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Abstract

Mesothermal gold ores of the Bogosu and Prestea concessions of
southwestern Ghana are hosted by Birimian (2.1 Ga) carbonaceous sedimentary
rocks. Gold mineralization is post-peak metamorphism, and occurs within
dilatant zones of the Ashanti Structural Belt. Host sedimentary and mafic
lithologies have been altered to an assemblage containing abundant ankerite,

siderite and sericite.

Deeper portions of the gold system are exposed on the Prestea concession,
and higher-level ores at Bogosu. Crack-seal quartz veins and carbonaceous
shear-zones are the common ore types in the brittle-ductile rocks at Prestea.
Tectonically-disrupted sediments with smaller zones of carbonate-altered matic

dikes are the common ore types at Bogosu.

Pyrrhotite was the first sulphide to precipitate; however, increase in pH
and fO3 resulted in its alteration to marcasite and pyrite. This was followed by
precipitation of arsenian pyrite and arsenopyrite. In-situ analysis and ion
mapping by SIMS suggest that most of the gold may have precipitated in solid-
solution with the arsenian pyrite and arsenopyrite. However, gold was
subsequently redistributed, concentrat >d and crystallized as colloidal and
microscopic particles within voids, microfractures and at grain boundaries of

the arsenian pyrite, arsenopyrite and trace amounts of other sulphides.

Ankerite-siderite and arsenopyrite geothermometers indicate that mineral
deposition occurred from about 400 to 145°C. The lower limit of carbonate
formation temperatures suggest that the ambient country-rock temperatures at

the time of mineralization were about 145 and 215°C for Bogosu and Prestca




ores, respectively. Peak metamorphic temperatures are estimated at = 375°C.

Calculated oxygen and carbon-isotope values for the hydrothermal fluid
(8180 = 11.8 £ 1.5%o0, 813C = -12.7 £ 2.2%o0) are consistent with the generation
of a metamorphic ore fluid in equilibrium with the Birimian sedimentary rocks.
However, lower calculated fluid 8180 and 813C values of 8.1 + 2.0%¢ and -13.8

+ 3.3%o, respectively, for quartz and carbonates in mineralized samples suggest

that phase separation of the ore fluid to a CO2-rich gas phase and a residual ore

fluid occurred prior to mineralization.

Geological and geochemical evidence suggest that the Ashanti Gold Belt
formed in a sediment-dominated accretionary prism similar to the southern

coast of Alaska.
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Chapter 1: Introduction

Gold has been recovered from the Early Proterozoic Birimian rocks (2.3
to 1.9 Ga) of West Africa for the last one thousand years, and production
dominated the world gold supply from the 14th to the 18th centr ies. The
geology of this major auriferous province remains little knowa . ™~ westem
world, largely due to difficulties in accessing both the tropical areas of the south
and the arid regions to the north. The Birimian is approximateiy the size of
Ontario, and includes parts of Guinea, Liberia, Cote d'Ivoire, Ghana, Burkina
Faso and Mali, with small outliers in Mali, Senegal and Guinea (Figure 1.1). In
spite of minimal exploration and development, several world-class ore deposits
are known in the Birimian, and there is potential for many other significant

discoveries.

The Ashanti Gold Belt of southwestern Ghana is by far the most
important gold-bearing structure of the Birimian. This thesis investigates a 33
km segment of the Ashanti Gold Belt known as the Bogosu and Prestea mining

concessions (Figure 2.2), located in the Western Region of southern Ghana.

The Bogosu concession was awarded to Denison Mines Ltd. of Toronto in
1985 by the Government of Ghana. In 1986, Denison entered into a Joint
Venture agreement with Sikaman Gold Resources Ltd. (40.5%), Denison Mines
Ltd. (40.5%), the Government of Ghana (10%), and the International Monetary
Fund (9%) for the exploration and possible developrnent of the concession. The
author joined the project in February of 1988, as Chief Geologist and
subsequently Site Manager, and worked on site in Ghana through the
exploration, feasibility and pre-development phases of the project. By mid
1988, Billiton International Metals BV joined the project, eventually acquired
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Figure 1.1: Political map of West Africa showing the outline (dashed) of Early

Proterozoic (= 2.1 Ga) Birimian rocks.



the controlling interest and developed the concession as the most important new
gold mine in West Africa. First gold at the new mine was produced in late
1990.

Prior to this thesis, no geological investigations had been conducted on
the Bogosu concession, other than reconnaissance surveys and those directly
related to mining. Only one petrological thesis (Adjimah, 1988) has been
written on the geology at Prestea.

This thesis reviews the literature on West African geology as it relates to
the Birimian, reports on the geology, structure and mineralogy of the Bogosu
and Prestea concessions, and comments on the whole-rock geochemistry of
important lithologies, ore mineralogy, chemistry of hydrothermal minerals,
distribution of gold, and 13C and 180 isotope systematics. These observations
permit a reconstruction of the physico-chemical evolution of this major gold
system within the proposed regional tectonic setting of a sediment-dominated
accretionary prism. Gold mineralization post-dated the early stages of
deformation of the Ashanti Structural Belt and the peak metamorphism.
However, the gold-bearing hydrothemal fluids that were focussed along dilatant
structures appear to have been derived from subsequent metamorphism of
Birimian lithologies below the zone of mineralization. The new information
presented here is used to model the Birimian tectonics of southwestern Ghana,
and hints at new insights into mechanisms of gold deposition and evolution in
mesothermal gold deposits. Based on samples and analyses from other mining
areas, the implications of this research are believed to extend beyond the

Bogosu and Prestea regions, to the Ashanti Belt as a whole.



Chapter 2: The Larly Proterozoic Birimian of West Africa

Introduction to the Birimian

The African continent is the second largest land mass of Earth and is also
the most tectonically stable. Phanerozoic mobile belts are restricted to the
extreme north-west (Atlas mountains) and to the southern tip of South Africa.
The continent contains small Archean nuclei centered near: 1) Liberia and
Mauritania in the west, 2) Congo, Angola and Tanzania in the central regions,
and 3) Zimbabwe and the Transvaal in the south. These nuclei are surrounded
or bordered by larger, Early Proterozoic volcano-sedimentary-plutonic
terrains, which in turn were followed by several tectono-orogenic events of
lesser significance. Finally, stabilization of the continent as we now know it
concluded with the major Pan-African event at =550 Ma. Very little tectonic

activity has occurred since that time.

The southern portion of the Precambrian West African craton
encompasses a broad section of geological time, from the Archean Liberian
platform in the west (=3200 Ma), to the Pan-African (=550 Ma) Togo thrust
belt in the east. These two terrains are separated by the Early Proterozoic
Birimian terrain (=2100 Ma), which is overlain in its eastern portion by the
sedimentary rocks of the Late-Middle Proterozoic (=1100 Ma) Volta Basin
(Figure 2.1).

The Archean Nucleus of the West African Craton

The Archean nucleus covers most of Sierra Leone, southern Guinea,
northern Liberia and a portion of north-western Cote d'Ivoire. It has a

basement structure of gneiss-migmatite-granulite rocks with strong N-S and

4
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NE-SW structural fabrics. The northern and western areas are predominantly
N-S trending, while in the south and eastern portions there is a shift in
structural fabrics to NE-SW. This N-§, NE-SW fabric is ubiquitous throughout

the study area and spans the entire sequence of rocks up to the Pan-African.

Numerous supracrustal belts follow the structural trend. They are in the
form of narrow, schistose, linear remnants of greenstones and metasedimentary
rocks, ranging from 10 to 130 km in length. Their compositions are similar to
greenstone belts elsewhere in the world, with a lower sequence of
mafic/ultramafic volcanic and intrusive rocks. These are overlain by tholeiitic
amphibolite lavas and sills and minor sedimentary rocks, with an upper
sequence of clastic metasedimentary rocks, greywacke, turbidites, iron
formation, and a subordinate metavolcanic component with mafic through felsic
rocks (Wright et al., 1985; Hawkes, 1972). Liberian age (=2750 Ma) granites

intrude the central basement complex in a northwest trending belt.

Liberian rocks have ages ranging back to about 3200 Ma (Cahen et al.,
1984). These dates have been interpreted variously, but it is generally accepted
that several orogenic events affected the area, namely: 1) initial formation of
Archean crust at 3200 Ma), 2) pre-Leonian at >3100 Ma (Man Charnockite, Mt.
Douan formation), 3) Leonian orogeny at =2950 Ma (gneiss-migmatite-
granulite basement), and 4) Liberian event at =2750 Ma with broadly
contemporaneous deposition of supracrustal sequences and intrusion of

granitoids.

The eastern boundary of Archean rocks is the Sassandra-Mt. Trou fault
zone, which marks the beginning of the Proterozoic Birimian terrain of

southern West Africa.



The Proterozoic Accretion

The Proterozoic of West Africa is better defined and studied than the
neighbouring Archean, but most of this work is of a general nature and
conclusions regarding the geological make-up are sometimes based upon
preliminary information. This uncertainty reflects the difficulties of working
in the region, which include: 1) tropical rain forests along the coast and the
remoter Sahel (arid) regions to the north, and 2) episodic, abysmal political
and economic situations over long periods of time which tend to destroy any
pre-existing technical infrastructure. Consequently, geological interpretations

vary and sometimes conform to political and ethnic boundaries.

The Birimian consists of three main units: volcanic greenstone belts,
metasedimentary belts, and inirabelt granitoid intrusions. These occur in
tectonically controlled belts following the same N-S or NE-SW lineaments as in
the Archean rocks. The most dominant feature is the west-dipping marine
metasedimentary rocks composed of phyllitic argillites and turbidites,
greywackes, slates and schists. The sedimentary rocks are referred to as flysch
by French geologists, and the term is generally used within Cote d'Ivoire
(Junner, 1946; Cahen et al., 1984; Luebe et al., 1986, 1990). Mafic volcanics
overlie the sedimentary package in the east (Ghana) and north (Burkina Faso),
while in the west (Cote d'Ivoire) the sedimentary rocks are considered to be
erosional products of the same volcanic belts. The boundary between the two
interpretations conforms to the political boundary between Cote d'Ivoire and

Ghana. This appears to be a French-English controversy.

Major structural lineaments are often exposed near the boundaries of



parallel volcanic belts. This is particularly evident in southwest Ghana (Figure
2.2). The Ashanti thrust belt (1 km wide and 250 km in exposed length) has
always been reported to be located along the contact between metasedimentary
rocks and metavolcanic rocks. However, current mapping (this project) did not
locate any volcanic rocks along the Ashanti structural zone. On the basis of
exposures from Prestea in the southwest to Konongo in the northeast, most of
the rocks that have been labelled "volcanics™ are thought mostly to be tabular
intrusions of variable but mainly mafic compostion. They may be dike-like
feeders for overlying volcanics that took advantage of crustal weaknesses along
the structural belts. In these areas, volcanic rocks immediately overlying the
intrusions must have been eroded away, although large areas in flanking zones
remain. The Ashanti belt is by far the most studied area of West Africa, and

yet, even here the true nature of some of the geology is still under question.

Within and flanking the volcanic belts are later Tarkwaian clastic
sedimentary rocks that unconformably overlie older rocks (Figure 2.2). The
Tarkwaian is a shallow marine to sub-aerial sequence composed of
conglomerates, quartzites, sandstones and phyllites. The main belt of
Tarkwaian rocks occurs within the Ashanti volcanic belt; however, Tarkwaian
rocks have been documented in association with almost all Birimian greenstones
(Luebe et al., 1986, 1990; Wright et al., 1985; Sestini, 1973).

Granitoid intrusions are generally concordant with structural trends and
are often foliated. The deposition of these granitoids in linear and quasi-linear
belts has been well documented in Cote d'Ivoire by Angoran and Kadio (1983),
and in Ghana by Luebe et al., (1986), (Figure 2.2). They occupy large regions
between volcano-sedimentary terrains. The intrusions took place during the

main Eburnean orogenic episode, when Birimian sedimentary rocks and



Figure 2.2: Modified geology of central and western Ghana (Luebe et al.,
1986). (B = Bogosu and Prestea districts).
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volcanics were isoclinally deformed. Granodioritic compositions predominate,
but, large syntectonic batholiths are often two-mica granites or biotite-
hornblende-bearing varieties. Also, there is a late tectonic to post-tectonic suite
of granitoid intrusions that are much smaller, typically unfoliated and sub-
rounded in outcrop. These latter intrusions have a wider range of composition,
from hornblende and biotite-bearing granites to diorites, monzonites and

syenites (Wright et al., 1985; Angoran and Kadio, 1983; Luebe et al., 1986,
1990).

A general time correlation for Early Proterozoic stratigraphy and
Eburnean orogenic events in the Birimian has been prepared by Cahen et al.
(1984). Three major orogenic episodes correlate with the formation of the
lower Birimian (2270 Ma), upper Birimian (2130 Ma) and Tarkwaian (2030
Ma). However, it should be noted that there is a wide variety of ages preserved
within both the Archean and Proterozoic terrains of West Africa, and

considerahle controversy exists with respect to the timing of orogenic events.

Origin of the West African Craton

The important features to be considered before discussion of models for
the origin of the West African Craton are: 1) progressive eastward younging of
the rocks from 3200 Ma (oldest Archean) to 550 Ma (Pan African), with a wide
range of ages preserved from =3200 Ma to =1600 Ma (Cahen et al., 1984;
Caen-Vachete, 1988; Caen-Vachete et al., 1984; Clauer et al., 1982; Onstott and
Dorbor, 1987; Kone et al., 1988; Toure et al., 1987, Abouchami et al., 1990;
Hirdes et al.. 1992; Taylor et al., 1992), 2) sub-parallel tectonic structures
controlling the distribution of supracrustals, granitoids and sedimentary rock

sequences with a crude regularity to their spacing, 3) deformation to a steep
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isoclinal sequence that generally dips to the west, and 4) planar parallelism
between volcanic rocks, intrusions, metasedimentary rocks and major structural
breaks. These are features common to both the Archean and Proterozoic, with
the main differences being the small size of preserved supracrustal relics, and a
metamorphosed basement complex of unknown origin in the Archean. It should
also be noted that the area considered in this study is only part of the craton as it
existed in Early Proterozoic times. The full extent covers a larger area to the
north as well as a segment of northern South America where good correlations
have been made by many investigators (e.g. Caen-Vachette, 1988; Molina, 1988;
Bonhomme and Bertrand-Sarfati, 1982).

Models for development of the West African craton include: 1) crustal
reactivation with downwarping of pre-existing crust, sediment accumulation in
the basins and finally compressional tectonics to fold and deform the
intracratonic belts (e.g. Wright et al., 1985), 2) intracratonic rift models where
extensional tectonics create rift environments. Volcanic rocks were extruded
along the major boundary faults and provided source material for intra-rift
sedimentation. Compressional tectonics then deformed and folded the rift belts
(e.g. Luebe et al., 1986, 1990; Hastings, 1982), (Figure 2.3), 3) simultaneous
development of ensialic and ensimatic basins through plate tectonics and
subduction under continental crust with later uplift and erosion (Wright et al.,
1985), (Figure 2.4), and 4) more recent suggestions requiring accretion of an
allochthonous terrain to the craton (Abouchami et al., 1990; Taylor et al.,
1992).

In all models presented there are two major problems: 1) they all require
pre-existing continental crust, and 2) with the exception of the Leube et al.,

(1986) model (Figure 2.3), they all depict the Birimian as anticlinal basins. In
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Figure 2.4: Subduction driven ensialic and ensimatic rift and basin model for
the development of the Birimian (Wright et al., 1985).
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the Birimian today, there is little or no evidence for pre-existing continental

crust or for anticlinal basins with the exception of late Tarkwaian-type clastics.
Although the Leube et al. (1986) model arrives at a reasonable facsimile of the
modern Birimian, simuitaneous development of as many rifts and basins within

sialic crust as are required to constitute the Birimian (= 20) seems unlikely.

The subduction process suggested by Wright et al. (1985) (Figure 2.4a)
may be closer to what actually happened; however, their end product (Figure
2.4b) does not resemble the current make-up of the Birimian. One geological
model that may be a close analogue for what is observed in southwest Ghana is
the accretionary complex developing along the southwest coast of Alaska.
There are close correlations between the marine sedimentary rocks, late clastics,
volcanic belts, granitoids, structural fabrics and thrust belts. The Birimian and
Archean rocks of West Africa have a wide range of ages that are difficult to
accommodate within discrete event models. However, through westward
subduction under the craton and progressive eastward accretion of the rocks,
the entire Proterozoic Birimian (+ Archean) may have developed through time
by episodic periods of: 1) subduction-driven accretion of sedimentary rocks,
and 2) intrusion of granitoids and volcanic belt forming magmas into zones of
relaxation from subduction-generated melts. This process could produce the
wide range of ages recorded in the rocks, as well as the regional geological
patterns depicted in Figures 2.2 and 3.2. A close resemblance to actual geology
and structures in the Birimian sedimentary rocks occurs in a cross-section
through the geology of the southwest coast of Alaska (Sample and Moore,
1987). This section through part of a sediment-dominated accretionary wedge
illustrates repetitive reverse faulting, sedimentary rocks uniformly dipping
toward older rocks, steep to gently dipping zones of stratal disruption, volcanic

rocks and felsic intrusions. All are standard features of the Birimian of

18



southwest Ghana.
Gold Mineralization

West Africa was the world's leading supplier of gold from the 14th
century to the turn of the 18th century. Virtually all of this gold came from
Birimian rocks. Prior to the 16th century the main trade routes were caravans
through the Sahara to North Africa, and from there to the rest of the world.
With the beginning of the 15th century, the Europeans travelled along the west
coast of Africa and gradually displaced the northern trade. Several historical
West African empires were based on the wealth, power and prestige of gold
(Knopf, 1988), and this symbolism is still woven into the culture of the Ashanti
Kingdbm of Ghana.

Historical gold production was carried out by thousands of Africans
washing gravels from innumerable stream beds throughout the tropical and
semi-tropical rain forest regions along the south-west coast, as well as in drier
regions of the Sahel to the north. They also worked primary quartz-vein
deposits in near surface, saprolitic rocks by carefully chipping away at the
higher-grade, free-milling gold. This material would be hand-crushed, sieved,
washed in the nearest stream to separate out heavy minerals, amalgamated and
finally refined in blacksmith-type hearths. This same practice continues today
(often illegally on the doorsteps of modern mines) by uncounted thousands of
“Galamsey"” workers throughout southern and western Ghana, and in parts of

Cote d'Ivoire, Burkina Faso, Mali, Sierra Leone and Liberia.

10
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Primary Lode Deposits

Primary lode gold deposits occur along linear structural belts associated
with volcanic/sedimentary interfaces. The type locality where most of the
modern gold comes from is the Ashanti Gold Belt, southwestern Ghana (Figure
2.5). This is a major thrust-fault zone within greywackes, turbidites and
argillaceous phyllites intruded by many tabular dikes of variable, but mainly
mafic composition. Primary gold deposits occur along the length of the belt as:
1) massive, fractured or crack-seal type quartz veins; e.g. Prestea (Figure 4-7),
Ashanti and Konongo mines, 2) quartz stockworks in sheared sedimentary
rocks and carbonate altered intrusions; e.g. Bogosu (Figures 3-1 and 3-11) and
Konongo-Obenemasi mines along the Ashanti belt and Syama in Mali, and 3)
“crush zones" which are sheared and fragmented quartz stockworks in
carbonaceous sedimentary rocks; e.g. the Bogosu mine and undeveloped

deposits at the Prestea concession (Figures 3-1, 3-2 and 3-11).

Free-milling native gold occurs in rich lodes as disseminated flecks and
veinlets within the larger quartz vein systems, but rarely in other ore types.
The remaining gold occurs as microscopic inclusions and lattice-bound gold in
pyrite, arsenopyrite and to a lesser extent in other sulphide minerals.
Disseminated sulphides occur in narrow bands and mylonite fissures flanking
major quartz veins, and in zones up to 50 meters wide associated with quartz
stockworks, altered intrusions and sheared sedimentary rocks. Minor primary
lodes that follow the general tectonic fabric ave also found in innumerable

unrecorded veins, located throughout Birimian sedimentary rocks.

Along the Ashanti belt, economic mineralization can be more or less

continuous in en-echelon lenses over great strike lengths (e.g., 30 km at



Figure 2.5: Gold and manganese occurrences in central and western Ghana
(Luebe et al., 1986).



B I
r

: N A F A S 0 ; ~}
o L R L IS P S . FOM Ld
l' o
’ 'Up‘ .
- !
W )
e ? ? ‘
I ;

»
<~~Ay AND Mn OCCURRENCES IN

<7 CENTRAL AND WESTERN GHANA

LEGEND
Quartzite. shale,
YOUMAN =] e mudstone.
Volcanic foces. port 4
e;é‘\amuu[:]mmmz\ '
sediments
amse W0 Ocoumsnce o Ming
© Au Occumence or Mine
{ rumbers refer to narves
of seiccted ocourrences)
7 Ohchivere
8 Jobeso
9 Dokrupe 7"
10 Nangodi
) NYopo

=,

22




23

Bogosu-Prestea). Within individual mines, several of the ore types mentioned
above arc usually present, with variations laterally, vertically and across strike.
Some of these deposits are quite large (see Chapters 3 and 4), and considerable

additional potential exists throughout much of West Africa.

Various theories have been used to explain the origin of primary lode
deposits along the ..shanti and related belts. Early geologists rrom the Gold
Coast Geological Survey (now Ghana Geological Survey Department)
recognized the important structural control over the deposits and speculated on
a deep, hydrothermal source for the mineralization (e.g. Junner 1932, 1935).
Recently, some investigators have suggested that much of the Ashanti Belt g-ld
mineralization vsas syn-sedimentary in origin, and was subsequently
metamorphically remobilized into major fault zones (e.g., Hirdes and Luebe,
1989; Ntiamoah-Agyakwa, 1979). However, the present thesis presents
compelling evidence suggesting these deposits formed through tectonic and

metamorphic processes within a sediment-dominated accretionary prism.

Paleoplacer Deposits

The second major gold deposit type of the Birimian is Witwatersrand-
type quartz-pebble conglomerate ores of the Tarkwaian clastic sequence. The
type deposits for this category occur within the Ashanti belt at Tarkwa,
approximately 20 to 30 km east of the Prestea and Bogosu mining districts
(Figure 2.5). The clastic sedmentary rocks occupy a linear band 15 to 30 km
wide running the length of the Ashanti belt. They are situated in the region
between the major structural break hosting the lode gold deposits, and the
volcanic sequences of the Ashanti belt (Figure 2.2 and 3.2). The Tarkwaian
rocks have a maximum thickness of 2.5 km at Tarkwa (Sestini, 1973).
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Conglomerates, quartzites, sandstones and phyllites dominate the sequence.
Quartz-pebble conglomerates with associated cross-bedded sandstones carry
detrital hematite, pyrite and gold within the banket series conglomerates. The
deposits are laterally extensive and display similar features to Witwatersrand
quartz-pebble conglomerate deposits (Minter et al., 1986; Pretorius, 1981) with
the following notable exceptions documented by Sestini (1973): 1) detrital iron
in the Tarkwaian is mostly hematite rather than pyrite. Interestingly, this is
consistent with current weathering of primary rocks, which converts sulphides
to oxides prior to detrital concentration in the stream gravels, 2) there is no
uranium in the Tarkwaian deposits, and 3) the Tarkwaian banket has
conglomerate ores ranging from 1 meter to 15 meters in thickness compared to
an average 1 meter thickness in the Witwatersrand (e.g. current mining widths
at Tarkwa Goldfields Limited are 2 meters to 3 meters on the main reef, with a
second hanging wall reef of 4 to 5 meters thickness not yet mined. Ore widths
in some prospects of the southern portion of the Tarkwa basin are on the order
of 10 to 12 meters, and these are being developed as lower grade, surface

oxidized, open pit mines (Greer et &l., 1988)).

