend to be smokey
rather than blue in colour (Deer et al.,1966). Although altered
wallrock inclusions impart gome colouration to the veins, it cannot
account for the pervasive colour of the dark blue veins.

Pronounced colouration of the blue lode quartz is evident in
pclished fluid inclusion chips and thin sections (30-100upm thick; Plate
6.7b-d). No fine crystals of tourmaline or rutile were identified by
investigation of the darker areas under high magnification; however,
the dark areas, unlike the clear zones, were characterised by abundant
decrepitated inclusions. These dark, almost black, inclusions are
generally cuspate and stellate in shape and are usually surrounded by
similar but much smaller daughter inclusions. As the samples studied
had not been heated at any stage after sampling, decrepitation must
have been due either to subsequent deformation and uplift or a post-
mineralisation thermal overprint. The dark zones of decrepitated
inclusions are restricted to larger relict quartz grains which are
defined by clear boundaries due to sub-grain development and
recrystallisation. The relict grains are truncated by clear bands of
cross-cutting, later quartz veins. The fine-grained, clear patches of

deformed and recrystallised quartz alsc confirm that quartz colouration
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White Blue Blue Blue
$i02 (%) 91.35 96.25 87.79 95.717
Ti02 0.02 0.01 0.13 0.01
Al203 5.16 0.23 3.04 0.59
Fez 03* 0.15 0.08 1.34 0.20
MnO 0.01 0.01 0.03 0.02
MgO 0.30 0.02 0.84 0.13
a0 0.93 2.11 2.66 1.59
Naz20 0.11 0.00 0.17 0.32
K20 1.52 0.03 0.00 0.01
P20s 0.04 0.00 0.38 0.00
LH20 1.30 2.00 3.11 1.40
Total 100.88 100.73 99.49 100.05
Rb (ppm) 70 3 2 (2
Sr 32 26 57 92
Ba 138 <10 13 <10
Pb <3 3 3 3
Th 3 3 & 3
U <5 <5 <5 <5
La <6 <6 <6 <6
Ce 10 <10 <10 10
Y 2 (2 4 2
Zr 6 6 14 6
Nb 2 2 2 2
Ga 5 1 5 1
Ni 5 6 60 56
Cr 13 11 29 15
v 5 <5 52 19
Cu (2 <2 24 13
n 7 8 14 <1
As 9 60 20 154

* Total Fe calculated as Fez203, LH20=Loss on Ignition

(3 = Below Lower Limit of Detection
Table 6.1a Compositions of blue and white vein quartz
determined by X-ray fluorescence analysis.
White Blue Blue
Si02 (%) 99.29 98.71 97.30
Alz203 0.04 0.15 0.08
Cca0 0.01 0.01 0.01
K20 0.04 0.02 0.02
Naz20 0.03 0.03 0.04
FeO 0.00 0.00 ¢.60
Mgo 0.02 0.02 0.02
MnoO 0.00 0.00 0.00
TiO2 0.00 0.02 0.02
Table 6.1b Electron probe analyses of vein quartz.
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is related to the decrepitated inclusions and is not due to quartz

deformation. Small relict inclusions found in the blue quartz suggest
that the early fluids were COz-bearing similar to those identified at
Wadi Messesana which were possibly trapped as immiscible phases. The
larger, relatively high density, COz-bearing inclusions would tend to
be more prone to decrepitate (Roedder,1984; Shepherd et al.,1985) and

may account for the small size of existing inclusion populations.

$.10 Stable Isotopes

Light stable isotope analysis (namely, H, O, S, and C), when allied
to geochemical and mineralogical studies, can help constrain sources of
ore constituents and ore fluids. The mineralogy of lode veins and
wallrock mineral assemblages at Gebeit, however, places restrictions on
which isotopes can be accurately sampled, separated and measured.
Virtually all carbonate phases that can be positively constrained as
syn-mineralisation occur as fine intergrowths with quartz in the V;
veins. Removal of carbonate phases from quartz can be easily achieved
using warm acid digestion but the complete separation of finely
intergrown quartz from calcite proved to be too time consuming to
justify a carbon isotope study. Similarly, sulphide mineralisation in
lode profiles tends to be fine grained and displays intricate
intergrowth textures of different sulphide and silicate phases. As
sulphur isotopic disequilibrium is a more common phenomenon for
sulphides co-existing with pyrite and/or chalcopyrite (Ohmoto,1986),
separation and analysis of sulphur isotopes is considered to be beyond
the scope of this study. The lack of significant amounts of hydroxyl-
bearing minerals co-existing with Vi vein quartz therefore restricts
isotope studies for the Gebeit deposit to oxygen isotope analysis of

vein quartz.

6.10.1 Oxygen Isotope Signatures for the Gebeit Deposit

Quartz vein sampling for oxygen isotope analysis was concentrated
on the Vi mineralised veins and their cross-cutting white quartz
stringers. All samples were examined by binocular microscope after
each stage of preparation to check for sulphide/silicate impurities and
were then washed and filtered several times in boiling HCl to remove
any relict carbonates (sample preparation procedure given in Appendix

A). Each 100ug sample size was reduced by grinding and fine sieving to
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approximately 75 um (200 mesh) for analysis. A representative set of
26 quartz vein samples covering Wadi Lode, Y Lode, Vein 18, Marble Bar
and later Vsz-Vs quartz veins was sent for analysis to Dr A.E. Fallick
at the Scottish Universities Research and Reactor Centre at East
Kilbride. The results are given in Table 6.2 (all data are relative to
SMOW) .

The 50!% values of the sanples of Wadi Lode blue and white quartz
are higher than for the other subsets analysed, averaging 15.6 % 0.7%
compared with 14.1 * 0.5% for the Y Lode. The spread in Wadi Lode
5018 values show regular variation when plotted on a sample location
plan (Fig.6.9) and indicate a minor decrease along strike away from the
main shaft. The sample area, however, comprises only a smaill
proportion of the total zone of mineralisation and probably represents
a minor fluctuation. Nevertheless, 80!¢ values for Marble Bar, Vein 18
and the large blue/white veins south of the mine complex (5300E,4450N;
see Figs.5.6 & 5.13) group very closely at 14.01 % 0.07% . Under
equilibrium conditions, 80!'%quartz, 30'%¢i1uia, and temperature are
related between 250 and 500°C (Matsuhisa et al.,1979) by the

expression:

10% lnaew = 3.34 (108T-2) - 3.31 (T=K) eveienennnnn ceeen (1)

where 1lna is the equilibrium fractionation factor and to a good

approximation, 10% lngow = 3018, ~ 30184,

Unfortunately, because of the lack of suitable fluid inclusion
material, direct temperature estimates are not available for the Gebeit
lode veins. However, using the temperature estimates of the Wadi
Messesana and Vein 18 quartz samples as a reasonable guide to fluid
temperatures, an approximate range of expected fluid 30!'%® values can be
defined. Homogenisation teuperatures for both prospects lie between
200 and 300°C which, using the mean 80'® quartz values, indicates that:
assuning Ta=Trort,

501%114y414 = 4.0-8.7% for the Wadi Lode
2.4-7.1% for the satellite prospects.

n

The disparity in quartz 50!'8 values for the various mineralisation
zones 1s probably due to variations in fluid temperature. Assuming
homogeneity for 80!'8w values, from equation (1) above a difference of

1.6%, between 200 and 300°C would reflect a fluid temperature variance
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of 30-40°C. This suggests that there may have been a thermal gradient
across the mineralised zone, possibly with fluid flow directed away
from the intersections of the larger shear zones (e.g. Wadi Lode and
Gebeit shear zones). However, because of the lack of direct fluid
inclusion temperature measurements these figures are only a rough
estimate of fluid isotope values.

Samples of Vs and Vs veins associated with late dextral to
sinistral deformation also give similar results of 14.2-14.8%.
Likewise, the white quartz veinlets which transect the Wadi Lode blue
quartz veins have almost identical 30'8 values (x=15.55, on=0.71, n=9)
with the blue quartz (x=15.42, 0u=0.69, n=8). This implies that the
isotopic composition of the fluid remained relatively constant
throughout the Dz to early Da strike-slip deformation, unless 80'8¢iuid
decreased exactly in step with decreasing temperature which seems
unlikely. The Vi, Vs, and V4 veins are mineralogically, texturally and
structurally distinct, ruling out the possibility that all belong to a
single phase of deformation, fluid flow, and veining. The range of
5018 values for both quartz (14.0-15.6%.) and fluid (2.4-8.7%)
estimates are consistent with published values determined for the many
Archaean lode gold deposits, i.e. 80'8gqusrtiz = +8 to +16, 80'8fjuid =
+2.5 to +10 (Perring et al.,1987; Kerrich,1986b; Roberts,1987;
Foster,1988). This range cannot be used to discriminate between a
metamorphic (3-20%) or magmatic (6-12%) fluid source but the
widespread occurrence of low-salinity, COz-bearing fluids as observed
in the Gebeit area is more typical of metamorphic fluids (Foster,1988).

Two quartz vein samples, however, did have different 5018 values:
"a white quartz vein at West Gebeit interpreted to be Vs in age and a Vs
vein at the southern end of Marble Bar. The West Gebeit vein has
higher 80'%qusrtz values of 16.93-17.10% , suggesting the influence of
lower temperature metamorphic/magmatic fluids. The Vs vein, related to
late-Ds« deformation at Marble Bar, is heterogenous, showing mixed,
distinctly lower, 30!'®quertz values of 10.88-11.63% . The late
tectonic control of this thrust plane-bounded vein indicates the
influence of isotopically lighter, meteoric fluids; an increase in

temperature relative to the Vi veins is highly unlikely.

6.11 Thermoluminescence Analysis

Although only quartz veins of Vi type and age are apparently

mineralised in the Gebeit area, not all mineralised Vi veins are deep
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blue in colour and not all dark blue quartz veins are enriched with
gold. As neither stable isotope nor fluid inclusion studies can
generally be used to differentiate mineralised from non-mineralised
samples, the application of other exploration techniques such as
electron paramagnetic resonance (EPR; van Moort,1987) and
thermoluninescence (TL; Charlet et al.,1987) have been investigated.
Though EPR is a quicker and less expensive technique, Gebeit quartz
vein samples were analysed by TL under a low-cost, pilot scheme. The
objective of sending an initial batch of Gebeit quartz vein samples for
analysis was to ascertain whether this technique could be successfully
applied as part of an exploration programme in the Gebeit area to
differentiate auriferous from non-auriferous veins.

Thermoluminescence is the light emission of minerals, usually
quartz, which have been heated to temperatures below incandescence.
This technique, pioneered by Charlet and co-workers (Charlet et al.,
1987; Charlet,1987), results from the thermal activation of electrons
trapped by chemical or physical crystal defects. The plotting of
emission intensity (H) against temperature (T) for each sample produces
a glow curve which often shows several glow peaks. The variation in
distribution and relative intensity (R) of these peaks for samples of
the same mineral species, e.g. quartz, can be used to characterise
different generations of vein formation. Prof. Charlet and his team at
the Faculte Polytechnigue De Mons, Belgium, have reported that this
technique has been successful in differentiating mineralised from non-
mineralised vein gquartz at various gold prospects in France and Canada.

From an understanding of the structural relationships of the
various vein generations at Gebeit, an initial representative set of
ten quartz vein samples was selected to test possible application of TL
analysis (Table 6.3). The samples were submitted in random order and
the laboratory at Mons was not informed of the economic potential of
the respective samples. Preparation techniques are outlined in
Appendix A.

All samples were analysed for natural (NTL) and artificial (ATL)
thermoluminescence before and after cleaning with HF (15 mins). ATL is
produced by irradiation with a Coso source (5 hrs) after
photodesexcitation treatment (24 hrs with UV source). Both NTL and ATL
are dependent on crystallisation or recrystallisation conditions but
NTL is also effected by natural irradiation doses and natural thermal

activation or photodesexcitation by sunlight (Charlet et al.,1987).
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Sample no. Sample Description Au Content
2481 Y. Blue qtz, Y lode. high
2482 Va4 White,vert N/S qtz,Wadi L. ext? -
2483 Vv, Blue qtz, Y lode. v.high
2484 Vi Blue qtz, Wadi lode 4 level high
2485 Vs White qtz,Wadi lode ext® e
2486 Vs White/grey qtz, Marble Bar South low
2487 Vs White,vert N/S gtz,Wadi L. extn it
2488 Vs White gtz in blue gtz,Wadi Lode ks
2489 Vs White gtz, Bishops Danm -
2490 Vi Blue/grey qtz . Wadi L. 4 level v.high

Table 6.3 Description, location, and gold content of Gebeit vein
quartz samples analysed by thermoluminescence.

Sample | Vein | Sensitivity Tq Iq Ts Is Ra-5
Type (°C) [(x10-2) (°C) |(x10-2)

2486 Vs low 262.8 14.48 342.1 14.66 | 49.70
2483 Vi low 262.8 10.10 350 13.92 42.06
2488 V3 high 262.8 26.43 338.1 26.94 49.52
2485 Va mean 266.7 13.96 361.9 19.31 41.96
2481 Vi1 mean 270.7 17.61 373.8 18.15 49.24
2484 Vi mean 2741 10.87 358 22.52 32.55
2487 Va high 262.8 14.07 334.2 | 21.62 39.43
2489 V3 low (290.5) | 9.22 | 350 15.71 | 36.99
2450 Vi high (?) 286.8 25.7 350 52.96 32.71
2482 Va v.high (?) [(294.5)] 821.1 - - -

Table 6.4 Summary of the main characteristics of thermoluminescence
glow curves for Gebeit quartz samples. The samples are
ordered according to glow curve evolutionary trends but show
little relationship to mineralisation potential or age.
(T=temperature, I=intensity (photon counts), R=relative
intensity where Ra, n+1 = 100.In/(In+In+1)).
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Although ATL glow curves were modified after HF attack due to the
removal of impurities, intrinsic glow curve characteristics remained
persistent and all samples were subsequently subjected to standard BF
treatment of 15 minutes (Fig.6.10a & b). The peak intensities (HO-H5)
and temperatures (T0-T5) of natural and artificial glow curve peaks
produced for each of the Gebeit samples are fully tabulated in Appendix
E. Analysis of the data by Charlet (1988) indicated that the samples
show a progressive decrease of first peak intensity to extinction with
concomitant increase in T of the second glow peak (350-400°C). They
display the same variation for both NTL and ATL, indicated by a straight
line correlation (r%=0.80) for ATL and NTL intensities of the H5 high
temperature glow peaks (Fig.6.10c). The glow curves reveal a
continuous evolution from samples 2486,-83,-88 to samples 2484,-87,~
89,~90. Samples 2487 and 2488 show higher TL sensitivities, samples
2481,~84,-85 the mean TL sensitivities, and samples 2483,-86,-89 the
lower TL sensitivities. For some reason, sample 2490 was not analysed
for NTL. From the range of quartz vein-types analysed, only one
sample, 2482, showed a significant variation of higher intensity and
sensitivity. However, an almost identical Va4 vein sample, 2487, taken
very close to 2482, does not show anamalous characteristics, and there
is no available evidence to explain this variation. Comparison of
sample trends suggested by this technique (Table 6.4) indicates that
the glow curve characteristics bear little or no relationship to the
mineralisation potential, age or deformation of the quartz samples.
Visibly mineralised samples (2481, -83,-84, & -90) should have
distinctive glow curves if this is to be a viable technique but, in the
present study, the auriferous quartz samples are spread throughout the
apparent evolutionary trend. Although the Vi-Vs quartz veins have been
distinguished on a structural, mineralogical and textural basis, all
bear very similar TL and oxygen isotope characteristics. Only the
volumetrically minor Vs veins show slight variations.

From the preliminary investigation of the above results it would
appear that thermoluminescence analysis does not represent a viable or
accurate exploration technigue for the Gebeit area. Given the
relatively high cost of this technique, field identification of vein
types (Vi to Vs) coupled with assaying would prove to be a more cost

effective method of exploration.
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Fig.6.10 Thermoluminescence glow curves for sample 2488 produced during
natural (TLN) thermoluminescence and artificial (TLA)
thermoluminescence (I, intensity = number of photon counts) .
Correlation of intensity of glow peak 5 for TLN vs. TLA (c) shows
the variation in sanmple sensitivity from low (-83,-86,-839) to
high (-88). All data are tabulated in Appendix E.

Page 6-45



6.12 Summary

i} From structural and mineralogical studies six phases of veining
have been identified (Fig.6.11); these are designated Vi-Ve, of which
phases Vi-Vs are associated with arc accretion-related deformation
episodes D2-Ds.

ii) Gold-sulphide mineralisation is confined to Vi, north-east-
trending, blue quartz veins and occurred synchronously with dextral
strike-slip shearing parallel to the Wadi Lode and Wadi Tuwiya Riedel
shear zones.

iii) The main sulphide mineralisation tends to be concentrated in the
altered wallrock and along entrained wallrock stringers within the
veins. The sulphides comprise arsenopyrite, pyrite, and pyrrhotite
tchalcopyrite, fsphalerite, xgersdorffite.

iv) Gold occurs as native grains adsorbed onto the surfaces of vein
sulphides and as free grains in zones of strained, sulphide-poor
quartz, often with calcite.

v) Altered wallrock inclusions consist of tourmaline, sericite,
rutile, calcite and apatite.

vi) Fluid inclusions in all quartz phases are generally too small for
quantitative thermometric studies but those observed in the Vi lode
veins appear to be COz-bearing. Analysis of fluid inclusions from the
Wadi Messesana prospect, 5km north-west of Gebeit, revealed COz-aqueous
inclusions which homogenise at 230-300°C and there is some evidence for
immiscibility during trapping. Fluid pressure estimates of 2.0 to
3.9kb (x7-12km depth) are consistent with evolution at the brittle-
ductile transition at greenschist facies grade. Many of the fluid
inclusions in the relict Vi quartz grains have been decrepitated,
producing a dark blue colouration within the veins.

vii) Stable oxygen isotope studies of vein quartz indicate that fluid
compositions remained fairly constant for most of the accretion-related
deformation (estimated at between 2.4 and 8.7%) and were probably
metamorphic in origin. Influx of meteoric fluids is inferred for the
Vs veins during late-tectonic D¢ deformation.

viii) Thermoluminescence analysis of each of the Gebeit quartz vein
types did not produce any anomalous glow curve characteristics to
differentiate vein types or auriferous from non-auriferous quartz and,
hence, is not considered as a viable exploration technique for gold in

the Gebeit area.
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Chapter 7

Mineralisation IY: Wallrock Alteration

7.1 Introduction

The majority of auriferous mineralisation at Gebeit occurs within
the blue V: quartz veins and all mineralised Vi veins display an
altered wallrock envelope. The nature of vein formation and the
subsequent deformation of lode veins mean that fluid inclusion studies
cannot be applied directly to the Gebeit deposit, and so characterising
the degree and types of alteration is important in understanding the
nature of the mineralising fluids. This has been achieved using
geochemical alteration profiles across the Wadi Lode taken from drill-
core, augmented by thin-section and polished section petrography, Z-ray
diffraction studies, and electron probe micro-analysis of mineral
species., Alteration profiles have been augmented by wallrock sampling
from the Wadi Lode, Y Lode, and from satellite prospects with variable
host lithologies (Marble Bar, Vein 18, Vein 13, and Wadi Messesana).