Smaller amounts of gold have been won from Tarkwaian rocks in other
parts of the belt (Kesse, 1985), and Tarkwaian clastic sequences (some with
minor gold showings) have been reported associated with all volcanic belts in
Ghana (Luebe et al., 1986, 1990; Hirdes and Luebe, 1989), as well as in other
parts of West Africa (Wright et al., 1985). However, outside of the immediate
Tarkwa area, the rocks remain virtually unexplored. Sestini (1973) adequately
documented the paleo-placer origin of these deposits, and several investigators
have suggested that the source of the Tarkwaian gold is the nearby primary lode

deposits of the Ashanti belt.



Modern Placer Deposits

The third significant gold resource type of West Africa is the modern
placer. This type of gold deposit is widely distributed in the numerous stream
and river beds of the tropical to subtropical region to the south, as well as in
arid regions to the north (Angoran and Kadio, 1983:; Ghana Geological Survey,
1969: Kesse, 1985; Olade, 1980; Umeji, 1983). The gold source is primary
lodes and paleoplacers, which typically occur along hillsides due to the erosional
resistance of quartz and associated intrusions. Rapid tropical weathering of these
hills is a very efficient mechanism for releasing gold into the secondary
environment. The rock is altered to clays, leaving a surface accumulation of
quartz fragments and ironstones composed of quartz, hematite, limonite and
goethite lying at the top of a thin laterite unit. This in turn overlies 20 to 100
meters of saprolite. Quartz fragments and ironstones gradually make their way
down slope through creep, mass wasting and tropical rain washing to
accumulate in the river and stream beds, along with heavy minerals and gold.
Here, the material is reworked until relatively pure quartz-pebble and sand
deposits form, with gold and other heavy minerals concentrated at the base of

mature gravels.

Gold in these placers is recovered with dredges, shovel or dragline and
washplant operations, small-scale panning and washing ventures, and by
"mining” along the river terraces. This "mining" is accomplished by the local
Galamsey who hand-dig a series of close-spaced pits and connect them by
tunnels in an approximately 1 meter thick room-and-pillar type operation. The
profile through the gravel layers in these river terrace operations is similar to
that found in Tarkwaian paleoplacers. Similarities in areal distribution between

the Tarkwaian paleo-placers and modern placers have been documented by
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Sestini (1973). Loose-packed, matrix-supported, poorly-rounded quartz-pebble
layers carry little or no gold, while tightly-packed, mature gravels can be very
rich. A number of new placer operations have recently come to production in
Ghana and elsewhere in West Africa, and many more are under development
(e.g. Kibi belt, Sefwi belt and Ankobra river in Ghana, Figure 2.5; southwest

Cote d'lvoire and northeast Guinea).

One of the more interesting aspects of Ashanti gold belt mineralization is
the inter-relationship between the three major gold types. Modem placers can
be witnessed in the making, and some of these are demonstrably similar to the
2000 Ma paleoplacers of the Tarkwaian. Furthermore, the total gold content of
the Ashanti primary lode gold deposits, when considering all types of gold
mineralization (economic to background) is more than sufficient to form
paleoplacer deposits of Witwatersrand proportions. For example, considering
the entire width of the Ashanti structural belt (x1 km), the Bogosu-Prestea belt
averages at least S0 ppb of gold along =30 km strike length, with proven
vertical depths of at least 5,500 feet at th:: Prestea mine. The majority of this
gold occurs at subeconomic to background levels and is of no economic interest.
However, this is equivalent to the release of about 130, 000, 000 ounces of gold
for every kilometer depth of erosion, and this gold becomes available for
reconcentration as placer deposits. This is believed to be a conservative
estimate based on work at the Bogosu concession (> 20,000 meters of surface
trench, underground adit and drill core assaying) and visits to the developed and

undeveloped resources of the adjacent Prestea concession.



Economic Minerals Associated with Gold

Two main economic minerals are associated with gold in West Africa.
Manganese mineralization occurs within sedimentary rocks in linear belts near
the interface with volcanic rocks. Regionally, the manganese deposits parallel
and sometimes correlate with the gold belts. Some investigators such as
Ntiamoah-Agyakwa (1979) have suggested that gold and manganese were
deposited syngenetically and simultaneously as chemical sedimentary rocks. He
suggests that the gold was later metamorphically remobilized into structural
zones. No convincing evidence was found to support this idea. The two
elements occur in separate and distinct environments, and only occasionally are
there minor examples of gold ore associated with manganese-rich sedimentary
rocks (eg., Akanko mine, Ghana, De Kun, 1963). These appear to be cases
where manganese-rich sedimentary rocks were later tectonized, thereby

allowing introduction of gold from exotic sources.

The second elemental association of economic interest is the occurrence
of gold and diamonds together in alluvial gravels (e.g., Birim and Bonsa rivers,
Ghana; Aredor mine, Guinea). As with manganese, there is no direct genetic
link between the two, rather a more fortuitous one whereby kimberlite pipes
and dikes appear to have taken advantage of some of the same crustal breaks
that host lode gold in the Birimian. Subsequent erosional processes
concentrated the gold and diamonds together in placer deposits. However,
regionally, manganese, gold and diamonds may be linked to a common tectonic

process as discussed in the concluding chapter of this thesis.
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Summary of the Birimian

The Birimian is composed of 4 major units: marine sedimentary rocks,
volcanic greenstone belts, granitoid intrusions and later clastic sedimentary
rocks. All units are aligned in N-S to NE-SW structural belts. The Birimian of
southwestern Ghana is presently thought to have formed by subduction-driven
accretion of sedimentary rocks onto the West African craton. Intrusion of
granitoids and mafic magmas that formed the volcanic belts occurred in zones
of relaxation from melts generated by the subduction process. Primary gold
lodes were deposited in major and minor structural lineaments parallel to
volcanic belts, while Witwatersrand-type paleoplacers and modern placers were

the result of erosion and reconcentration of primary deposits.
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Chapter 3: Regional Geology of the Bogosu and Prestea Concessions

The Prestea and Bogosu mining concessions are located in southwestern
Ghana approximately 60 to 90 km northeast of the Atlantic coast line at Axim
(Figures 2.2 and 2.5). The Ashanti gold belt strikes through the centre of these
concessions for 33 km; 15 km in the Prestea property and 18 km in the Bogosu
concession immediately to the northeast. This region is the southern-most of
three major mining districts along the Ashanti gold belt which includes in
addition to the Prestea and Bogosu districts, the Obuasi area in the central
portion, which is mined by Ashanti Goldfields Limited and has produced to date
over 20 million oz Au, and the Konongo district, about 250 km northeast of the

coast near the northeastern-most extremity of the belt (Figure 2.5).

The geology of the Bogosu and Prestea districts is dominated by two major
sedimentary rock sequences, an abundance of mafic intrusions and a major
crustal lineament hosting the ores. Consequently these features are discussed in

further detail in this section.

Tarkwaian Sedimentary rocks

The geology of the Bogosu and Prestea concessions is dominated by two
major sedimentary rock sequences striking to the northeast. The eastern
portion consists of Tarkwaian clastic sedimentary rocks, while deeper-water
Birimian turbidites and greywackes dominate in the west (Figures 2.2, 3.1 and
3.2). The Tarkwaian rocks are comprised of a shallow marine sequence of
clastic sedimentary rocks. These rocks vary from course conglomerates to
moderately carbonaceous phyllites, as a result of shallow-marine or deeper-

water deposition, respectively. Polymictic conglomerates of subrounded
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pebbles and cobbles form the basal Kawere unit. These have been altered by
greenschist facies metamorphism and metasomatism. Source materials for the
conglomerates were dominantly volcanic rocks from the Ashanti belt and
Birimian sedimentary rocks, with a minor granitic component. The upper, and
probably faulted contact of the Kawere conglomerate is locally intruded by
mafic rocks. These intrusions separate the Kawere group from the overlying
Huni quartzite. In the south-central region of the Bogosu concession, the
stratigraphy of the basal conglomerate, mafic intrusion and quartzite are
repeated due to a southwesterly directed overthrust (Figure 3.1). The Huni
quartzite is a thick sandstone unit which in turn is overlain by fine-grained
phyllitic sedimentary rocks. This completes an upward-fining transgressive
sequence which is then followed by a regression through to shallow-water
clastic sedimentary rocks of the Banket series. The Banket is a sequence of
quartzites whose most important features are cross-bedded sandstones
intercalated with hematite and gold-bearing quartz-pebble conglomerates that
are similar to Witwatersrand deposits (Sestini, 1973). The Banket series hosts
the significant paleoplacer ore: found in the nearby Tarkwa region to the east
(Figures 3.1 and 3.2). The sequence again fines to phyllitic sedimentary rocks

in the easternmost portion of the Bogosu concession.

Birimian Sedimentary Rocks

West of the Tarkwaian-Birimian contact lies a monotonous sequence of
turbidites, greywackes and other carbonaceous sedimentary rocks. In the
Bogosu concession they are metamorphosed to low-grade greenschist facies
shaly-phyllites. However, in the Prestea concession to the south the rocks are
more indurated and often have slaty cleavage. These rocks may best be

described as slaty phyllites. The most striking sedimentary rock types at
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Bogosu are turbidites that are finely banded on a mm to cm scale (Plate 4.1B).
Each individual layer consists of a fine-grained clastic base that grades upwards
to an aphanitic and carbonaceous top. The clastic base is dominated by quartz
with lesser amounts of siderite, albite, sericite, chlorite, + ankerite and calcite.
The carbonaceous shaly portions are metamorphosed to predominantly sericite
with subordinate albite, carbonates, quartz, chlorite and graphite (Table 3.1 and
Plate 3.1A). Most sedimentary rocks on the concession are similar to the
banded turbidites, except that the scale of individual beds from clastic base to
carbonaceous top may vary from below visual resolution to tens of meters n
thickness. The thicker beds are noticeably graded, and some have clastic bases
composed of detrital grains up to 5 mm in diameter. These units fine upwards
and invariably have carbonaceous tops that sometimes are < 1 mm thick, but are
always present. The fining direction of Birimian sedimentary rocks on the
Bogosu consession consistently indicates that younging of these rocks is towards

the west.

Common field names used to describe the rocks result from variations in the
turbidites. Thicker beds with coarser clastic material near the base and only
minor carbonaceous partings are termed "greywackes . Howevcr, when the
sedimentary rocks are dominantly fine-grained with only minor carbonaceous
material they have been designated as "argillites” by local geologists.
Carbonaceous units with little clastic material are widespread. These have shaly
textures on the Bogosu concession and are called "graphitic phyllites”. Based on
observations at Bogosu, it is an interesting feature of this area that all of the
rocks seem to be variations of banded turbidites. Differences in grain size,
thickness of individual beds and the ratio of clastic component to carbonaceous

component dictate the rock classification given to any particular unit,



Table 3.1: Average modal mineraiogy of Bogosu and Prestea
sedimentary rocks (%).

Least Bogosu Prestea
Mineral Altered Ores Ores
Quartz 40 46 28
Chlorite 2.5 2 2.5
Sericite 30 14 11
Calcite 1
Arkerite 5 17 22
Siderite 14 3 5
Atlbite 2 10 18
Epidote tr tr
Rutile 0.5 0.4 0.8
limenite tr tr
Apatite tr
Monazite tr
Graphite 2 3 2
Pyrite 1.5 4 7
Arsenopyrite tr 0.5 3
Pyrrhotite tr tr 1
Chalcopyrite tr tr tr
‘etrahedrite tr tr tr
Marcasite tr tr
Sohalerite tr tr
Gold 1-30 ppm 1-30 ppm
n= 11 7 4
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PLATE 3.1

Photomicrograph of the carbonaceous, shaly top of a turbidite layer from
the Bogosu concession. The sericitic matrix is host to carbonate veining
and minor amounts of quartz, albite, chlorite and graphite. The
crenulation texture is part of the regional deformation: Ser-sericite; Cb-

cierbonate; scale bar is 0.2 mm.

Photomicrograph of a carbonceous layer from a greywacke-turbidite bed
in the Bogosu concession. The sericite-rich and chlorite-rich matrix has

bedding-parallel quartz-carbonate veins, crenulation cleavage and tension
gashes forming an S fabric, and graphitic micro-shear planes: scale bar

is 2 mm.

Photomicrograph of a spotted, carbonaceous phyllite from the Prestea
mine. Augen porphyroblasts of intergrown ankerite and siderite include

graphitic layers from an earlier foliatior. The graphitic layers show

minor rotational deformation from further shearing: scale bar is 0.5 mm.
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Birimian sedimentary rocks on the Prestea concession have been described
by Adjimah (1988) as siliceous, tuffaceous, carbonaceous and spotted phyllites,
with intercaiated metamorphosed arenites and wackes (Figure 3.3). Current
observations suggest that these rocks are lateral facies equivalents of
sedimentary rocks occurring on the Bogosu concession, with two main
distinctions. Rocks exposed in those underground workings that were available
for mapping lack the striking banded turbidite textures which are common on
the Bogosu concession. Also as mentioned earlier, Prestea rocks are more
indurated indicating a slightly higher grade of greenschist facies metamorphism
than at Bogosu.

Spotted phyllites of the Prestea concession are well foliated, carbonaceous
rocks that contain augen porphyroblasts of intergrown siderite and ankerite up
to S mm in diameter (Plate 3.1C). These porphyroblasts are elongated parallel
to the foliation, enclose remnants of previously altered and foliated rocks such
as veinlets of phyllosilicates and/or quartz-carbonates, and may have been
further rotated by shearing (Adjimah 1988). Some large grains enclose smaller
porphyroblastic carbonates and others have an outer rim of carbonate that does
not preserve the tectonic foliation of the host rocks. Similar carbonate textures
have been observed in Bogosu rocks where, however, the porphyroblasts are
typically less than 1 mm in diameter. At Bogosu, they are most easily seen in
some of the mafic rocks where they give a spotted appearance to an otherwise
massive texture. They occur also in Bogosu sedimentary rocks and transgress
lithological boundaries. This carbonate porpyroblastic texture is a syn-tectonic
feature that is believed to be the result of contact metamorphism *
metasomatism. It occurs predominantly in narrow zones within and adjacent to
mafic lithologies, suggesting that the mafic rocks have intruded into the
sedimentary rocks, and are a source of localized metamorphism. Further
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evidence for minor contact metamorphism is provided by the stable isotope

patterns documented in Chapter 9.
Mafic Intrusive Rocks

Mafic rocks are found throughout the whole of the Ashanti structural belt.
Along with occasional compositional variations ranging from dacitic to
ultramafic, they constitute the only significant non-sedimentary rocks in the
Bogosu-Prestea region. Current literature groups them as part of the belt
volcanics and it is stated that the gold ores occur near the contact of Birimian
sedimentary rocks and these volcanic rocks (e.g. Luebe et al., 1990; Hirdes and
Luebe, 1989; Kesse, 1985). However, current mapping in the Bogosu-Prestea
region clearly demonstrates that these gold-bearing lithologies are isolated
within Birimian sedimentary rocks, with known occurrences being restricted to

the structural zones (Figures 3.1 and 3.2).

In the study area mafic rocks are fine-grained, massive, tabular units that are
from 1 to 100 m thick and up to several km long. They lack any evidence of
volcanic textures such as pillows, amygdules or pyroclastic shards, etc. They
occur within the same structures that have deformed Birimian sedimentary
rocks and host gold. Consequently, they are conformable and sub-conformable
to both stratigraphy and the regional structure. At Bogosu and Prestea they are
always found in the immediate or very-close hanging wall and/or footwall of
the gold lodes (Figures 3.2, 3.3 and 3.4). Sometimes the mafic units occur
within the gold lodes, in which case they may be hydrothermally altered and
form excellent ores of the disseminated sulphide and quartz stock-work
varieties. Often, large tabular lenses of mafic rock host ores at their contact

with gold-mineralized sedimentary rocks ("crush zones") and grade



Figure 3.4: Geological cross-section through the Chujah deposit, Bogosu
concession, from diamond drilling and surface mapping. The economic
mineralization mainly occurs in sheared sedimentary rocks and
carbonate-altered dikes. Prior to development, the geological reserve
for this deposit was about 4.5 million tonnes grading = 5 g/t Au to an

estimated open pit depth of 150 meters.
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progressively into less altered rock away from the lithological contact. In some
locations (e.g., Chujah 3 deposit) the least-altered mafic rocks unconformably
transect the ore zone, while other mafic rocks are variably altered through to

high-grade ores.

In some localities such as the Chujah 3 pit, fault contacts with the host
sedimentary rocks and other mafic units are clearly visible. Chilled margins
and progressive increase in grain size from fine-grained marginal portions to
medium-grained cores of mafic units have been observed (e.g., Chujah deposit
drill core). These characteristics along with the lack of volcanic features, fine-
grained massive texture, restricted occurrence to structural zones and local
nonconformable nature are evidence that these rocks are part of a series of
dikes intruded along the Ashanti structural belt. Some of the dikes have zones
with abundant carbonate porphyroblasts (up to 1 mm in diameter) set in a
chloritic matrix. These textures are similar to spotted phyllites at Prestea, and
preceed both pervasive carbonation and mineralization of the dikes. The
spotted alteration is believed to be caused by minor contact metamorphism from
some of the larger intrusions in the Ashanti structural zone. Varying stages of
alteration and mineralization within separate intrusive phases sometimes occur
in a single ore zone (e.g., Chujah 3). Here, least-altered varieties cut across or
intrude conformably other dikes with varying degrees of mineralization,

suggesting a syntectonic emplacement of the mafic magmas.
Structural Geology
Two principal structural domains are identifiable along the Ashanti gold

belt. Regional low-strain terrains form the country rocks and local high-strain

zones contain the gold-bearing lineaments of the Ashanti gold belt, as well as
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other belt-marginal gold-bearing structures (e.g. Sefwi belt, Figure 25).

A penetrative SW-NE trending subvertical foliation pervades low-strain
rocks of both the Birimian and Tarkwaian sequences (Eisenlohr, 1992). This
foliation generally lies subparallel to stratigraphy due to isoclinal fclding of
Birimian sedimentary rocks during the main deformational events. However, in
Bogosu rocks the foliation occasionally varies from parallel to perpendicular to
the bedding planes. This is attributed to local variations in the atiitude of
Birimian sedimentary rocks from sub-horizontal to sub-vertical near the
structural zones. The deformation is best studied in aphanatic, carbonaceous
sedimentary rocks for which it is most easily observed in thin section. Tension
veins lie in the plane of bedding with tension gashes aligned with the S fabric
and orthogonal to the veins. Crenulation cleavages that follow the S fabric are
visible, and these are displaced moderately by black, carbonaceous shear planes
orthogonal to the S; fabric (Plates 3.1A and 3.1B). In the vicinity of ore, the
dominant foliation is parallel to the main structures, and may be superimposed

on earlier deformation fabrics.

The high-strain zones contain the major gold-bearing structures that occur
along the margins of the volcanic belts, particularly the northwest margin of the
Ashanti belt. On the Bogosu and Prestea concessions turbidite sedimentary
rocks and greywackes are host to the structural deformation. The structural
zone is up to one kilometer wide, and is located in the middle of the concessions
immediately west of the Birimian-Tarkwaian boundary (Figure 3.1). However,
within the structure, major shearing is restricted to en-echelon bands ranging
from less than a meter to over 100 meters in width. The structures dip steeply
to the west from 65° to 80° at Bogosu, and are up to subvertical at Prestea.

Consequently, they are generally sub-parallel to the bedding planes of the host-

46



4%

rocks. Many of the narrow shear zones are located in the southern portion
(Prestea), while in the north, wide zones of tectonically disrupted sedimentary

rocks (crush zones) are common.

Shearing along ihe Ashanti gold belt is restricted to Birimian sedimentary
rocks and does not appear to affect the Tarkwaian rocks. However, it is not
known whether the structural belt continues further eastwards beneath the
clastic sedimentary rocks of the Tarkwaian. Confirmation that the Ashanti Belt
lineament is a major tectonic feature comes from geophysical mapping. A steep
gravity gradient is delineated along the northwest margin of the belt, indicating

large amounts of vertical movement (Hastings, 1982).

According to Eisenlohr (1992), the foliaton in the high-strain rocks is
accompanied by a southwest-plunging stretching lineation formed by contact
with the bedding planes; but in low-strain rocks this lineation is sub-horizontal.
However, the extent of his data base is unknown, and at least in the Bogosu-
Prestea region, these lineations vary from southwest plunging to northeast
plunging. The implication from the latter observation is that deformation
associated with high-strain zones was not a single uniform event, but occurred
episodically over time with moderate variations in attitude (Figure 3.4). Much
of the variation is due also to tectonic disorientation of previously sheared
rocks. However, the overall sense of motion is moderately oblique to near-

vertical thrusting (Hastings, 1982; Eisenlohr, 1992).

Some of the above mentioned features are well preserved in some deposits,
including the Dumassie East deposit which is located near the center of the
Bogosu concession. Subhorizontal bedding in this area is repeatedly faulted by

regional thrusting related to the Ashanti Gold Belt, and tends to force the



stratigraphy into alignment with the plane of faulting. Frequency and intensity
of the deformation increase toward the main zone of structural deformation,
culminating in a zone of tectonically disrupted sedimentary rocks. These
strongly deformed zones contain quartz veining and sulphide and gold

mineralization.

The oblique over-thrust relationship between Birimian and Tarkwaian rocks
is supported by, 1) similar penetrative fabrics in both units, 2) a tectonized
contact between Tarkwaian and Birimian rocks, 3) repetition of Tarkwaian
stratigraphy near the Birimian contact, and 4) overturned bedding (Eisenlohr,
1992). Itis interesting to note that on the Bogosu concession Tarkwaian rocks
young to the east, while Birimian rocks young to the west. As will be explained
later, this should not be confused with overturned bedding. The conclusion of
Eisenlohr (1992) that the Birimian is overthrust onto the Tarkwaian may be
attributed to the reversal of younging directions; however, almost all previous
investigators (e.g., Leube et al., 1990) observe the oppocite relationship.
Current information from the Bogosu concession is consistent with the earlier
investigators, indicating the Tarkwaian overlies the Birimian along a thrust

contact.

Even though Tarkwaian sedimentary rocks unconformably overlie Birimian
rocks and form a tectonized and overthrust contact, some controversy exists
with respect to the depositional timing of these two units. Increasingly precise
dating and geolczical evidence from tectonic and intrusive relationship- suggest
that the time span between their deposistional events mav be geologically
negligible (Eisenlohr 1992). Most explanations of Birimian tectonics suggest
separate depositional and deformation events for Birimian and Tarkwaian

rocks. The first event (Eburnean orogeny) is believed to have deformed
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Birimian rocks with the erosional products filling basins and grabens to form
the Tarkwaian clastic rocks. A second event of renewed folding and gravity
tectonics simultaneously deformed both units (Ledru et al., 1988: Leube et al.,
1990). However, more recent structural analysis by Eisenlohr (1992) suggests
that the two sequences were simultaneously and progessively deformed in an
event accompanied by greenschist facies metamorphism. This latter suggestion
is perhaps the most important contribution from Eisenlohr (1992), and is

consistent with findings from this study as will be discussed in the final section.