All Vi veins at Gebeilt are hosted by shear zones of varying
width which are composed of chlorite-rich phyllonite (see section
5.5.1). In addition to the wallrock alteration associated with
mineralisation, an intense and pervasive carbonate alteration occurs
within the major Riedel shear zones, forming the red ridges of the Wadi
Lode and Wadi Tuwiya shear zones. This type of alteration, which
produces an ankerite-dominated assemblage (ankerite phyllonites), is
not observed in the lode alteration profiles and may represent the
product of a distinct COz-rich fluid phase. This intense alteration
has also been characterised geochemically and petrographically in order
that it can be compared and contrasted with the nineralisation-related
alteration and to determine whether there is a genetic link. Background
gold analyses of both altered and unaltered lithologies have been
undertaken to assess any influence of syngenetic enrichment and to
establish the gold distribution throughout the alteration profiles.
Collation of these data, together with the other fluid parameters

defined in Chapter 6, permits the formulation of a genetic model for
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fluid evolution and mineralisation, as defined in Chapter 8. The
controls and nature of the late-Proterozoic gold mineralisation at
Gebeit can then be compared with genetic models established for the

extensively studied Archaean lode gold deposits.

7.2 W¥Wallrock Alteration

The wallrock alteration haloes observed round the lodes within the
mine and in satellite prospects are highly variable. 1In many cases
visible alteration is denoted by large-scale carbonate alteration
accompanied by sulphidation and bleaching of the immediate volcanic
lithologies from green to tan-brown in colour (see Plate 6.2). The
carbonate alteration, however, is not solely localised around the
auriferous vein margins but occurs pervasively throughout all the
sheared lithologies of the Gebeit Volcanic Group. Although
carbonatisation is a good regional exploration guide, it 1is not
uniquely characteristic of economic auriferous mineralisation.

In the weathered lodes, alteration is evident by the occurrence of
red-brown hematitic haloes of oxidised sulphides which stain the
altered rocks enveloping the Vi veins and also the Dz shear zones where
V; veins are not strongly developed. 1In addition to the visible
alteration patterns, outer zones of cryptic alteration occur which have
been determined petrographically and geochemically. The cryptic zones
comprise areas of incipient carbonate and chlorite groundmass
alteration including partial replacement of hornblende and pyroxene
phenocrysts by fibrous actinolite % chlorite, # calcite
(uralitisation). The cryptic zone is also marked by transitional
chlorite compositions indicative of fluid influence far beyond the
extent of visible alteration. This zone invariably lies between the
bleached, sulphide-rich, visible alteration zones and the unaltered
rocks of the Gebeit Volcanic Group which display the established
greenschist facies metamorphic assemblage (see section 3.4).

Uralitised pyroxene phenocrysts also occur in the incipiently altered
volcanics, forming an alteration sub-zone, and the transition from
visible to cryptic alteratiocn is here defined by the first appearance
of epidote. Within the aphyric and plagioclase-phyric rocks, where
very fine grained pyroxene and hornblende are restricted to the
groundmass, the subdivisions of alteration are difficult to delineate.
Although pervasive sulphidation % wallrock bleaching are the common

signs of alteration, they are not always immediately evident. This
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zone forms only a thin inner envelope (<50 cm thick) of the complete
alteration profile, the intensity of which decreases gradually over
several metres to the appearance of unaltered epidote, hornblende and
pyroxene (see Plate 7.le).

The widths of the visible and cryptic haloes vary considerably,
ranging from 30cm to around 10m, and in many cases are controlled by
the extent of shear zone fabric development. The limit of sulphidation
and bleaching adjacent to relatively thick (20-60 cm) Y Lode veins is
largely delineated by phyllonite envelopes which are, in places, less
than 15 cm thick (see Plate 5.5f). The generally undeformed, massive
volcanics which host these shears tend to display only minor cryptic
alteration indicative of how efficiently the hydrothermal fluids have
been channellised. The characteristic red-brown sulphidic alteration
is much more extensive in the wider, more highly sheared horizons, many
metres wide, where quartz stringer zones are often developed. This
control of fluid access along deformation fabrics has also been
demonstrated in the Wadi Lode where wallrock bleaching is concentrated
along second order shears (see gection 6.2.1) and also results in the
fabric-parallel alignment of wallrock sulphides (see Fig.6.1, section
6.3.2, and Plate 7.14).

The range of structures and vein mineralogies observed at Gebeit
indicate that there has been a protracted deformation-related fluid
history, enhancing the possibility of overlapping and overprinting
of multiple hydrothermal alteration haloes. As a result, stepped
alteration profiles have been augmented by detailed petrography in
order to differentiate primary and secondary alteration features. The
majority of altered wallrock samples contain varying amounts of fine Vi
and Vo2 gquartz and albite-calcite veins and stringers. These have been
noted and included in the geochemical profiles as, in many cases, the
development of the fine stringers proved to be too pervasive to

selectively sample altered wallrock devoid of such stringers.

7.3 Wallrock Alteration Profiles

Continuous chip sampling of diamond drill core (NQ size) proved to
be the best method of producing an accurate lode alteration profile,
and two such profiles have been taken from lode vein intersections of
the Wadi Lode where it contains visible gold (DDH 46 & DDH 35; see map
sheet 3). Drill-core profiles were taken solely from the Wadi Lode for

several reasons, namely:
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a) the Wadi Lode lies below the oxidised weathering zone,

b) much of the early drilling of the Y and A lodes had been
percussion-type drilling,

¢} imitial drilling on the lodes in many cases did not provide near
perpendicular intersections, and

d) Wadil Lode intersections could be complemented with underground

wallrock chip sampling.

The main lode profile, PF I (DDH 46, 89.4-99.9m), provided one of
the few perpendicular intersections of the Wadi Lode available at the
time of sampling (Fig.7.1). Due to the effects of D; folding, the
local bedding 1s intersected at right angles by the Vi veins. Bedding
dips to the north-west, sub-parallel to the core, resulting in a
constant host lithology throughout the footwall intersection. As a
medium-grained plagioclase-phyric tuff forms the entire section,
geochemical variations due to changes in protolith are avoided and
altered wallrock tuffs, adjacent to the vein, can be compared directly
with the relatively unaltered tuffs at the end of the profile.
Although the second lode profile, PF II (DDE 35, 120.1-130.1m), also
preoduced a perpendicular vein intersection, it was drilled towards the
south~east (perpendicular to DDH 46), resulting in highly variable
hanging-wall host lithologies ranging frowm fine, laminated andesitic
tuffs to graphitic shales (Fig.7.1).

As movement during later deformation events often occurred along
vein~wallrock interfaces, it is difficult to estimate how
representative these profiles are, even though visible gold is present
in both intersections. In some sections of the Wadi Lode (4 Level,W35)
Vi quartz veins up to 1m thick appear to be juxtaposed against
incipiently altered coarse andesitic footwall lavas, suggesting that
some of the veins may have been tectonically dismembered from their
component alteration haloes. Generally, however, overall movement
along these zones appears to be of the order of a few metres parallel
to the vein margin. Intensely altered wallrocks adjacent to apparently
unsheared lode veins were also sampled to act as a control when

defining alteration trends.
7.4 Minperalogy of the Wallrock Alteration Profile

Continuous core-sections were taken along both of the profiles to

produce average analyses for each sample interval and thus avoid
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spurious sampling errors due to preferential sampling of, for exampie,
veins and sulphide-rich lenses. Sampling was conducted over 25cm
intervals for the first 2~3m, increasing initially to 50cm and then to
Im intervals at 5-6m from the lode. Thin and polished thin sections
were produced from each sample interval and were augmented by X-ray
diffraction analysis to elucidate changes in bulk mineralogy.
Homogenous powdered samples were analysed for major and trace element
geochemistry using X-ray fluorescence techniques and variations in the
chemistry of component minerals were determined by electron micro-probe
analysis. All analytical data for the alteration assemblages are

tabulated in Appendix F.

7.4.1 Lode Profile 1

The main minerals identified in the visible and inner cryptic
alteration haloes are consistent throughout the profile, and the
various alteration facies identified are defined by increases and
decreases in abundance of some of these phases. All Gebeit Volcanic
Group units altered adjacent to Vi auriferous veins comprise quartz,
chlorite, albite, sericite and calcite (Fig.7.1, Plate 7.1) in addition
to localised patches of wallrock sulphides (section 6.3.2). The shear
zones which host the Vi veins tend to occur in the tuffaceous units of
the lower part of the stratigraphic succession. Mineralisation has
been shown to be synchronous with dextral, strike-slip shearing
(section 6.2.1) and consequently alteration mineral assemblages tend to
be fine-grained. In contrast to the vein-hosted wallrock stringers, no
tourmaline has been identified in the alteration haloes. As the
mineralised veins tend to be developed in the medium to very fine-
grained tuffs, there is no grain size contrast to judge the extent of
alteration. Relict plagioclase micro-phenocrysts are generally still
evident and relict trachytic textures indicate that only small volume
changes have occurred in the wallrock fabric, although the ubiquitous
presence of fine extensional veinlets suggests minor overall increases
in volume.

Although the component minerals are usually easily distinguished
optically, the fine grain size hinders petrographic determination of
modal abundances. In order to define the mineralogical changes towards
auriferous veins, mineral contents have also been estimated using major
element geochemistry. As albite, sericite, calcite, chlorite, and

guartz form the alteration assemblage for the entire profile,
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variations of modal abundance can be identified by fluctuations in
Naz0, K20, Ca0, and MgO respectively, with residual $i0:2 determining
guartz contents (Fig.7.1; Appendix G). These are produced using
average mineral formulac derived from electron micro-probe data which
are cross-checked against Alz03 contents. Although all the modal
abundances are expressed as wt% (derived from XRF data), the specific
gravities of the minerals only vary by 0.34 {(albite,2.62-chlorite,2.96)
indicating that the maximum error between estimates of wt% and vol% of
modal abundance are of the order of #11%. This method, however, is a
bulk rock estimate and does not account for changes in wallrock
mineralogy alone; hence it is prone to the effects of micro-veining.
From Ocm to 75cm from the vein, wallrock mineralogy is dominated by
sericite, chlorite and calcite (Fig.7.2a) due to pervasive, fine-
grained, carbonatisation, sericitisation of albite phenocrysts, and
chloritisation of all mafic phases (e.g. hornblende and pyroxene).
Residual albite comprises 5-8% of the total rock compared to =25% for
its unaltered counterpart (Fig.7.2b) and indicates significant K*-Na!
exchange due to sericitisation. The matrix consists of fine grained
(10-50um) chlorite and sericite, which define the vein-parallel
foliation, intergrown with calcite and quartz. Chlorite contents of
32-40% are higher than background values of 25-30%, which are matched
by an increase in sericite abundance from 15% up to 25% adjacent to the
lode. Combined phyllosilicates {chlorite + sericite) show an increase
from background values of 30-35% up to 55% less than 50cm from the vein
intersection (Fig.7.2f). This probably reflects increased hydration
accompanying deformation towards the centre of the enveloping shear
zone, 1in addition to progressive sericitic alteration. ZX-ray
diffraction analyses were performed on clay fraction separates (<2um)
across the lode but sericite and chlorite were the only phases
identified.

Abundant prismatic arsenopyrite grains occur predominantly in the
matrix and are enveloped by pressure shadows of coarse, fibrous,
chlorite. Calcite contents appear to reach a peak (26%) close to the
lode but this 1s heavily influenced by calcite micro-veining. Calcite
values are relatively constant at around 20%; an increase of around 10%
above background values. In contrast, although quartz is enriched in
the form of stringers and veins, it shows an overall decrease towards
the lode from 20-25% to 10-12% (Fig.7.2a).

The main trends of this profile reflect a progressive increase in

chlorite, sericite and calcite towards the lode with a concomitant
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decrease in albite and quartz. The transition from background values
to abundances adjacent to the lode appears to be gradual and uniform
but is interrupted by a zone of quartz (Vi or Vs) and calcite-albite
(V2) veining at 0.75-2.50m from the lode (Fig.7.2a). 1In these zones,
chlorite and sericite are reduced to 10-15% and 5-6% respectively,
especially at the 1 and 2m intervals where quartz veining is extensive.
Conversely, albite 1s enriched close to background levels (20-25%) due
to vein albites and partial recrystallisation of groundmass albites to
produce clean unsericitised grains. Although total calcite levels do
not exceed those closs to the lode, calcite alteration of the
groundmass around 2m from the lode (Plate.7.1lc) is much more pervasive.
The rapid change and clear contrast in mineral abundances across these
zones compared with the general lode profile trends suggests that the
arcas of albite-calcite enrichment represent a secondary alteration
overprint related to the Vz calcite-albite veins. Albite enrichmeéent is
also characteristic of the pervasive ankeritic alteration of the Riedel

shear zones and may be coeval (section 7.7.2).

7.4.2 Wallrock Alteration Mineral Chemistry

Electron probe micro-analyses have been undertaken of the various
alteration assemblage mineral phases at Oxford University, supervised
by Dr N. Charnley. The aim of this study was to identify phase
compositions and define any systematic variation in mineral chemistry
across the alteration profile into relatively unaltered volcanics.
Micro-probe studies were also carried out on the ankerite and non-
carbonate altered {i.e. chlorite) shear zone phyllonites in order to
compare and contrast mineral-chemistry variations due to shear
defornation, mineralisation, and COz-rich alteration, respectively.
Because of the fine grain size, profiles could not be taken across
individual grains to assess sample homogeneity. All nicro-probe data
are expressed in the text as mineral formulae and are fully tabulated

in Appendix H as component oxides.
7.4.2.1 Chlorite
The chlorites analysed from the lode alteration profile are

classified as intermediate in composition between the end-menbers of

clinochlore and chamosite (Mgs to Fes Al) (SisAl)0i10(OH)e (Table 7.1;
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Bayliss, 1975) equivalent to ripidolite-pycnochlorite under the old
classification (Fig.7.3; Hey,1954). The relatively unaltered epidote-
bearing samples, more representative of the regional metamorphic
chlorites, display higher octahedral Fe/(Fetllg) values of 0.45-0.55
compared to 0.37-0.45 close to the lode. When plotted in sequence
along the profile to the inner edge of the cryptic alteration zone (4-
5m from the lode) the variation does not appear to be systematic
(Fig.7.4a); however, composition plots up to 8m from the lode (Fig.
7.4c) suggest an overall linear decrease in Fe:lg ratios towards the
lode (i.e. a decrease in Fe and an increase in Mg; Table 7.1). This
shows that mineralisation-related changes in mineral chemistry extend
beyond the limits of visible alteration into the apparently unaltered
volcanics. Close to the lode, the lowest Fe values correspond to
maxima in arsenic and total sulphides, suggesting the removal of Fe
from chlorite and incorporation in wallrock iron sulphides due to
reaction with HzS in the ore fluid.

Silicon contents of chlorite are also variable and mirror the Kz0,
sericite and chlorite lode variation patterns (Fig.7.5a). The
corresponding drop in tetrahedral aluminium correlates (Fig.7.5b) with
K20 naxima and may be due to incorporation of tetrahedral aluminium
into sericite within K-metasomatised zones. The decreases in
tetrahedral aluminium are matched by increases in octahedral aluminiunm
with a corresponding drop in total octahedral Fe+Mg (Figs. 7.4c,d).
The variance in tetrahedral aluminium may, however, be due to
temperature fluctuation across the profile. 2 solid solution chlorite
geothernometer (Cathelineau & Nieva, 1985; Fig 7.6) indicates that
lower tetrahedral aluminium and higher octahedral vacancy (6-Alvi-
(Hg+Fe)) represent lower fluild temperatures. Qualitative application
of these criteria to the Gebeit data suggests that the chlorites
associated with auriferous mineralisation may have been precipitated at
lower fluid temperatures than the greenschist facies metamorphic
assemblage. Chlorite potassium contents are generally low but peak at
2% adjacent to the lode and at 1.5m in sympathy with the near-lode K20
maxzima (Fig.7.5e).

Chlorites analysed from bleached and sulphidised footwall tuff
samples from the Wadi Lode (4 Level,W36) have unusually high Fe values
0.47-0.55 (Fig.7.3) and variable potassium contents (0.02-0.7%). This
suggests that, although reduced Fe values generally occur adjacent to
the lode, iron in Fe-sulphides is not always derived by the breakdown

of wallrock chlorites.
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7.4.2.2 Sericite

The white mica of the alteration assemblage tends to be fine-
grained, is usually associated with altered plagioclase, and is
therefore termed sericite. The sericite grains of the alteration
assemblage tend to be much more fine-grained than the chlorite and
proved to be difficult to analyse accurately; consequently not enough
analyses were obtained to define a good variation profile (Table 7.2).
The grains <25cm from the lode, however, appear to have high Fe and Mg
contents (up to 7% FeO and 5% Mg0d) and relatively low K20 at 3-4%. The
Fe/(Fe+Mg) ratios vary between 0.37 and 0.46 and all fall on or close
to the corresponding chlorite Fe/{(Fet+Mg) curve (Fig.7.4a). The
kinetics and thermodynamics of Fe and Mg uptake by chlorite, sericite
and calcite have not been assessed and it is not known whether the
parallel Fe-Mg trends shown by the various minerals indicate coeval
formation and equilibrium. The combined iron and magnesium contents of
sericite decrease away from the lode, ranging from 10% at 1m to 6.5% at
3.5m, coupled with a concomitant rise in K:0. These micas, however,
are too high in Al203 (27-31%) to be classified as true phengite,
phlogopite or biotite (19%, 17%, and 20% Al:0s respectively) and
contain too much iron and magnesium to be considered as phengitic (Fe-
Mg-bearing) sericites.