The deformation features described above are the result of northwest-
southeast directed compression. Sedimentary strata have been isoclinally folded
so that the bedding is normal to the compressional stresses. Further
compression intensified deformation such that stress release occurred along
belt-marginal lineaments in planes sub-normal to the principal stress. This
caused the reverse thrust faulting and/or oblique thrusting in a transpressional
environment responsible for the Ashanti structural deformation (Eisenlohr,
1992; Colvine et al., 1988; Simpson, 1986; Sibson, 1977, 1983). The
important results are that both stratigraphy and major structural lineaments
have been forced into: 1) planar parallelism normal to the principal tectonic

stress, and 2) dipping toward older rocks of the craton.



Chapter 4: Geology of Gold Lodes in the Bogosu and Prestea
Districts of the Ashanti Gold Belt

The Bogosu and Prestea region is an historical gold producing area with
recorded production dating from at least the West African empires of the 11th
to 18th centuries. However, the modern era of production commenced near the
beginning of the 20th century when European explorers were attracted to
indigenous alluvial ventures and surface workings on high-grade quartz veins.
This quickly led to development of the Ariston, Bondai, and other gold mines at
Prestea which are still in production as Prestea Goldtields Limited. Total
recorded production from this mine is well over 6 million oz gold (Hooper,

1989; Kesse, 1985), with large reserves as yet undeveloped.

The modern era of mining on the Bogosu concession began in 1934, Marlu
Gold Mining Areas produced gold from higher-grade pockets of oxidized ores
scattered along a 14 km segment of the Ashanti Belt. Total production was
934,000 oz of gold from 6,940,000 tonnes at a recovered gral'e of = 4.5 ght.
During this period, Marlu extracted the near-surface, oxidized portions of the
gold lodes. The mine shut down in 1954. Production on the concession was
resumed in 1990 by an international consortium led by Billiton International
Metals BV. Open pit methods are still being used, but the focus is on larger

disseminated sulphide lodes found beneatb the near-surface oxidized ores.

Gold mineralization in the Bogosu and Prestea concessions is in semi-
continuous enechelon bands for about 30 km of strike length. The gold lodes
are defined on the basis of economic grade, which delineates individual ore
lenses from the ubiquitously gold-enriched Ashanti Structural Belt. The

Ashanti Belt deformation zone is host to several different ore types within the
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concessions. The four most important categories are quartz-vein lodes,
sedimentary rock hosted ores, mineralized dikes and weathered ores. A
description of these ores and variations within tnem will be presented in this

section.
Sedimentary-Rock Hosted Ores

The most important sedimentary-rock hosted ores are known locally by the
term "graphitic crush zones" (Plate 4.1C). They occur as shear zones up to 50
m wide throughout the Bogosu concession and in the northern Prestea area.
These lodes are characterized by cataclastic deformation of the host sedimentary
rocks and contain abundant quartz-albite-ankerite stockwork veins, breccia

cementation and tension veins and gashes (Plate 4.3).

Crush zones occur within the major structural lineament and they all have
the same general strike of N 40°E and dip of between 65° and 80° to the
northwest. The bedding planes of the majority of the host sedimentary rocks
strike also at N 40° E and have steep northwest dips bringing the majority of
sedimentary rocks into subparallel alignment with the tectonic and structural
fabrics of the ores. Due to local variations in the attitude of bedding planes as
well as tectonic disorientation of the host rocks, shearing also has occurred at
high angles to the stratigraphic layering. This has resulted in distinct

brecciation and cross-cutting vein relationships.

However, shearing is more often sub-parallel to bedding planes such that
movement has occurred as slippage along phyllosilicate-rich bands. Primary
bedding-textures are well preserved in some of these rocks even though they

may be abundantly mineralized, sheared and altered. In rocks with bedding-



PLATE 4.1

Photograph of the contact between a weathered, moderately graphitic
turbidite-greywacke (saprolite) and the overlying laterite. Up to three
meters of mottled, red-brown and buff coloured laterite cover the

mineralized rocks of the Bogosu and Prestea concessions.

Photograph of a typical weathered turbidite (saprolite) exposed in a road

cut through the Bogosu concession.

Photograph of a weathered graphitic crush zone (saprolite) exposed near

an adit entrance southwest of the Chujah area.
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PLATE 4.2

View of the old Chujah South pit (looking SW). Previous mining (1934
to 1954) on the Bogosu concession stopped at the water table which is the

lower limit of sulphide-mineral oxidation.

Photograph of a weathered and fractured quartz vein exposed in a road-

cut southwest of the Chujah deposits, Bogosu concession.

Photograph of a weathered, carbonated dike exposed in the wall of the
Chujah deposit. The dark bands are quartz veins with a coating of

secondary iron oxides.
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parallel shears only tension gashes cut across bedding planes at a high angle
(Plate 4.3A). Sulphide mineralization occurs as fine veinlets and disseminated
grains along the sheared bedding planes. In banded turbidites, disseminated
mineralization is concentrated in the clastic layers, while the relatively
impermeable carboﬁaceous tops contain only minor disseminated sulphides, or
sulphides along shear planes. Preservation of this type of bedding-parallel
shearing and mineralization is generally not common, although local
occurrences along the Ashanti Gold Belt have caused some investigators to
suggest a syn-sedimentary rock origin for the gold ores. In most cases,
graphitic crush zone ores have multiple stages of shearing and mineralization.
Typically, early bedding-parallel shears are further brecciated, sheared and

mineralized until a classic "crush zone" develops (Plate 4.3C).

Quartz fragments in the crush zone ores range from a fraction of a
millimeter to several centimeter§ in size, and are embedded in a foliated matrix
of phyllosilicates, carbonates and quartz. The quantity of quartz vein fragments
is highly variable, ranging from a few percent in some well-bedded ores to over
30% in some crush zones. In some parts of the Bogosu concession, as in the
Nankafa deposit, there is a distinct gradient in the degree of silicification of the
ores. Parts of the upper portions are pervasively silicified and veined with as
much as 80% quartz in the rock (Table 5.4 #75). Mass-balance calculations
(Table 5.5) confirm that on average there was a 41% net increase in SiO2 in the
ores compared to host sedimentary rocks, and for silicified ores the increase in
Si02 may exceed 140%. Silicification is the main reason for mass and volume
increases of 34% and 33%, respectively, in typical crush zone ores. This
mass/volume increase together with textural and structural evidence for open-
space fracture filling such as comb-textured guartz + ankerite + albite growing

orthogonally into vein cavities (Plate 8.1B and 8.1E) indicate mineralization



PLATE 4.3

Polished section of d:ill core showing a mineralized banded turbidite
from the Dumassie deposit, Bogosu concession. Primary bedding is still
visible although highly sheared. Quartz veinlets fill tension gashes sub-
perpendicular to bedding and shearing. This sample contains about 5%
pyrite as tiny veinlets and disseminated grains along sheared bedding
planes (sulphides are not visible in the photograph due to the grey-black
colour of the rock and the fine-grained nature of the sulphides): scale bar

is 3 cm.

Polished section of drill core showing cataclastic deformation of graphitic
crush zone ore from the Dumassie deposit, Bogosu concession. This
sample contains about 10% pyrite and arsenopyrite as finely disseminated
grains along micro-fractures, shear planes and quartz veinlets, and in the
carbonaceous sedimentary-rock matrix (sulphides are not visible in the
photograph due to the grey-black colour of the rock and the fine-grained

nature of the sulphides): scale bar is 3 cm.

Polished section of drill core showing the typical texture of "classic"
crush zone from the Dumassie deposit, Bogosu concession. The pebbly
texture is caused by the fragmentation of quartz stockwork-veins in the
sheared, carbonaceous matrix. This sample contains 3 to 4% fine-grained
disseminated pyrite and arsenopyrite (sulphides are not visible in the
photograph due to the grey-black colour of the rock and the fine-grained

nature of the sulphides): scale bar is 3 cm.






occurred in an extensional environment.

Two types of sedimentary-rock hosted ores are associated with the major
quartz lodes at the Prestea concession. The most important are narrow,
carbonaceous "fissure zones", that typically are less than 2 m in total width.
These are zones of severely sheared and crushed carbonaceous sedimentary
rocks with prominent black, carbon-rich (<10% C) shear planes. The fissures
generally consist of bifurcating, en-echelon lenses aligned subparallel or parallel
to the host stratigraphy. Fissure zones are commonly found on the footwall,
and/or hanging wall of the quartz veins, and sometimes transect a quartz vein
from one side to the other. They occur also in the host sediinentary rocks.
These fissure zones are continuous throughout the Prestea workings and
beyorid, and are believed to be lateral equivalents of the graphitic "crush zone"
ores of the Bogosu concession. However, shearing along the fissures is
noticeably more ductile than at Bogosu, and many of these rocks have been

ground to mylonites.

A more recent discovery in the Prestea gold mine is the presence of wider
zones of mineralized sedimentary rocks that may occur in footwall and/or
hanging wall rocks to the quartz lodes. At the time of investigation these
mineralized zones had not been systematically documented at Prestea since the
primary target had always been the free-milling ores of the large quartz lodes.
They are more similar to Bogosu crush zone ores, except that deformation is
more ductile with development of a strong foliation. Brecciation, silicification
and stockwork veining common to Bogosu ores are not as prominent in these
mineralized sedimentary rocks at Prestea. As with the graphitic fissures, the
mineralized sedimentary rocks are thought to be lateral equivalents of the

Bogosu ores.
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In general, arsenopyrite exceeds pyrite in Prestea ores by a factor of at least
2 : 1, whereas pyrite dominates at Bogosu. Arsenopyrite dominates in the large
quartz lodes, graphitic fissures ores and in mineralized dikes. The one
exception at Prestea seems to be in mineralized sedimentary rocks where pyrite
was more common in the samples investigated. Even at Bogosu where pyrite
dominates all ores, the pyrite / arsenopyrite ratio is highest in the sedimentary-

rock hosted ores.

There is a distinct gradation to the textural and mineralogical variations
observed in the sedimentary-rock hosted ores of the Bogosu and Prestea
districts. Laminated mylonitic fissures and brittle-ductile shearing at Prestea
are replaced by breccias and cataclastic ores at Bogosu, and these srade further
into local zones of pervasive silicification. In relationship to the generalized ore
zone of Colvine et al. (1988), the Prestea rocks can be placed in the brittle-
ductile regime (Sibson, 1977, 1983; Simpson, 1986). By contrast, breccias and
cataclastic ores from Bogosu would occur only in the upper brittle deformation
zone. Furthermore, the zones of pervasive silicification suggest that these areas
are near the upper limits of potential mineralization for mesothermal lode gold
systems. Overall, the textures of Prestea ores indicate higher ambient
temperatures and/or confining pressures during formation, than occurred at

Bogosu.

Carbonated-Dike Ores

Intrusive rocks are common in all regions of the Ashanti Structural Belt.

Often thiey contain quartz stockworks, disseminated sulphides and gold

mineralization. Most of the dikes related to ore are Fe-rich tholeiites (Chapter
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5), although variations ranging from dacite to ultramafic have been observed.
Even the least-altered dikes of the Bogosu and Prestea area have been subjected
to an early lower-greenschist metamorphic / hydrothermal event. The dikes are
massive, aphanitic rocks with little textural varnation except for a very-fine
foliation consistent with the deformation fabric of the Ashanti structural zone.
This foliation is uniplanar and varies from imperceptible to barely detectable in
least-altered varieties. It is considerably less-developed than the fabrics in host
sedimentary rocks which have been subjected to lengthy and progresssive
deformation of the sedimentary rock pile. The weak planar fabric of the dikes
becomes progressively more pronounced parallel to the plane of the gold-
bearing structures with increasing proximity to ore and structural zones. This
suggests that the dikes were late additions to the sedimentary-rock pile, after the
sedimentary rocks had already been isoclinally deformed. Subsequent
deformation of the dikes was then controlled almost entirely by the Ashanti
Structural Belt.

Mineralization of the dikes is non-selective compositionally, and occurs only
when they have been tectonized and sheared by the Ashanti structures such that
they were made permeable to the mineralizing fluids. Those dikes which are
entirely within tectonized zones may be completely altered and mineralized;
however, most are found adjacent to the main lodes, and show progessive
decreases in alteration and mineralization away from the center of the ore zone.
With increasing proximity to ore, the dikes are progressively carbonated with
conversion of chlorite, albite, calcite and epidote to coexisting siderite and
ankerite, disseminated throughout the matrix. This is accompanied by
development of quartz-ankerite stockwork veining in an orthogonal fracture
pattern of up to cm-sized veins (Plate 4.2C and 4.4B). Creation of fractures for

the introduction of veins at this stage may have been enhanced by slight volume



PLATE 4.4

A:  Polished face of a sample of crack-seal quartz-vein ore from the Prestea
mine. The black bands are thin slivers of the altered, carbonaceous
sedimentary host-rock. Very-fine-grained arsenopyrite, pyrite,
chalcopyrite, sphalerite, tetrahedrite and trace amounts of other sulphide
minerais and gold are concentrated along the slices of wall rock material
(sulphides are not visible in the photograph due to the grey-black colour
of the rock and the fine-grained nature of the sulphides): scale bar is 3

cm.

B:  Polished section of drill core showing carbonated-dike ore from the
Dumassie deposit, Bogosu concession. The dark and white areas are
predominantly quartz t+ albite veins. The intermediate, grey areas are
fragments of the carbonated dike. This sample contains about 15% pyrite
and arsenopyrite mostly disseminated along microfractures and in the
matrix of the carbonated-dike fragments (sulphides are not visible in the

photograph due to the grey-black colour of the rock and the fine-grained

nature of the sulphides): scale bar is 3 cm.







reduction during carbonate alteration (Chapter 5). This contrasts with only

very-fine veinlets of calcite in least altered-dikes.

Sulfidation of some siderite to pyrite almost immediately followed the
carbonation of the dikes; however, total pyrite is generally <1% during early
stages of carbonation. This stage of alteration may be accompanied by minor
increases in shearing, or none at all may be detectable. The pervasive nature of
the carbonation and lack of increased shearing or quartz stockwork
development suggest an early phase of hydrothermal alteration that preceeds
mineralization. This was most likely caused by outward migria-Hn of
hydrothermal fluids from centrai conduits into tectonically-unuisturbed host
rock. The reasons for early carbonate alteration of dike rocks are discussed ia

greater detail in Chapter 9.

Carbonation :t the dikes was followed by increasingly severe shearing and
alteration until the rock was entirely converted to siderite, ankerite, quartz,
sericite, rutile + chlorite + pyrite * arsenopyrite (Table 5.2). The entire rock
and any early stockwork veining were fractured and brecciated with increased
shearing. Howcver, later generations of veins may be preserved. Fragments of
the original host-rock are strongly foliated in this zone due to the shearing
‘Plate 4.4B).

In the mineralized portions of the dikes, shearing is accompanied by quartz -
ankerite t alhite stockwcrk veining. often with comb-textured ankerite growing
orthogonally into the vein cavities (Plates 8.1B and 8.1E). A selvage of pyrite
and/or arsenopyrite often developed in the host rock at the margins of veins,
and sometimes within the veins (Plates 8.1A and 8.1E). However, the vast

majority of sulphide mireralization was caused by sulphidation of siderite +
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ankerite within the carbonated-rock matrix. The iron content and consequently
the siderite-ankerite content of the carbonated dikes is quite high, averaging =
13 wt% and 56 modal%, respectively (Tables 5.1 and 5.2). Consequently, these
dikes can be very rich in sulphide mineralization which locally exceeds 25 wt%
pyrite plus arsenopyrite. The sulphides are generally disseminated and in small
foliation-parallel veinlets throughout the matrix of quartz-carbonate-sericite-
albite fragments in the brecciated ores. Where mineralized, these carbonated
and tectonized dikes usually make good ores, with individual one meter assay
intervals ranging from 2 to over 30 g/t Au. To date they have been mined as
ores only at Bogosu, where they constitute generally less than 25% of any given

gold deposit.

The mineralized dikes have generally been ignored in the first 100 years of
prc duction at the Prestea mine. However, during visits to several mine levels
between the 9th and 30th levels (-400 m to -1375 m vertical depth), between the
Main and Bondai shafts it was noted that carbonate altered, tectonized and
arsenopyrite + pyrite bearing dikes occurred ubiquitously. In fact, the main
haulage drifts about 15 to 30 m into the footwall from the main quartz reef on
the levels visited are driven in part through these mineralized lithologies. In
places they also occur in the immediate footwall of the quartz reefs and
graphitic fissures that were being mined. Those observed were typically a few
meters in width with unknown strike distances, but assumed to be quite
extensive since they were observed in all areas visited. All samples of these
arsenopyrite and pyrite-bearing dikes that were investigated microscopically
contained identifiable gold grains (Table 7.1). However, no information was
ava’lable at the time of investigation on average gold contents of this material at

Prestea.
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The mineralized Prestea dikes are very similar to dike ores at Bogosu with a
few notable exceptions. Both pyrite and arsenopyrite crystals are larger in the
Prestea dikes than in Bogosu ores. Arsenopyrite is present as euhedral, acicular
crystals up to 5 mm in length, but typically in the range of 1 mm to 3 mm.
Pyrite is cither an agglomerate of small euhedral to subhedral grains smeared
out along shear planes, or later subhedral to euhedral porphyroblastic grains
often intergrown with the arsenopyrite. Deformation of Prestea dikes is
distinctly more ductile than at Bogosu. These rocks have an aphanitic texture,
are well foliated and lack the cataclastic fragments that make up the Bogosu
ores. Some examples of Prestea dikes can be classified as mylonites, whereas
Bogosu dikes form cataclastic breccias comprised of quartz-carbonate-albite
veins and finely sheared and laminated carbonate-rich matrix fragments. It is
clear from the deformation textures as well as slight differences in mineralogy
that the dikes at Prestea were subjected to a somewhat higher grade of
metamorphic conditions than their counterparts exposed near surface on the

Bogosu concession.

Quartz Lodes

Large quartz lodes are the most important of four main ore types in the
Bogosu and Prestea districts, and of the Ashanti Gold Belt in general. To date
the vast majority of production has come from quartz reefs at the Ashanti
(Obuasi), Prestea and Konongo mines, although major production efforts in all

three areas are shifting towards the other ore types.

The large quartz reefs at Prestea and Obuasi extend through the mine
workings i.i discontinuous lenses up to 15 m thick. These ores extend for 8 and

10 km along strike, respectively, and are over 1.5 km in vertical depth. The



lodes are similar to Archean crack-seal veins, with bands of carbonaceous wall-
rock (Plate 4.4A) that have been altered to carbonates, albite, sericite and minor
graphite that gives them a jet-black appearance. Sometimes they form massive
quartz veins without any obvious wall-rock inclusions. However, these tend to
be much lower in grade or are barren. Locally, streaks of visible gold in small
veinlets may extend for several meters in the quartz, and these are not
uncommon in some of the higher-grade lodes. However, the vast majority of
gold is associated with sulphide mineralization along the thin bands of wall rock
that give the quartz its banded appearance. The sulphide mineralization is
dominated by arsenopyrite and lesser amounts of pyrite, although at Prestea,
accessory chalcopyrite, sphalerite and tetrahedrite may be important

constituents of the ores.

At the Prestea concession the quartz veins are fractured, brecciated and
occasionally boudinaged. Considerable movement along the veins is evident
from some of the carbonaceous shear planes that have well-developed striations
from shear gouging. Flakes of carbonaceous material from one of the shear
planes were analysed microscopically and by powder X-ray difraction (PXRD).
The results showed that in spite of the jet-black appearance only about 5 to 10%
graphite is actually present in this material, the remainder being finely

comminuted quartz, ankerite, sericite and albite.

Even though quartz in the veins is highly deformed, most of it is annealed
and recrystallized, suggesting deformation in the brittle-ductile transition zone.
Quartz veins occur only in association with the graphitic fissure zones which
flank the veins and occassionly transect them from nanging wail to footwall or
vice versa. However, quartz lodes occur semi-continuously to sporadically

whereas the fissure zones are continuous throughout the area. Some quartz




lodes have late tension gashes with open-space filling by late euhedral ankerite +

sulphides.

At Bogosu to the north, quartz lodes form an insignificant portion of the
overall ores, generally not exceeding 2 to 5% of total ore in any deposit (Figure
3.4). The larger quartz veins at Bogosu are generally less than 1 m in width,
although veins exceeding 3 m in width have been observed. They seldom are
longer than 150 m in length. They are most often located at the hanging wall or
footwall contact of the crush zone lodes (Figures 3.2 and 3.4), but they may also
occur within the lodes themselves. They follow strictly the plane of shearing of
the ore-bearing structures. Crack-seal textures are observed at Bogosu also, but
to a much lesser extent than at Prestea. Massive quartz is more common, but it
invariably has been subjected to severe deformation causing intense fracturing
and brecciation of the veins (Plate 4.2B). In spite of this deformation, the

larger quartz veins are moderately annealed and generally remain intact.

Discontinuous bands and wispy fragments of wall rock material host pyrite
and arsenopyrite mineralization in these veins. The sulphides in turn host the
gold which grades sporadically from 0 to 100 g/t over 1 m assay intervals.
However, on the Bogosu concession quartz veins are too small and insignificant
to form targets for modern methods of mining, and are only recovered when

included within the other ore types.

The structural features described in this section suggests that these types of
crack-seal quartz lodes form along major tectonic fracture zones simultaneous
with active shearing. The mineral deposition into open-space fractures and
overall volume increase in ore zones (Chapter 5) indicate that mineralization

must have occurred either in localized areas of extension, or during regional
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relaxation of the principal tectonic stress.

Weathered Ores

A range of hills 30 to 300 m in height marks the entire length of the Ashanti
Gold Belt due to high but differential rates of tropical erosion. Carbonaceous
turbidites and greywackes are easily weathered and form low-lying areas. The
greater resistance of intrusive rocks and adjacent quartz lodes within the
structural belt, has caused them to stand out as a range of hills. Quartz veins
are often the only primary rocks exposed at surface, with the exception of some

areas where relatively pure quartzites outcrop in adjacent Tarkwaian rocks.

Surface weathering has created a lateritic covering whichisonly 1 to 3 m
thick along the hillsides that contain the gold lodes. This laterite thickens
towards the base of the hills and in low-lying areas may exceed 3 m; however,
little information was available to confirm this. The laterite forms a reddish-
brown to orange-buff, mottled covering of clay that hides virtually all Birimian
rocks (Plate 4.1A).

Tropical weathering on the concession was observed to be extremely
efficient at releasing gold into the secondary environment. Lying on the surface
of the laterite is a thin layer of scattered fragments of quartz and ironstone
pebbles. The quartz is released from barren and gold-bearing veins and
stockworks during weathering. Ironstones are composed of secondary limonites
and goethite that may or may not be cemented to quartz fragments. They form
during weathering and oxidation of sulphides and iron-bearing minerals such as
siderite, ankerite, chlorite and epidote. This quartz and ironstone rubble

eventually ends up in the stream valleys between and along the hillsides due to
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nass wasting and runoff during tropical rainstorms. In the streams it is further
worked to form numerous sand and gravel placer deposits. Most of these placer
deposits contain gold and many areas have been worked both mechanically and
manually. Diarzonds have been recovered also, with or without gold in some
placer deposits of the Bonsa and other streams in the Tarkwa region, and
elsewhere in Ghana. Of particular interest is the Ankobra river which runs
along side both the Bogosu and Prestea concessions and cuts across the Ashanti
Gold Belt in the Prestea concession. About one million ounces of recorded
production have been mechanically dredged from this river during the period
1903 - 1920 and 1938 - 1957 (Kesse, 1985). In 1988, the United Nations
Development Program estimated about 125,000,000 cubic meters of workabie
gravels at 1.5 g/m3, or 6 million ounces of placer gold remain to be recovered
from this river (UNDP 1988).

Beneath the capping of laterite lies a saprolite zone, in which ti: orimary
rocks have been weathered in situ to clays (Plate 4.1A). Primary textures such
as bedding and foliation are generally well preserved in the saprolite, often
making identification of the original rock type fairly easy (Plate 4.1B). Quartz
veins and stockworks remain intact so that structures can be identified also
(Plates 4.1C, 4.2B and 4.2C). The saprolite zone extends for up to 100 m depth
on the Bogosu concession. The upper part from the surface downward to the
water table is completely weathered with conversion of all minerals to clays and
iron oxides. Due to the tropical rain forest environment at Bogosu, the water
table level is quite high, and consequently, it is at or within several meters of
the base of the hills (Plate 4.2A). From the water table downward to the lower
limits of saprolite development, which is typically another 10 to 40 m, sulphide
minerals remain fresh and unweathered, with arsenopyrite somewhat more

resistant to weathering than pyrite. The width of the transition zone between



weathered and unweathered sulphides appears to coincide with the average
annual fluctuation in the water table level. 1t is generaily quite sharp and occurs

over a depth of one to several meters (cf. Figure 3.4).

Early mechanized mining on the Bogosu concession recovered oxidized
saprolite ores only. Consequently the bottoms of old pits from Marlu Gold
Mining Areas (1934-1954) coincide with the base of the hills and the water table
level. The depth of ore that could be mined was controlled essentially by
topography, with the height of hills dictating the depth of sulphide mineral
oxidization (Plate 4.2A).

Mechanical dispersion of gold was observed in the laterite capping overlying
the ore zones, and this may have led to some enrichment within the uppermost
layer of the saprolite. However, assay results show similar distribution patterns
for gold in unweathered ores and in saprolites, suggesting that very little
redistribution of gold within the saprolite zone was caused by weathering.
Rather, the gold appears to remain in place as microscopic particles contained
within the secondary iron oxides. A significant amount of indirect gold
concentrati .1 has occurred due to leaching and removal of other elements
during the weathering process. Unweathered ores have a specific gravity of
approximately 2.80 g/cm3, while weathered or=s average about 1.9 g/cm3. This
alone is enough to increase the residual gold grade by up to 50%, assuming all

gold remains within the saprolite.

Tropical weathering has made a further important contribution to mining in
Ghana by exposing quartz veins at surface and converting surface rocks to
clays. This has made it relatively easy for local miners to hand dig through the

saprolite in order to follow and chip away at the higher-grade portions of these

T1



veins. Without exception, these local workings have been the forerunners of

every modern gold mine in Ghana. "There has never been a gold mine in
Ghana that was not previously worked by the local citizens", (UNDP Report,
Gold and Diamonds in Ghana, 1988). However, there remains the possibility
that some gold lodes may come to surface in low-lying areas, and thus remain

undetected and not sought after.




Chapter 5: Geochemistry and Hydrothermal Alteration of Mafic
Dikes and Sedimentary Rocks

Representative samples from the different categories of host and mineralized
rocks in the Bogosu and Prestea districts were selected from unweathered drill
cores for geochemical analysis. Whole-rock major oxide and trace element
compositions were determined by XRF using a Philips PW 1450 Automatic
Sequential Spectrometer at the University of Western Ont rio.

Whole-rock Geochemistry of Mafic Dikes

Twelve samples of mafic dike rocks were analysed. Although they are only

a small sampling of all intrusive rocks in the study area, on the basis of field
mapping and petrographic observations most of the intrusive rocks associated
with ore have mafic compositions. Minor amounts of dike rocks of other
composition were observed, and these ranged from dacite through to
ultramafic, but only one sample of the latter was collected. It is a bleached,
carbonate-altered rock from a large intrusive unit in the footwall of the Prestea
mine, known locally as the footwall quartzite (i.e. thought to be a Tarkwaian
quartzite). The mafic dikes analyzed here were selected from the Bogosu and
Prestea regions to represent hydrothermal variations from least-altered dikes to
well-mineralized dike ores. The results are listed in Table 5.1, and will be
compared to average Birimian volcanic rocks of Ghana. It is important to note
that the least-mobile-element data used for these comparative analyses have
apparently preserved the original rock classification, regardless of the degree of

hydrothermal alteration affecting Bogosu and Prestea dikes.

Leube et al. (1990) demonstrated that 81% of metavolcanic rocks
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investigated from the Birimian of Ghana (N=129) plot in the basalt field
according to the least-mobile-element classifications (SiO2 vs Zr/TiO> and
Zr/TiO2 vs Nb/Y) of Winchester and Floyd (1977). and the Jenson (1976)
cation plot (Figure 5.1) further demonstrates that the majority of the analyses
do lie within the tholeiite field. All dike rocks investigated trom the Bogosu
and Prestea concessions plot in the high-Fe tholeiite field (Figure 5.1). Further
examination of the Birimian tholeiite suite by Leube et al. (1990) (Ti vs Zr and
Nb vs Zr) shows a MORB-like affinity, with most of the data clustering near
the Primordial Mantle line (Zr/Nb=18) and in the field of depleted N-MORB.
The Bogosu and Prestea data plot similarly and fall directly within the MORB
field on the Pearce diagram (Figure 5.2).

The data presented above demonstate a direct correlation between mafic
intrusive rocks along the Ashanti Structural Belt (this study) and the extrusive
volcanic suite examined by Luebe et al. (1990). Considering their occurrence
in a major tectonic lineament, it is reasonable to suggest that these dikes were
feeders for the Birimian tholeiites. The volcanics are now eroded away in the
vicinity of ores, although they are well preserved in other areas of the Ashanti
Belt. This doe< not rule out the possibility that some of the mafic rocks along
the Ashanti Structural Belt are syn-sedimentary volcanic lavas or pyroclastic
rocks; however, no evidence was found to support this in the study area.
Certainly, most of the mafic lithologies along ithe Ashanti Structural Bone in the
Bogosu and Prestea region are intrusive rocks. As indicated by their
similarities, the origin of the Bogosu and Prestea dikes must be similar to the

Birimian tholeiites as a whole.
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Figure 5.1: Jenson (1976) cation plot showing Birimian tholeiite and pyroclastic
rock data (Luebe et al., 1990). The field for Bogosu and Prestea dikes (BP) is
shown within the dashed line.
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Figure 5.2: Ti-Zr diagram of Pearce (1982) showing the plot of 66 Birimian
tholeiites (Luebe et al., 1990). The field for Bogosu and Prestea (BP) dikes is
shown within the dashed line.
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Hydrothermal Alteration Patterns in the Mafic Dikes

The rafic dikes are considerably more homogenous, both texturally and
compositionally, than the host sediments. Consequently, they are better
indicators of some aspccts of the hydrothermal metasomatism. Texturally and
mineralogically they can be divided into 3 distinct categories: 1) least-altered
dikes with a greenschist facies assemblage of chlorite, calcite, quartz and rutile,
+ epidote, magnetite, sericite and trace amounts of pyrite and chalcopyrite, 2)
pervasively carbonatized dikes consisting of siderite, ankerite, quartz,
muscovite, rutile and pyrite with trace amounts of arsenopyrite and
chalcopyrite, * pyrrhotite, tetrahedrite, magnetite, ilmenite and chlorite, and
3) mineralized dikes with ankerite * siderite, quartz, albite, sericite, rutile,
pyrite, arsenopyrite and trace amounts of chalcopyrite, pyrrhotite, tetrahedrite,
chlorite, magnetite, ilmenite, sphalerite, galena, titanite, apatite, boulangerite,
cobaltite, gersdorffite and stibnite (Table 5.2). Least-altered dikes arc fine-
grained massive rocks often lacking evidence of the regional deformation
fabric. Pervasively carbonatized dikes are bleached equivalents of the above
with minor to moderate quartz-carbonate veining. The well mineralized dikes
are severely sheared and have well developed quartz-ankerite-albite stockwork

veining.

However, on the basis of both geochemistry and mineralogy, it seems that
the least-altered dikes were previously subjected to significant hydration and
carbonation reactions in addition to greenschist facies metamorphism [L.O.l. =
9.9% (n=4), compared to 2.8% for related Birimian tholeiites, Table 5.1).
Therefore, it is important to examine the metasomatic changes that affected
these dikes prior to mineralization. This can be done by comparison with

average Birimian tholeiites whose relationship to the dikes has already been



Table 5.2: Mineral abundances in Bogosu and Prestea dikes (modal %).
Least Carbonate Dike Veins

Mineral altered alte.ed ores in ores

Quartz 21 28 38 45

Chiorite 51 3.3 <1.0

Sericite 8 5.4

Calcite 23

Ankerite tr 36 35 48

Siderite tr 20 <4

Albite 5 <2.0 4 7

Epidote <2.5 <1.0

Rutile 1.3 0.9 1.2

limenite tr tr

Titanite tr tr

Sphene tr tr

Apatite tr

Magnetite tr tr tr

Hematite tr tr

Pyrite < 03 1.7 7

Arsenopyrite tr 2.3

Pyrrhotite tr tr

Chalcopyrite tr tr tr

Tetrahedr .e tr tr

Covellite tr tr

Sphalerite tr

Galena tr

Stibnite tr

Cobalitite tr

Gersdorffite tr

Boulangerite tr

Gold tr 3-30 ppm

n= 8 15 10

tr = trace

R1




demonstrated.

Eiemental depletions and additions for 21 major oxides and trace elements
were incrementally tested between nrogressive alteration zones and compared to
the average compostion of Birimian tholeiites. The procedure used was the
Grant (1986) isocon method as a solution to Gresens' (1967) equations for
metasomatic alteration. This method takes into consideration mass and volume
changes before calculation of net elemental additions or depletions. Based on a
graphical plot of whole-rock geochemical data for an unaltered reference
sample versus data for the altered equivalent, assumptions can be made as to
whether constant volume or mass has been retained durning alteration, or
whether an element or oxide such as Al203 has remained immobile. Changes
in mass are then factored into the equation for a more accurate estimate of gains
and losses. For this study, constant AI203 seems most appropriate, and even if
Al203 does not behave completely immobile in all instances this does not
significantly alter the conclusions. A line drawn through the origin and the plot
of Al203 concentration defines an isocon on the graph along which no change

in elemental concentration has occurred, and has the equation:
CA= (MO/MA) Co
where, CA= concentration of component in the altered sample

CO= concentration of component in the reference sample

M= mass (or concentration of immobile phase if constant Al203 or

other element is assumed)

The net change in mass is then the inverse of the slope of the A1203 isocon and:



A Mass (%) =| Concentration of Al203 in reference sample - l:l X 100%

| Concentration of Al203 in altered sample

The percent gain or loss of any component (i) in the system is calculated as:

A Cj (%) = GiA + C;0 -1 X100 %

CAAL203 + COALLO3

Consequently, all components that plot above the reference isocon (Al203 for
this study) have undergone net additions during alteration, and all components
plotting below the reference isocon have experienced net losses. The volume
change is calculated by multiplying the mass change by the ratio of any
difference in density measured before and after alteration, and is given by the

following e-juation:

Vol difference (A V) =|density of the parent rock X COApOa - 1{x 100%
density of the altered rock  CAA1203

Calculated compositional gains and losses are listed in Table 5.3, and are
graphically depicted in Figures 5.3 to 5.5 for incremental steps in progressive
alteration from average Birimian tholeiites to dike ores. Data for the isocon
diagrams are listed in Table 5.6. Due to uncertainties of original rock
composition and small sample size, the degree of error may exceed 20% for
some analyses. However, most of the calculations are significant in terms of

loss or gain.

Comparison of Bogosu and Prestea dikes and average Birimian tholeiites

reveals an early Stage ! alteration that caused massive hydration and
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Table 5.3: Summary of elemental gains and losses (wt%; trace elements
in ppm) tor mafic rocks from Bogosu and Prestea. Mass-balance is
calculated for both Iincremental stages in progressive alteration, and for
progressive stages of alteration compared to Birimian tholelites.

Stage 1 Stage 2 Stage 3 Stages 1t and 2 Stages 2 and 3 Stages 1 to 3

Phase alteration aiteration alteration alteration alteration alteration
Si0o2 7 -12 -8 -4 -19 -12
Ti02 6 41 -22 as 6 6
Al203 0 0 0 0 0 0
Fe203 10 10 -11 17 -2 2
MnO -3 -24 9 -20 -17 -14
MgO -7 -4 -22 -7 -25 -30
Cao 11 -37 17 -24 -27 -1 1
K20 -97 3513 47 48 5220 114
P205 -17 32 -43 1 -27 -43
Na20 4 3 79 1 85 84
L.O.l 307 78 -21 644 40 482
Cr ‘ -59 88 2 -42 69 -42
Ni -28 64 -6 -19 44 -24
v -6 10 3 o 18 -2
Co -5 17 20 -7 40 1
Cu -29 46 -4 -14 31 -18
Zn 14 14 -29 23 -19 -15
Zr 32 10 -25 45 -18 7
Ba -91 1910 34 45 2632 93
Sr 18 73 66 87 184 196
Y -19 -9 7 -15 -10 -22
A Mass % 14 0 -7 -7 8
A Volume % -2 -9 -11

Isocon Fig.# 5.3 5.4 5.5

Stage 1 alteration = least-aitered d kes vs Birimian tholeiites

Stage 2 alteration = carbonated dikes vs least-altered dikes

Stage 3 alteration = carbonated dike ore vs carbonated dikes

Stages 1 and 2 alteration = carbonated dikes vs Birimian tholeiites
Stages 2 and 3 alteration = carbonated dike ore vs least-altered dikes
Stages 1 to 3 alteration = carbonated dike ore vs Birimian tholeiites
A Mass % = mass change of the rock during alteration

A Volume % = volume change of the rock during alteration
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Table 5.5: Whole-rock compositional data and mass-balance calculations
for sedimentary-rock ores (graphitic crush zone ores).

Phase Sedimentary rocks Sedimentary rock ores A Concentration (wt%)
0.25 x SiO2 14.5 15.2 41
10 x TiO2 6.1 4.5 -1
Al203 16.6 12.4 0
Fe203 6.7 5.5 11
10 x MnO 0.9 0.7 2
MgO 2.6 2.2 13
Ca0 2.5 4.0 114
K20 2.0 0.9 -39
Na20 2.8 4.5 112
10 x P20s 1.7 1.3 1
L.O.l. 7.6 8.7 55
A Mass % 34
A Volume % 33
*ns= 6 4

A Mass % = mass change during alteration.

A Volume % = volume change during alteration.

A Concentration (%) = net change in concentration for each component in the rock.

* Compostions of some sedimentary rocks are highly variable, consequently, those

with obviously anomalous compositions were not used for the mass balance calculations.



Table 5.6: Whole-rock compositional data of mafi.: dikes for
isocon diagrams (wt%, trace elements in ppm).

Birimian Least-aitered Carbonated-dike
Phase Tholeiites Dikes Ores
0.5 x Si02 24.4 22.9 20.4
Tio2 1.2 1.2 1.2
Ai203 13.7 t12.1 13.0
Fe203 13.8 13.3 12.7
10 x MnO 2.1 1.8 1.7
MgO 6.5 5.4 4.3
Cao 9.4 9.2 7.5
10 x K20 3.4 0.1 6.6
10 x P205 15 1.1 0.8
Na20 2.5 2.2 4.5
L.O.l. 2.8 9.9 14.2
01 x Cr 18.4 6.6 10.7
0.2 x Ni 22.2 14. 15.9
01 xV 29.9 24.3 27.2
0.2 x Co 12.4 10.4 12.8
0.2 x Cu 18.8 11.7 14.8
0.1 x Zn 10.2 10.2 8.¢
0.2 x Zr 14.4 16.8 14.2
0.1 x Ba 9.8 0.8 17.5
0.05 x Sr 8.0 8.3 21.4
08 xY 17.0 12.1 11.8
n= 66 4 4
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Tabie S.7: Density determinations*® for some representative rocks of the
Bogosu and Prestea districts.

Host acz Matfic Carbonated Dike

Turbidites Ores Dikes Dikes Ores

Density (g/cm?) 2.75 2.77 2.76 2.89 2.89
n= 2 3 3 2 2

GCZ = graphitic crush zone ores
* Density determinations were made by weighing the rock samples in air and in water.



Figure 5.3: Isocon diagram showing elemental gains and losses for least-altered
dikes from the Bogosu and Prestca region compared to average Birimian
tholeiites of Luebe et al. (1999) (Stage 1 alteration). Constant Al203 has been
assumed. Those components plotting above the Al203 isocon have increased
their concentration during alteration, while those plotting below have been
depleted. Calculated gains and losses are listed in Table 5.3.

Figure 5.4: Isocon diagram showing elemental gains and losses for carbonated-
dike ores compared to least-altered dikes (Stages 2 and 3 alteration). Constant
Al2O3 has been assumed. Those components plotting above the Al203 isocon
have increased their concentration during alteration, while those plotting below
have been depleted. Calculated gains and losses are listed in Table 5.3.
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Figure 5.5: Isocon diagram showing elemental gains and losses for carbonated-
dike ores compared to average Birimian tholeiites of Luebe et al. (1990) (Stages
1 to 3 alteration). Constant Al203 has been assumed. Those components
plotting above the Al03 isocon have increased their concentration during
alteration, while those plotting below have been depleted. Calculated gains and
losses are listed in Table 5.3.

Figure 5.6: Isocon diagram showing elemental gains and losses for sedimentary-
rock ores compared to least-altered sedimentary rocks. Constant Al2O3 has
been assumed. Those components plotting above the Al203 isocon have
increased their concentration during alteration, while those plotting below have
been depleted. Calculated gains and losses are listed in Table 5.5.
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carbonation of the rock. A large increase in volatiles (A L.O.1. = +310%) was
complemented by a net mass increase of =14% (Figure 5.3, Table 5.3). This
was accompanied by almost total loss of K20 (-97%) and most Ba (-91%).
Significant losses are also indicated for Cr, Cu, Ni, Y and P20s. Gains of
between 10% and 32% are indicated for Fe203, CaO, Zr, Sr and Zn.

The later-stage alterations associated with mineral deposition are more
meaningful since altered Bogosu and Prestea rocks can be compared to their
well defined, less-altered equivalents. Due to minor differences in original
rock compositions, Bogosu altered rocks are compared to least-altered
equivalents found nearby and Prestea altered dikes are compared to least-altered
dikes from the Prestea mine. The results were averaged, with a 2:1 weighting

in favour of Bogosu for which there are more data, and discussed below.

Stage 2 alteration resulted in pervasive bleaching and carbonation of the
least-altered dikes (Table 5.3). On a relative basis, very large increases
occurred in K20 (+3500%) and Ba (+1900%). Further significant gains are
recorded for Cr, Ni, Cu, Sr and TiO2 (88%, 64%, 47%, 73% and 41%,
respectively). Moderate gains are suggested for Co, Zn, Zr, V and Fe203
(17%, 14%, 10%, 10% and 10%, respectively). Notable losses are restricted to
CaO, MnO and SiO2 (-37%, -24% and -12%, respectively). However, no
change in mass was evident at this stage of alteration. The large increase in
volatiles (A L.O.1. = +78%) is due mainly to carbonation of the rock, as
ferromagnesian minerals (mostly chlorite) break-down to form large amounis
of siderite and ankerite (Table 5.2). The K20 increase is due to stabilization of
white micas (sericite). Loss in CaO is associated with transformation of calcite
to siderite and ankerite. Interestingly, the loss of MnO from the system during

this stage of alteration contradicts any suggested direct genetic relationship



between gold and manganese in the Birimian of West Africa (e.g. Ntiamoah-
Agyakwa, 1979).

The final step in progressive alteration, Stage 3, leads to mineralizaton of
the carbonated dikes (Figures 5.4 and 5.5, Table 5.3). The most significant
gains in major oxides are for Nap0O and K20. The increase in Na>O is related
to albitization of the rock and the increase in K20 to further stabilization of
white mica. Increase in trace elements are indicated for Sr, Ba and Co (66%,
34% and 20%, respectively). At this stage of alteration the system underwent a
net mass loss of approximately 7%, with losses for P20s, MgO, TiO2, Fe203,
volatiles, Zn and Zr of -43%, -22%, -22%, -11%, -21%, -29% and -25%,
respectively. The losses in TiO2, Fe203 and Zr during this final stage balance
previous gains for very little change overall compared to the original
composition of Birimian tholeiites (Figure 5.5, Table 5.3). Loss on ignition
from the mineralized dikes includes significant sulphur from pyrite and
arsenopyrite in addition to H20 from mica and CO2 from carbonates.
However, the significant decrease in volatiles at this stage of alteration (A
L.O.1. = -21%) is mostly the result of CO2 loss, as siderite + ankerite is
sulphidized to form the 5 to 20% pyrite and arsenopyrite present in these

samples.

It is worth noting the loss of 8% SiO2 during Stage 3 alteration (=4% of
overall sample weight). For these analyses, samples were chosen to be matrix
material devoid of noticeable quartz stockwork veins to prevent a bias toward
excessive Si02. However, mineralized dikes may contain 10-25% quartz-albite-

ankerite veins. Consequently, suggested SiO2 losses are almost certainly

accounted for by the material in the stockwork veining.
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There is an important volume reduction in the rocks caused by the
progressive alteration of mafic dikes. Calculated reductions are 2% and 9% for
Stage 2 and Stage 3 alteration, respectively. This enhances rock permeabil.iy
by a maximum of 11% of the total altered-rock volume. However, this increase
in permeability is not likely to occur at one time since open-space fractures
caused by the volume reduction will be progressively filled by the precipitation

of hydrothermal minerals.

Geochemical Evolution of the Mafic Dikes

Stage 1 alteration of the mafic dikes is the most widespread and is
characteristic of all least-altered dikes examined in this study. The fact that the
least-altered dikes represent a distinctly altered subset of average Birimian
tholeiitic rocks precludes the possibility that this alteration is a regional
phenomenon. Rather, it seems that this type of alteration of mafic rocks may be
restricted to the Ashanti Structural Belt (with a known width of about 1 km in
the Bogosu region) and adjacent country rocks. However, considerably more
sampling would be required to precisely define its limits. The dikes within the
Ashanti Structural Belt solidified at depth, and were subjected to greenschist
facies alteration and metasomatism. By comparison, the Birimian tholeiites
documented by Luebe et al. (1990) are postulated to be the extrusive
equivalents, and clearly would not have been subjected to the same degree of

alteration that affected the Bogosu and Prestea dikes.

There are some interesting negative geochemical correlations between the
Birimian tholeiites and altered dikes. Near total depletions of K20 and Ba in
Stage 1 alteration contrast with significant increases during Stage 2 and 3

metasomatism. This is also true for Cr, Ni, V, Co and Cu, although to a fesser



degree. It is therefore possible that Stage 1 rocks represent source material tfor
these elements which are subsequently enriched in Stage 2 and 3 altered rocks.
Juxtapositioning of Stage 1 potential source-rocks with the altered and
mineralized zones suggests that mass transfer may have taken place through
lateral migration into the main structural conduits. However, this possibility is
not consistent with evidence from geothermometry, mineral chemistry and
stable isotopes presented in Chapters 8 and 9. In the later chapters, it will be
demonstrated that initial alteration of the dikes was an early event, taking place

at depth below the ore zones.