The above analyses conform to the muscovite structural formula but
decreases 1in K20, with a corresponding increase in FeO and MgO, produce
a charge imbalance which cannot be accounted for by lower Al:0s3 values.
The high Fe-Mg contents, therefore, must be due to analytical error as
a result of the very fine intergrowth of chlorite and sericite which
probably occurs on a scale finer than the analytical beam width (2pm).
The 510z and Al203 totals are variable (41-49% and 27-31% respectively)
and would tend to be lower for a chlorite-sericite mix than for pure
sericite. All analyses produced fairly consistent compositions,
indicating the regularity of the intergrowth and this may explain the
anomalous K20 contents in the chlorite probe data. The intricately
intergrown nature of the chlorite and sericite (#calcite albite)
phases probably accounts, in part, for the wallrock bleaching effect.
There is no evidence in any of the samples from Wadi Lode alteration
haloes that chlorite has been altered to ferroan dolomite. The
apparent decrease of Fe-Mg in sericite away from the lode suggests that
the degree of chlorite-~sericite intergrowth decreases and/or grain size

increases in the more distal zones of the alteration halo.
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7.4.2.3 Calcite

A11 the carbonate phases analysed within the lode profile are
calcitic in composition with slight geochemical differences between
vein and groundmass carbonates (Table 7.3). Iron, magnesium and
manganese contents are generally low but are sufficient in most cases
to cause a shift in the main {104} X-ray diffraction peak from 29.43 to
26.55 towards manganoan calcite (30.30), ankerite (30.84) and dolomite
(30.99). Manganese levels remain fairly constant at 0.5-0.9% MnO in
the wallrock calcite and <0.3% MnO in vein calcites. Iron and
nagnesium abundances vary more widely from 0.09-0.55% in the veins up
to 1.1% Mgl and 1.6% FeO in groundmass calcite. Although there are not
enough analyses to produce a complete profile, the overall carbonate
Fe/(Fe+Mg) values mirror the chlorite Fe-Mg trends (Fig.7.4b) but there
is no consistent increase in Mg or decrease in Fe. These Fe/(Fet+Mg)
ratios, however, are slightly higher than the chlorite and sericite
values {+5%) but show the same parallel variations. Like sericite,
this may suggest that the groundmass carbonates were coeval with the
chlorite and sericite phases during alteration as calcite does not

appear to replace them.
7.4.2.4 Albite

Most of the probe analyses of plagioclase feldspars were taken
from phenocrysts (Table 7.4) as groundmass feldspars are too small to
permit fully quantitative analysis. Only a limited number of analyses
were undertaken in order to define the feldspar mineralogy which is
consistently albitic in composition (Ani-Ans). There are no apparent
major variations throughout the lode profile; however, the lowest Alz0s
and highest S10:z abundances occurred in albite adjacent to the lode
with the converse in the central zone of recrystallised secondary
albite. This may be due to relative excess and depletion of Al:03 in
albite in the respective zones of sericite destruction and formation,

because of the demand for immobile Al by the more aluminous sericite.
7.4.3 Lode Profile 2

Although the wallrocks cf the second lode profile are more
variable in lithotype and are more highly sheared, the basic mineralogy

is very similar to the first lode profile i.e. quartz, calcite, albite,

Page 7-19



chlorite and sericite (Fig.7.7). Albite is similarly depleted to 2-3
vol% close to the lode and in the highly sheared tuffs at 1.75-3.5m.
Albite contents peak significantly in two zones: at the intersection of
an aibitic Vs veiu at 1.25m, and at 4.0-2.5m where graphitic shales are
the dominant lithology (Fig.7.7b). The very fine grained nature of the
shales, coupled with the dark graphitic matrix, makes petrographic
investigation very difficult but X-ray diffraction studies indicate
that the same alteration assemblage occurs. In the shale zone, calcite
is reduced to £-10% and chlorite to 20% but, like albite, sericite is
enriched to values similar to those adjacent to the lode (15-20%;
Fig.7.7¢c). Calcite shows an overall increase towards the lode but is
particularly enhanced (23-25%) between 2 and 3.5m in the tuffaceous
phyllonites. ZX-ray diffraction analysis of the lode profile
demonstrated that the carbonate phases, within detection limits
(i.e.>4-5%), were all calcitic.

As with the first profile, chlorite is also enhanced to comprise
up to 50% of the total bulk rock at the lode intersection, compared
with a background level of 20-25% (Fig.7.7d). <Quartz, however, shows a
progressive increase from the albite-dominated shale zone towards the
1ode due to the presence of fine quartz stringers developed in the
phyllonites (Fig.7.7a). Variation in total phyllosilicate contents is
somewhat obscured by the higher sericite and lower chlorite levels in
the shales but there appears to be an overall increase (Fig.7.7a) in
phyllosilicate from 50% to 60% of the bulk rock content with decreasing
distance from the lode.

The general trends in the alteration assemblage observed in
profile 1, with increasing chlorite, calcite and sericite coupled with
a drop in albite towards the lode, also occur in profile 2. Where
exposed underground, the shales rarely display large-scale veining due
to their comparative plasticity during deformation. Although the
degree of alteration within the shales ig hard to gquantify, the higher
albite and sericite contents compared with shales sampled away from the
lodes (see Table 3.4) appear to represent normal background abundances.
The apparently marked transition in intensity of alteration within the
shales suggest that the shales may have been less permeable to
hydrothermal fluids during deformation and mineralisation. Both
profiles show quartz contents to be highly variable but, in general,
quartz is depleted towards the lode except in the more highly sheared
zone adjacent to the lode veins where stringer zones are developed.

Native gold is visible in the blue-white quartz lode where it is
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concentrated along carbonaceous partings and on the vein margins, but

it has not been identified in wallrock alteration assemblages.

7.4.4 Altered Wallrock Chip Samples

In addition to the lode drill-core profiles, several hand
specimens of altered footwall and hanging-wall volcanics were taken for
comparison with the profile core material. The coarse lavas and
agglomerates of the upper part of the Gebeite Volcanic Group rarely
host auriferous veins but a unit of hydrothermally altered hornblende-
and clinopyroxene-phyric andesitic lava occurs in contact with the lode
at the southern end of the Wadi Lode (4 Level). Initially this
lithotype appears very different from its unaltered counterpart as the
phenocrysts, although still evident, are pseudomorphed by buff to grey-
green, fine-grained, chlorite, together with sericite and calcite
(Plate 7.1f). The elongate phenocrysts are orientated parallel to the
foliation and are often fragmented by high-angle, en echelon tension
fractures (see Plate 5.3e) which are infilled by more coarse-grained
chlorite and sericite. In addition, the groundimass 1s altered to a
grey-brown colour in contrast to the original dark green matrix. The
phenocrysts are harder to distinguish in the more highly sheared lavas
but euhedral crystal shapes can be differentiated on foliation
surfaces. This unit has been logged previously as a green lapilli tuff
(Robertson Research, 1983) and this has hindered stratigraphic
correlation between drillholes.

Albite, occurring in the groundmass and as phenocrysts, is
strongly sericitised reducing the total plagioclase coutents to 3-7%.
Chlorite is enhauced (30-35%) due to the breakdown of all other
ferrowmagnesian phases and calcite varies widely frow 15 to 30%. The
presence of 15-20% sericite (i.e. =2wt% K20) indicates a significant
addition of K20 as the unaltered hornblende lavas generally contain
less than 0.3wt% K20. These mineralogical changes mirror the
alteration assemblage of the lode profiles and similarly exhibit
variable gquartz abundances due to fine veining.

Compared to the andesite lavas, four samples of altered aphanitic
tuffs adjacent to the Wadi Lode show very different trends (sec
Appendix G) with Iow chlorite (14-25%), variable calcite (8-23%) and
sericite (4-21%), and high albite (27-37%) abundances. The most
intensely sulphidised (3-4% sulphides) and bleached sawmple (THS 144)

has the lowest sericite (4%), the highest calcite contents (23%) and
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background levels of albite (27%). A small peak at 30.9 on X-ray
diffraction traces suggests that small amounts (3-4%) of ankerite may
be present. However, no ferroan dolomite was identified by electron
micro-probe analysis. The intense wallrock bleaching appears to be due
to the predominance of carbonate over chlorite but the lack of Fe-Mg
carbonates suggests that chlorite is not replaced. All the tuffaceous
samples are too fine grained to determine a mineral paragenesis but the
mineralogy conforms to the secondary albite-carbonate alteration seen
in lode profile 1. Those samples (THS 135,142,and 143) with the
highest albite abundances (31~37%) have below-background levels of
calcite (8-11%) and represent either weakly altered lithologies or are
lithotypes which have been selectively albitised.

In addition to samples from the Wadi Lode, samples of altered
wallrock were taken from the Y Lode when accessible during the first
field secascn. Host of the samples (Appendix G) have the same mineral
abundances as the Vadi Lode i.e. high chlorite and sericite, low
albite and variable calcite and quartz. At some locations, however,
(e.g. Y lode adit, raise 9) there are zones of intense shearing and
alteration along the vein-wall rock footwall interface which are not
observed in the Wadi Lode. These zones, up to 15cm thick, comprise
fine-grained calcite and chlorite with rare clasts (2-8mm long) of
brecciated vein quartz. Using major element geochemistry (Appendix F)
to augment X-ray diffraction mineral analysis, chlorite appears to forn
20-25vol% and calcite 30-40vol% of the rock, but very low K20 and Naz0
levels ((0.Zwt% each) indicate that very little sericite or albite is
present. Alumnina values, however, remain high (14-17%) and are
accommodated by significant amounts (30-40%) of pyrophyllite
(AlaSig0z0 (OH)4), identified by XRD, which has extensively replaced
plagioclase. The highly friable nature of this material makes
petrographic studies difficult but more cohesive samples show pervasive
late-stage calcite veins, 2-5umm wide, cross-cutting the foliation at
high angles. The inclusion of brecciated vein fragments and the
anomaious mineralogy suggest that this seccondary alteration accompanied
later tectonic reactivation of the veln margins and overprinted the

wallrock alteration produced during the earlier mineralisation.
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7.5 Lode Profile Geochemistry

All lode profile samples were analysed for major and trace
elements using X-ray fluorescence techniques to identify minor as well
as major element variations and to define anomalous levels of potential
pathfinder elements that may aid future exploration. Although absolute
major element abundances are a good guide to variations in mineralogy,
volume-changes due to deformation and wallrock alteration make
estimation of major and trace element mobility difficult to determine.

This has been overcome using isocon diagranms.

7.5.1 Isocon Diagranms

Tue composition and volume relationships of metasomatic alteration
were initially defined by Gresens (1967) using equations and graphs to
calculate element gains and losses from chemical analyses and specific
gravities of altered and unaltered rocks. This method has been
simplified into a linear relationship between concentrations of
components in unaltered and altered samples, termed the isocon diagran
{Grant,1986). Graphically, an isocon is defined by a straight line
through the origin which joins components which show no relative gains
or losses (Fig.7.8a-d). The slope of the isocon determines the mass
change in the alteration, and gains or losses of components can be
identified by the deviation of data points from the isocon.

Isocon diagrams have been drawn for each of the Gebeit alteration
profile samples in order to quantify element mobility throughout the
alteration sequence. One assumption, however, has to be made in order
to contruct an isocon; either a specific volume change has to be
estimated or an element/group of elements must be considered to be
immobile. Because of the abundant, fine-grained alteration observed in
many of the Gebeilt samples and the often pervasive fine microveining in
alteration haloes, volume changes are likely and cannot be estimated
visually. 1Initial plots of altered vs unaltered samples for lode
profile 1 (Fig.7.8) constantly produced a large set of elements on a
linear trend which defined an isocon of which Al was always a member.
In addition, the Al:0a/Zr ratio, which was determined across the
complete range of altered and unaltered lithologies, remained
relatively constant at 0.29-0.33. From numerous studies of Archaean
lode golid deposits (e.g. Phillips, 1985; Kerrich, 1986a), aluminium has

usually been shown to be immobile even under conditions of extreme
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metasomatism. Thus, all isocon plots for the Gebeit assemblages have
been defined by aluminium and the relative mobilities of each element
have been determined quantitatively by their deviations from the
isocon.

Zlthough variance of the slope of the isocon from 45° reflects the
mass change, volume changes can be determined using specific gravities.
Specific gravities have not been measured for the Gebeit samples but
good estimates can be calculated using modal abundances and the
specific gravities of component minerals (Appendix G). The estimated
variation in specific gravity for the most and least altered samples is
equivalent to a difference of £0.4% (2.68/2.67) for the alteration
profile samples and #4% (2.77/2.67) for the carbonatised phyllonites.
The mass changes for most samples can thus also be regarded as an
estimate of volume change. However, there are several caveats to be
considered when using isccon diagrams, namely:

i) At Gebeit the different host lithologies have significant chemicel
differences (especially K20) and therefore each protolith must be
determined accurately. In examples of intense pervasive fine-
grained alteration, identification of the wrong protolith can lead
to large errors.

i11) Ideally, completely unaltered rocks need to be sampled in order to
establish an accurate picture of element mobility. 1In the
aphanitic tuffs, a "least-altered” protolith cannot easily be
determined and the resultant isocon diagrams may reflect only the
more intense phases of alteration.

1ii) In order to overcome problems of original magmatic chemical
variations, all unaltered samples have been sampled within the

Gebeit area. hs the carbonate alteration phase appears to occur

on the regional scale, it may affect all lithologies. Thus any

pervasive but incipient carbonatisation may not be reflected in
the isocon diagrams.

iv) The accuracy of this method is only as precise as the original
geochemical analyses (Appendix A) and therefore small deviations
{£5-10%) as seen for example with Zr, ¥b and Y, fall within the
limits of systematic and analytical error.

v) Cu is highly variable in relatively unaltered protoliths and often
only qualitative variations can be estimated using the known range
of variability. Elements which remain below detection 1limit for

all samples, e.g. Th and U, have not been considered.
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For the Gebeit samples, three main protoliths were defined from
the Gebeit Volcanic Group succession, i.e. hornblende-phyric volcanics,
plagioclase-phyric and aphyric volcanics, and shales. Silicified
granodiorite at the satellite prospect of Wadi Messesana was compared
with less altered samples at the margin of the pluton. Similarly.
epidote-bearing tuffs at the distal end of the alteration sequence was
used as the protolith for lode profile 1. Hany of the trace and major
element abundances for both altered and unaltered samples were
multiplied by a factor consistent to each element (Appendix G) in order
to produce a good spread of data points along each isocon and aliow an
accurate isocon to be drawn. As both variables are nultiplied by the
same factor, the magnitude of mobility for each element is not affected
(Grant,1986). Element mobilities and mass/volume changes for all
samples were measured graphically and are tabled in Appendix G. Single
samples have been plotted as histograms and the lode profiles displayed
by line traces (see Figs.7.9A,B & 7.104,B).

7.5.2 Lode Profile 1

Four isocon diagrams from the edge of the profile to the lode are
displayed in Fig.7.8 showing the increase in element mobility towards
the lode intersection. Broadly, the major element variations reflect
the changes in mineralogy but, because volume changes are considered,
veining can be accounted for. The nineralogy of the alteration profile
.5 shown in Tables 7.5 aud 7.6, together with the range of minor
clements that are commounly found in substitution for each phase.

The total mass change (equivalent to volume change) across the
profile shows only minor deviation (#10%) from zeroc except in the zone
of secondary quartz and calcite-albite veining from 0.75-2.0m where
mass increase up to +200% is due to marked influx of Si0z and Ca0
(Fig.7.9a,b & d). 810z is depleted (-30%) adjacent to the lode vein
whereas Ca0 shows a gradual increase up to +150% punctuated by a sharp
rise to 430% due to the calcite veining at 2.0m. The Ca0 trend is very
closely mirrored by MnO (Fig.7.9¢) which increases to 50% by the lode
and peaks at 140% at 2.0m indicating that MnO enrichment is due to the
calcite alteration. Although Sr is depleted adjacent to the lode {~-30%
Fig.7.9f) and along the distal half of the profile, it displays a large
peak at 2.0m (+240%) closely parallelling the Ca0 trend. As Sr occurs
primarily in albite and calcite (Table 7.5), these trends suggest that
Sr is depleted close to the lode due to the breakdown of albite,
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Mineral Elements Substitutions!?
chlorite Si (talc layer) al

Al (brucite layer) Mg

Fe, Mg Mn, Cr, Ni, Ti
sericite Al Mg, Fe, Mn, Cr, Ti, V

K Rb, Ba, Na, Ca
calcite Ca Fe, Mg, Mn, Sr, Ba, Zn
albite Na Ba, Sr, Ca, K, Ti, Fe, Mn, Mg
pyrite/apy Fe, As Zn, Ni, (% Mn)
magnetite Fe2+ Ti, Cr, V, Mn, Mg, Ca

Fed+ Ni, Co, Zn, (£ Mg, Mn, Ca)
ilmenite Fe Mg, Mn
hornblende Fe, Ca, Mg Ti, Cr

Table 7.5 Minerals of the altered wallrock profiles and the Gebeit
Volcanic Group and their potential element substitutions
(tafter Deer et al.,1966).

Distal
hornblende~pyroxene-~albite-chl-epidote-ilmenite-magnetite-qtz

hornblende-albite-chl-epidote~calcite~magnetite~ilmenite~qtz
actinolite-albite~chl-calcite-magnetite~ilmenite-qtz
albite-chl-cal-ilmenite~-qtz-pyrite * sericite

chl-sericite-qtz-cal-ilmenite-pyrite-apy-po talbite
Proximal

Vein: gtz-cal-sericite-tourmaline~apy-pyrite

Table 7.6 Summary of the progressive changes in mineralogy across the
alteration profile towards an auriferous Vi vein.
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but is enriched (from 0.75-2.0m) by secondary albite-calcite veining.

Naz0 and K20 consistently display antithetic trends (Fig.7.9c,3)
with K20 enriched to +40% across the profile, except in the zones of
secondary albite veining (0.75-2.0m, and at 3.5m). Naz20 shows
progressive depletion towards the lode up to a maximum of -80% but is
enriched to around 20% where secondary albite~calcite veining occurs.
Adjacent to the lode, K20 enrichment is approximately 2x Naz0
depleticn, a factor which, assuming Al is immobile, may reflect the
1:1 ratio between Na and Al in albite and the 2:1 ratio between Al and
X in sericite. The KeO trend is mirrored by both Rb and Ba (Fig.7.9k,
1) as they tend to substitute for K in sericite (Table 7.5). Ba,
however, alsc substitutes in limited amounts for Na in albite and is
depleted along much of the profile, suggesting that Ba occurs in
primary albite and sericite but not in the secondary vein albite.

Vanadiun commonly substitutes for Fe and Al in magnetite and
muscovite respectively and is enriched (+65%) close to the lode
(Fig.7.9n) . As magnetite is replaced by Fe-sulphides throughout the
profile, V mirrors the K:0/sericite trend but is alsc depleted at the
distal end of the profile (-25%) where limited substitution into
sericite is offset by magnetite alteration. Titanium shows similar but
minor enrichment near the lode (20-40%; Fig.7.91i) followed by depletion
(-25%) at 4.0-5.5m due to its substitution in magnetite and muscovite.
However, its pattern is further complicated by its incorporation in
chlorite. Chromium, like titanium, is normally considered to be
relatively immobile and is substituted into the same phases as Ti. It
consequently shews a similar behaviour but with additions of up to
650% (Fic¢.7.9¢). Cr contents of the unaltered lithologies (x50-120ppm)
are much lower than those observed in all of the altered lithologies,
vhich range from 150 to 950ppm. Analytical interference during XRF
analysis may be due to Ba and V which have overlapping spectra but peak
abundances of Cr are not accompanied by high Ba or V contents, thus
ruling out analytical error.

Fe, Mg, Zn, As, and Ni (Fig.7.9g.h,0,s) are also all enriched
towards the lode with As concentrated by a factor of 1x104 (11,000
ppm) . Although Fe and Ng mainly occur in the groundmass chlorites,
they also substitute for Al in muscovite and for Ca in calcite. Fe and
Mg parallel the bulk chlorite trend except at 2.0m where enrichment
accompanies calcite veining. Mg enrichment is generally twice that of
Fe near the lode (90-95% cf. 40-50%) and contributes to the decrease in

the Fe:Mg ratios of chlorite.
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7n and As show similar traces, bearing in mind As is plotted on a
log scale (ppn), as sphalerite occurs with arsenopyrite and pyrite but
Zn also peaks at 2.0m due probably to substitution in calcite. Nickel
is found as a minor element in chlorite, magnetite and Fe-sulphides and
would thus be expected to parallel As and chlorite trends. Ni maxima
(300-350%) occur, however, at the vein intersections at 1.0m and 2.0m,
suggesting that nickel sulphides (gersdorffite) and nickel-bearing
sulphides (pyrite and arsenopyrite) are locally important in addition
to chlorite. Chlorite and sericite enrichment at 4.5m is reflected by
increases in Mg0, Cr, Ni, K20, and Rb, with concomitant depletion in
albite and magnetite indicated by a decrease in Na:20, Sr, Ti, and V.

Zr, Y, and Ga, which all show flat trends (£10%), have not been
illustrated and, like Al, often delineate the isocons. Nb was not
utilised due to its very low abundances (2-5 ppm), as a variation of %1
ppn from the standard produces an error of 20-50%. P20s likewise (Fig.
7.9m) displays a relatively flat immobile trace but peaks of 425% and
250% at 1.25n and 2.0m respectively are probably due to apatite
associated with the later veins. Cu, Mo, Sn, Bi, Sh, Pb, Th, La and U
were generally below detection limit and also were not utilised.

Across the profile, however, the maximum values of Sb (1lppm), Pb
(6ppm), and Bi (3ppx) coincided with the As maxima at 0.75 and 1.75n
from the lode. Because of overlapping As and Ce peaks in XRF
analytical spectra, Ce could not be determined in the lode profiles due
to interference from arsencpyrite. Gold values from the lode are taken
from core assays by Robertson Research on behalf of Greenwich
Resources. Visible gold occurs at the margin of the main lode vein
where the average gold content is 18 g/t (ppm; Fig.7.9p). This value
rapidly drops to 5 g/t at 25-50cm from the lode and gradually decreases
over the next 2m to 0.4 g/t, in total representing a 2m interval
averaging 7.15 g/t. Although no gold can be identified in polished
sections outside the main vein intersection, the anomalous values up to
2.5m from the lode are preobably due to solid substitution or fine sub-
micron gold grains intergrown with the wallrock sulphides. The gold
enrichment adjacent to the lode is accompanied by addition of Fe, Mg,
Ti, Cr, and Ni in chlorite, K, Rb, Ti and V in sericite, As and Zn in
arsenopyrite, and Ca and Mn in calcite. The concomitant alteration of

plagioclase is evident by depletion in Na, Ba, and Sr.
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7.5.3 Lode Profile 2

The variation in lithology and veining make the correlation
between elements and mineral abundances across profile 2 difficult to
assess. The main trends evident in profile 1, however, seem to hold
for profile 2 despite the lithological differences. A standardised
unaltered tuff was used as the protolith except in the shale zone where
an average of the freshest shale samples available (Table 3.4) fron
drillcore acted as a reference lithotype.

8102 has a highly variable trace (Fig.7.10b), due to quartz
veining around the lode which is influenced by the degree of
deformation and the host lithotype. As with profile 1, the intervening
wallrock close to the lode, which comprises predominantly chlorite and
gericite at 0.50m and 1.50-1.75m, is depleted in silica (-20 to ~30%).
Further away in the band of highly sheared tuffaceous phyllonites
(2.25-4.0m), which is calcite-dominated, silica shows variable
enrichment from 0 to 15%. In the graphitic shale zone from 4.0 to
8.0, where albite and sericite are the main phases, §i0z is depleted
from -5 to -20%. Naz0 is strongly depleted by the lode (-50 to -95%),
except in the Vs albite vein at 1.0-1.25m, and remains markedly reduced
up to 4.0m (Fig.7.10c¢). From the inner edge of the shale zone it shows
variable enrichment and depletion (-20 to 15%) reaching a maximum (70%)
at 8.75m before returning to background levels at the distal end of the
profile. Like the first profile, total mass/volume change (Fig.7.10a)
is determined by 8i0: and Ca0 (Fig.7.10b,d) abundances, mainly due to
V: and V2 veining.

As with profile 1, X20, Rb, and Ba show identical trends as do
Cal, Mn0 and Sr (Fig.7.103.k,1.d,¢e,f) . In the vein-free zones of
altered wallrock (0.50m and 1.50-1.75m) close to the lode, K20 is
enriched (20-45%) accompanied by Ba and Rb maxima, and low levels (-5
to -60%) of Ca0, MnO and Sr. Rb and Ba appear depleted up to 4.0;m fronm
the lode due to the interference of veining and carbonate alteration in
the tuffaceous phyllonites but are not depleted where K20 is enriched
as sericite. In the chlorite-sericite-rich zone at 1.50-1.75m, Fe and
Mg maxima (70% and 80%) are accompanied by enrichments of TiOz and Vv
which otherwise show relatively flat traces (Fig.7.10¢g.h,i,n) . In the
tuffaceous phyllonites, dominated by calcite and chlorite, Ca0d, ¥MnO,
Sr, Mg, Fe, and especially As, Ni and Cr show enrichments. Ni, P20s,
and Cr are also enriched with As (Fig.7.10m,0,p,q) in and adjacent to

the quartz vein at 0.75m, confirming that both Ni and Cr are hosted by
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sulphides and chlorite and that apatite occurs in the Vi veins. Zn
generally displays a flat trend (Fig.7.10r) but is enriched near the
lode as seen with the enrichment of bulk rock calcite and chlorite
(Fig.7.7).

Within the shale zone, where sericite and albite are the main
phases, lower chlorite levels are marked by depletion in Mg and Fe
(-5 to -20%) and by background abundances of Ni, Cr, and Ti. The
background abundances of albite and sericite reflect minor alternating
K20 and Na20 maxima varying between 0 and +50%, a feature which 1is
indicative of only weak alteration. Arsenic is enriched across the
profile to varying degrees but peaks adjacent to the lode, within the
calcite-chlorite phyllonites, and in the shales at 4.75m and 7.75m.
The As abundances are one to two orders of magnitude lower than for
profile 1 but, as with the first profile, the lode-associated As peak
occurs 25-50cm away from the vein-wallrock interface. This 1is because
the majority of wallrock sulphides are dispersed around the veins
rather than concentrated at the vein margin. Despite the lower As
values compared to profile 1, the main vein intersection averages 111
g/t Au (average) with up to 50 g/t Au in parallel quartz stringers.
The largest As peak at 4.75m (500 ppn) coincides with an enhanced Au
grade of 3.3 g/t which spans the zone of minor K20 enrichment. As the
mineralogy and geochemistry of the shales is similar to the volcanics
(see sections 3.4.1 & 3.6.7), the lack of intense alteration in the
shale zone suggests that it was relatively less permeable and locally

restricted pervasive alteration.

7.5.4 Y Lode and Wadi Lode Chip Samples

Geochemical analyses of Y lode samples taken adjacent to the lode
confirm the above trends, displaying strong Naz0O depletion coupled with
increases in K20, CaO, MgO, Fetotr, total mass and Si0: (Fig.7.1la).
The K20 enrichment is accompanied by Ba, Rb and V, and enhanced
chlorite abundances are indicated by Fe, Mg, Ni, and Cr. The increase
in Ca0 together with Zn is not as high as in the lode profiles due to
more incipient wallrock carbonatisation and is insufficient to
counteract Sr, and MnO depletion.

Vadi Lode samples of altered hornblende~phyric massive lavas,
formerly identified as green lapilli tuffs, display large additions of
K;0 (100%) and are strongly depleted in Naz0 (-60 to -85%; Fig.7.11d).
510, is consistently depleted (-20%) but Cal is variable (=25 to 45%),
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producing minor positive and negative volume changes (-5 to +5%). K20
addition is coupled with high enrichments in Rb and Ba with less V and
TiO2 enhancement. Ca0 enrichment and depletion is accompanied by Zn
but, as Ca0 addition is relatively minor compared to the lode profiles,
MnO and Sr are constantly depleted. Increases in chlorite and sulphide
abundances are indicated by small increases in Fe and Mg, coupled with
larger Cr, Ni and As additions. Shale samples taken from the Wadi Lode
show the same trends as seen in profile 2 (Fig.7.1le): enrichments in
K20, TiO2, V, Rb and Ba in sericite; small additions of Ca0® with Zn and
little change in MnO and Sr; and low chlorite contents reflected in
depletion of Fe, Mg, and Cr. 8§10z, Na20, and total mass (and volume)
are also depleted. The anomalous bleached tuff samples from the Wadi
Lode reflect the apparent overprinting of at least two hydrothermal
signatures and display highly variable Ca0, Kz0, and Na:0 abundances
with low to depleted Mg, Fe and Mn (Fig.7.11b,c).

7.6 Satellite Prospects

Because of the limited surface exposure and lack of underground
access to all the mineralised zones at Gebeit, some of the local
prospects were sampled where large scale relationships between the
veins, their host shear zones, the extent of wallrock alteration, and

effects of later deformation could be better assessed.

7.6.1 Vein 13, Vein 18, and Marble Bar

Drilling information and structural mapping indicate that Vein 13
and Marble Bar are part of the same structure which appears to continue
to the north as Vein 18 (see Fig.5.11). This mineralised zone seens to
be the northern counterpart to the Wadi Lode/A, Y, and X Lode system to
the south of the Wadi Lode shear zone, thus forming a symmetrical
distribution of auriferous veins about the Wadi Lode Riedel shear. The
fine tuffaceous phyllonites which host the Marble Bar, Vein 18, and
Vein 13 veins, therefore, have been analysed to provide a comparison
with the Wadi Lode and Y Lode alteration assemblages.

Thin-section petrography could not be undertaken on these samples
due to their friability owing to the high phyllosilicate contents
(=70%vol of the bulk rock). ZX-ray diffraction analysis indicated that
the samples displayed a sequence of progressive alteration from V13 to

the highly altered Marble Bar phyllonites. Mineralogy becomes
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simplified with increasing alteration being denoted by decreases in
albite, and calcite and concomitant increases in quartz, sericite and
chlorite (Table 7.6). The resulting phyllonites at Marble Bar are
devoid of albite and calcite (Appendix G) and are composed entirely of
quartz (30%), sericite (25%), chlorite (42%), and Fe-sulphides (3-4%).
Isocon diagrams of the alteration (Fig.7.12a-c) reflect these changes
with increasing enrichment of K20, V, Ba, Zn, Mg0, Fetot, Ti02, Cr, and
Ni together with depletion of Cal, MnO, Sr, total mass and S$10z2.
Despite $i02 loss, quartz abundance increases, the excess $102 having
been released during pervasive sericitisation of albite.

Arsenic levels decrease from Vein 13 (2567ppm As) to Marble Bar
(816ppm As) and all samples display relatively high gold values of 0.5
to 6.8 ppm, reflecting the broad correlation between As and Au. This
is only a general association as higher As values do not neccessarily
equate with high Au grades. The high gold grades and lack of pervasive
quartz and calcite veining confirm that gold mineralisation occurs with
Fe-sulphides in the wallrock alteration haloes and suggests that
carbonate alteration does not always accompany gold mineralisation. As
samples of chlorite phyllonite (TMS 032,140) from unmineralised shear
zones nearby show large increases in Ca0 (see Fig.7.14), it is highly
unlikely that the lack of calcite in these prospect sanples 1s due to
selective weathering. Whether the lack of carbonate alteration is due
to the timing of gold mineralisation in the Marble Bar area or its
greater distance (relative to the Wadi Lode and Y Lode) from the Wadi
Lode shear zone is not certain. At Marble Bar, however, a thick,
coarse, calcite vein occurs folded parallel with the auriferous blue Vi
vein. The wide variation of calcite alteration at Gebeit suggests that
some of the carbonate alteration may represent a distinct COz-rich
fluid phase which pre-dated and/or post-dated the gold mineralisation.
Early pervasive, carbonatisation of the Riedel shear zones, following
emplacement of the phase 1 intrusions, may have sealed these zonés and
prompted shear zone formation and mineralisation to continue on the
Riedel shear zone margins. This would account for the distribution of
the gold-bearing V: veins and explain the lack of gold mineralisation
within the main Riedel shears. However, limited fluid inclusion
evidence from the blue Vi quartz veins indicates that primary COz-
bearing fluids were associated with the mineralisation and that more
than one phase of COz-related alteration occurred. The apparent lack
of carbonates at some prospects and the spatial separation between gold

and carbonatisation may be a result of fluid unmixing (see Chapter$8).
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7.6.2 Wadli Messesana

The mineralisation at Wadi Messesana, although outside the Gebeit
block, appears to be contemporaneous with Gebeit and is hosted by
granodiorites. As the majority of fluid inclusion data available in
the area are derived from this prospect, geochemical and mineralogical
studies have likewise been applied to samples from Wadi Messesana.

The least altered samples at this prospect comprise biotite (x10%)
sericite (15-20%), albite (40%), quartz (25-30%), and minor calcite (2~
3%). Progressive alteration towards the shear-zone-hosted quartz vein
produces sericitisation of the albite feldspar, the alteration of
biotite to chlorite and Fe-sulphides, and minor addition of calcite (1~
2%). The most intensely sheared granodiorite adjacent to the lode is
highly silicified with quartz forming up to 60% of the bulk rock
composition. Calcite is removed in this zone and sericite is more
abundant than albite.

Geochemically these changes are reflected in enrichment in SiOz,
K20, Ca0, Rb, Zn, Ni, As, Ba and Cr with concomitant depletion in MnO,
Na20, MgO, TiOz, and 8r (Fig.7.13). 1In the silicification zone, large
additions of S$Si0z result in significant volume increases and a decrease
in Na20, MgO, Fetot, Ca0, Ba, and TiOz. The Messesana alteration bears
many similarities compared to the Gebeit sequence, the only exception
being the Fe-Mg depletion which may be a function of the relatively
acidic host lithotype. As at Marble Bar and Vein 18, COz-rich fluid
inclusions are common at this prospect ({(see section 6.9.1), but
carbonate alteration is not prevalent, suggesting that fluid

immiscibility may have occurred.
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more clinochlore-rich having lower Fe/(Fe+Mg) ratiocs of 0.28-0.41.
They alsc contain less Al (=17% Alz0s) than the chlorites of the lode
profile (=21.5% Al:0:) due to the limited availability of immobile Al

N
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in the chlorite-rich phyllonite zones.

Isocon plots of these samples indicate that all have increased in
volure (10-50%) with the larges*t increase (150%) occurring in the
sample with the highest calcite contents (Fig.7.14). The more
chlorite~rich samples display significant enrichment in K20 and Rb with
variable increases in Ba, V, Ca0, ¥nO, Zn, Si0z, Mg0, Feio:, Ni, Es and
Cr. As with the lode prefile, Naz20 is variably depleted along with Sr.
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The two samples {THS 032 & 140) taken at the margin of
shear zone, however, show a reversal of this trend and are strongly
depleted in XK:0. he higher albite abundances in thess rocks suggest
replacement of sericite in the phyllonite by seccondary albite coupled
with a marked depletion in Rb and Ba, thus forming a transition zone
between the shearing- and mineralisation-related alteration and the

ankerite-rich phyllonites,

7.7.2 Ankerite Phyllonites
The pervasive carbonate alteration at the centre of the pain
Reidel shear zones 1s sufficient to produce z blocky cohezsive lithology

{(Plate.7.2) and the degres of fabric-replacement appears to decrease

progressively (x5n to 10m) to the friable calcite-rich samples at the
shear zone margins. Incipiently carbonatised rockes (Plate 7.24)
display preferential alteraticn along the chloritic cleavage domains

with fine (10-50un) ferrcan dolomite rhombs replacing chlorite. In the
most intensely altered samples, the majority of the rock is composed of
fine~grained ankerite together with quartz and a &
chlorite, and cleavage domains are largely oblitera
Estimates of bulk mineralogy using major element gnochemls*vy indicate
that the ankerite rich samples comprise 55~62wt% ankerite (eguivalent
to vol%), 10-20% quartz, 5-26% albite and up to 13% sericite. Bulk X-
ray diffraction analyses confirm that in most cases ankerite is the
only carbonate phase. Chlorite has not been identified in the most
altered samples due to its complete replacement by ankerite. The more
weakly carbonatised samples (TMS 001 & 031) also contain mincr amcunts
{(5-10%) of calcite. Separation of clay fractions (<2uz) for XRD

"

analysis generally produced very poor returns owing to the very low

chlorite and sericite abundances, thus confirming their widesprea
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replacement by ankerite and albite. Electron microprobe studies of
relict chlorite grains show that they are of the same compesition as
the lode profile chlorite (Table 7.9a) with Fe/(Fet+Mg) ratios of 0.42-
0.47 but total Al (4.6-4.8) intermediate between that of the lode
profile chlorite (4.9-5.4) and the chlorite phyllonites {(4.0-4.6).
However, in contrast to the other chlorites analysed, the chlorites in
ankerite phyllonites contain significant amounts of Cr up to 2.5%.
Sericite analyses from the same samples also contain high Cr contents
(1-2%) together with 2~4% Fe and Mg (Table 7.10}. Nonetheless, the
Fe/(Fe+lg) ratics (0.25-0.36) of the sericite are much lower than for
the chlorites, suggesting they may not have been coeval. All carbonate
phases analysed are ferroan dolomites {Table 7.11) with just above the

minimum 20% Fe to be classified as ankerite (Deer et al.,1966).

Fe/(Fe+Mg) ratios of 0.21-0.36 are in the sare range as the sericites,
indicating that they were in equilibrium during formation and
suggesting that ankerite and sericite were produced from the
interactionr of foliation chlorites and a COz-rich fluid. In most
samples, sericite is replaced by secondary albite and the depletion of
hydrous phases in this assenblage 1s in direct contrast to the
hydration reactions observed in the lode profile assenblages.

Six samples of pervasively altered ankerite-rich phyllonite, from
both the Wadi Lode and Wadi Tuwiya shear zones, were analysed for major
and mincr elements and the data subsequently plotted on isocon

iagrams. A1l isocons show a wide displacement of points from the line
of constant mass {(slope=1) regardless of the reference sample used and
indicate large mass/volume increases (Fig.7.1%a). Using the end
members of the compositional range {i.e. 61% ankerite, 9% gquartz, 26%
albite or 62% erite, 21% guartz, 13% sericite), calculated specific
gravities of this lithotype vary from 2.72 to 2.77. BAs the quar
albite~chlorite~calcite-sericite assemblage potentially has the lowest
specific gravity of any of the observed mineral associations, the
maximun difference between mass change defined by the isocon and
estimates of volume change during this phase of alteration is
calculated at #4% (2.67/2.77; see section 7.5.1). Thus, as the total
mass changes are relatively large, they also approximate to the total
volume change.

There is comparatively little variation in the immobile trace
elements Zr, Nb, Y, and TiO:, and discrimination plots of the ankerite
phyllonites are congruent with those of unaltered Gebeit Volcanic Group

(Fig.7.16), indicating that the diverse geochemistry 1s not due to
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Fig.7.15 a) Isocon plot of an ankerite phyllonite (TMS 098) showing

significant element mobility and increase in volume.

b) Isocon element mobility diagram for an ankerite altered

fine-laminated tuff sampled from the footwall of the Wadi

Tuwiya shear zone.
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preferential shearing of a geochemically anomalous lithology, e.g. an
ultrabasic unit.

Variation in the degree of volume change and element enrichment in
the sample set (Fig.7.17) displays the scale of element mobility during
progressive carbonate alteration. With increasing volume, there is
progressive enrichment of Ca0 (500-970%), MgO (200-750%), MnO (50-
280%), and Na20 (-20% to 200%). The sample with the highest volume
increase (TMS 119), however, shows an anomalous enrichment in K20 and
depletion in Naz0 along with increases in Rb and Ba. Neither albite
nor sericite are evident from XRD analysis, and so the anomalous K20
may be due to localised enrichment from cross~cutting Vs veins or later
sericitic alteration of relict albite. This suggests that the albitic
alteration may not have been synchronous with the CO2 alteration.
Sample TMS 098, which exhibits the greatest enrichment in Naz0 (200%)
and the strongest depletion in K20 (-90%), has very low contents of
sericite and chlorite and contains high levels of Sb (262 ppm). With
increasing Ca0 and MgO, Sr, Zn, V, and Ba are enriched together with
depletion in Rb. The largest element increases, however, are displayed
by Cr (1500-6500%), Ni (1000-4150%) and As which is concentrated up to
425% background. P205, Fetot and SiOz are enriched in all samples to
the same degree. Although Cu contents are highly variable in the
unaltered volcanics (30-80ppm), similar and higher values (50-120ppm)
occur in the chlorite and ankerite phyllonites. As large volume
increases would deplete immobile phases, Cu is evidently enriched in
these lithotypes and the most common sulphide observed in the ankerite
phyllonites is chalcopyrite.