Stage 2 alteration is the first phase that can be directly related to the onset of
gold mineralization. It resulted from an outward diffusion of hydrothermal
fluids from the structural conduits into the host rock, thereby causing pervasive
carbonation. However, gold deposition did not occur until Stage 3 alteration.
The dikes contain abundant Fe (10% to 15% total Fe as Fe2O3, Table 5.1)
which makes them potential chemical traps for alteration of Fe-bearing
minerals to sulphides and arsenides through reaction with the hydrothermal
fluids. At this stage, siderite * ankerite reacted to form pyrite and
arsenopyrite, and it is possible that previous carbonation of the rock either

greatly facilitated, or was a prerequisite for these reactions to proceed.

The presence of large, tabular mafic dikes caused a significant competency
contrast with the host sedimentary rocks. This is particularly true where highly
carbonaceous and easily sheared sedimentary rocks are found adjacent to mafic
rocks (cf. Figures 3.2, 3.3 and 3.4). This rheological contrast appears to have
induced localized shearing, fracturing and development of permeable structures
at and near the contacts of dikes with the host sedimentary rocks. The tectonic

fracturing is complemented by a 9% volume loss during Stage 3 alteration.
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This rock shrinkage during alteration is believed to contribute significantly to
open-space fracturing in the rock, and hence to formation of the quartz-albite-
ankerite stockwork veins that are related to introduction of gold, arsenopyrite

and pyrite.

The whole-rock geochemical evidence for magmatic activity in an
extensional environment is convincing. However, on geological grounds it is
certain that these rocks are not mid-ocean ridge basalts even though they plot
within the MORB field (Figure 5.2). On the basis of Rb-Sr, Pb-Pb and Sm-Nd
isotopic analyses of igneous rocks, Taylor et al. (1992) state that the Birimian
formed during the Early Proterozoic by differentiation from a depleted mantle
source. Similar analyses were conducted by Abouchami et al. (1990) from
Proterozoic terrains elsewhere in West Africa. They concluded that oceanic
flood basalts, which later accreted to the continent as allochthonous terrains, are
the most acceptable analogue for many of the Proterozoic basalts. However, it
is not certain how applicable their work is to the Birimian of southwest Ghana.
Crustal contamination and/or formation in a subduction-related (island-arc)
environment have been suggested as possible reasons for the observed N-MORB
least-mobile-element patterns (Leube et al., 1990). Relatively flat REE patterns
(Luebe et al., 1990) and an epsilon Nd value of +2.0 (Taylor et al., 1988)
further suggest that crustal contamination affected the Birimian tholeiites. This
possible contamination is corroborated by evidence presented here for their
syntectonic intrusion through the Ashanti Structural Belt, a major crustal

lineament.

Geochemistry and Hydrothermal Alteration of Sedimentary Rocks

Geochemical analyses for whole-rock major oxide concentrations were
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performed on fourteen samples of carbonaceous sedimentary rocks from the
Bogosu and Prestea concessions. Carbonaceous turbidites and greywackes are
the main host-rocks for the Bogosu and Prestea ores. However, on
mineralogical grounds, only two distinct alteration zone: were identified in the
sedimentary rocks, which are least-altered host-rocks and .imentary-rock
ores. Consequently, only these two zones can be comparea while testing for
whole-rock geochemical additions and depletions caused by hydrothermal

alteration.

The average volatile content of least-altered sedimentary rocks is quite high
at between S and 12 wit% L.O.l. (Table 5.4}, indicating that these rocks had
already been affected by a hydrothermal / metamorphic event before the
hydrothermal alteration related to gold mineralization took place. This is not
obvious in hand specimen since the primary bedding, regional tectonic foliation
described earlier and other rock textures are well preserved. Nevertheless,
both mineralogy (Table 3.1) and geochemistry -lemonstrate significant
hydration and carbonation of the host sedimeniary rocks. This early alteration
extends to at least 100 meters laterally away from the main ore zones, which is
the maximum distance sampled normal to the plane of the mineralized
structures. This appears to be an early, pervasive pre-mineralization alteration
that also affected the intrusive rocks of the district. The origin of this early
alteration is discussed in part in the previous section on geochemistry of mafic
rocks, for which there is better control on the alteration history and
geochemical data. However, it cannot be discussed fully until the evidence from
mineral chemistry and stable isotopes is presented in the final chapters of this

thesis.

The carbonaceous sedimentary rocks have moderate Fe contents with 4 to 8



wt% total Fe expressed as Fe203, accounted for mostly by siderite-rich
carbonates with the remainder in disseminated pyrite and minor chloritz.
Alumina contents are enriched with respect 1o source volcanic rocks, which is
consistent with weathering of sedimentary rocks. MgO is consistently within
the range of 2 to 3 wt% and MnO is negligible at < 0.12 wt%. Ca0, K20 and
Najz0 have variable concentrations that reflect both primary variations and
metasomatic alteration (Table 5.4). Although there was some variation in the
composition of these sedimentary rocks, the least-altered varieties and
mineralized ores were averaged and plotted against each other on an isocon
diagram. The solution is graphically depicted on Figure 5.6 with the isocon

data and calculated changes in mass balance listed in Table 5.5.

Mass balance was calculated for the assumption of constant Al2O3, which

was supported also by minimal changes in TiO2, MnO and P20s.
The equation for the A1203 isocon is;
CAAIR03 = 0.74 COA 203

where: CAA1>03 = concentration of Al203 in altered sample

COA1203 = concentration of Al203 in parent sample

and mass change is: AM=(1+0.74-1) x 100%
= +34%

The change in mass is quite high at about +34% for typical sedimentary rock-
hosted ores (i.e. graphitic crush zones) and is accompanied by a minimal change

in density of from 2.75 g/cm3 for least-altered turbidites to 2.77 g/cm3 for
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graphitic crush zone ores (Table 5.7). The volume change was calculated by
multiplying the mass change by the ratio of density measured before and after

alteration, and is given by the following equation:

volume difference AV=[275+277x 134 -1} x 100%
= +33%

The reported values are average mass and volume changes for typical graphitic
crush zone ores; however, they vary considerably depending on the amount of
vein material present and the degree of silicification. The increases in mass and
volume contrast with the depletions calculated for mafic dikes. However, only
matrix material was considered in the dike calculations, whereas the whole
sample (matrix and vein material) was analyzed for the sedimentary rocks.
Thus, dike rock analyses yield more accurate estimates of compositional
variations for most elements, but the sedimentary rock calculations give much
better estimates of total mass and volume changes within the hydrothermal

system.

A sample of highly silicified graphitiic crush zone ore from the Nankafa
deposit (NK-204-9, Bogosu concession) was calculated to have mass and volume
increases of about 88% and 91%, respectively. These large increases are caused
by the introduction of quartz * albite * ankerite stockwork veining and
pervasive silicification. Calculated increases in SiO2 were +41% and +142%
for typical graphitic crush zone ores and silicified ores, respectively. It is
evident that an extensional environment must have been created in order to

accommodate such large mass and volume increases.

The only significant elemental loss during alieration of sedimentary rocks
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was for K (-39%), which was lost in the conversion of white micas to albite
during the hydrothermal alteration associated with mineralization (Table 3.1).
There is no change in MnO concentration during mineralization, which is
further evidence for a lack of a direct genetic link between Mn and gold
mineralization in Ghana. Major elemental gains in concentration are recorded
for both Na20 and CaO, which are incorporated into the structure of albite and
ankerite, respectively, during metasomatism related to gold mineralization.
Gains were also calculated for MgO (in ankerite) and volatiles (A L.O.l. =
+55%).

A moderate increase in Fe203 is suggested by the data; however, this may be
an artifact of the variability of sedimentary rock compositions. Overall there is
little éhange in total Fe concentration during mineralization for both
sedimentary rocks and dikes. This indicates that the amount of sulphide and
arsenide minerals that formed during mineralization was restricted by the pre-

existing Fe content of the host-rocks.



Chapter 6: Sulphide / Arsenide Paragenesis and Mineral Chemistry

Paragenesis of Sulphide and Arsenide Minerals

Sulphide / arsenide minerals are intimately associated with gold deposition
throughout the Bogosu-Prestea region. They are particularly important since
the majority of gold occurs within, or attached to, sulphide / arsenide grains.
Consequently, documentation of their mode of occurrence and paragenesis is a
valuable aide toward constraining some of the physical and chemical conditions
during the evolution of the gold system, and is necessary to properly interpret
geochemical data presented in the foliowing chapters.

The least-altered sedimentary rocks and dikes contain the first recognizable
generation of sulphides. They consist of minor disseminated pyrite that is often
accompanied by trace amounts of chalcopyrite. The origin of this phase of
mineralization cannot be traced since the host rocks have aiready been subjected

to several stages of deformation, diagenesis and metamorphism / metasomatism.

However, what is most important to this study is the formation and
subsequent transformation of sulphides associated more directly with the gold-
producing event. The earliest sulphide mineral to form at the onset of
hydrothermal activity associated with mineralization (early Stage 2 alteration)
was pyrrhotite (Table 6.1). Generally, pyrrhotite precipitated along with
chalcopyrite, and in some cases its formation may have been nucleated by pre-
existing chalcopyrite and pyrite grains. Although present in many rock types,
pyrrhotite is most common in the carbonaceous sedimentary rock ores at
Prestea, where it is well preserved. Occasional examples of pyrrhotite-
chalcopyrite-marcasite-pyrite intergrowths are preserved, although more often
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PHASE

SULPHIDE PARAGENESIS

STAGE 1
Pre-min.

STAGE 2
Early, Late

STAGE 3

STAGE 4
Post-min.

Pyrite

Arsenian pyrite|

Arsenopyrite
Pyrrhotite
Marcasite
Chaicopyrite
Tetrahedrite
Sphalerite
Galena
Stibnite
Cobaltite
Gersdorffite
Boulangerite
Ulimanite

Table 6.1:

P s e w— - o

- ey GE Gl e WS e -

----------------

................

-------------

minerals in Bogosu and Prestea ores and nost-rocks.

The paragentic sequence for sulphide and arsenide

STAGE 1: Early sulphide minerals that pre-date hydrothermal
alteration related to mineral deposition.
STAGE 2: Sulphide minerals that precipitated from the gold-bearing
hydrothermal fluids prior to gold deposition.
STAGE 3: Sulphide minerals that co-precipitated with gold.
STAGE 4: Sulphide minerals that formed after gold precipitation

ceased.
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only marcasite intergrown with pyrite remains. Often the carly pyrrhotite is
partially converted to marcasite and pyrite. Evidence for this sulphidation
comes from the textural intergrowth of these minerals. Where pyrrhotite is no
longer visible, its former presence is suggested by the relatively large, abundant
(up to 32 modal percent) and random pore spaces in the product pyrite or
marcasite (Plate 6.1A), as well as from random orientation of the product
crystals, pyrite and marcasite (Murowchick, 1992). Based on textural
observations it is not certain if marcasite and pyrite were simultaneously
reprecipitated from pyrrhotite. However, almost all marcasite observed is in
the process of alteration to pyrite. In some quartz-vein ores at Prestea there is
good textural evidence for marcasite and/or pyrite alteration to vuggy
arsenopyrite crystals. These were later rimmed by normal arsenopyrite,

forming euhedral crystals with seive-textured cores (Plate 7.2A).

Apparently, the conversion of pyrrhotite to pyrite and marcasite was by a
solution-precipitation mechanism rather than from sulphidation in the solid
state, as is evident from the random product crystal orientations (Murowchick,
1990; Schoonen and Barnes, 1991a, 1991b). This process will proceed very
efficiently at temperatures below 200°C to 250°C, where the solubility product
of pyrite is six to ten orders of magnitude less than for pyrrhotite (Naumov et
al., 1974). Hence, re-precipitation of pyrite will occur almost immediately
upon dissolution of pyrrhotite when accompanied by a slight oxidation of the
sulphide to polysulphide. If the pH is below 5, marcasite will form rather than
pyrite (Murowchick and Barnes, 1986; Murowchick, 1992). The pyrrhotite and
its conversion products described above are an early phase of mineralization,

and have not been observed to contain gold.

An early generation of hydrothermal pyrite is associated with Stage 2



PLATE 6.1

EMP back-scattered electron images of polished sections from Bogosu
and Prestea ores: Asp-arsenopyrite; Cpy-chalcopyrite; Po-pyrrhotite; Py-
pyrite: Py-(As)-arsenian pyrite; Py-(s.t.)-pyrite seive-textured.

Compostiona! zoning in an arsenian pyrite grain from carbonated-dike ore from the
Chujah deposit (sample C-11). The sieve-textured core is believed to be an alteration
from pyrrhotite and marcasite. Numbers 11 to 13 are the locations of EMP analyses

listed in Table 6.3.

Intergrown pyrite, acicular arsenopyrite and gold in a sample (P-30) of graphitic fissure

ore from the Prcs ea mine.

Intergrown pyrite, arsenopyrite, chaicopyrite, and pyrrhotite from a sample (DM-11) of
carbonated-dike ore from the Dumassie deposit. Abundant microscopic gold grains are

believed to form after recrystallization of arsenian pyrite containing gcld in solid-solution.

A compositionally zoned arsenopyrite grain containing microscopic gold grains. This
sample (C-11) is from a carbonated-dike ore from the Chujah deposit, Bogosu

concession.

Rythmic compositional zoning arsenian pyrite. This sample (P-2) is from the Main Reef

quartz vein in the Prestea mine.

Rythmic compositional zoning in arsenian pyrite. Numbers 37 to 53 are the locations of
EMP analyses listed in Table 6.3. This sample (P-19) is from a graphitic fissure ore

adjacent ta the Main Reef quartz vein in the Prestea mine.
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alteration and the carbonatization of country rocks adjacent to the gold lodes.
This is most readily observed in the mafic dikes (Table 5.2) but is also true for
the host sedimentary rocks. Back-scattered electron images taken with the
electron microprobe show disseminated pyrite microcrystals dusting
intergrowths of siderite and ankerite. Pyrite microcrystals are also found in the
guartz-albite matrix as an alteration from former micron-size carbonates. This
pyrite formed primarily as a result of sulphidation of siderite and to a lesser
extent ankerite. With increased sulphidation, larger subhedral to euhedral
grains of pyrite crystallized. Nucleation of the pyrite microcrystals occurred
mostly along microfractures and vugs, where hydrothermal fluids were in
direct contact with the carbonate. This stage of sulphide mineralization was
accompanied by the addition of trace amounts of arsenopyrite, sphalerite,
tetrahedrite and some rarer sulphides such as cobaltite and gersdorffite,
attributable to the presence of cobalt and nickel in the mafic dikes. Itis an
interesting and important feature of these gold deposits that carbonation
preceeded sulphidation, and that abundant sulphides do not occur in non-
carbonate altered rocks. Indeed, carbonate alteration may be a necessary
preliminary step prior to sulphide and gold mineralization in these types of
deposits, rather than only a secondary, aspect of wall-rock alteration. This is
particularly important considering that the whole-rock geochemistry indicates
that essentially no new iron was added to the system. The early sulphides

discussed above do not contain gold.

The main sulphide mineralization event occurred along with Stage 3
alteration (Table 6.1). Abundant sulphides formed due to conversion of most of
the remaining siderite to pyrite (1 to 15 modal% pyrite) and arsenopyrite (0.5
to 5 modal% arsenopyrite). Pyrite occurs in several textural variations from

micron-sized, anhedral and euhedral grains to large (>1 mm) porphyroblastic
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crystals. In sedimentary rock ores the pyrite porphyroblasts often contain
inclusions of chalcopyrite, pyrrhotite and tetrahedrite; however, inclusions of
minor sulphide phases are most common in carbonated dike ores. These ores
also contain trace amounts of sphalerite, galena, stibnite, cobaltite, gersdorffite,
ullmanite and boulangerite as inclusions in pyrite. In the Prestea ores, some
larger grains of sphal...ite. chalcopyrite and tetrahedrite occur as separate

grains.

The main sulphidation event also produced abundant euhedral, acicular
arsenopyrite crystals early in the Stage 3 alteration. Many arsenopyrites are 0.1
mm or less in size, and are often partly or completely enclosed by pyrite
porphyroblasts (Plate 6.1B). The arsenopyrite grains are up to 1 mm in length
at Bogosu, but coarser crystals up to S mm in length are more typical of Prestea

ores.

In Bogosu ores pyrite always exceeds arsenopyrite in abundance, whereas in
most Prestea ores, arsenopyrite predominates over pyrite. The formation of
arsenopyrite occurred during an arsenic-rich phase in the evolution of the
hydrothermal fluid which simultaneously crystallizated arsenian pyrite in
porphyroblastic grains up to several millimeters in diameter. However, pyrite
formation continued over a longer time interval as evidenced by the ophitic-like

textures of arsenopyrite contained within pyrite.
Compositional Zoning of Arsenopyrite and Pyrite
The compostions of pyrite and arsenopyrite were determined by electron

microprobe analyses using a JEOL JXA 8600 Superprobe at the University of

Western Ontario. Variations in compostion were noted from different parts of



Table 8.2: Mineral chemistry of selected arsenopyrite grains (wt%).

Total Comhent

Sample Fe As S Ni Cu Co Sb Au

C-11-1 34.5 445 19.3 0.04 ND 0.32 0.03 0.00 98.7

C-11-1 35.1 42,9 21.6 0.38 NO 0.15 0.00 0.02 100.1

C-11-9 33.9 449 19.8 0.17 ND 0.80 0.05 0.00 99.5

D-10-5 35.0 44.4 20.2 0.15 ND 0.03 0.00 0.00 9938
DM-3-4 33.2 453 20.9 0.02 0.03 0.01 0.01 0.02 99.4
DM-11-6b 32.7 448 21.1 1.05 0.06 0.03 0.04 0.00 99.8 u-xtal
DM-11-6c 31.9 45.1 20.9 0.23 0.00 0.01 0.10 0.00 98.2 u-xtal
DM-11-7b 32.0 45.4 20.5 0.08 0.02 0.00 0.15 0.06 98.3 incl.
DM-11-7¢ 32.2 44.9 210 0.18 0.01 0.60 0.06 0.00 98.8 u-xtal
DM-11-8 31.9 42,6 22.5 0.00 0.00 0.00 0.00 0.07 97.0 core
DM-11-8 32.9 46.1 20.3 0.07 0.01 0.1t 0.02 0.00 99.5 margin
P-2-1 35.4 43.9 20.4 0.06 ND 0.00 0.00 0.00 99.7

P-2-1 35.8 44.3 20.6 0.02 ND 0.00 0.01 0.04 100.7

P-2-1 36.2 41.4 22.5 0.02 ND 0.03 0.00 0.02 100.2

P-2-1 35.1 43.3 20.5 0.10 ND 0.16 ND 0.00 99.1

P-19-7 34.7 44.7 20.3 0.12 ND 0.13 0.01 0.02 100.0 margin
P-19-7 35.8 41.7 22.5 0.02 ND 0.03 0.02 0.00 100.0 middie
P-19.7 35.5 445 20.5 0.00 ND 0.00 0.01 0.00 100.5 core
P-28D-5 33.2 43.8 22.2 0.01 0.02 0.04 0.00 0.05 99.3
P-28D-5 32.0 47.2 19.6 0.04 0.01 1.08 0.08 0.05 100.1 margin
P-28D-5 35.7 42.1 23.2 0.01 0.00 0.00 0.03 0.00 100.9
P-30-6a 32.4 43.3 20.8 0.97 0.00 0.02 0.00 0.00 97.5
P-30-6b 35.8 43.3 22.3 0.01¢ 0.00 0.00 0.00 0.03 101.4 alt. core
P-30-6b 35.1 47.4 19.9 0.12 0.00 0.11 0.00 0.07 102.8 margin

C = Chujah deposit, Bogosu; D, DM = Dumassie deposit, Bogosu; P = Prestea mine
Incl. = inclusion in pyrite; alt. = altered from pyrrhotite, marcasite and pyrite
u-xtal = recrystallized microcrystal in pyrite
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Table 6.3: Mineral chemistry of selected pyrite grains illustrated
in the text (wt%).

Plate # Fe As S Ni Co Au Total
6.1 A 1 45.5 0.0 53.0 0.00 0.02 0.00 98.6
6.1 A 12 45.6 3.6 50.1 0.00 0.00 0.00 99.3
6.1t A 13 46.6 0.0 53.4 0.02 0.00 0.00 100.1
6.1 F 37 45.6 0.1 52.9 0.00 0.20 0.00 98.9
61 F 38 46.1 0.5 53.2 0.03 0.06 0.00 99.9
61 F 39 45.5 1.5 52.6 0.50 0.09 0.00 100.2
6.1 F 40 46.0 0.7 52.7 0.01 0.08 0.04 99.6
61 F 41 45 .4 1.6 52.6 0.60 0.21 0.00 100.4
6.1 F 42 45.9 1.2 52.5 0.03 0.00 0.00 99.6
6.1 F 43 45.9 0.9 53.2 0.01 0.00 0.02 100.0
6.1 F 44 46.2 0.3 52.1 0.08 0.00 0.00 98.6
61 F 45 46.1 0.1 53.1 0.01 0.00 0.00 99.3
6.1 F 46 46.5 1.0 52.6 0.00 0.00 0.00 100.0
6.1 F 47 46.3 0.9 52.6 0.00 0.00 0.00 99.7
61 F 48 45.3 1.6 52.4 0.71 0.05 0.03 100.1
61 F 49 46.2 0.4 52.9 0.00 0.03 0.03 99.5
6.1 F 50 46.0 0.9 52.6 0.01 0.00 0.00 99.5
61 F 51 46.2 0.3 52.9 0.01 0.05 0.00 99.5
61 F 52 46.1 0.6 53.0 0.07 0.00 0.00 99.8
61 F 53 43.0 0.3 49.1 0.08 0.09 0.00 92.6

62 A 54 46.4

0. 53.5 0.04 0.07 0.00 100.0
62 A 55 46.5 0.

0.

1

1

1 53.3 0.02 0.13 0.00 100.0
0 53.9 0.04 0.00 0.03 100.1
4 52.0 0.56 0.10 0.00 99.9

62 A 56 46.0
62 A 57 45.9

Plate number refers to illustrations in the text.
C = Chujah deposit, Bogosu; D = Dumassie deposit, Bogosu; P = Prestea mine
# = analysis number



the gold system and the results are listed in Tables 6.2 and 6.3. Arsenopyrite
grains were found to be compositionally zoned, with arsenic contents ranging
from 42 to 47 wt%. High As contents correlated with low S, and vice-versa.
Compostional variations were detected also for minor amounts of Ni, Co and
Sb; 0 to 1 wt% for Ni and Co and O to 0.4 wt% for Sb. Some typical

compositional zoning patterns are illustrated in Figure 6.1.

Arsenic concentrations cluster around specific values, which are different
for Bogosu and Prestea arsenopyrites. Furthermore, the range of averaged
values is greater for Prestea ores (29.1 to 34.0 at% As) than Bogosu ores (30.7
to 32.7 at% As). The genetic significance of this compositional information
will be discussed later in this section. Concentrations as low as 29 at% are
found in arsenopyrites from Prestea, including some grains that have formed by
alteration from pre-existing sulphides (Figure 6.1D). Simple zoning was
detected in some Bogosu grains (Figure 6.1A) with low arsenic cores (30.7 £
0.2 at% As) that carry gold, and higher arsenic (32.7 £ 0.7 at% As) outer rims
that are barren of gold. Complex zoning is common, and some grains illustrate
the apparent growth of arsenopyrite needles in response to differential stress.
Arsenopyrite grains grew best in the plane of foliation, sub-perpendicular to the
principal stress. Rythmic compositional zoning is oriented sub-parallel to the
principal stress, such that crystal growth propagates from the grain tip in a
direction of minimal stress. In the grain illustrated in Figure 6.1C and Plate
6.1D, growth has incorporated four arsenopyrite microcrystals, and a late outer
rim surrounds a rythmically zoned core. This crystal contains 2 gold

inclusions, which is an uncommon feature in arsenopyrite from Bogosu.