A further sample of ankeritic finely laminated tuffs was taken
from the thrust window at the southern margin of the Wadi Tuwiya shear
zone (4500E,6600%). Although original sedimentary lamination is still
evident, it displays the geochemical trends observed in the ankerite
phyllonites together with a volume increase of 120% (Fig.7.15b). This
indicates that outside the Riedel shears, localisation of ankeritic
metasomatism was chiefly controlled by proximity to these Reidel shear
zones and to a much lesser degree the extent of fabric development.

The Reidel shears must, therefore, have also controlled the
introduction of the COz-rich fluids.

Volume increases vary from 100-250% but consistent Al:Zr ratios
across the alteration spectrum confirm AL immobility with only low
alumina contents of 5.0-8.5% evident. The ankerite-rich phyllonites

have comparable Ca0O values to the most calcite-rich rocks which occuy
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on the periphery of the main shear zones but show significantly higher
loss on ignition values (22-27%) indicative of substantially larger
volumes of COz.

The Wadi Lode shear zone, which i1s approximately 2000n long by
150m wide, is bounded at both ends by major shear zones {Wadi Gebeit

Gebeit) and, as a Riedel shear, lies sub-perpendicular to

cr

and Wadi Eas
the regional extension direction. As the average volume increase of
the ankerite phyllonites is around 200%, a minimum extension of 100m,
increasing from 503 to 150m, 1is anticipated across the zone. 1In
addition, the cross-sectional area of the shear zone parallel to strike
has then increased from 1x10% to 3x10° mZ, equivalent to an addition of
0%x10% m? of rock per m depth. With a specific gravity of 2.7 (270C
kg »~3%) this equates to an increase of 54x106 tonnes of rock per 100m
depth. Calculations of the relative abundances of the enriched
components indicate that COz coupiises approximately 40% of the total
added mass, i.e. 21.6x10°% tonnes per 100m depth, amounting to a minimun
volume of 0.2kn% COz.

XRD analyses of the phase 1 microdiorite dykes which intrude the
Riedel shear zones show varying degrees of minor alteration with, in

some cases, the replacement of chlorite and biotite by ankerite as well

(54

as calcite (TWS 019, 092, 101, & 112), indicating emplacement prior to
or synchronous with carbonate alteration. Petrographic studies of
these incipiently altered dykes show little apparent voiume change, an
observation which is supported by the lack of any depletion in Al, Zr
or Ti, suggesting that the dykes remained relatively impervious to the
hydrothermal fluids compared to the phyllonites. Many dykes and
ankerite phyllonites contain cross-cutting guartz-albite velnlets, some
of which have thin alteration haloes 10-30mm wide. These haloes show
replacement of altered groundmass plagioclase grains by unsericitised
albite and indicates that part or all of the NazO enrichment in the
ankerite phyllonites may have been secondary. This later NazC
enrichment may represent redeposition of leached Naz0 derived from
altered walirocks lower in the crust and transported by residual ore

fluids depleted in K20 and relatively NazO-rich (see 8.4.3).
7.8 Gold Grade Distribution

Tr current models of Archaean lode gold deposits (e.g. Phillips,
1985; Kerrich,1986a), pervasive carbonatisation is associated with geld

mineralisation with economic grades centred on the ankeritic zones
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representing maximum COz alteration (Fhillips & Brown,1987). At
Gebeit, however, though the mineralised zones are located symmetricaily
around a central ankerite-bearing shear zone, economic gold grades are
restricted to the Vi blue quartz veins in calcite-rich marginal areas.
30 samples taken throughout the alteration spectrum were sent to Anamet
Services (Bristol) for background gold analysis (Appendix A). The &aims
were to determine background gold grades for the unaltered volcanics
and to identify whether there 1s any disseminated auriferous
mineralisation associated with the ankeritic alteration.

Samples of unaltered volcanics taken from drillcore all show low
Au abundances, ranging from <1 to 7 ppb {(n=9), with the majority of
samples (n=5) containing <1 ppb to produce an average background
concentration of <2 ppb (Table 7.12). The more altered, sheared
andesites and chlorite-calcite phyllonites display a wide range of
values from background concentrations (THS 034,& 149) to much higher,
anomalous levels of 15-153 ppb. Altered footwall shale and hornblende-
phyric andesite samples taken 2-3m fronm the ¥adi Lode (4 Level) show
similar enrichmert of 54-57 ppb Au. Replicate analyses (Table 7.12) of
two of the above samples showed wide variations from ¢1-57 ppb (THS
011) and 60-153 ppb (TMS 004) in the chlorite phyllonites and lode
footwall andesites, indicating heterogenous distribution of fine
sulphide-hosted gold.

Anomaious and high grades from carbonate-deficient sanmples
adjacent to the Wadi Lode (THS 011) and at Vein 18, Vein 13 and Marble
Bar (see section 7.6.1), confirm that auriferous mineralisation is not
directly associated with carbonate alteration. Analyses of the
ankerite-phyllonites show background to anomalous Au concentrations of
(1-20 ppb. Because of the large volume increase associated with this
lithology, either this gold enrichment was synchronous with carbonate
alteration or pre-dated the alteration and has been significantly
diluted. &As the chlorite-calcite phyllonites contain up to 153 ppb Au,
enrichment during early shearing prior to carbonatisation is feasible.

Two samples of microdiorite dykes, emplaced along the Wadi Lode
shear zone during the same interval of Dz deformation as the auriferous
mineralisation, yielded Au values of 1 and 9 ppd with the higher value
occurring in an ankerite-bearing dyke. The low gold contents of the
dykes eliminates them as a potential source of the goid.

Visible gold is common in the blue Vi quartz veins, which can
grade up to 2000 g/t Au, but has not been observed within the wallrock

alteration haloes. However, gold distribution around veins and at the
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satellite prospects indicates that auriferous mineralisation extends at
sub-economic grades for several metres from vein intersections.
Extensive trenching and sampling was carried out by Robertson Research
and Greenwich Resources (1982-1990) across the shear zones parallel to
the Wadi Lode and Wadi Tuwiya shear zones, especially in the prospect
areas of East Gebeit (4900E,6000-6700N), Vein 18, Vein 13, Marble Bar,
Arsenic Lode (5300E,5200N-5200E,5400N) and Southern Extension
(5300E,5000#~5600E,4800N) . These shear zones range from 10m to 40 m in
width with varying degrees of foliation-parallel quartz and calcite
veins developed as oeccasional thin stringers up to veins 5-30 m long
and 5-30 cm wide. Gold grades tend to peak at 5-20 g/t at vein
intersections but anomalous grades of 0.1-3.6 g/t generally occur
across the whole shear horizon. At East Gebeit, samples of unaltered
volcanics and cross-cutting dolerite dykes were consistently below 0.1
g/t hu.

Relative As and Bu contents and concentration facters for the
complete range of alteration and mineralisation (Table 7.13) show the
broad correlation between As and Au, although, high As values do not
imply economic Au grades and vice-versa f(e.g. Arsenic Lode and lode
profile 2). Au and As abundances in the economically mineralised zones
show concentration factors of up to 5000x background for As and between
3000 (=5 g/t) and 1x10¢ (2000 g/t) for Au. Conmparison with enrichment
factors for the chlorite-calcite and ankerite phyllonites reflect a

difference of at least oné order of magnitude.

7.8.1 Supergene Alteration

The relict pre-Nubian oxidised weathering zoune at Gebeit is
variable in thickness and in places extends to 30m below the present
ground surface (Fletcher,1985). Ore-grade material from the upper
parts of the Y Lode, X Lode, A Lode and the satellite prospects is
pervasively oxidised, producing a characteristic red-brown limonite/
hematite gossan in the shear zones hosting the Vi, veins. This
contrasts with the sulphide-rich, unweathered rocks from the Wadi Lode,
80m below surface. Deep soil profiles are developed in the area and
widespread gold values indicate that gold has been transported for a
considerable distance within the soil horizon (Fletcher,1985).
Percolating ground waters appear to have preferentially altered the
intricate shear zone network, so increasing maximum weathering depths.

The oxidised lodes are consequently amenable to heap leaching and
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As Au
Rock Type
Range (ppm) CF Range {(ppb) CF
Lode profile 1 11-11639 10-5000 400-18100 200-9000
Lode Profile 2 16-500 10-150 0.1-1.15x10% 300-6x104
Wadi Lode 116~7374 38-4400 avge. 3x104 1.5x104
max. 2x106 1.0x108%
Arsenic Lode up to 2400 1000 0.2~-10x104 2-5000
Vi3, V18, M.B. 816~2567 258-800 520~-6800 245-3089
Shales 83-500 20-150 54-3300 15-920
Chl-phylls. <T-66 0-26 <1-153 0-203
Ank-phylls. 42~363 51-426 <1-20 0-32

Table 7.13 Arsenic {(As) and gold (Au) contents of alteration facies
lithotypes and their relative concentration factors (CF)
expressed as a multiple of background abundances.

provided the focus of early mining activity.

Auriferous vein material sampled within the oxidation zone often
displays gold intimately intergrown with scorodite (8[FeAs04.2H20]), a
hydrated iron-arsenic oxide developed after arsenopyrite (Roberéson
Research,1983). The green alteration colour associated with oxidation
to scorodite can easily be confused with malachite staining; however,
chalcopyrite is only rarely observed in Vi quartz veins. As the bulk
of free gold occurs in zones of deformed quartz or on the margins of
calcite-filled fractures, gold on freshly broken vein material commonly
coats fracture surfaces. In highly oxidised specimens, leaching of the
calcite from auriferous fractures generally produces a vuggy texture in
the ore. 1Intense leaching of outcrop vein samples may readily liberate
any free gold and could account for slightly lower grades encountered
in some of the ¥: surface veins. This would in addition enhance
eluvial and colluvial deposits which have been extensively exploited at
Gebeit by Pharonic activity. Deep weathering has given rise to zones
of secondary enrichment at several prospects in the Northern Red Sea
Hills e.g. Um Nabardi close to the Nile (Fletcher,1985). High gold
grades have been recorded from the upper old mine levels at Gebeit
(Robertson Research,1983) but there is no evidence for a discrete

enrichment blanket.
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7.9 Summary of Wallrock Alteration

At Gebeit the high strain zones are delineated by chlorite-
phyllonite shear zones. Some of these shear zones host the auriferous
Vi blue quartz veins and display intense wallrock alteration. These
shear zones lie adjacent and parallel to the main Wadi Lode and Wadi
Tuwiya Riedel shear zones (see Figs.6.11 & 8.6). However, the
phyllonites which form the main Riedel shear zones (i.e. Wadi Lode and
Wadi Tuwiya) have been iutensively carbonatised, resulting in a
cohesive, blocky, ankerite-rich rock type. Mineralogical and
geochemical studies of the various types of alteration have permitted

characterisation of the alteration envelopes and fluids:

i) wallrock alteration adjacent to the veins comprises quartz,
chlorite, sericite, calcite and albite. Albite is pervasively
sericitised and chlorite is relatively abundant together with
highly variable calcite contents (-80% to +200%) Quartz is
depleted in the wallrock but forms the majority of veins and
stringers.

ii) Wallirock bleaching due to finely intergrown chlorite, sericite,
and calcite, forms a thin 10-50 cm envelope around the veins and
visible alteration extends up to 8m from the lode. The width of
cryptic alteration haloes are variable but occur up to 25m frow
the lode intersection.

iii) Geochemically, wallrock alteration is marked by significant
additions of K20, Mg0O, Fetot, Cr, Ni, As, Au, % a0 and MnO with
concomitant depletion of Naz0 and Sr. Volume changes are not
large {(225%) except in the zones of pervasive vein development
(+50% to +200%).

iv) Economic gold mineralisation represents gold enrichment of 10° to
10% and As concentration of 10?2 to 102 above background,
accompanied by winor enrichment in Sb and Bi, with B confined to
the veins.

v) The alteration assemblage is commonly overprinted by later COz2-
rich hydrothermal signatures associated with Va2 calcite-albite
veins which were synchronous with D2 shearing. Intense carbonate
alteration which may represent an early, pre-mineralisation, COz2-
rich fluid phase is concentrated along the main Reidel shear
zones. High €Oz levels resulted in pervasive ankeritic

metasomatism of the chlorite-sericite phyllonites.
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vi)

viii)

Volume changes associated with carbonate alteration average +200%
and ipdicate extension across the Wadi Lode shear zone of about
100m. If the effects of extension across the Wadi Tuwiva and
North Gebeit shear zones are considered together with the
extension accompanying Vi-Vs vein formation, the total extension
across the 10km long Gebeit block is in the order of several
hundred metres (=z+3%).

Although fiuid inclusion evidence indicates that the ore fluids
were COz-H20-rich , the variation in chlorite-sericite-,
ankerite-, and albite~dominated alteration assemblages is
suggestive of two or more distinct fluids. However, stable
isoptope evidence shows that fluid composition remained fairly

constant throughout much of the deformation.
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At Gebeit, the earliest phase of accretion-related deformation,
D;, formed regional, upright, Fi folds which imparted a strong north-
east~-trending structural grain to the basement (Fig.8.l1a). The north-
east trend and regional extent of these folds suggest that Di
deformation accompanied early obduction and accretion of the central
arc terranes. This deformation phase was followed by the main episode
of Dz, dextral, strike-slip shearing (Fig.8.1b). The dextral strike-
slip deformation was accommodated along regional, north-east-trending,
brittle-ductile, phyllonite shear zones, subdividing the Gebeit
Volcanic Group into a series of elongate tectonic blocks. Estimates of
movement along one of these shears (Wadi Adarit) indicate a minimum
displacement of =2km.

Post-~obduction dextral shearing has been identified at Nakasib,
along the Bi'r Umg-Port Sudan suture to the south of Gebeit and
probably occurred to the north, in the Eastern Desert of Egypt, where
extensive south-west-directed thrusting has been observed.
Extrapolation of the accretion model of Stoeser and Camp (1985; see
Fig.2.14) to the western Shield, suggests that the dextral deformation,
which appears to have occurred throughout the northern arc terranes,
was probably prompted by the onset of collision of the north-south-
trending, marginal continental terranes with the north-east~trending
island arcs (Fig.8.1). Protracted interaction between the arc terranes
and the continental terranes produced a complex tectonic evolution of
repeated north-west-directed folding and thrusting (arc-arc collision)
and strike-slip deformation (arc-continent collision). Synchronous
collision of the Mozambigue Belt, the Pharusian-Dahomeyan Belt and the
Nubian-Arabian Shield also appears to have produced dextral wrench
faulting along the north-east-trending, reactivated Trans-African and
Central African lineaments of central north Africa.

At Gebeit, the D2 phyllonite shear zones are terminated to the
south-west by north-west-trending, low-angle, thrust zones which
separate the overlying Gebeit Volcanic Group from the Sasa Plain
tuffaceous slate assemblages in the west. The Sasa Plain tuffaceous
slates appear to represent the distal volcanogenic sediments derived
from a north-south-trending marginal arc. Thus, the phyllonite shear
zones at Gebeit, locally, represent the lateral ramps of south-west-
directed thrusts. During D2 shearing, secondary Riedel and P-shear
zones, conforming to a dextral shear zone array, were developed across
many of the tectonic blocks but were most pronounced in the Gebeit

block. Subsequent intrusive magmatism and hydrothermal fluid flow were

Page 8-2






controlled and focussed mainly by the extensional Riedel shear zones.

The first phase of intrusive magmatism observed in the Gebeit
block occurred during Dz shearing. This produced a series of low-K,
calc-alkaline dolerites, diorites, and tonalite dykes and stocks that
were confined parallel to the fabric of the Riedel shear zones.
Sheared, calc-alkaline, granodiorite intrusions to the north of Gebeit,
at Wadi Messesana and Tikraneit, indicate that some intrusive magmatism
pre-dated Dz shearing. Emplacement of the phase 1 intrusions was
followed by a phase of intense carbonatisation which was largely
confined to the extensional Riedel and major block-bounding shear
zones. This alteration appears to have pre-dated gold mineralisation,
confining the thick Vi, auriferous, blue quartz veins to more minor
shear zones adjacent to the ankeritic Riedel shear zones (see Fig.8.6).
Replacement of epidote in the alteration zones indicate that the peak
of metamorphism pre-dated the carbonatisation and mineralisation.

Late-D2 dextral shearing was interrupted by a phase of north-west-
directed, Ds folding and thrusting which reactivated the main shear
zones (Fig.8.1c) and fragmented the auriferous Vi quartz lodes. The
effects of Dz deformation are not restricted to the Gebeit block and
extensive porth-west-directed thrusting has been observed in the
Eastern Desert of Egypt. This deformation phase was probably due to
the final stages of arc-arc collision and may be related to the post-
obduction sinistral shearing, parallel to the plate boundary, along the
north-south~trending Wadi Oko shear zone.

Late-D3 deformation reverted to dextral strike-slip shearing,
which again reactivated the shear zones and controlled the emplacement
of the east-west-trending phase 2 dolerites. Geochemically, these
dvkes are transitional between calc-alkaline and within-plate magmatism
and post~dated the Vi, vein-hosted, gold mineralisation. Late-Ds
structures also controlled the massive Vz white quartz veins which
cross-cut and lie parallel to the Vi blue gquartz veins.

The transition from Ds to Da deformation was marked by a switch
from dextral to sinistral strike-slip shearing along the Dz shear
zones {Fig.8%.1d). During this phase of sinistral shearing, emplacement
of the alkaline phase 3 dolerites and formation of the V4 quartz-
sericite veins was controlled by brittle reactivation of D2 and Ds
structures. As with the Dz strike-slip shearing, the Ds4 shearing
further fragmented the Vi-Vs veins and phase 1 and phase 2 dykes.

The main phase of D4 deformation, however, comprised NNW~trending

folding and north-east-directed thrusting and was probably related to
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the final stages of collision of the central arc terranes with the
marginal continental terranes (Fig.8.le). This final phase of
accretion-related deformation folded the Vi lode veins about NHW-
trending upright antiforms and synforms, resulting in a sinuous lode
outcrop pattern.

Approximately 100km west of Gebeit, the Abirkitib-Onibd and Oko
shear zones clearly mark a change in structural trends from north-east-
trending arc-related structures to the tight, upright north-south-
trending folding of the continental margin terranes to the west. A
similar change to north-south-trending structures occurs on the eastern
side of the Arabian Shield along the Nabitah suture. Gebeit occurs at
the western margin of the arc terranes and it appears to lie in an
interference zone where both arc and continental terrane accretion
structures interact and are superimposed. The bulk of the deformation
appears to have been accommodated by continental collision to the south
along the Mozambigue Belt, resulting in the preservation of the
relatively weakly deformed central arc terranes of the Nubian-Arabian
Shield.

Following cratonisation of the Nubian-~Arabian Shield, the Gebeit
area was regionally peneplaned and remained inactive until the Mesozoic
when rifting commenced due to the break-up of Pangea. From =150-89Ma
the Wadi Oko shear zone and the north-south-trending sections of some
of the Gebeit shear zones were reactivated and intruded by alkaline
trachyte dykes of lamproitic affinity. Reactivation of the Wadi Oko
shear zone also controlled the sedimentation of the continental sheet
sandstones of the Nubian Formation within north-south-trending graben.
Subsequent phases of rifting at Gebeit produced normal faulting and
joints on north-west and east-west trends (Fig.8.1f). The north-west
faults and joint surfaces were generally infilled by coarse drusy
carbonates. Extensive development of carbonate calcretes along wadi
bases and fault surfaces suggests that the carbonates have been locally
remobilised from the alteration assemblages. The east-west faults are
post-Nubian in age and many extend to the Red Sea coast. These faults
contain the phase 4 undersaturated, analcime-olivine dolerites which

transect all other structures and may be z30Ma in age.

8.3 Fluid Evolution

Although the mineralisation at Gebeit is largely restricted to the

rocks of the lower half of the stratigraphic¢ succession, the
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confinement of mineralisation to shear zone-hosted quartz veins and the
low background gold contents of the unaltered host rocks ((Tppb)
indicate an epigenetic origin. At Gebeit, five phases of veining
synchronous with accretion-related deformation have been identified
based on structural and petrographic criteria. Variation in the degree
and type of alteration exhibited by the wallrock alteration profiles
and the ankerite phyllonites initially suggests that fluid composition
changed during terrane accretion.

The first phase of alteration observed within the Gebeit block
resulted in the intense and pervasive carbonatisation of the main
chlorite phyllonite shear zones. The replacement of virtually all the
chlorite by ankerite is indicative of a COz-rich fluid phase, and the
removal of all hydrous phases (chlorite and sericite) contrasts with
the mineral assemblages of the lode alteration profiles. Carbonate
alteration is also common in the lode profiles and the V: veins but
only calcite has been observed, indicating much lower amounts ¢f CO:z in
the ore fluids. However, in the Vi lode veins the fracture-hosted
calcite appears to post-date the formation of the gold-quartz veins.
In contrast to the Fe-carbonate association observed in many Archaean
lode gold deposits, the lode veins at Gebeit are restricted to the
margins of the main Riedel shears, outside the zones of ankerite
metasomatism. Although the exact timing of the ankerite alteration
cannot be defined, no significant quartz veining occurs along the
centres of the main Riedel shears and suggests that this alteration
pre-dated the gold-quartz mineralisation. The pervasive metasomatism
of the chlorite fabric of the shear zone phyllonites by ankerite may
have "sealed"” the ceniral Riedel shear zones and prompted the
development of parallel, adjacent shears (see Fig.8.6). These later
shears subsequently hosted the Vi, auriferous, blue quartz veins,
confining economic mineralisation to ENE-trending zones parallel and
adjacent to the carbonatised Riedel shear zones. Three further phases
of quartz veining (Va-Vs) during Dz and Dq deformation show that the

complex tectonic evolution resulted in a protracted fluid history.
8.4 Gebeit Ore Fluid Characteristics

From the wallrock alteration, fluid inclusion, and oxygen isotope
investigations in this study, the general parameters of the ore fluids

at Gebeit can be assessed. In the lode profiles, the changes in the

mineral assemblages with progressive redox reactions denoted by:
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hornblende -> actinolite -> chlorite,

epidote -> chlorite + calcite, and

magnetite -> pyrite,
indicate a relatively reducing (low Eh) ore fluid. Fluid pH was
buffered by wallrock alteration which resulted in sericitisation of
albitic plagioclase. Fluid pH is difficult to determine but the
predominance of sericite over plagioclase and kaolinite in the
alteration assemblage suggests a neutral to slightly acidic pH (x5.5-
6.0: Montova & Hemley,1975). The overprint of the regional greenschist
facies assemblage by the alteration facies early in the deformation
cycle indicates that mineralisation slightly post-dated peak
metamorphism. Correlation with temperature estimates derived from
fluid inclusion data at Wadi Messesana and Vein 18 suggests the ore
fluids were low salinity, Hz0-CO: fluids at temperatures around 250-
300°C. Correlation of fluid inclusion homogenisation temperatures with
5180 isotope analyses of the lode veins suggest that &'80 values of the
fluids were in the region of +2.5 to +10% . Vein and wallrock
mineralogical and geochemical changes show that gold mineralisation is
characterised by significant addition of K20 (#Rb,Ba), MgO, Fetot, Cr,
Ni, Hz0, COz, S, and As in the wall rocks with enrichment of $102, CaO0,
and B in the veins. This was accompanied by considerable wallrock

depletion of Na:0 and S$iO:z.

8.4.1 Source of the Fluids

As a result of incomplete evidence and the varying styles of lode
gold mineralisation in Zimbabwe, Australia and Canada, there has been a
dichotomy of opinion on the origin of the mineralising fluids in
Archaean lode gold deposits with workers divided between metamorphic
dewatering fluids (e.g. Groves et al,,1984; Colvine et al.,1984;
Phillips,1985) and magmatic fluids (e.g. Burrows et al.,1986).
Compilation of exisiting data has reconciled the main features of the
two fluid processes extant in Archaean deposits and resulted in a
metamorphogenic model incorporating modification by a juvenile fluid
component (Kerrich,1986b; Perring et al.,1987). The magmatic component
has recently been attributed to the close association along major
crustal structures of lode gold deposits and deep seated, gold-bearing
lamprophyres {(Rock et al.,1987; Rock & Groves,1988a,b; Wyman & Kerrich,
1988). The lamprophyre association satisfies the main problems related

to a purely metamorphic fluid source (Kerrich,1986b) namely, the common
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occurrence of mantle carbon isotope signatures and mineralisation
which, in many cases, significantly post-dates the peak of metamorphism
{i.e. lack of prograde metamorphism). Recent studies in Canada suggest
that isotopically evolved, deep circulating meteoric fluids may be
involved in the genesis of some Archaean mesothermal gold deposits
(Nesbitt et al.,1986; Nesbitt,1988). These deposits appear to be
restricted to the brittle regime and it is not known how efficient this
process is within the brittle-ductile regime.

Oxygen isotope analyses of the Vi-Va quartz veins at Gebeit show
that they all have relatively consistent quartz %0'% values of 14.0-
15.6% . Although the low salinity, COz-bearing fluid characteristics
appear to be more typical of metamorphic fluids (see section 6.10.1),
there is insufficient evidence to unequivocally determine whether the
fluids are magmatic or metamorphic in origin. The timing of gold
mineralisation (and carbonate alteration) is immediately pre-dated by
the intrusion of the phase 1 dvkes and post-dated by the emplacement of
the transitional phase 2 dolerites. Although neither phase of
magmatism is lamprophyric in character {(i.e. enriched in X20, Ba, Rb,
Sr, LREE, and Th), a parental lamprophyre source cannot be ruled out.
These dykes are hosted by the same Riedel structures as the Vi lode
veins, indicating the associlation with major crustal structures. The
¢lose relationship between mineralisation and minor intrusions showing
similar strong structural controls is also charactersitic of a large
number of Archaean lode gold deposits (e.g. Hodgson & MacGeehan 1982;
Foster,1984,1985, 1987; Colvine et al.,1984; Groves et al.,1987).
Lamproite dykes are present at Gebeit but are likely to be Mesozoic in

age.

8.4.2 Source of the Fluid Components and Fluid-Rock Access

The source of the gold and other elements enriched in the Gebeit
lode alteration profiles cannot unequivocally be identified. Lateral
secretion of material into veins frowm their enclosing wallrocks (Boyle,
1976} has been discounted for mesothermal lode gold deposits on several
grounds (see Kerrich,1986b) and, given the low background gold contents
of the unaltered Gebeit volcanics, has not been considered as a
mechanism for the Gebeit mineralisation. Deep hydrothermal fluids in
the crust are usually of low oxidation potential (Seward,1984,1988) and
the mineralogy of the Gebeit alteration assemblages indicates that the

ore fluids were relatively reducing, unlike the Archaean Hemlo deposit
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in Ontario and the Kalgoorlie deposit in W.RAustralia (Cameron &
Hattori,1985). The limited evidence at Gebeit suggests that the gold
was probably derived by some form of metamorphic devolatilisation of
the underlying arc volcanics and possibly modified by a magmatic
component. Although the reduced alteration assemblages indicate that
the gold was not derived by oxidative granulite metamorphism (Cameron &
Hattori,1987; Cameron,1988,198%a, b,c), oxidising auriferous fluids are
evident in some Archaean lode gold deposits (Foster,1985). The
presence of graphite in the black carbonaceous shales may have locally
reduced an otherwise moderately oxidised fluid (above the FNQ buffer).

Gold in unaltered calc-alkaline volcanics has been shown to be
in neither the groundmass nor the phenocrysts but partitioned into tiny
sulphide blebs (Bornhorst & Rose,1985). However, Henley (1986) has
shown that gold-saturated ore fluids (=10ppb Au) can be produced fron
fluid circulation through rocks with low gold contents, such as
greywackes, and hence the source of the gold is largely irrelevant.

The gold at Gebeit, therefore, has not necessarily been derived from
special Au-enriched source rocks lower in the crust, although deep-
seated lamprophyres with anomalously high gold contents may exist.
However, lamporphyres also tend to be enriched in §, €Oz, LIL (large
ion lithophile) elements and may account for the anomalous enrichment
of Cr, Mg, and Ni associated with the Gebeit mineralisation.

Cr enrichment has been described from a few Archaean lode gold deposits
{e.g. Golden Mile; Phillips,1985; Macassa Mine, Kirkland Lake and
Lamaque Mine, Val 4'0Or, Canada, Kerrich, 1986a) but in many cases the
deposits are hosted by or lie close to ultramafic rocks [e.g. in the
Kerr Addison, Dome, and Hollinger mines, Canada (Kerrich,1986b):
Kanowna in ¥.Australia (Groves et al.,1984); and Gaika, Zimbabwe
(Viljoen,1984)]. Although there is no evidence for ultramafic rocks in
the vicinity of Gebeit, high abundances of Mg (20.4 wt%), Cr (1440
ppm), and Ni (502 ppm) occur in the rare basal cumulate flows around
Gebeit and may have been remobilised into the alteration profiles by
the circulating hydrothermal fluids.

The confinement of the mineralised Vi veins and their alteration
assemblages to the Riedel shear zones indicates that fluid circulation
at Gebeit was controlled and focussed by these structures (Fig.8.2).

As with many lode gold deposits in Western Australia (Vearncombe et
al.,1988; Barley et al., 1988; Eisenlohr et al.,1989), economic gold
mineralisation is restricted to these subsidiary extensional Riedel

shears. Although the north-east-trending regional ductile shear zones,
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such as Wadil Gebeit and Wadi Adarit, probably focussed hot fluids
rising from the lower crust, they appear to be barren suggesting that
physico-chemical gradients caused preferential fluid migration intoc the
second order structures (Fig.8.2).

Due to the decrease in viscosity with depth, shear zones widen
with depth towards the ductile regime (Sibson,1977) to a depth where
temperature >0.75Tn (Tw= melting temperature} and deformation is
distributed throughout the rock (White & Baxter,1987). The permeable
wedge-shaped profiles of these first order shear zones focus fluids
from the upper mantle and lower crust. Fluid movement in the ductile
regime is believed to be controlled along grain boundaries (White &
White,1982) and/or micro-cracking and dilatation during deformation
(Etheridge et al.,1983) and may act as a host to disseminated gold
deposits (e.g. Golden Mile; Boulter et al.,1987). The change from
gquasi-plastic to brittle deformation is spread across the brittle-
ductile transition zone due to the upward movement of ductile shearing
as a result of fluid metasomatism and reaction softening.

Deformation textures in the phyllonite shear zones are
predominantly ductile in nature but vein formation synchronous with
deformation in the wallrock alteration profiles suggests that gold
precipitation occurred at the brittle-ductile transition (as opposed to
purely ductile) following lower greenschist facies peak metamorphism.
Pressure estimates from fluid inclusions indicate ore fluid pressures
of %2.5 to 4kb ({equivalent to 10-15km depth) and are compatible with
inclusion formation at the brittle-ductile transition. The antitaxial
crack-seal textures observed in the V: veins suggest that fluid
movement by seismic pumping (i.e. repeated fluid overpressuring and
transient porosity; Sibson et al.,1975, 1988; Sibson, 1989) occurred
along the Riedel shear zones due to enhanced fluid flow coupled with

dilatation and fracturing.

8.4.3 Gold Transport and Precipitation Mechanisms

In nature, gold usually occurs in one of three oxidation states A°
(native state), Au*, and Au®*. Due to their high oxidation potentials
Au* and Au®* are umnstable in water and form complex ions, depending on
the type and concentration of ligands available in aqueous fluids. The
Au* dion is a "soft" electron acceptor and energetically is most likely
to interact with "soft" donor ligands such as the hydrosulphide ligand,

HS-, which is exceptionally stable (Seward,1988). Up to temperatures
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of 400°C, gold solubility mechanisms have been shown to be dominated by
thiosulphide complexing (Ru' complexes; Seward,1973) but at higher
temperatures are likely to be dominated by chloride complexes (Au®*
complexes; Henley,1973). Below 300°C, HS- and H23 ligands are the most
abundant sulphur species, suggesting that gold transport occurs as
bisulphide complexes. Maximum dissclution is achieved as the fluid pH
approaches neutral (Fig.8.3; Seward, 1973,1979) and probable complexes

have been identified as:

pH ¢ N : Au(HS)® (1)
PR = N : Au(HS)z- (2)
pH > N : Au(HS)252- (3)

A common and noticeable characteristic of mesothermal lode gold
deposits is the very minor quantities of base metals which is in
contrast to the base metal-rich volcanogenic massive sulphide deposits
which usually contain little or no gold. This dichotomy is also
evident in the distinction between base metal-rich and gold-rich
epithermal deposits. This phenomenon was originally explained in terms
of variations in fluid-rock ratios at the sites of metal leaching
(Kerrich & Fryer,1981) but is now commonly attributed to differences in
fluid salinities and ligands (Henley,1986). Base metal solubility is
related to chloride complexing and is a direct function of salinity,
i.e.

ZnsS + 2H* + 2C1- --» ZnClz + Hz2$ (4)

whereas up to 400°C, gold solubility is a function of thiosulphide

complexing and is independent of Cl-, i.e.

Au + 2H2S --> Bu(HS)z- + H* + 0.5H: (5)

At Gebeit, the estimated temperature range (250-300°C) and low
salinity of the ore fluids suggest that bisulphide ligands were
probably (but not certainly} the complexing agents for gold transport.
This is supported by the broad association of gold with Fe~As-sulphides
and the lack of any base metal enrichment. Enrichments of As and Sb
associated with gold mineralisation indicate that arsenothio and, to a
lesser degree, antimonothio complexes may have played an important role

in gold transport:
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Au* + BAs®* + 3HzS --> Au(AsSs)2- + 6H* (6)

Au* + 28b%* + 4H2S --) Au(SbzS4)- + B8H* (7)

Wallrock enrichments in Cr, Ni, Fe, and Mg suggest that minor chloride
complexing of these elements occurred but was not sufficient to produce
base metal enrichments.

Gold transported as a thiosulphide complex should be precipitated
in response to changes in T, P, Eh, pH, and decreasing activities of
the bisulphide ligands (Fig.8.4; Seward,1973), however, simple cooling
does not cause gold deposition (Seward,1988). Consistent §!80 isotope
signatures also preclude cooling and oxidation due to the interaction
of cocler near surface meteoric waters. The auriferous veins show no
evidence for significant decreases in pressure (e.g. extensive
brecciation) and Seward (1973) has shown that a pressure decrease above
250°C leads to an increase in gold solubility. A pure Hz20 fluid at 250
to 300°C will boil at 600-1200m depth and any increase in salinity
tends to reduce the depth at which boiling occurs {(Haas, 1971).
Therefore, the estimates of pressure and temperature of the Gebeit
fluids during deposition are too high for boiling to have occurred
(i.e. separation into coexisting vapour and liquid phases) as seen in
near-surface epithermal systems.

Gold deposition at Gebeit may have been initiated by any process
which causes a reduction in the activity of the reduced sulphur species
(a{E28}). Many lode gold deposits in Western Australia and Zimbabwe
(Foster,1987) show a strong association with Fe-rich host rocks (i.e.
tholeiitic basalts and BIF) and fluid-wallrock reaction is considered
to be the main destabilising process (e.g. Phillips & Groves,1983;
Groves et al.,1984; Neall & Phi1llips,1987; Groves,1988). These
wallrock redox reactions produce iron sulphides from destabilised

wallrock Fe-Mg silicates (e.g. chlorite, magnetite)

2Au{HS)2- + Fezt ~~> 2Ru® + FeS2 + 2H:2S (8)
(silicate) (sulphide)

which usually occur as a pyritic alteration zone seen with, or
immediately adjacent to, the gold mineralisation in many mesothermal
deposits (e.g. Phillips,1985). Wide-~scale wallrock carbonatisation due
to the presence of COz-~rich fluids also commonly occurs and is

volumetrically the most extensive and important wallrock reaction. In
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mafic-hosted deposits, it represents the hydrolysis of amphibole to
calcite and chlorite and, with further carbonatisation closer to the

vein, to Fe-carbonate (ankerite; Phillips & Brown,1987):

3Caz (FeMg)sSisOzz (OH) 2+6C02+7H20 = 5(FeMg)sSiz0s (OH)4+6CaC03+145102 (9)

{calcic amphibole) (chlorite-calcite)

(Felg)aSiz0s (OH)4 + 3CaCOs + 3CO02 = 3(FeMg)Ca(COsz)z + 2510z + 2H20 (10)

(chlorite-calcite) {ankerite)

Fluid pH during mineralisation is buffered by alteration of host rock
feldspar, and lower fluid Na/H ratios commonly result in sericitisation
(Fig.8.5) or, in cases of high a{K/H} in basic lithologies, biotite.
This reflects the high fluid K/Na ratio observed in many lode gold
deposits (=0.1; Kerrich,1986a).

This characteristic alteration of carbonatisation, sulphidation
and sericitisation, common to the majority of mesothermal lode gold
deposits, is evident at Gebeit but with several differences. Firstly,
the zones of ankerite metasomatism do not envelop the lode veins but
occur along the centres of the main Riedel shears (Wadi Lode, Wadi
Tuwiya, and North Gebeit shear zones) with the auriferous veins
restricted to adjacent, calcite-rich shear zones (see Fig.8.6).
Carbonate alteration haloes do occur around most of the Vi veins but
calcite is the dominant phase, indicating that the zones of gold
enrichment are not congruent with the zones of most intense COz
metasomatism. In all lode profile samples studied, there was no
evidence of replacement of wallrock chlorite by ankerite but there was
a decrease in the Fe/Fe+Mg ratio of chlorite towards the lode
intersection, suggesting incorporation of chlorite-Fe into wallrock Fe-
sulphides.

Secondly, unlike many Archaean deposits where gold mineralisation
occurs in the sulphidised zones, the lode alteration profiles show that
the bulk of the calcite and sulphides occur in the altered wallrocks
whereas gold and tourmaline are restricted to the lode quartz veins.
The majority of the gold grains observed in this study occur in
sulphide-poor quartz, often at the margins of fractures infilled by
late calcite. This may, in part, be due to the preferential formation
of fractures towards and away from ductile gold grains hosted by a
brittle quartz matrix during deformation of the Vi lode veins. Much of

the gold that is associated with vein sulphides appears to occur on the
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sulphide surfaces and is not intergrown with the sulphides (see section
6.8.3). This has been attributed to the physical adsorption and
reduction-driven chemisorption of the charged gold species to
precipitate the native gold (Starling et al.,1989). This indicates
that at Gebeit fluid-wallrock reaction occurred as a result of gold
mineralisation and was not the main depositional mechanism.