Compositional banding is more pronounced in pyrite than arsenopyrite from
both the Bogosu and Prestea regions. Pyrite that crystalized during Stage 3

111




M

Figure 6.1: Compositional and textural zoning of arsenopyrite grains from

Bogosu and Prestea ores.

Simple zoning of arsenopyrite crystals. The low-As cores of these

grains are Au-rich.

Complex recrystallization of arsenian pyrite to form arsenopyrite and
pyrrhotite microcrystals, and a mosaic of As-poor pyrite. The arsenian
pyrite is Au-rich, but the arsenopyrite microcrystals are Au-poor. See
also Plate 6.2B.

Rythmic growth banding of an acicular arsenopyrite crystal that has
included several smaller grains. In this particular grain, Au in solid-

solution was concentrated in the As-poor bands. See also Plate 6.1D.

: Rythmic compositional zoning of arsenopyrite. The sieve-textured cores

are believed to have altered progressively from pyrrhotite to marcasite

to pyrite to arsenopyrite. The sieve-textured cores are Au-poor.




Compositional Zoning of Arsenopyrite from Bogosu (at% As)

1) 30.7 = .2, Au-Bearing, n=2
2) 327 +.7, NoAu, n=b
3) 325 + .4, No Au, n=4, Recrystallized from arsenian pyrite

Compositional Zoning of Arsenopyrite from Prestea (at% As)

1) 29.1 = .1, Au-Bearing, n= 3
2) 302 (Au-Bearing 7}, n=1. Altered from Py-Marc
3) 31.68 + .3, Au-Bearing, n=7

340 + .4, (Au-Bearing ?7), n=2
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alteration, the main gold depostiona! event, has As-rich growth bands that can
contain in excess of 5 wt% As (cf. Fleet et al., 1989, MacLean, 1991). Minor
zoning of nickel and cobalt is present also, with some grains containing up to
0.7 wt% and 0.2 wt%, respectively. However, some Prestea grains have bands
containing up to 4.8 wt% Ni. These Ni and Co enrichments generally occur
together in the same zones, and apparently reflect the mafic parentage of the

rocks in which they occur.

Two main types of compositional-zoned microstructures were observed in
pyrite grains. At Bogosu, pyrite grains often have a central core barren of
arsenic. This is surrounded by a band of arsenian pyrite and then an outer rim
of arsenic-poor pyrite (Plate 6.1A). This zoning pattern is similar to
compositional variations in pyrites from the Agnico-Eagle and Fairview mines
(Fleet et al., 1989). The central arsenic-barren core is often seive-textured,
possibly suggesting an origin from pyrrhotite that converted to marcasite and
finally pyrite. The core is an early sulphide remnant that pre-dated the main
arsenian event and does not contain gold. The record of the arsenian
sulphidation event is clearly preserved in the pyrite grain shown in Plate 6.1A
as an arsenic-rich band that surrounds the core. On close inspection, this band
displays rythmic compositional microzoning, however, the microzoning is too
fine-scale to be clearly resolved and generally blends into a single arsenic-rich
band. The final stage of pyrite growth was clearly non-arsenian, although
minor arsenic values may persist in this zone. Some grains have an arsenic-rich
core suggesting that nucleation and early growth of these grains occurred
during the arsenian event . However, this may be and artifact of the grain

orientation in the plane of the polished section.

At Prestea, rythmic zoning of arsenian pyrites is readily resolved by colour



staining (Fleet et al., 1989; Fleet and Chryssoulis, 1991) and back-scattered
electron imaging, and can extend from the core to the rim of individual grains
(e.g. Plates 6.1E and 6.1F, Table 6.3). Even aggregates and small veinlets of
euhedral to subhedral pyrite crystals and microcrystals show complex zoning
throughout (Plate 6.2A), demonstrating their formation entirely during the
main arsenian event. At both Bogosu and Prestea, the arsenian event was
concluded with the precipitation of rims of normal pyrite, with or without

minor arsenic values.

Sulphide Recrystallization

Arsenopyrite and pyrrhotite microcrystals ranging from 1 to about 15 um in
length occur scattered within the most arsenic-rich portions of many arsenian
pyrite grains at Bogosu. This feature is well illustrated in Plates 6.2B and 6.2C.
A profile of As contents in this grain is illustrated in Figure 6.2. The core
region consists of an early generation of As-poor pyrite, which is partly
converted from earlier pyrrhotite + marcasite (Plate 6.2D). This is rimmed
and cemented together by pyrite with a high As content, and then overgrown by
a large outer zone of arsenian pyrite to form a porphyroblastic grain about 1.5
mm in diameter. The As profile (Figure 6.2) indicates that initially the arsenian
event produced pyrites with As contents of up to 5 wt%. This was followed by
a gradual waning of the arsenian event until the last pyrite that precipitated

formed As-poor rim.

Arsenopyrite microcrystals intermixed with pyrrhotite grains occur in a
mosaic with As-poor pyrite within the arsenian zones of some pyrite grains
(Plate 6.2C). The arsenic-free pyrite mosaic is distinguished from the core

zone of pyrite grains by lack of pyrite crystal morphology and absence of seive-



PLATE 6.2

EMP back-scattered electron images of polished sections from Bogosu
and Prestea ores: Asp-arsenopyrite; Po-pyrrhotite; Py-pyrite;

Py-(As)-arsenian pyrite; Py-(s.t.)-pyrite seive-textured.

Compostional zoning in an aggregate of fine-grained pyrite crystals. Numbers 54 to 57
are the locations of EMP analyses listed in Table 6.3. This sample (P-19) is from a

graphitic fissure ore adjacent to the Main Reef quartz vein in the Prestea mine.

Complex compositional zoning and recrystallization in a porphyroblastic arsenian pyrite
grain. Early As-poor pyrite crystals were cemented together and overgrown by arsenian
pyrite.' The larger arsenopyrite crystals were included during growth of the pyrite grain.
Microcrystals of pyrite, pyrrhotite and arsenopyrite formed during late recrystallization of
the arsenian pyrite. Gold concentration by SIMS (ppm) is shown for 5 analyses. This
sample (DM-11) is from a carbonated-dike ore from the Dumassie deposit, Bogosu

concession.

Detail of the recrystallized portion of the arsenian pyrite crystal shown in Plate 6.2B.
Arsenopyrite and pyrrhotite microcrystals and a mosaic of As-poor pyrite formed during
recrystallization of arsenian pyrite. This sample (DM-11) is from a carbonated-dike ore

from the Dumassie deposit, Bogosu concession.

Detail of the sieve-textured (s.t.) core of the arsenian pyrite crystal shown in Plate 6.2B.
The pyrite core region is As-poor, and is believed to be an alteration from early pyrrhotite
and marcasite. This sample (DM-11) is from a carbonated-dike ore from the Dumassie

deposit, Bogosu concession.
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Figure 6.2: Variations in arsenic concentration (wt%) across the arsenian
pyrite grain illustrated in Plate 6.2B.
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texture. Electron microprobe results show that As substitutes for S in the
crystal structure of pyrite (Tables 6.2). The stoichiometry for this
recrystallization phenomenon is easily modelled, and a possible equation for the
recrystallization of pyrite containing 10 at% substitution of S by As is given

below:

10 Fe(Sop.9 Asg.1)2 + Fe --<--—- > 2FeAsS + 2FeS + 7FeS2

Arsenian Pyrite > Arsenopyrite + Pyrrhotite + Pyrite

This documentation of the crystallization of arsenopyrite and pyrrhotite
from arsenian pyrite suggests that a similar phenomenon may take place with
respect to some of the other suiphide phases that occur as micron-sized crystals
within pyrite. In Bogosu and Prestea ores, these additional phases include
tetrahedrite, chalcopyrite, sphalerite, stibnite, cobaltite, gersdorffite and
boulangerite. This suggestion is supported by electron microprobe analyses
which show that elevated levels of zinc, copper, antimony, cobalt, nickel, and
lead do occur within specific growth zones of some pyrite and arsenopyrite
grains (Tables 6.2 and 6.3). Consequently, the possibility of diffusion and/or
recrystallization from a metastable pyrite or arsenopyrite solid solution exists.
However, some of these grains are likely to be poikiloblastic inclusions that pre-

date formation of pyrite poikiloblasts.
Arsenopyrite Geothermometry
Fleet et al. (1989) noted that compositional zoning of arsenian pyrite (and

arsenopyrite) is indicative of subtle, but important, changes in the evolution of

ore-forming systems. The significance of pH, fO2 and fS2 of gold and arsenic-
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bearing hydrothermal fluids to the mineral chemistry of arsenopyrite is further
discussed by Cathelineau et al. (1989). However, both studies were unable to
draw specific conclusions on fluid conditions during gold deposition. In this
study compositional zoning will be considered in the context of the paragenetic
sequence and some experimentally determined parameters to derive information

about gold deposii.on in the Bogosu and Prestea hydrothermui system.

Kretschmar and Scott (1976) demonstrated the temperature dependance of
As concentration in arsenopyrite. From this information they developed a
sliding scale geothermometer for arsenopyrite crystallization based on the
arsenic content (at%) of arsenopyrite. This geothermometer can be used
provided the fS> of the system is defined, usually by determin.ng the
compositions of coexisting sulphide phases. A number of investigators have
used this geothermometer, but obtained anomalous results that could not be
independantly verified (e.g. Kay and Strong, 1983; Sharp et al., 1985). Sharp
et al. (1985) concluded that the arsenopyrite geothermometer is generally valid
for ore deposits metamorphosed at greenschist to lower-amphibolite facies
conditions, although the range of arsenopyrite compositions encountered even

under these conditions leads to less than desirable results.

In this study the question of anomalous results and varying composition is
addressed more carefully by analyzing the zoning characteristics and
paragenetic relationships of the different types of arsenopyrite in the gold
system. As previously demonstrated, apparently different generations of
arsenopyrite do exist, even within a single grain and this association must be
resolved before attempting to obtain meaningful results from arsenopyrite

geothermometry.
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In Bogosu ores, three main types of arsenopyrite were detected (Figure 6.1):
1) low-As core and growth bands that contain gold, 2) rims, grains and bands of
higher-As content that do not contain gold, and 3) late microcrystals in arsenian
pyrite that do not contain gold. At Prestea, arsenopyrite grains include (Figure
6.1): 1) alterations from pre-existing pyrite, marcasite or pyrrhotite, 2) main
stage arsenopyrite crystallization with complex compositional zonation that
alternates between high and low As concentrations, and 3) anomalously high As
bands. Gold was detected by electron microprobe analyses in all types of
arsenopyrite at Prestea. However, some of these results may be :..omalous or
spurious ur due to late remobilization of gold, and further analyses are required
to satisfactorily resolve this question. The important gold-bearing arsenopyrite

varieties are those associated with the main stage of arsenopyrite crystallization.

Arsenopyrite at Bogosu and Prestea coexists with pyrite and in some cases
with both pyrite and pyrrhotite. These coexisting phases adequately d=fine the
fS2 in the system (Kretschmar and Scott, 1976; Sharp et al., 1985), permitting
temperatures ot formation to be determined by plotting As content in
arsenopyrite (at%) on the isopleth diagram of Sharp et al. (1985) (Figure 6.3).
The fS2 is approximately fixed within the pyrite field, and precisely defined
along the pyrite-pyrrhotite join so that independant temperatures can be read

directly.

Gold-bearing arsenopyrite at Prestea has average contents that fall within the
range of 29.1 + 0.1 to 31.6 + 0.3 at% As. This corresponds to a range of
crystallization temperatures from approximately 410°C to less than 300°C. For
temperatures below 300°C anomalous and inconsistent results can occur such
that the lower limit of mineralization temperatures cannot be independantly

determined by this method (Kretschmar and Scott, 1976; Sharp et al., 1985).
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THE ARSENOPYRITE GEOTHERMOMETER
(Kretschmar and Scott, 1976; Sharp et al., 1985)
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Figure 6.3: Arsenopyrite formation temperatures derived by plotging '
arsenic contents (at%) for typical Bogosu and Prestea arsenopyrite grains
on the arsenopyrite geothermometer of Kretschmar and Scott (1976) and
Sharp et al. (1985): B = Bogosu, P = Prestea.



Several EMP analyses show growth bands with high As contents averaging 33.9
at% that yield anomalously high temperatures. The high temperature values
may be spurious, but they are consistent with occasional anomalously high

temperatures obtained by carbonate geothermometry (Chapter 8).

The temperatures obtained from Bogosu arsenopyrite appear to follow a
simple pattern. Analyses from As-poor core and growth bands that are gold-
bearing have average As contents of 30.7 + 0.2 at%, which give a temperature
of 340 + 15°C. As-rich bands that do not contain gold average 32.7 + 0.7 at%
As and give a temperature of 450°C + 60°C. A slightly lower temperature of
about 435 + 35°C is obtained for the recrystallization of arsenopyrite crystals

within arsenian pyrite.

Compositional banding in both pyrite and arsenopyrite is generally better
developed in Prestea ores than at Bogosu. This is believed to be the result of
hydrothermal fluids entering the system from the deeper portions of the gold
system that are now exposed at Prestea. The fluids probably passed through the
system in pulses and/or intermittently mixed with a second fluid (cf. Fleet et al.,
1989). As the fluids migrated upwards in the system they would tend to diffuse
and homogenize such that variations in the compositions of precipitating
minerals would be less pronounced. This is evidenced by the characteristic
broad zone of arsenian pyrite within pyrite porpyroblasts preserved in the
upper levels at Bogosu (Plates 6.1A, 6.2B), while rythmic banding is more

distinct in the deeper levels.



Summary of Sulphide Paragenesis

The earliest sulphides occur ubiquitously as minor amounts of finely
disseminated anhedral to euhedral pyrite with trace amounts of chalcopyrite in
least-altered rocks. The origin of this pyrite may be as early as diagenesis or as
late as prograde metamcerphism; however, the timing of this event cannot be
constrained with the data currently available. The earliest hydrothermal
sulphide assemblage related to the onset of mineralization, or Stage 2 alteration,
is pyrrhotite that later underwent solution-precipitation conversion to marcasite
and pyrite. This points to an increase in both pH and oxidation state, and
suggests that temperatures in the system during this phase of alteration were
below 200°C to 250°C. The almost complete conversion of pyrrhotite to
marcasite and pyrite in Bogosu rocks compared to partial conversion at Prestea
is consistent with the carbonate geothermometry (Chapter 8), and indicates
lower ambient country rock temperatures at Bogosu than at Prestea during

mineralization.

The inversion of pyrrhotite may have been coeval with sulphidation of some
siderite + ankerite to finely disseminated pyrite microcrystals in carbonates
during Stage 2 alteration. Trace amounts of arsenopyrite, tetrahedrite,
sphalerite and cobalt-nickel arsenides and sulphides formed during later Stage 2
and early Stage 3 alteration. The main hydrothermal gold event, Stage 3,
produced abundant coeval arsenopyrite and arsenian pyrite at temperatures
ranging from < 300°C to > 450 °C. Gold-bearing arsenopyrites precipitated in
the range of < 300°C to 410°C. However, the preferred temperature
determination for gold-bearing arsenopyrite is 340 + 15°C, obtained at Bogosu
from the core of some grains with simple zoning. The higher temperatures (t

450°C) are thought to represent pulses of anomalously high-temperature fluid
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during mineralization. Arsenian pyrite gradually became less As-rich, and
precipitated over a longer time interval than the arsenopyrite. Stage 3 sulphides
also include trace amounts of tetrahedrite, sphalerite, chalcopyrite, galena,
stibnite, cobaltite, gersdorffite and boulangerite. Late sulphidation of ankerite
to pyrite is visible in many veins. Finally, post-mineralization elemental
diffusion and recrystallization within metastable arsenian pyrite led to the
formation of arsenopyrite, pyrrhotite and possibly other sulphide microcrystal

inclusions observed in pyrite at Bogosu.



Chapter 7: Mineral Chemistry of Gold and Paragenesis

Many variations in the mode of occurrence of gold are observed throughout
the Bogosu and Prestea area. When considered in the context of the overall
hydrothermal system, these variations give clues to and place constraints on
some of the mechanisms of gold precipitation and re-distribution within a single
large gold system.

Gold is intimately associated with sulphide mineralization throughout the
Bogosu and Prestea gold system, although this association is not immediately
obvious in all cases. For example, gold produced to date at the Prestea mine has
been mainly from free-milling gold in quartz vein lodes, while at Bogosu, past
production (1934 to 1954) was entirely from near-surface oxidized ores.

However, closer examination reveals a common heritage for all ore types.

Microscopic Gold

Veinlets of native gold occur within Prestea quartz-vein lodes; however, the
vast majority of free-milling gold occurs as < 100 um size grains along fine
ribbons of wall-rock within the quartz, and in adjacent fissure ores. These
wall-rock partings also are the locus of abundant fine-grained sulphides that are
often intimately associated with the gold (e.g., Plates 7.1A, 7.1B, 7.1C and
7.1D). Gold most commonly is associated with pyrite and/or arsenopyrite, or it
occurs as free grains in the quartz-albite-ankerite gangue along the wall-rock
partings. Occasionally it may be enclosed within, or at and near the margins of
chalcopyrite and sphalerite grains. In the mineralized sedimentary rocks and
graphitic fissure zones gold occurs as 1 to 50 ym size inclusions within pyrite

and/or arsenopyrite, and to a lesser extent within gangue minerals. Generally,
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PLATE 7.1

EMP back-scattered electron image of polished sections from Prestea ores:
Alb-albite; Asp-arsenopyrite; Cpy-chalcopyrite; Py-pyrite; Qtz-quartz;
Sph-sphalerite; Tet-tetrahedrite.

Abundant gold with sphalerite and tetrahedrite, included in an irregular
grain of chalcopyrite. This sample (P-2) is from the Main Reef quartz

vein in the Prestea mine.

Gold grains associated with sphalerite. T..is sample (P-2) is from the Main

Reef quartz vein in the Prestea mine.

Gold in quartz associated with pyrite, sphalerite, chalcopyrite ar.c
tetrahedrite. This sample (P-2) is from the Main Reef quartz vein in the

Prestea mine.

Gold as inclusions within, and at the grain boundaries of, pyrite and
arsenopyrite. This is the most common form of gold-sulphide association
in Prestea and Bogosu ores. This sample (P-30) is from carbonaceous

fissure-ore adjacent the Main Reef quartz vein in the Prestea mine.






129

microscopic inclusions of gold in the sulphides are found within voids and
fractures, or along grain boundaries between adjoining sulphide minerals
(Plates 7.1D, 7.2A and 7.2B). In mineralized dikes, gold almost exclusively is

restricted to inclusions within arsenopyrite and pyrite.

In all types of ores at Bogosu, gold is restricted mostly to microscopic
inclusions within pyrite. Individual grains range from < 1 um to a maximum
observed size of 35 um (Plate 6.1C). Occasionally, small grains are seen within
arsenopyrite crystals or in gangue minerals (Plates 6.1D and 7.2C).
Consequently, the ores at Bogosu are highly refractory unless oxidized by

surface weathering.

Forty-two polished thin sections of representative Bogosu and Prestea ores
were systematically scanned visually using reflected light microscopy. Thirty
of the 42 slides contained detectable microscopic gold ranging from 0.5 to 92
pm in longest dimension. Individual sections contained from none to 110 grains
of identifiable gold for a total of 563 grains that were counted and categorized
according to size and distribution. The results are listed in Table 7.1 which

shows the approximate distribution of microscopic gold in the ores.

At Bogosu, 90% of the gold is directly associated with pyrite and
arsenopyrite, with the remaining 10% interstitial to quartz, albite and carbonate
gangue (Table 7.1). Approximately 89% of the sulphide-associated gold
occurrs with pyrite (Plates 6.1C and 7.2B). Most of the sulphide-associated
gold is enclosed within voids and fractures (95%), while the remainder is found
along grain margins. The recorded size range of gold particles at Bogosu was
0.5 to 35 um, with an average grain size of about 7 um (longest dimension).

Gold is coarser grained in the Prestea ores. The recorded size range of



PLATE 7.2

EMP back-scattered electron image of polished sections from Prestea and
Bogosu ores: AIb-alEite: Ank-ankerite; Asp-arsenopyrite; Cpy-
chalcopyrite; Py-pyrite; Qtz-quartz; Rut-rutile: Sid-siderite;: Sph-sphalerite:
Stib-stibnite;

(s.t.)-seive-texture; Tet-tetrahedrite.

Abundant gold particles within the sieve-texture core of an arsenopyrite
grain. Note also the accumulation of gold along fractures. The sieve-
textured core is thought to result from the alteration of pyrite and
marcasite that originally inverted from primary pyrrhotite. This sample

(P-9) is from the Main Reef quartz vein in the Prestea mine.

Gold, arsenopyrite, tetrahedrite and stibnite inclusions in arsenian pyrite.
This sample (DM-6) is from a carbonated dike ore in the Dumassie deposit,

Bogosu concession.

Gold grain in albite, ankerite and siderite gangue. This sample (DM-3) is

from a graphitic “crush zone" ore in the Dumassie deposit.

Gold associated with siderite, quartz and rutile. Minor sphalerite occurs
along a fracture in the siderite. This sample (P-35) is from a mineralized

carbonaceous phyllite in the Prestea mine.
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Table 7.1: Summary of microscopic gold distribution in Bogosu
and Prestea ores.

Polished thin sections surveyed optically for gold distribution = 42
Polished thin sections containing detectable microscopic gold = 30
Size range of gold particles identified = 0.5 to 100 um (maximum

dimension). Total number of microscopic gold grains counted = 563

Total Gold Distribution

In Suiphides In Gangue Locality
90% 10% Bogosu
67% 33% Prestea

Sulphide-associated Gold Distribution

in_Pyrite In Arsenopyrite ___ In Cpy, Sph etc, Locality
89% 11% 0 Bogosu
31% 49% 20% Prestea

Sulphide-associated Gold Distribution

95% 5% Bogosu
77.5% 22.5% Prestea
Gold Size Distribution

Size Range Average Grain Size Locality

05 to 35 um 7.0 um Bogosu

05 to 92 um 8.0 um Prestea
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microscopic gold particles less than 100 um, was from 0.5 to 92 pm, with an
average grain size of 8 um. In the two dimensions of a polished section, only
67% of the Prestea gold is directly in contact with sulphide grains while the
remaining 33% is interstitial to quartz, albite and carbonate gangue minerals
(Plate 7.2D). Fifty percent of the recorded sulphide-associated gold occurs with
arsenopyrite, 31% with pyrite and 19% with other sulphides such as
chalcopyrite, sphalerite and, rarely, in tetrahedrite or pyrrhotite (Plates 7.1A,
7.1B, 7.1D and 7.2A). Seventy eight percent of this gold is in voids and
fractures within sulphide grains while the remaining 22% occurs at grain
margins. Much of the observed arsenopyrite-hosted gold from Prestea occurs
as anhedral inclusions in the spongy seive-textured core of grains (Plate 7.2A).
These spongy core areas result from conversion and subsequent alteration of
earlier sulphides and apparently were good traps for the accumulation of gold

particles.
Gold Mineral Chemistry

Microp: ube analyses of 27 gold grains from the main ore types at Bogosu
and Prestea reveal that gold is silver-bearing. However, Au / Ag ratios vary
significantly between ore types and mining districts. Measured Ag
concentrations in gold ranged from 1.2 to 7.6 wt% at Bogosu, and 7.6 to 21.3
wit% at Prestea. The average ratio of Au / Ag at Bogosu and Prestea is 23 : 1
and 5 : 1, respectively (Tables 7.1 and 7.2). Highest Ag values were observed
in gold from the sedimentary-rock hosted ores and quartz-vein ores, while gold
from the mineralized dikes has the lowest Ag content. The average Ag
concentration is 3.3 and 6.6 wt% for analysed gold grains in Bogosu dikes ores
and graphitic crush zone ores, respectively. At Prestea, gold in dikes average

11.5 wt% Ag. while higher concentrations averaging 18.5 wt% Ag occur in



Table 7.2: Gold mineral chemistry (wt%).