Aithough the textural and structural evidence indicates that CO;z-
rich fluids both pre~dated and post-dated auriferous mineralisation,
oxygen isotope data for all the phases of quartz veining show that
fluid compositions were fairly constant isotopically up to the end of
the accretion-related deformation. The influx of an separate COz-rich
fluid phase without modifying fluid isotopic signatures is difficult to
account for unless the COz-rich phase was coeval but immiscible with
the aqueous fluid phases. Fluid inclusion studies of lode quartz veins
from Gebeit Mine and Wadi Messesana have shown coexisting COz-rich and
Hz20~rich, low salinity fluids with congruent homogenisation
temperatures. However, at the satellite prospects of Wadi Messesana
and Marble Bar there is no associated carbonate alteration but at
Marble Bar the Vi vein lies parallel to a thick calcite vein. Although
fluid inclusions indicate an H20-COz-rich fluid phase, the alteration
patterns suggest that the fluid separated due to immiscibility into an
H20-rich fluid and a COz-rich fluid which behaved as two discrete
phases.

Most models for the formation of Archaean lode gold deposits
invoke the focusing of H20-CO: fluids along shear zones to dilational
sites where changes in the fluid parameters prompt gold precipitation
under suitable P-T conditions. The relatively flat shape of the Hz0-
C0z solvus at higher pressures (i.e. 2-3kb) indicates that phase
separation would result in an Hz0-rich fluid and a COz-rich fluid
(Bowers & Helgeson,1983) which for low salinity fluids (2-6wt% NaCl)
occurs around 275 to 400°C (see Fig.6.7). Several studies have
suggested that HzO-rich and COz-rich fluids are capable of independent
flow once immiscibility has occurred (e.g. Trommsdorff & Skippen,1986;
Watson & Brennan,1987; Yardley & Bottrell,1988). The apparent temporal
and spatial separation of COz~rich and Hz0-rich alteration assemblages
and the occurrence of coexisting H20-COz-rich fluids could, therefore,
be explained in terms of phase separation and independent flow. At
Gebelt, a COz-rich alteration phase preceded gold mineralisation and
may have been due to the separation and removal of a less dense CO:

vapour phase together with the retardation of the H20-rich phase by
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wetting of the fracture surfaces. Similarly, the late infilling of
fractured blue quartz by calcite may represent the immiscible COz-rich
fluid component of the Vi quartz veins.

Although phase separation in an H20-COz-rich fluid results in an
increase in pH for the aqueous liquid (i.e. increasing gold
solubility), the removal of H2S into the COz-rich phase results in the
destabilisation of the thiosulphide complexes. Gold (and presumably
$102 and B) is partitioned into the aqueous liquid, accounting for the
restriction of gold and tourmaline to the lode veins. This reaction is
not buffered chemically and therefore is relatively instantaneous,
explaining the occurrence of randomly distributed, high grade gold
zones {up to 2000ppm; DDH 16, 130m) in sulphide-deficient blue quartz
veins. The reduced sulphur species react with the iron in the wallrock
silicates to produce the zones of Fe-As-sulphides adjacent to the lode
veins. The COz-rich fluid produces relatively minor wallrock
alteration (i.e. calcite metasomatism) but the majority appears to
leave the system to produce the intense carbonatisation of the ankerite
phyllonite shear zones higher in the crust (Fig.8.6). As phase
separation does not result in complete fluid separation (i.e. an Hz20-
rich and a COz-rich phase), the bulk of the calcite alteration around
the lode veins is probably due to the residual COz in the HzO-rich ore
fluid.

Thus, at any given level in the crust above the brittle-ductile
transition, the main phase of carbonatisation appears to pre-date the
phase of gold mineralisation (Fig.8.6). As described above, the sites
of gold mineralisation at the brittle-ductile transition can move
upwards through the crust due to progressive reaction-softening of the
shear zone fabrics but will also tend to move to deeper parts of the
crust with progressive uplift and erosion of the terrane. Similarly,
K-metasomatism and Na-leaching of wallrocks adjacent to lode veins
lower in the crust tend to decrease the K/Na ratio of the residual
fluid. Redeposition of the leached Na higher in the crust probably
produced the V: velns and the albitic alteration seen in the ankerite
phyllonites and some of the fractured Vi veins. The combinaticn of
these processes results in the repeated overprinting of fluids of
apparently differing composition. If this process accounts for the
separation of the locus of gold mineralisation and ankerite
metasomatism, then auriferous lode veins may occur along the main
Riedel shears at depth below the zone of ankeritic carbonatisation

(Fig.8.6).
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Phase separation appears to be an efficient gold depositional
mechanism and accounts for the anomalous characteristics of the Gebeit
mineralisation. Similar features have been described from the Archaean
gold deposit at Sigma Mine in the Abitibi greenstone belt, Quebec
(Robert & Brown,1986a,b) where phase separation is also considered to
be the dominant depositional mechanism (Robert & Kelly,1987). Evidence
for phase separation has been described from a number of lode gold
deposits from the Archaean (e.g. Groves et al.,1984; Studemeister &
Kilias,1987; Walsh et al.,1988) and the Mesozoic (Read & Meinert,1986;
Shelton et al.,1988) suggesting that fluid unmixing is a significant
and widespread process.

From records and estimates of gold recovery up to 1975 and ore
reserve calculations by Greenwich Resources, the minimum gold content
in the lodes of the Gebeit block is in the region of 20x10%g Au. If it
is assumed that this mass is derived by 50%-efficient leaching of the
underlying Gebeit volcanics with an estimated Au abundance of =2ppb,
then the source rock volume would be about 7 km® (1km® contains
5.6x10%¢g Au at 2ppb; method after Kerrich,1986b). The release of
around 5 wt% structural water from hydrated andesitic basalt of the arc
volcanics would produce a solvent volume of about 1 km2®. Estimates of
the volume increase of the carbonatised phyllonites indicate that about
0.2km® of CO: has been added. If the Hz20-rich and COz-rich fluid
phases at Gebeit were coeval, the combined solvent volume would amount
to 1.2km3 with €Oz forming 17-20% of the total volume. This is
equivalent to an Xcoz of =0.1, which agrees with the fluid inclusion

estimates and supports a phase separation precipitation mechanism.

8.5 Controls on Mineralsation and Guides for Further Exploration

The evidence derived from this study indicates that the
epigenetic, mesothermal, lode gold mineralisation at Gebeit Mine in the
Northern Red Sea Hills, Sudan, was controlled primarily by the
formation of extensional Riedel shears as secondary structures to major
north~east-trending, dextral, strike-slip shear zones. Gold
mineralisation was synchronous with late-Dz dextral shearing, during
the main phase of arc accretion-related deformation, and slightly post-
dated peak lower greenschist facies metamorphism. It is bracketed by
an early phase of calc-alkaline, low-K dykes and a later phase of
transitional calc-alkaline to alkaline dolerites.

Wallrock alteration data, integrated with fluid inclusion and
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stable isotope studies, indicate that the ore fluids at Gebeit
comprised Hz20-COz fluids of low salinity and Eh, and near-neutral pH,
at 250-300°C. Gold transport was probably achieved by thiosulphide
complexes and the available evidence, although limited, suggests that
phase separation was the main gold precipitation mechanism.
Approximations of the gold and carbonate contents of the Gebeit block
suggest that the minimum total solvent volume was =1.2km®, with Xcoz at
around 0.1. Mineralisation was pre-dated by the main phase of
carbonatisation which sealed the main Riedel shears, prompting the
development of parallel shear zones at the margins. Economic gold
grades are confined to these peripheral north-east-trending shear zones
with mineralisation largely confined to the zones of maximum f£luid flow
delineated by the blue Vi quartz veins. The complex interaction of the
arc and continental terranes resulted in a protracted tectonic history
and mineralisation was post-dated by two further phases (Ds and Dq) of
accretion-related deformation which fragmented the Vi lode veins.

There have been several attempts at grouping the regional location
of mineral deposits of the Nubian-Arabian Shield into metallogenic
provinces (e.g. Al-Shanti & Roobol,1979; Sillitoe,1979; Petrascheck,
1979; Pohl,1982; Vail,1985 ,1987). These studies are of limited use as
there 1s relatively little information on the environments and controls
of mineralisation for specific deposits in the Nubian-Arabian Shield.
Hundreds of gold prospects have been identified throughout the Shield
and most appear toc be mesothermal gold-quartz vein type deposits (e.g.
Vail,1985a,b). Less commonly, the gold deposits are associated with
base metal epithermal deposits (e.g. Mahd adh Dhahab; Worl,1979;
Huckerby,1983) and weathered volcanogenic massive sulphide
mineralisation {e.g. the Ariab Belt, southern Sudan, Cortial et al.,
1985; Nugrah, Saudi Arabia; Sabir,1979). In the Northern Red Sea
Hills, the majority of the gold prospects appear to be mesothermal,
shear zone-hosted, gold-quartz vein deposits usually, but not always,
confined to the greenschist facies volcanic lithologles (Vail,1978;
Fletcher,1985, Morteani et al.,1986). However, of the few gold
deposits in the Shield which have been evaluated structurally, all
appear to be related to accretion-related strike-slip deformation.

In Sudan, the evidence for early formation of the Gebeit
mineralisation during Dz dextral shear contrasts with the apparently
late-accretion-related mesothermal mineralisation of the Abirkitib
Mine, Sudan (Almond et al.,1984). Gold mineralisation at Abirkitib

post-dates both collision along the N-S-trending Onib-Sol Hamid suture
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and the emplacement of the Serakoit batholith, and appears to have been
synchronous with late sinistral shearing along the reactivated suture
(Almond et al.,1984; Stern et al.,1989). This strike-slip event was
coeval with sinistral shearing along the Wadi Oko shear zone (Almond et
al.,1987; see Fig.2.20) and was probably due to post-collisional
ductile shearing parallel to the plate boundary, as described from the
Mozambique Belt by Shackleton and Ries (1984). This phase of shearing
may have been related to the Ds: deformation seen at Gebeit or possibly
may be related to post-collisional Najd faulting (Stern et al.,1989;
see Fig.2.17), therefore, post-dating the Ds deformation at Gebeit.

Gold deposits along the Jabal Ishmas-Wadi Tath Lith shear zone in
eastern Saudi Arabia (i.e. the southern half of the Nabitah suture; sece
Fig.2.13) show similar characteristics to the Abirkitib mineralisation
(Worl,1980). All of these mesothermal, gold-quartz vein deposits occur
along secondary Riedel shears related to post-collisional sinistral
shearing along the reactivated N-S-trending Nabitah suture. These
deposits have been shown to be pre-Najd in age and the gold-quartz vein
mineralisation associated with massive sulphides in some of these
deposits appears to be epigenetic in origin {(Worl,1980). The
epithermal base metal-gold-telluride mineralisation at Mahd adh Dahb,
in the northern Asir terrane of Saudi Arabia, has been shown to be
complex (e.g. Worl, 1979; Huckerby,1983) and appears to be due to
several hydrothermal episodes. Mineralisation was controlled by
secondary N-S-trending Riedel shears related to major, NE-trending,
sinistral, strike-slip shears. If this NE-trending sinistral shearing
event 1s synchronous with the early-D4 sinistral shearing seen at
Gebeilt, then the limited available evidence suggests that phases of
gold mineralisation occurred throughout the protracted and complex
tectonic evolution of the Nubian-Arabian Shield during accretion.
Generally, the predominant control on mineralisation in the Shield
appears to be the availability of second order extensional shears
produced during strike-slip deformation. From recent studies (e.g.
Almond & Ahmed, 1987; this study), strike-slip deformation is now being
widely recognised throughout the Shield. The predominantly strike-slip
mode of deformation is due to the complex oblique collisions of the
various arc and continental terranes which form the Nubian-Arabian
Shield. As these strike-slip events are not restricted to a single
deformation phase, each area under consideration for gold exploration
must be evaluated in terms of its local tectonic evolution.

Likewise, further exploration for similar deposits in the Northern
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Red Sea Hills should be concentrated on the delineation of major Riedel
shears within the late-Proterozoic tectonic framework. These zones are
likely to be defined by resistant red ridges due to ankerite
metasomatism but economic vein-type mineralisation may occur adjacent
to or below these zones. The veins are also likely to display a marked
As anomaly (Khalil,1973; Fletcher,1985) but As values do not show a
direct correlation with gold grade. The auriferous Vi quartz veins
usually (but not always) display a definitive blue colouration due to
decrepitation of the COz-rich fluid inclusions. The cause of the
decrepitation is unknown but is probably due to rapid uplift associated
with Ds folding and thrusting rather than to a thermal overprint.
However, the close association of the gquartz-hosted gold with calcite-
infilled fractures may result in apparent low grades for quartz vein
samples taken from surface due to the weathering of the calcite.
The Gebeit deposit bears all the characteristics common to most
Archaean and many Mesozoic mesothermal lode gold deposits:
a) the gold in quartz vein mineralisation is hosted by shear zones
developed in a mafic volcanic sequence,
b) siting of the veins was controlled by second order extensional
brittle-ductile shears associated with regional ductile shear zones,
¢) mineralisation occurred at the brittle-ductile transition
immediately after lower greenschist facies peak metamorphism,
d) the mineralisation is associated with wide-scale carbonatisation and
local wallrock sulphidation and sericitisation, and
e¢) deformation that accompanied gold mineralisation, also controlled
intrusive magmatism and was part of a protracted tectonic history.
This suggests that the principal mechanisms of gold mineralisation
have remained consistent throughout the geological record. Similarly,
the depositional and tectonic environments of the arc terranes ofthe
central Shield have often been compared to the multiple arc terranes of
the SW-Pacific (Brown,1980), and late-Proterczoic epithermal as well as
mesothermal mineralisation is evident. The concentration of the
majority of the world's geld deposits in late-Archaean terranes and in
the Tertiary circum-~Pacific belt appears to be due to the rate and
extent of crustal formation and, possibly, the physical accessibility
of these areas. Due to its remoteness and arid environment, the
Nubian-Arabian Shield is a relatively poorly prospected terrain.
However, as the same processes extant in the formation of the majority
of the world's gold deposits are evident in this region, it is possible

that significant deposits have yet to be discovered.
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Chapter 9

Conclusions

The main conclusions of this study on the tectonic and chemical
evolution of the late-Proterozoic gold deposit at Gebeit Mine can now

be summarised:

1) The volcanic rocks which host the mineralisation have been
designated as the Gebeit Volcanic Group and three petrographic groups
have been distinguished:

a) plagioclase-phyric and aphyric fine and coarse tuffs,

b) hornblende- and clinopyroxene-phyric tuffs, flows, lapilli-~

tuffs and agglomerates.

¢} minor carbonaceous shales,
All these Upper-Proterozoic volcanic lithologies plot as oceanic,
island arc, basaltic andesites, transitional between low-K tholeiite

and calc-alkaline in affinity.

2) The stratigraphy represents a shallowing sequence from the
submarine-deposited aphyric and plagioclase-phyric tuffs and black
shales at the base, to the predominantly subaerial hornblende-phyric
flows, tuffs and agglomerates at the top. The Gebeit Volcanic Group
appears to have been deposited in a shallow, marginal back-arc basin on

the south-eastern flank of a relatively immature, palaeo-oceanic arc.

3) The earliest phase of arc accretion recognised, D:, produced
regional, north-east-trending Fi folds throughout the Northern Red Sea
Hills. This was followed by the main D2 phase of dextral, strike-slip
deformation which was accommodated by major, north-east-trending,
brittle-ductile, chlorite-phyllonite shear zones. These shear zones
subdivided the rocks of the Gebeit Volcanic Group into a series of
discrete, north-east-trending, elongate tectonic blocks. Several
Riedel and P shears were formed across the Gebeit block and fluid flow

was preferentially focussed by the extensional Riedel shears. Strike-
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slip deformation appears to have occurred on a regional scale and was
probably induced by east-west~directed compression due to the
simultaneous collision of the northern arc terranes and the north-

south-trending continental terranes to the east and west.

4) The first phase of intrusive activity exposed at Gebeit was
synchronous with late-D: dextral shearing and comprised a gabbro-
diorite-tonalite-trondjhemite, low-K, calc-alkaline suite,
predominantly consisting of dolerite and microdiorite dykes. These
intrusions were confined to the Sz fabrics of the main Gebeit Riedel
shear zones and probably pre~dated the gold mineralisation. These
phase 1 dykes were accompanied, or possibly post-dated, by a more
evolved, calc-alkaline, diorite~granodiorite suite which contains shear
zone-hosted auriferous mineralisation at two satellite prospects but

is not observed within the Gebeit mine area.

5) Following intrusion of the phase 1 dykes, the extensional Wadi
Lode and Wadi Tuwiya shear zones, and to a lesser extent the phase 1
dykes, were altered by an early, pre-mineralisation, COz-rich fluid
phase concentrated along the main Reidel shear zones. High fCO2
resulted in pervasive ankeritic metasomatism of the chlorite-sericite
phyllonites to produce a blocky, cohesive, rock type containing up to
60 vol.% ankerite. The quartz-albite-chlorite-calcite mineral
assemblage of the phase 1 dykes indicates that the peak of regional
metamorphism was lower greenschist facies grade and post-dated phase 1
dyke emplacment but pre-dated carbonatisation. Volume changes
associated with carbonate alteration average +200% and indicate
extension across the Wadi Lode shear zone of about 100m. If the
effects of extension across the Wadi Lode, Wadi Tuwiya and North Gebeit
shear zones are considered together with the extension accompanying Vi-
Vs vein formation, the total extension across the 10km long Gebeit
block is in the order of several hundred metres (=+3%). This pervasive
alteration appears to have sealed the main Riedel shears prompting
development of parallel, adjacent extensional shears. These secondary
shear zones subsequently hosted the auriferous Vi blue quartz veins,
and the minor Vz calcite-albite veins, thus effectively confining

economic gold mineralisation to the margins of the main Riedels.

£) Gold-sulphide mineralisation was confined to Vi, north-east-

trending, blue quartz veins and occurred synchronous with late-Da
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dextral strike-slip shearing, parallel to the Wadi Lode and Wadi Tuwiya
Riedel shear zones. Gold occurs as native grains associated with vein
sulphides and as free grains in zones of strained, sulphide-poor
quartz, often with calcite. Sulphide mineralisation tends to be
concentrated in the altered wallrocks and along entrained wallrock
stringers within the veins and comprises arsenopyrite, pyrite, and

pyrrhotite #chalcopyrite, zsphalerite, #gersdorffite.

7) Wallrock alteration adjacent to the Vi veins comprises quartz,
chlorite, sericite, calcite and albite. Albite is pervasively
sericitised and chlorite is relatively abundant together with highly
variable calcite contents (-80% to 200%) Quartz is depleted in the
wallrock but forms the majority of veins and stringers. Wallrock
bleaching, due to finely intergrown chlorite, sericite, and calcite,
forms a thin 10-50 cm envelope around the veins and visible alteration
extends up to 8m from the lode. The widths of cryptic alteration
haloes are variable but occur up to 25m from the lode intersection.
Geochemically, wallrock alteration is marked by significant additions
of K20 (x Rb, Ba), Mg0, Fetot, Cr, Ni, As, Au, * Ca0 and MnO with
concomitant depletion of Na:0 and Sr. As the veins formed along
extensional shear zones, wallrock volume changes were minor (%25%)
except in the zones of fine and pervasive vein development (50% to
200%). In contrast to the altered wallrocks, wallrock laminae
entrained within the lode veins consist of tourmaline, sericite,
rutile, calcite and apatite. Economic geld mineralisation represents
gold enrichment of 102 to 10% and As concentration of 102 to 10® above
background, also accompanied by minor enrichment in Sb and Bi, with B

confined to the veins.

8) From structural and mineralogical studies, six phases of veining
have been identified (see Fig.6.11); these are designated Vi-Vs, of
which phases Vi-Vs are associated with arc accretion-related
deformation episodes, Dz-Ds. Fluid inclusions in all quartz phases are
generally too small for gquantitative thermometric studies (<5um) but
those observed in the Vi lode veins are COz-rich. Analysis of fluid
inclugions from the Wadi Messesana prospect, 5km north-west of Gebeit,
revealed COz-aqueous inclusions which homogenise at 230-300°C and there
is evidence of immiscibility during trapping. Fluid pressure estimates
of 2.0 to 3.9kb (=7-12km depth) are consistent with evolution within

the brittle-ductile transition at greenschist facies grade. Many of
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the fluid inclusions in the relict Vi quartz grains have been
decrepitated, possibly due to deformation and rapid uplift during Da
thrusting, producing a dark blue colouration within the vein quartz.
Stable oxygen isotope studies of vein quartz indicate that fluid
compositions remained fairly constant for most of the accretion-related
deformation (estimated at between 2.4 and 8.7% ) and were probably
metamorphic {(# magmatic input?) in origin. Influx of meteoric fluids

is inferred for the Vs veins during late-tectonic Da deformation.

9) Wallrock alteration assemblages incorporated with fluid inclusion
and stable isotope data indicate the ore fluids at Gebeit comprised
H,0-COz fluids of low salinity and Eh, and near-neutral pH, at 250-
300°C. Gold transport was probably achieved by thiosulphide complexing
and the available evidence, although limited, suggests that phase
separation was the main gold precipitation mechanism. Estimates of the
gold and carbonate contents of the Gebeit block suggest that the
minimum total solvent volume was =1.2km?®, with Xco: at around 0.1. The
range of alteration styles and apparent separation of the C0z-H20
fluide is thus attributed to progressive fluid unmixing followed by

overprinting due to changes in crustal depth.

10) Following gold mineralisation, the D2 deformation was interrupted
by a relatively minor phase of north-west-directed, Dz folding and
thrusting which was concentrated along the Dz shear zones and resulted
in deformation of the Vi veins and phase 1 dykes. Ds deformation was
followed by renewed north-east dextral shearing which further
fragmented the Vi lodes. This late Ds shearing reactivated the D:
shear zones, controlling the emplacement of phase Z, transitional calc-
alkaline to alkaline, dolerite dykes and Vs, massive, white quartz
veins. The block-bounding shear zones formed the south-west margin to
the Gebeit Volcanic Group where they are thrust over the Sasa Plain
tuffaceous slate assemblages, believed to represent part of a

continental margin arc terrane (El Nadi, 1984).

11) The final stages of arc accretion commenced with a switch from
dextral to sinistral strike-slip deformation, probably due to collision
with the marginal arc terranes to the west. This phase of strike-slip
deformation once again reactivated the Dz shears, controlling the
emplacement of the phase 3 alkaline dolerite dykes and V4 quartz-

sericite veins and deforming the earlier veins and dykes. Accretion-
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related deformation ended with the Da phase of eastward-directed
folding and thrusting which folded the north-east-trending, Vi lodes

into NNW-trending open, upright, antiforms and synforms.

12) Following accretion and cratonisation of the Nubian-Arabian Shield
around 670-630 Ma, the area remained tectonically inactive until the
Mesozoic. At least four phases of extension, related to the break-up
of Pangea and the rifting of the Red Sea, produced faults on E-W and
NW-SE trends and reactivated many of the N-S-trending Pan-African
structures. At Gebeit, several phases of normal faulting and
anorogenic, alkaline, within-plate, plutonism have been identified but
have not been accurately dated. These comprise:

al Reactivation of N-S-trending sections of the major shear zones
which hosted ultra-potassic, alkaline trachyte dykes similar to the Oko
shear zone (see section 4.4.3). These dykes are of lamproitic affinity
and are probably Mesozoic (150-83 Ma) in age.

b) NW-trending normal faults which cross-cut and partially
reactivate the late-Proterozoic structures but usually have
displacements of <50cm. Some of these NW structures may have been
coeval with reactivation of the N-5 shear zones and controlled the
siting of many of the post-tectonic ring complexes (e.g. Salala)

¢} E-W faults, which transect all structures, hosted the late,
phase 4, undersaturated, alkaline, analcime-olivine dolerites which are

probably of Cainozoic age (<30 Ma).

13) Gold mineralisation at Gebeit was primarily controlled by the
availability of extensional sites (Riedel shears) for fluid access
during Dz dextral strike-slip shearing. Although structural data in
the region are limited, dextral shearing appears to have occurred
throughout the Red Sea Hills and probably in the northern arc terranes
of the Arabian Shield. Mineralisation is broadly associated with a
phase of intense carbonatisation which can be identified on aerial
photographs and may prove to be a useful exploration guide. Sparse
data from other Shield deposits suggest that gold mineralisation was
not restricted to any specific phase of arc accretion and deformation.
The Gebeit deposit bears many similarities with Archaean and Mesozoic-
Tertiary mesothermal lode gold deposits, suggesting that the
concentration of gold deposits in the Archaean and Tertiary is due to
the rate and extent of crustal formation and is not due to differences

in ore fluids or depositional mechanisms.
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APPENDIX A

Analytical operating conditions

1) Oxygen Isotopes

Visibly pure 100mg samples of Gebeit vein guartz were crushed
using a mortar and pestle and sieved using 150pm (100 mesh) and 74um
(200 mesh) nylon filters to obtain a 100-200 mesh~sized sample. These
grains were boiled in industrial grade HC1 for 2-3 hours and washed at
each stage of processing using 3- and 5-times distilled water and
finally dried at 105°C. All samples were examined by binocular
microscope for contaminant minerals and 2 random samples analysed by
XRD as a cross-check. Oxygen isotope analyses were performed at the
Scottish Universities Research and Reactor Centre using standard
techniques under the auspices of Dr T. Fallick. For each analysis,
20mg of quartz was reacted with BrFs or ClFs overnight at 3-5
atmospheres in a Ni bomb liberating gaseous Oz which was analysed on a
double collector mass spectrometer (ISOSPEC 44). The routine internal
standard used was Standard NBS 28 with an isotopic value of 8180 =
9.6% , and within run precision for pure homogenous quartz is £0.1%.
(10). All results are given in the text (Table 6.2).

2) X-Ray Fluorescence Analysis

%XRF analyses were carried out using a Philips PW1400 wavelength
dispersive X-ray fluorescence machine using a 3kW rhodium anode X-ray
tube. Data processing was performed on a dedicated DEC PDP-11/23
running under the MICRO-RSX operating system. Voltage, current
settings and analyte line wavelength are element specific. For major
element analysis, powdered samples were fused with a 5:1 mixture of
eutectic flux (Spectroflux 100B) to produce a homogenous glass bead.
Trace elements were analysed using a pressed pellet of pulverised rock
mixed with a few drops of 7% PVA solution. Estimates of bias precision

are given overleaf and analyses tabulated in Appendices B and F.
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3) X-Ray Diffraction

XRD analyses were performed using a Philips 1700 series X-ray
diffraction machine with Cu Ka radiation at a tube voltage of 40 kV and

a tube current of 36mA, running at 1° per minute with 1° slits.

4) Microprobe Analysis

a) Qualitative analyses and high-resolution back-scattered electron
(BSE) photography were carried out using an I.S.I. model 60A scanning
electron microscope fitted with a ROBINSON back-scatterd electron
detector and a PRINCETON GAMMA-TECH energy dispersive (EDS) analyser

under an accelerating voltage of 20 kV.

b) Quantitative analyses of Gebeit wallrock alteration mineral
assemblages (i.e. chlorite, quartz, albite, sericite, aclcite, ankerite
and tourmaline) were performed on a CAMBRIDGE INSTRUMENTS Microscan
Mark 9 wavelength dispersive microprobe at the Department of Earth

Sciences, Oxford University.

5) Background Gold Analysis

Low level gold analyses were carried out by the Anamet laboratory
using acid digestion techniques. 25-50g of pulverised rock was
subjected to agua regia (HNOs and HC1) to dissolve the gold. Gold was
extracted from the resulting solution by absorption into DIBK-ALIQUAT
336 (di-isobutyl ketone) mixed organic solvent using a low (5-10%) acid
strength to minimise iron extraction. The solvent gold content is
determined by carbon furnace atomic absorption (A.A.) with standard
solutions and the gold content back-calculated. The precision from
replicate analyses of international reference material is x15% at 300
ppb and the detection limit of the method is 1 ppb. Results are fully
tabulated in Table 7.12.

6) Fluid Inclusion Analysis

Twenty-two double-sided polished chip samples (50-100um thick)
were produced for this study covering vein phases Vi-Va for the Gebeit
area and most of the satellite prospects (Garabein, Halal Hindeib, Unm

Arad, Tagoti, Wadi Messesana). In virtually all sanmples, the. fluid






Sample No Rock type Sample Location

™S 001 ankerite phyllonite WLE 5100E,5400N

TMS 002 plag. phyric tuff DDH 22 08m

™S 003 Hb—cpx-phyric andesite DDH. 21 130m

S 004 chlorite phyllonite DDH 35, 54m

™S 005 chlorite phyllonite DDH 23 100m

TS 006 fine aphyric tuff DDH 21 2im

THS 007 shale DDH 34 79m

S 008 fine laminated tuff DDH 25 110m

™S 009 Hb~cpx-phyric andesite DDH 23 130m

™S 010 Hb-cpx-phyric andesite DDH 28 98m

TMS 011 altd Hb-cpx-phyric andesite DDH 26 131m

™S 012 chlorite phyllonite DDH 28 74m

™S 013 Hb-cpx-phyric andesite DDH 28 98m

™S 014 Phase 3 dolerite dyke (altd) 5400E, 6020N

™S 015 Phase 1 diorite dyke 5450E, 5800N

™S 016 altered basic intrusion 4800E, 66700

™S 017 ultra-potassic trachyte dyke 5150E, 6350N

TMS 018 alkall granite 6500E, 5500N

™S 019 Phase 1 diorite dyke 5000E, 56001

™S 020 basalt 5475E, 6400N

™S 021 tuffacecus slate Sasa Plain

™S 022 gabbro 5500E, 6500N

™S 023 ultra-potassic trachyte dyke 4100E, 5900N

™S 024 tonalite VEIN 18

TMS 025 Phase 1 dolerite dyke 4850E, 6000N

™S 026 Phase 3 dolerite dyke (altered) 5600E,4900N

™S 027 Phase 1 dolerite dyke 5000E, 65000

T™MS 028 ultra-potassic trachyte dyke 5100E, 6400N

TS 029 Phase 1 diorite dyke 5250, 63008

T™S 030 Hb-cpx-basal cumulate flow stratigraphic section
™S 031 ankerite phyllonite 5200E, 6000N

™S 032 chlorite phyllonite 5100E, 6200N

™S 033 ankerite phyllonite 4100E, 5900N

TMS 034 chlorite phyllonite 5000E, 6900N

THS 035 altered footwall tuffs 4352E,4735N

TS 036 aphyric basalt 4950FE, 6400N

™S 037 Hb-cpx-phyric andesite Marble Bar South

S 038 Phase 4 dolerite dyke 4600E, 6150N

™S 039 vhite Vs quartz vein 5100E, 5700N

THS 040 blue Vi quartz vein Garabein

TMS 041 shale sample for pyrolysis DDH 35 127m

™S 042 blue Vi quartz vein DDH 35 120.11-120.36m
THS 043 120.36-120.61m
™S 044 120.61~120.86m
MS 045 120.86~121.11m
THMS 046 121.11-121.36m
TMS 047 121.36-121.61m
TMS 048 Lode Profile 2 121.61-121.86m
THS 049 121.86~122.11m
THMS 050 122.11-122.61m
™S 051 122.61~123.11m
™S 052 123.11-123.61m
T™S 053 123.61~124.11In
THMS 054 124.11-124.61m

124.61~125.11m




Sample No. Rock type Sample Location

TMS 056 DDH 35 125.11-126.11m
™S 057 126.11-127.11m
™S 058 Lode Profile 2 127.11~128.11m
™S 059 128.11-129.11m
TMS 060 129.11-130.11m
TMS 061 130.11~130.40m
THMS 062 Pyrolysis shale sample DDH 35 115m

™S 063 DDH 46 89.50~89.75m
THS 064 89.75-90.00m
TMS 065 90.00~90.25m
THS 066 90.25-90.50m
™S 067 90.50-90.75m
TMS 068 90.75-91.00m
™S 069 91.00-91.25m
T™S 070 91.25-91.50m
™S 071 91.50-91.75m
™S 072 91.75-92.00m
™S 073 92.00~92.25m
™S 074 Iode Profile 1 92.25-92.50m
™S 075 92.50-92.75m
™S 076 Fine to coarse 92.75-93.00m
TMS 077 andesitic tuff 93.00-93.50m
™S 078 93.50-94.00m
™S 079 94.00-94.50m
™S 080 94.50-95.00m
™S 081 95.00-95.50m
THS 082 95.50-96.00m
TMS 083 96.00-97.00m
™S 084 97.00-98.00m
THS 085 98.00-99.00m
™S 086 99.00~100.00m
™S 087 5000E, 5300N
™S 088 Phase 1 diorite dyke 5000E, 5300N
TS 089 Phase 2 dolerite dyke 5000, 5300N
™S 090 Phase 1 gabbro 4250F, 8250N
™S 091 Phase 2 granite Sasa Plain
™S 092 Phase 1 diorite dyke 4200E, 6500N
™S 093 Phase 3 dclerite 5050, 5950N
™S (094 Phase 2 granodiorite West Gebeit
THMS 095 Na-trachyte dyke Yemomt

HMS 096 Phase 1 granodiorite Wadi Messesana
™S 097 Phase 4 dolerite dyke 5000E, 6750N
™S 098 ankerite phyllonite 4600E, 4800N
™S 099 Phase 1 diorite dyke 4600E, 4800N
™S 100 amphibolite Sasa Plain
TMS 101 Phase 1 diorite dyke 4400E, 6500N
™S 102 quartzite Wadi Yemomt
™S 103 acid gneiss Sasa Plain
THS 104 Phase 2 dolerite dyke 4-level

™S 105 fine laminated tuffs Eastern Gebeit
THS 106 silicified granodiorite Wadi Messesana
™S 107 sulphidised granodiorite Wadi Messesana
™S 108 altered footwall tuffs Halal Hindeib
™S 109 altered footwall tuffs Halal Hindeib
™S 110 Phase diorite dyke Tagoti West




Sample No. Rock type Sample Location
™S 111 carbonatised andesite bomb 4000E, 6000N
™S 112 Phase 1 dolerite dyke 4100E, 6200N
™S 113 altered footwall tuffs Y Lode

™S 114 andesite tuff Sadareit
™S 115 andesite tuff Sadareit
TMS 116 red calcrete 5300E, 6000N
™S 117 vwhite calcrete 5100E, 6400N
™S 118 ankerite phyllonite 4300E, 65008
™S 119 ankerite phyllonite 4100E, 5500N
™S 120 Hb-cpx-phyric andesite DDH 43 223.7m
™S 121 Hb-cpx-phyric andesite DDH 41

™S 122 fine laminated tuffs DDH 24 14m
™S 123 carbonatised aphyric tuffs 4600E, 6750N
™S 124 granodiorite Tikraneit
THS 125 altered granodiorite Tikraneit
THS 126 pink post-tectonic granite Tikraneit
™S 127 Phase 1 diorite dyke ROOOE, 5300N
™S 128 chlorite phyllonite 5300E, 5600N
™S 129 chloritised granodiorite Tikraneit
™S 130 fine laminated tuffs Y Lode

™S 131 tuffaceous slates Sasa Plain
™S 132 oxidised sulphidic schists Vein 13

™S 133 altered footwall tuffs Y Lode Raise 9
™S 134 oxidised sulphidic schists Vein 18

™S 135 altered footwall tuffs 4~]evel W37
THS 136 oxidised sulphidic schists Marble Bar N
™s 137 Hb-cpx-phyric andesite (altd) 4-level W33
S 138 blue Vi quartz vein Garabein
™S 139 shale 4-level W38
TS 140 chlorite phyllonite 5200E, 6000N
™S 141 Cu-rich altered granodiorite Tikraneit
TMS 142 altered footwall tuffs 4~level W36
™S 143 altered footwall tuffs 4-level W36
™S 144 altered footwall tuffs 4~level W35
TS 145 Hb-cpx-phyric andesite 4400E, 5900N
™S 146 Hb—-cpx-phyric andesite Yemomt

THMS 147 Andesite pyroclastic flow Garabein
THMS 148 Plagioclase-phyric tuffs 4650E, 6400N
™S 149 chlorite phyllonite 5000E, 6900N
™S 150 blue Vi quartz vein 4~level W35




























Post-tectonic alkaline intrusions

Trachyandesite K~rich trachyte Na~-trachyte Cammendite
/Basalt
Sample ™S 023 ™S 017 TMS 028 THMS 095 ™S 018

$i02 47.78 61.92 62.02 62.72 70.73
Ti02 1.60 .05 .07 .07 .30
A1203 15.68 15.58 15.79 17.41 9.63
Fe203 8.04 3.63 3.81 4.26 7.50
MnO .06 .11 .10 .19 .09
MgO 3.29 .94 .82 .00 .26
Ca0 5.34 2.07 2.10 .65 1.41
Na20 .41 2.24 1.86 7.92 .87
K20 9.91 9.29 9.89 4.69 6.53
P205 .98 .02 .05 01 .04
L.0.1. 5.90 3.20 3.10 1.32 2.20

TOTAL 98.98 99.04 99.60 99.24 99.57

Trace elements (ppm)

As <7 <7 <7 15 7
Cu 2 2 2 <2 2
Mo <2 2 <2 24 8
Sn <6 12 7 14 18
Bi 3 <3 3 3 &]
Sb 3 3 <3 3 <3
Pb 3 11 10 21 9
Th 6 9 13 43 22
Rb 185 162 161 224 146
4] <5 <5 5 10 6
Sr 119 62 57 25 22
Y 36 39 37 107 186
r 385 762 810 1742 1742
Nb 62 141 133 275 173
Ga 24 33 35 60 40
n 118 133 140 247 96
Ni 20 11 8 15 14
Cr 14 168 10 7 286
v 10 <5 5 A5 10
Ba 1291 892 901 62 264
La 51 87 93 200 88
Ce 98 147 150 368 ‘ 190
Trace element

Totals 2424 2671 2570 3459 3320
Ti02 19304 647 610 637 4544
MnO 574 1106 1052 1975 1048
K20/Na20 23.89 4.14 5.33 .58 7.48
K204Na20 10.32 11.53 11.74 12.61 7.41
K20+Na20/31203 .66 .74 .74 .72 11
K/Rb 536 573 614 210 448
FeOt 7.24 3.27 3.43 3.83 6.75
Ca0Hig0 8.63 3.01 2.91 .65 1.68

Al/ (NatK+Ca/2) .19 .82 .81 .92 LT
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APPENDIX C
Structural Data (not contained on maps)
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