Sample # Au Ag Hg Cu Total Area Ore type
C-11 1 91.7 29 1.1 0.1 95.8 Bogosu CcCDO
C-11 2 94.2 3.7 1.1 0.3 99.2 Bogosu CDO
C-11 3 91.0 1.2 0.5 0.2 929 Bogosu CDO
C-11 4 93.8 2.9 1.1 0.1 98.0 Bogosu CDO
DM-3 S 88.1 7.5 0.5 0.1 96.2 Bogosu GCZ
DM-3 6 91.2 6.4 0.5 0.1 98.1 Bogosu GCZ
DM-3 7 88.2 7.6 0.6 0.1 96.4 Bogosu GCz
mM-11 8 95.4 3.7 0.1 0.0 99.2 Bogosu CDO
DM-11 9 95.7 2.7 0.2 0.1 98.7 Bogosu CDO
M-11 10 89.4 2.6 0.1 0.1 92.2 Bogosu CDO
DM-11 11 93.6 3.4 0.1 0.0 97.2 Bogosu CDO
DM-11 12 94.8 3.2 0.1 0.0 98.1 Bogosu CcDO
DM-11 13 94.4 4.3 0.0 0.1 98.7 Bogosu CDO
D-10 14 93.4 48 0.8 0.3 99.3 Bogosu GCZ
P-28 15 86.3 11.0 0.0 0.0 97.2 Prestea CDO
P-28 16 872 1138 0.1 00 99.1 Prestea CDO
P-28 17 85.1 11.7 0.0 05 97.3 Prestea CDO
p-2 18 69.9 206 0.4 0.1 91.0 Prestea Qvo
P-2 19 73.4 211 03 0.0 948 Prestea Qvo
P-2 20 744 198 0.5 0.3 95.1 Prestea Qvo
P-2 21 774 173 0.3 0.0 95.1 Prestea Qvo
P-2 22 770 213 0.5 0.1 98.8 Prestea Qvo
P-30 23 739 184 0.4 0.0 928 Prestea GFO
P-30 24 738 205 0.4 0.0 94.7 Prestea GFO
P-30 25 766 203 0.5 0.0 97.5 Prestea GFO
P-19 26 90.0 7.6 0.5 0.1 982 Prestea GFO

CDO = carbonated dike ore, GCZ = graphitic crush zone ore
GFO = graphitic fissure ore, QVO = quartz vein ore
# = analysis number
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gold grains from quartz lodes and sedimentary-rock hosted ores (Figure 7.1).
Copper concentrations in gold grains are similar for both areas, averaging
about 0.1 wt%. However, the average Hg concentration in gold grains from the
Bogosu ores is moderately higher (0.5 wt% Hg) compared to the Prestea ores,
which average about 0.3 wt% Hg (Figure 7.2).

Silver-Bearing and Gold-Bearing Tetrahedrite

Trace amounts of tetrahedrite containing Ag and Au were identified in a
number of samples of Bogosu and Prestea ores. Most often tetrahedrite occurs
as inclusions within pyrite or chalcopyrite, and as previously mentioned some
grains may be the result of recrystallization of metals previously held in solid
solution (Plates 7.1A and 7.2B). However, tetrahedrite was found also in minor

quantities as separate grains interspersed with other sulphides in the ores.

Eighteen grains of tetrahedrite from Bogosu and Prestea ores were analyzed
by electron microprobe (Table 7.3). There was no appreciable difference in
composition between grains that occurred as inclusions and those that occurred
as separate grains. One tetrahedrite grain contained a microscopic inclusion of
gold. However, all grains contained minor Au values ranging from 0.1 to 0.5

wt% Au at Prestea, and from 0.0 to 0.3 wt% Au at Bogosu.

Tetrahedrite grains from Prestea are considerably enriched in Ag (up to
17.4 wt% Ag), but also show higher Sb and Au values. The maximum recorded
Ag content of Bogosu tetrahedrite was only 0.4 wt%; however, tetrahedrite
from Bogosu has notably higher S, As and Cu values. When plotted on an
As/(As + Sb) vs Ag/(Ag + Cu) diagram (Figure 7.3), the analyses show a

distinct bi-modal compositional distribution. Those grains which originated
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Figure 7.1: Gold and Ag contents of gold grains from Bogosu and Prestea ores.
Both graphitic fissure ores and and crack-seal quartz vein ores are
associated with sedimentary rocks and have similar geochemical
signatures. Note that both host-rock and depth of mineralization
influence the Au to Ag ratios, with higher Ag contents in sedimentary

rocks and in the deeper ores of Prestea.

Figure 7.2: Mercury content of gold grains from Bogosu and Prestea ores.
Increased Hg contents occur in the higher-level ores of the Bogosu

concession.
Legend for Figures 7.1 and 7.2

B CDO = Bogosu carbonated dike ore

B GCZ = Bogosu graphitic "crush zone" ore
P CDO = Prestea carbonated dike ore

P QVO = Prestea quartz vein ore

P GFO = Prestea graphitic fissure ore
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Figure 7.3: Bogosu and Prestea ores are distinguished by distinctive tetrahedrite
mineral chemistries that plot in the high-Sb tetrahedrite field and in the
high-Ag friebergite field, respectively. Tetrahedrite mineral chemistries
are believed to reflect compositional changes in the hydrothermal fluid.
The higher As and Ag contents in the deeper ores at Prestea are consistent

with other observations from the Bogosu and Prestea gold system.
Legend for Figure 7.3

B CDO = Bogosu carbonated dike ore

B GCZ = Bogosu graphitic “crush zone" ore
P CDO = Prestea carbonated dike ore

P QVO = Prestea quartz vein ore

P GFO = Prestea graphitic fissure ore
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from Bogosu ores plot within the normal tetrahedrite field, while those from
Prestea ores plot along the Ag-rich Friebergite trend. The grains exhibit
normal substitution patterns, where Ag is exchanging with Cu, and As is
occupying Sb sites (Hackbarth and Petersen, 1984; Ebel and Sack, 1989)

This bimodal distribution is similar to that detected by many investigators in
both laboratory and natural assemblages from polymetallic base-metal sulphide
deposits and bonanza-type precious metal deposits (Wu and Petersen, 1977;
Hackbarth and Petersen, 1984; Sack and Loucks, 1985; Ebel and Sack, 1989;
Mishra and Mookherjee, 1991). These investigators have demonstrated that
tetrahedrite may be an excellent sliding-scale indicator for physico-chemical
changes in the environment of ore deposition, particularly for variations in
metal and semi-metal element concentrations in the hydrothermal fluid. This is
possible since tetrahedrite compostion is relatively insensitive to changes in pH
and temperature, and demonstrates near ideal reciprocal exchange reactions for
several pairs of elements, including Sb-As, Cu-Ag and Zn-Fe. In the natural
assemblages investigated in previous studies, early-formed grains in the centres
of the hydrothermal systems were As-rich and Ag-poor, while late, outer zones
were Ag-rich and Sb-rich. At the same time, individual grains from the outer
zone showed very distinct compositional zoning patterns with the opposite
trend. The early-formed core of grains is Ag-rich and Sb-rich, and grains
become progressively Ag-poor and As-rich outwards. The Ag content of
tetrahedrite is apparently primarily a function of the aAg+/aCu+ in the
hydrothermal solution, and of the Sb/As ratio of the tetrahedrites. Both must be
high in order to produce high-Ag tetrahedrite.

There is little information on tetrahedrite from mesothermal lode gold

deposits and direct comparisons to the above noted trends may not be valid.
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Nevertheless, some interesting observations can be made. At Bogosu and
Prestea, tetrahedrite grains are generally very small (1 pm to 70 pum), and
compositional zoning within individual grains was not detected. The trend
shown on the As/(As + Sb) vs Ag/(Ag + Cu) plot (Figure 7.3) is very close to
that predicted by Sack and Loucks (1985) for tetrahedrite co-precipitating with
arsenopyrite, with the data being tightly clustered near the axes. The lack of
tennantite is probably due to the excellent sink for As provided by the co-
precipitation of arsenopyrite and arsenian pyrite. However, the paragenetic
sequence is opposite to that reported in other occurrences, with Ag-rich and As-
poor tetrahedrites precipitating in Prestea ores which are believed to be nearer
the source. Also, the Hg content of gold grains is highest at Bogosu (Figure

7.2) as expected, but the Ag content is higher at Prestea (Figure 7.1).

The above mentioned characteristics of the Bogosu and Prestea data for
tetrahedrite suggest that these occurrences may be treated as being roughly
equivalent only to the high Sb (i.e. Ag-rich and As-poor) outer zones recorded
and delineated by other investigators (e.g. Wu and Petersen, 1977; Hackbarth
and Petersen, 1984). Changes in tetrahedrite composition between Prestea and
Bogosu will most likely be the result of changes in metal concentration within
the hydrothermal fluid as it migrates upwards through the lode system. In
particular, the aAg* / aCu* must be drastically reduced by the time the upper
portions of the system are reached. This correlates very well with a sharp
decrease in the Ag content of gold grains toward the upper part of the system
(Figure 7.1). The copper content of gold grains remains constant, and it can be
concluded that the most likely reason for the observed patterns in tetrahedrite is
a decrease in the concentration of Ag in the hydrothermal fluid during ascent..
It is also worth noting that average Au contents in tetrahedrite at Prestea are

almost twice the concentration of those in Bogosu ores. This may be an

t42
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indication that Au concentration in the hydrothermal fluid was somewhat
depleted also by the time ore deposition occurred in the upper levels (i.e. at

Bogosu).
Invisible Gold

The presence of invisible gold in sulphides was detected in Bogosu and
Prestea ores while examing the compositional zoning of pyrite and arsenopyrite,
and the mineral chemistry of tetrahedrite with the electron microprobe (EMP).
Individual analyses using a beam diameter of about 2.5 pm yielded sporadic
values of up to 0.1 wt% invisible gold in both pyrite and arsenopyrite. Gold
was detected also in other sulphides; however, values of up to 0.5 wt% invisible
gold in tetrahedrite and over 1.00 wt% gold in boulangerite and stibnite are not
as reliable due to the lack of appropriate standards. The presence of invisibl.
gold was subsequently confirmed and quantified in pyrite and arsenopyrite
using secondary ion mass spectrometry (SIMS) at Surface Science Western in
the Universtity of Western Ontario. Quantitative analyses were obtained using
the external standardization method as described by Chryssoulis et al. (1989; see
also Fleet et al. 1993).

In this study the results from the documentation of the distribution of sub-
microscopic gold can be interpreted in the context of the entire gold system for
which complementary information is available from various mineralogical,
geochemical and geological parameters. This has led to some significant new

conclusions regarding the precipitation and evolution of gold in lode deposits.

The presence of invisible gold in pyrite and arsenopyrite crystals has been

documented previously for several deposits. Examples include the Elmtree
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(N.B., Canada), Agnico Eagle (Canada), Fairview (South Africa), Sheba
(Transvaal, South Africa). Red Lake (Canada), Carlin (U.S.A.), and Chatelet
and Villeranges (Massif Central, France) mines (Cook and Chryssoulis, 1990;
Chryssoulis and Cabri, 1990; Fleet et al. 1993; Cathelineau et al., 1989; Cabri et
al., 1989; Bakken et al., 1989). These investigators demonstrated that sub-
microscopic gold exists both within the pyrite or arsenopyrite crystal lattice in
solid solution and as discrete colloidal particles. They further demonstrated that
gold was preferentially concentrated within As-rich portions of pyrite.
Cathelineau et al. (1989) provided evidence that gold in arsenopyrite from Le
Chatelet and Villeranges is in As-rich and (Sb + Fe)-poor zones. The reported
concentration of invisible gold is significant, roughly up to {1,000 ppm in pyrite
from Fairview and Goldstrike and up to 15,200 ppm in arsenopyrite from
Chatelet and Villeranges (Fleet et al., 1993; Marcoux et al., 1989),

Quantitative Analysis of Invisible Gold

Samples were analyzed using a Cameca IMS-3f ion microscope for 197Au,
75As, 56Fe and 34S. All measurements were made with a cesium primary bcam
of about 500 nA at 14.1 keV while monitoring negative ions. For ion-probe
microanalysis, the area analyzed is defined by a set of apertures in the
secondary column. All present analyses were made with an aperture of 60 pum.
Iron and S were determined to monitor instrumental conditions during the
analysis and for standardization. SIMS has been used routinely to quantify the
“invisible” Au content and colloidal-size Au in pyrite and arsenopyrite (Cook
and Chryssoulis, 1990; Fleet et al., 1993). The Au concentration in ppm
(weight) was read from mineral and element specific calibration curves.
Molecular ions were eliminated by voltage offsetting: 200 V, fully open evergy-

slits for microprobe analysis (Chrysoulis 1990) and 80 V, one-tenth-open slits



for imaging (Chryssoulis and Weisener 1991). With a 10-s counting time for
Au, the limit of detection in pyrite is 0.4 ppm Au, with an accuracy of about
10-15% (Chryssoulis et al., 1987; Fleet et al., 1993). Thirty analyses were
obtained by this method from 10 pyrite and 13 arsenopyrite grains selected
from two ore samples (Tables 7.4a and 7.4b). Sample DM-11 is a gold-rich
sample of carbonated dike ore from the Dumassie deposit in the Bogosu area,
and sample P-19 is representative of gold-rich fissure and quartz vein ores from
Prestea. In addition to the invisible gold, polished thin sections of the same
samples contained 99 (DM-11) and 69 (P-19) discrete grains of microscopic
gold ranging in size from 0.5 to 32 um and 0.5 to 48 pum, respectively.

The concentration of invisible gold within arsenopyrite grains of the Bogosu
sample was consistantly high and ranged from 16 to 280 ppm Au. This
contrasts with low values obtained from 3 arsenopyrite grains at Prestea which
ranged from 0.56 to 1.0 ppm gold (Table 7.4). In spite of low gold values in
the Prestea sulphides, discrete colloidal gold partictes were detected by imaging
these grains (e.g. Plate 7.3). The area covered by this image is approximately
10 times greater (150 pm diameter) than the area probed for quantitative
analysis (30 to 50 pm diameter). Consequently, the presence or absence of
randomly distributed colloidal particles will have a strong effect on the

concentration of invisible gold detected during analysis.

A similar pattern of high invisible gold-contents from 0.16 to 330 ppm was
detected in Bogosu pyrite, while 6 Prestea pyrite grains yielded cons: tently
lower values of from 0.14 to 3.1 ppm gold (Table 7.4). At Bogosu, the smaller
grains had distinctly lower invisible gold contents with only 0.16 and 0.37 ppm
in analyses of grains #6 and #7, respectively (Table 7.4), which measured only

about 0.1 mm in diameter. Also, the late outer growth zone of As-poor pyrite
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Table 7.4A: “Invisible" Au concentration in sulphide
minerals at Bogosu by SIMS (Sample DM-11).

PYRITE ARZENOPYRITE

Grain # Au, ppm Grain # Au, ppm

5 15. 1 280.

6 0.37 2 18.

7 0.16 3 93.

9 14. 4 106.

10 78. 8 29.

11 115. 15 80.

12 330. 16 21.

13 115. 17 67.

14 1.5 18 144,

20 5.9 19 83.

21 19.
n X = Max. Min. n X ==a Max. Min.
11 63 +57ppm 330. 0.16 10 92 + 46 ppm  280. 21,
Median 75 ppm Median 82 ppm

Table 7.48: “Invisible” Au concentration in sulphide
minerals at Prestea by SIMS (Sample P-19).

PYRITE ARSENOPYRITE

Grain # Au, ppm Grain # Au, ppm
1 3.1 4 1.0
2 1.0 5 0.60 i
3 1.8 7 0.56
6 0.16 X 0.72 ppm
8 0.14
9 0.74
X %112 =08ppm
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PLATE 7.3

fon-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au and As in an arsenian pyrite grain from a sample of

graphitic fissure ore in the Prestea mine (sample P-19).

A: 75As ion map showing strong zoning in As content along pyrite growth

bands.

B: Corresponding 197Au ion map showing an evenly distributed low
concentration (0.14 ppm) of gold. There is no correlation between the

content of gold in solid solution and the strong As zoning. Note the single

colloidal particle of gold.
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for the grain shown in Plate (6.2B) had a low concentration at only 1.5 ppm
gold (analysis #14, Table 7.4A). In contrast, the highest gold values in pyrite at
Bogosu and Prestea were in the larger, As-rich porphyroblastic grains that
often exceed 1.0 mm in diameter. Examples include the pyrite grain shown in
Plates 6.2B, 7.4 and 7.6, and analyses of grains #5, #9, #14, #20 and #21 at
Bogosu and grain #1 at Prestea (Table 7.4).

Distribution of Invisible Gold

To develop an understanding of the distribution of sub-microscopic gold
within sulphide / arsenide grains, SIMS was used in the imaging mode to obtain
39 images of S, As and Au distribution patterns from 8 grains of pyrite,
arsenopyrite or intergrowths of the two (cf. Fleet et al., 1993). Ion mapping
was used to determine the distribution of Au and As within individual grains.
lon imaging was performed by electronically rastering the primary beam over
an area of 250 x 250 um. Images obtained on the dual channel plate were
captured by a Cohu solid-state camera and processed by an image-processing
system developed at Surface Science Western. The size of the cesium beam at
500 nA is 150 um, but the effective spatial resolution in the resulting images is
about 2 um. Other details on the present procedure for ion mapping are given
in Chryssoulis and Weisener (1991) and Fleet et al. (1993). In the Bogosu ores,
Au in solid solution within the pyrite lattice is clearly associated with As-rich
zones (Plates 7.4 to 7.7). However, gold occurs also as discrete colloidal size
(0.01 1o 0.1 um) particles that may be in either As-rich zones (Plate 7.4) or in
As-poor zones (Plate 7.9). The central portion of the pyrite porphyroblast
shown in Plates 6.2B, 6.2D and 7.5 is composed of early, As-poor pyrite
formed from pre-existing pyrrhotite and marcasite. This core region does not

contain Au, with the exception of minor colloidal-size micro-inclusions that
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PLATE 7.4

Ion-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au and As in an arsenian pyrite grain from a sample of
carbonated-dike ore from the Dumassie deposit, Bogosu concession
(sample DM-11 #2B). The ions maps are from the As-rich band of the
arsenian pyrite grain illustrated in Plates 6.2B and 6.2C.

75As ion map showing a mosaic pattern of recrystallization of arsenian
pyrite [Py (As)] to As-poor pyrite, pyrrhotite and arsenopyrite (Asp)

microcrystals.

Corresponding 197Au ion map showing the concentration (78 ppm) of gold
in solid solution (Au-ss) in the non-recrystalized, As-rich portiv. 5 of the
pyrite crystal. The recrystalized portions of the pyrite grain are noticeably

depleted of gold.
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PLATE 7.5

Ion-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au, As and S in an arsenian pyrite grain from a sample of
carbonated-dike ore from the Dumassie deposit, Bogosu concession
(sample DM-11 #2C). The ions maps are from the As-poor core region of

the pyrite grain illustrated in Plates 6.2B and 6.2D.

34S jon map showing distribution of S in the pyrite grain.

Corresponding 75As ion map showing two arsenopyrite crystals included
during growth of the pyrite grain, but no arsenopyrite microcrystals. Fine
As-rich bands in the pyrite are not visible in this map due to contrast with
the arsenopyrite crystals; however, they are clearly resolved in Plates 6.2B
and 6.2D.

Corresponding 197Au ion map showing the concentration of colloidal gold
(Au-Col.; most of the Au in this image) and Au in solid solution along fine
bands of arsenian pyrite that form a cement around early, As-poor pyrite

crystals.






PLATE 7.6

Ion-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au and As in an arsenian pyrite grain from a sample of
carbonated-dike ore from the Dumassie deposit, Bogosu concession
(sample DM-11 #2D). The ions maps are from the As-rich band of the

arsenian pyrite grain illustrated in Figures 6.2B and 6.2C.

75As ion map showing distribution of As in the recrystalized portion of the
arsenian pyrite. Pyrite, arsenopyrite and pyrrhotite microcrystals are

surrounded by the remaining bands of arsenian pyrite.

Corresponding 197 Au ion map showing Au in solid solution (Au-ss) and
colloidal gold (Au-Col.) concentrated (up to 115 ppm) along the remaining

As-rich bands. The recrystallized portions of the grain are noticeably Au-

poor.
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PLATE 7.7

Ion-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au and As in an arsenian pyrite grain from a sample of
carbonated-dike ore from the Dumassie deposit, Bogosu concession
(sample DM-11 #11B).

75As ion map showing strong zoning of As contents [Py (As)] in the pyrite

crystal (Py).

Corresponding 197Au ion map showing Au in solid solution (Au-ss)
concentrated in the As-rich band of the pyrite grain, and the formation of a
particle of colloidal gold (Au-Col.) along a fracture or sub-grain boundary

of the pyrite.
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PLATE 7.8

Ion-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au, As and S in an arsenian pyrite grain that has included a
complex arsenopyrite crystal. This sample is from a carbonated-dike ore

in the Dumassie deposit, Bogosu concession (sample DM-11 #11).

343 ion map showing distribution of S and the outline of arsenopyrite

within the pyrite grain.

Corresponding 75As ion map showing distribution of As in the

arsenopyrite crystals.

Corresponding 197Au ion map showing a strong concentration of Au in
solid solution (Au-ss) in the margin of the included arsenopyrite. Minor

Au in solid solution occurs in the host pyrite.
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PLATE 7.9

lon-probe microanalysis by SIMS (secondary ion mass spectrometry) of
distribution of Au and As in an arsenopyrite grain from a sample of
carbonated-dike ore from the Dumassie deposit, Bogosu concession
(sample DM-11 #6).

75As ion map showing the distribution of As. Note that the EMP BSE
images of the same grain demonstrate that the outer growth band of this

arsenopyrite crystal is As-rich with-respect-to the core region.

Corresponding 197Au ion map showing Au in solid solution concentrated

in the As-poor core of the euhedral arsenopyrite crystal.
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formed along grain boundaries or micro-fractures. These early grains are
cemented together by arsenian pyrite which does contain Au in solid solution.
In the Prestea sample, pyrite grains have As-rich zones that are at least as
prominent as those in pyrite at Bogosu. However, the distribution of invisible
gold clearly does not correlate with As-rich bands in some grains (e.g. Plate
7.3), while in others a correlation is barely discernable, but nevertheless

present.

Two generations of arsenopyrite occur as inctusions in pyrite. Euhedral to
subhedral arsenopyrite microcrystals are associated with recrystallized As-
depleted mosaics in As-rich zones of arsenian pyrite. These arsenopyrite
microcrystals are distinctly Au-poor (e.g. Plate 7.4). Pyrite porphyroblasts also
contain numerous inclusions of independuntly nucleated arsenopyrite grains, and
these tend to be Au-rich (e.g. 144 ppm Au from Table 7.4A analysis #15, from
the arsenopyrite grain illustrated in Plate 7.8). These early arscnopyrite grains
are larger than late recrystallized grains, although some occur also as anhedral
to amorphous arsenopyrite microcrystals that carry abundant colloidal and solid

solution gold.

The larger arsenopyrite crystals at Bogosu have high invisible Au contents
of up to 280 ppm. The Au distribution is strongly zoned in growth bands. In
some grains a direct relationship of Au to As and S distribution is not
established since subtle compositional variations in S and As are not v :ll
resolved in the SIMS images. However, in others, such as the grain illustrated
in Plate 7.9, Au is clearly concentrated in the euhedral core region (93 ppm
Au), which is surrounded by a Au-poor rim. From back-scattered electron
images, the Au-rich core of this grain is As-poor, and contrasts with an As-rich

rim which does not contain JGetectable Au. This clearly demonstrates that



higher Au values in arseropyrite are not, in all cases, in zones with higher As
concentrations. According to the arsenopyrite and carbonate geothermometry
(Chapters 6 and 8), formation temperatures indicated by As concentrations in
the outer rim of this grain (Plate 7.9) were too high (=450°C) for gold
deposition, whereas, temperatures indicated by the core region do fall within

the range for gold precipitation (see Figures 6.1A and 6.3).

More complex zoning is observed in an intergrowth of arsenopyrite crystals
entirely enclosed within a pyrite porphyroblast (Plate 7.8). In this particular
group, Au (144 ppm) is concentrated along some marginal growth bands, but is
noticeably absent from much of the grain at the lower right. Gold is lower in
concentration also in the central region of the grain on the left. Optical
microscopy reveals that the central, Au-poor region of this arsenopyrite grain is
seive-textured. Gold in solid solution is present in the arsenopyrite crystals, and

also in small amounts in the surrounding pyrite.

Gold Precipitation and Evolution

It has been demonstrated that gold in the Bogosu-Prestea system is present
as: 1) visible gold (> 100 um) in quartz, albite and carbonate, 2) microscopic
gold (> 0.5 pm to < 100 pm) associated with sulphide minerals and interstitial
to silicates, and 3) invisible gold (< 0.5 um). The latter association is
comprised of: 1) gold in solid solution within the crystal lattice of sulphide and
sulfarsenide miner 'ls, and 2) colloidal-size particles (> atomic size to < 0.5

pm).

The presence of the various types of gold and the occurrence of goid in a

variety of modes within a single gold system leads to some interesting
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conclusions regarding gold precipitation, distribution and evolution in major
lode gold systems. The evidence from Bogosu and Prestea suggests that
virtually all gold initially precipitated in solid solution within arsenian pyrite
and arsenopyrite, and to a much lesser extent within tetrahedrite, and possibly
some of the other sulphides within the system. The paragenetic sequence (Table
6.1) indicates that gold in solid solution precipitated almost entirely during the
arsenian event of the Stage 3 hydrothermal alteration, the same event that
nroduced the compositional zoning of pyrite and arsenopyrite described in the

previous chapter.

Once precipitated, gold redistribution and crystallization is believed to have
commenced almost immediately and proceeded with more or less efficiency
depending upon the ambient post-precipitation metamorphic and hydrothermal
conditions. Consequently, in a large system such as Bogosu and Prestea, various

stages of gold redistribution and concentration are preserved.

Local diffusion of major components and recrystallization of arsenian pyrite
is clearly documented with the formation of arsenopyrite and pyrrhotite
microcrystals (Plates 6.2B, 6.2C, and 7.4) from As-rich zones, with the creation
of As-depleted areas in the pyrite. These arscnian zones are the same areas that
contain gold in solid solution. The recrys-allized, As-depleted zones in pyrite
are also depleted in gold, as are the newly-formed arsenopyrite and pyrrhotite
microcrystals. Gold in solid-solution is found only in relict As-rich portions of
the pyrite. Most importantly local concentration of gold now occurs, and
invisible but discrete colloidal gold particles foim in relative abundance along
the grain contacts of As-depleted pyrite with or without As-rich pyrite. The
process of redistribution and concentration is well illustiated in Plate 7.4. With

further evolution of the deposit, invisible gold becomes more concentrated and



some colloidal submicroscopic inclusions grow to the microscopic sizes
discussed earlier. The gold in these grains may be redistributed through
dissolution and recrystallization processes; however, this does not explain the
observations from Prestea. Gold redistribution and concentration is not
restricted to areas where recrystallization of pyrite, arsenopyrite and pyrrhotite
has occurred, but appears to be ubiquitous in all the pyrite and arsenopyrite
grains examined. For example, strong compositional zoning is preserved in
Prestea grains as well as in most of the Bogosu sulphides, yet the SIMS images
indicate that gold has effectively redistributed and concentrated into discrete
colloidal, microscopic and visible particles. This suggests that at least some of
the gold is redistributed without recrystallization of arsenian pyrite or
arsenopyrite, perhaps through some form of diffusion (infiltration) mechanism.
The observed remobilization of gold follows a distinctive pattern. Initially,
gold in solid solution migrated towards fractures and voids within the sulphides,
then to grain margins and ultimately out of the host sulphide crystals, to be
reprecipitated interstitial to gangue minerals, where it appears to have a long
residence time. In the more extreme cases illustrated by the Prestea sulphides,
most of the gold appears to have migrated out of solid solution with sulphides,
leaving vehind minor values and only weak remnant correlations to an earlier
strong compositional zoning. The small pyrite grains at Bogosu with only
minimal invisible gold contents indicate that gold will migrate easily out of
small grains, while being trappe~ as colloidal and microscopic particles in the
larger crystals. It seems quite evident that much of the gold initially
precipitated with the sulphides. However, subsequent changes in physico-
chemical conditions promoted the migration of gold out of the host crystal

lattices and its local concentration as microscopic particles.

In some arsenopyrite (and pyrite) grains, gold seems to have preferrentially
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migrated to the grain core, particularly to sieve-textured cores (e.g. Plate
7.2\). It is most probable that micro-fractures or grain boundaries within the
sulphide grains promoted faster migration and concentration of gold: certainly,
this would be a prerequisite for infiltration-dominated diffusion. These
microfracture patterns may strongly influence the ultimate gold distribution:
whether gold concentrates as inclusions within sulphide grains, or migrates to

grain boundaries and interstitial to the surrounding silicate minerals.

It is demonstrated in other Chapters (e.g. 3, 4, 6, 8, 9) that ambient country-
rock metamorphic conditions as well as temperatures of mineralization were
moderately higher at Prestea during and subsequent to mineralization.
Consequently, this is believed to be a major factor in promoting greater
recrys}allization and redistribution of gold at Prestea following the initial
precipitation in sulphide minerals. Most of the gold at Prestea appears to have
migrated out of solid solution. It is apparent that higher-grade metamorphic /
hydrothermal conditions during and/or after precipitation led to more efficient
recrystallization and redistribution of gold and to its eventual migration into
gangue. The better preservation of primary gold distribution at Bogosu must
be due, at least in part, to the slightly lower grade of metamorphism that

affected this district during and after mineralization.

Gold Concentration and Precipitation

As suggested above, gold precipitation from the ore forming fluids in solid
solution within sulphides could account for the observed gold distribution
patterns and modes of occurrence documented at Bogosu and Prestea.

However, it is important to determine whether or not the amounts of
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microscopically visible gold observed (e.g. Plates 6.1C and 7.2A) could
originate by reconcentration of gold in solid solution within the host grain, or
whether gc!d must be introduced from outside of the host grain. This problem
can be addressed with simple calculations. A 1 mm cube of arsenopyrite or
pyrite averaging 100 ppm invisible gold will produce the following maximum

volume of gold metal:
VAu = Vsulphide grain X XAu X (dsulphide / dAu)
where V = volume in cubic microns, tm3
X = concentration
d = density (g.cm-3)
Vau =109 um3 x 104 x (5.5 + 19.3)
= 28,500 pm3

= 30 um diameter particle of gold

This amount of gold could account for the proportion of microscopic gold in

Bogosu and Prestea ores, especially since it would be increased somewhat by

alloying with silver and other metals. It has been reported that invisible gold
contents of some pyrite and arsenopyrite grains locally average as high as 1000
ppm and 4,900 ppm, respectively, (Fleet et al., 1993; Marcoux et al., 1989).
This would increase the potential gold metal velume by at least another order of

magnitude over the above calculation.

The actual method by which gold is precipitated along with sulphides has not




been addressed in this study. However, many investigators have shown that Au,
Ag, As, Sb. Hg and possibly other metals are readily and abundantly carried as
bisulphide complexes (e.g. Au(HS)2-) in hydrothermal solutions similar to those
thought to be responsible for the formation of mesothermal gold deposits such
as at Bogosu and Prestea (Barnes, 1979; Seward 1989: Seward ana Barnes 1989;
Hiyashi and Ohmoto, 1991). It was demonstrated above that Fe required for
sulphide formation is already present in the gold system as Fe-rich carbonates.
Precious metals carried as bisulphide complexes may be incorporated into the
crystal lattice of the growing pyrite, arsenopyrite or other sulphide mineral.
Fleet et al. (1989) suggested that arsenian pyrite was metastable and that gold
was fixed by surface-controlled reactions onto faces of precipitated pyrite
crystals. In sedimentary-rock hosted ores, it has been suggested that deposition
of gold from bisulphide complexes into the lattice of arsenian pyrite and
arsenopyrite may result from coupled redox reactions, where the gold is
oxidized and thioarsenide species are reduced (Arehart et al., 1993). However,
mineral chemistry, paragenetic and isotopic evidence from Bogosu and Prestea
indicate that the hydrothermal fluids were generally oxidizing during gold /

sulph ¢ precipitation (Chapters 6 and 9).

This section has focussed on the precipitation of gold in solid-solution within
sulphide minerals and its subsequent evolution and concentration iato larger
particles. However, this does not rule out the possibility that at least some of
the microscopic and colloidal gold accumulated directly, as free gold, from the
hydrothermal fluid by adsorption (Starling et al., 1989; Knipe et al., 1991) or
precipitation (Jean and Bancroft, 1985) cnto sulphide mineral surfaces.
Alternatively, the microscopic and visible gold may have precipitated separately
from the gold in solid solution late in the paragenztic sequence, which is

consistent with its presence along sulphide fractures and grain boundarices, but
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not with the presence of Au inclusions isolated within sulphide minerals. If
gold precipitated at this late stage it would require a separate gold event without
simultaneous precipitation of sulphide minerals. Furthermore, it requires late
stage permeability in the hydrothermal conduit and the passing of large volumes
of hydrothermal fluid through micropores and fractures in pyrite and
arsenopyrite. It would also be necessary to explain why this late stage gold only
precipitated on arsenian pyrite, and not on ordinary pyrite, marcasite and
pyrrhotite which are devoid of gold. The direct accumulation of larger gold
particles does not appear to be consistent with observations at Bogosu and
Prestea, where sulphide mineral growth occurs before, during and after gold
precipitation (Chapter 6, Table 6.1). Also, the weight of evidence from
experimental and theoretical calculations shows that gold solubilities in
mesothermal hydrothermal systems fall within the stability range of common
sulphide minerals such as pyrrhotite, pyrite and arsenopyrite (e.g. Romberger,
1989; Shenberger and Barnes , 1989; Drummonrd and Ohmoto, 1985). Hence,
major episodes of gold precipitation without simultaneous sulphide mineral

growth may be rare in natural systems.
Implications for Metallurgy and Exploration

The metallurgical implications of the presence of invisible gold in sulphides
are potentially very significant. Ten 10 wt% sulphides averaging 100 ppm of
invisible gold will contribute 10 g/t to the overall grade of a gold deposit. Itis
unclear as to how much of the invisible gold content of gold deposits is
routinely and accurately detected by the assay techniques currently in use. Also,
this gold is extemely refractory to conventional extraction methods, and to the

writer's knowledge has not been metallurgically tested for recovery at Prestea

and Bogosu. This gold fraction will not be recovered by conventional
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extraction processes. Alternatively, mill recoveries may fluctuate unexpectedly
and without apparent reason due to changing proportions of microscopic and
visible gold to invisible gold. The sample analysed in this study indicates that
the low to moderate grade, bulk-mineable Dumassie deposit (= 3 million tonnes
at 4 g/t) has a potential invisible gold content of = 77 ppm in sulfarsenide
concentrates (DM-11). It is clear that a potential resource is being lost to this
mine, since it is wholly or partially non-detectable, and not recoverable by the

present extraction techniques.

The potential resource of invisible gold in existing gold mining areas cannot
be overstated, particularly where metamorphic, depth and/or hydrothermal
gradients can be determined by other geological means. In this way, geologists
can document where free-milling gold grades into refractory microscopic gold,
and then extrapolate to and predict areas where concentrations of undetected

solid-solution gold might exist.



Chapter 8: Carbonate Mineral Chemistry and Paragenesis

Carbonate minerals are common and ubiquitous throughout all rock types in
the Bogosu and Prestea districts. Their phase and compositional variations and
relationships give valuable information about certain aspects of the physico-
chemical conditions of the hydrothermal system, prior tc and during
mineralization. Calcite, ankerite, siderite, magnesite and dolomite are
preserved ir. both mining districts. Phase appearance primarily is a function of
host-rock type and the conditions of hydrothermai or metamorphic alteration
(Phillips and Brown, 1987). More important to this study is that many
investigators have demonstrated that compositional variations of individual
carbonate phases are essentially independent of host-rock and fluid
compositional changes, and vary little with pressure. Some co-existing pairs
such as calcite and dolomite show compositional variations that are sensitive to a
wide range of temperatures which makes them useful as a sliding scale
geothermometer (i.e. Harker and Tutitle, 1955; Hutcheon and Moore, 1973;
Nesbitt and Essene, 1982; Evsene, 1983).

In the Bogosu and Prestea districts, least-altered, lower-greenschist facies
dikes with no other evidence of subsequent deformation and alteration, contain
calcite disseminated throughout the matrix and in veinlets. Pervasive
carbonation of the dikes prior to the onset of sulphidation resulted in an
intergrowth of abundant siderite and ankerite in the rock, and complete
replacement of calcite (Plate 8.1F). This assemblage is an alteration from, and
overprints the pre-existing chlorite-epidote-calcite-quartz assemblage.
Typically, carbonates ->mprise 25 to 60 modal % of these rocks, and siderite
constitutes 30 to 50 modal % of the total carbonate. One sample of carbonated

dike (C-4) was separated into matrix carbonate, carbonate from vein material
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parallel to the general foliation, and carbonate from veins perpendicular to
foliation. The highest siderite to ankerite ratios (3:2) occurred in matrix
material, whereas vein carbonate parallel to foliation had a siderite:ankerite
ratio of 6:7. In vein carbonate perpendicular to foliation this ratio was 1:7,
deinonstrating the influence of hydrothermal fluids in the precipitation of
ankerite carbonates. Finally, during hydrothermal mineralization, only ankerite
continued to form, mainly in veins. Also, most siderite and some ankerite was
consumed by the sulphidation reactions to produce pyrite, arsenopyrite and

other sulphides.

As previously discussed in the section on whole rock geochemistry, FeO
remained relatively immobile and MgO, MnO and CaO underweiat minor to
moderate depletions during alteration. Since there is no addition to the major
metal-oxide components of carbonate minerals during hydrothermal processes
their abundance and phase-type is primarily controlied by host-rock
composition . Primary CO3 fluid inclusions are abundant in vein quartz from
all rock types examined, demonstrating the pervasive influence of a CO2-rich

hydrothermal fluid necessary for carbonation of the rocks.

Mafic dikes appear to have been less permeable to hydrothermal solutions
and not as easily sheared and tectonized as the sediments. Consequently, the
extent of carbonation was controlled by the degree of fracturing, plus an
additional zone of pervasive diffusion of hydrothermal fluids for up to several
meters into the matrix of non-iectonized dikes. Carbonation originates from
structural conduits in the sediments, and affects adjacent dikes for up to several
tens of meters. Some of the larger dikes grade from highly tectonized, altered
and mineralized zones adjacent to the structural conduits to least-altered

greenschist facies rock in the distal portions. Smaller dikes may be entirely
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enclosed within tectonized zones, and in such instances, may be totally

carbonated and mineralized (e.g. Figure 3.4).

Samples of least-altered sedimentary rocks devoid of mineralization and
preserving primary features such as sedimentary layering (e.g. Plate 4.1B)
contain intergrown siderite and ankerite. This mineral assemblage is equivalent
to carbonated dikes, suggesting that pervasive carbonation affected all
sedimentary rocks within the £ 1 km wide siructural zone of the Ashanti Belt.
This may be due to greater shearing, fracturing and permeability of the
sedimentary units since they are less competent than the dikes. Also, the dikes
are late additions to the stratigraphy and may not be as affected by alteration.
Sedimentary rock samples were not taken outside of the £ 1 km wide structural
zone; therefore it is not possible to determine precisely what the pre-
carbonation metamorphic assemblage of these rocks may have been. However,
the dikes are a good guide and indicate that a lower-greenschist facies

assemblage is most probable.

The proportion of siderite to ankerite is usually greater in the carbonaceous
sedimentary rocks than in the dikes, even though dikes have much greater iron
contents (see Tables 5.1 and 5.4). Average FeO:MgO ratios in whole-rock
analyses are slightly higher in sedimentary rocks than in dikes, being about 3:1
vs 2.5:1, respectively. Abundant chlurite in the pelitic, carbonaceous portions
of rythmically banded sedimentary layers may have acted as an MgO sink and
turther increased the effective FeO:MgO ratio during carbonation, thereby
increasing siderite stability. In one sample of typical host-rock turbidite (BS-84
#16), an increasing amount of fine-grained carbonaceous (pelitic) component
correlated with an increasing siderite to ankerite ratio in the rock. In this

sample, the siderite to ankerite ratio in modal % was 2:5 in the clastic base, 3:2
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in moderately carbonaceous portions and 2:1 in finely laminated carbonaceous

tops of the turbidite layer.

Mineralization of the sediments produced the same results as in the dikes,
with sulphidation of siderite + ankerite to pyrite and minor sulphide phases.
Along with vein precipitation of ankerite, this resulted in a carbonate

assemblage auminated by ankerite, with minor or no siderite.

The lone sample of ultramafic intrusion from the Prestea mine footwall (P-
34) is pervasively carbonate altered as well. The carbonate in this rock is
dominated by porphyroblastic magnesite grains, intergrown with subordinate,
slightly ferroan dolomite. This is another example .. host-rock control over

the carbonate phases present.

Carbonate Mineral Chemistry

Carbonate mineral chemistry was investigated using the JEOL JXA 8600
Superprobe at the University of Western Ontario. One hundred and seventy-
nine analyses were obtained from carbonates in all major host-rock and ore
tvpes of the Bogosu and Prestea districts. Variations in wt% Ca0, MgO, FeO

and MnO were determined, and these are listed in Appendices 8.1 and 8.2.

Manganese is a minor component in almost all carbonates. Carbonates in
mafic dike rocks contain between 0.3 and 1.2 wt% MnO, while those in
sedimentary rocks contain typically .css than 1.0 wt% MnQO. However, 2
isolated values of up to 4.2 wt%, and several in the range of 2 to 3 wi% MnO
occur in carbonates of the sedimentary rocks. Also, one magnesite grain from

the ultramafic intrusion returned a value of 12.5 w..& MnO (analysis P-34
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#104). Overall, the MnO concentrations in carbonates are not high enough to
affect the results of this study in any significant way, and consequently are

ignored for the balance of this discussion.

The remaining data for Ca0O, MgO and FeO have been converted to mol%
CaCO3, MgCO3 and FeCO3 and recalculated to 100% to conform with standard
methods for the presentation and interpretation of carbonate data, The
recalculated data are listed in Tables 8.1 and &.2, and the entire data set is

illustrated in the ternary diagram of Figure 8.1.

There is little variation in the mol% CaCO3 of the various carbonates
illustrated. Siderites contain generally less than 1 mol% CaCOQj3, ankerites
cluster around 50 * 3 mol% CaCOj3 and calcites vary in the range of 96 10 98
mol% CaCO3. A few anomalous carbonates plotting between normal siderite

and ankerite are most likely metastable compositions.

The most important aspects of the mineral chemistry are large variations in
the FeCO3:MgCOs3 ratic for all carbonate phases analysed. There is a full range
of compositions along the magnesite-siderite join, varying from < 0.1 to 98
mol% FeCQ3, although the majority of siderite data fall within the range of 50
to 90 mol¢~ FeCO3. Dolomite-ankerite data fill the range of compositions
between = 5 and 28 mol% FeCQj. Calcites contained a maximum of 2.9 mol%

FeCO3 and 1.7 mol% MgCOs3. The analyses nresented here are typical of

carbonates for greenschist to sub-greenschist facies conditions, in the range of

400°C or less as demonstrated by Anovitz and Essene (1987).




Calcite

Magnesite Siderite

Figure 8.1: Ternary plot of carbonate mineral chemical analyses (mol%).
CaCO3 + MgCO3 + FeCOz3 recalculated to 100%. All Bogosu and Prestea
data are presented. Tie lines are for selected coexisting phases and are
steeper for higher formation temperatures (T°C).

176



177

$S c8¢t 001 (S 4 L'8S 20 ve 310 ¥oo0i1-Aiejuswipas smAyd
1s8 3 154 001 vel S've 1S 1574 aJ0 auoz ysnid oydesb
1S9 3 gce 001 gti g'ce LS rA4 210 auoz ysnio dnydesb
159 3 oLe 001 g9'cl L' vE LS 12 8o auoz ysnio opydesb
159 | 902 0014 Sl rARA 4 €£°0S 02 310 auoz ysmo owydesb
18 7 FAYA oot vs8 FARY 4 66V 61l 810 auoz ysnio opuydesd
1S9 3 XA oot 861 s'le 8'cS gt 810 aWp-paeuoqied
is@ 7 691 o0t e ocry 9°'0S P! 910 aARip-pareuoqied
=9 Jw vel 001 2’6 2oy 9°0S 91 810 9yIp-pajeuoqied
1S9 3 gece 001 9'61t r AR A c'€S St 810 axIp-pajeuoqied
ob 3 vee 00t g8vi 6'S¢ 26t 29 310 auoz ysnid onydesb
o6 3 vZe 001 £€€S $9b €0 19 @10 auoz ysnid opydesb
ob 3 962 00l L'€L  6°9¢ S'6b 09 310 auoz ysnid oydesd
26 3 962 001} 2'vS S'St 20 6S 310 8u0z ysnid snydesd
96 7 8.2 001 oee L0oE £9¢v 1! 810 3uoz ysnid dnyded
26 3 o8l 001! 5'2L 86¢ 8Lt el 810 auoz ysnid apydesb
26 3 981 001 612 8'92 g1l 2l a0 auoz ysnid oydesb
96 9 €91 00l + 89 € 0¢€ 9l i 810 auoz ysniy sydeirb
96 3 912 001 €°0S 1’6 90 0l 210 auoz ysnid aydesb
26 91Z-€91 0OCI L ver £°0S 6 810 auoz ysmiod dsnydelb
a6 912-€8¢ 00!} €L gey ¥ 05 8 810 8uoz ysnid syydelb
o6 1 £6€> 001t 2L2 1'2¢ L0t L 210 auoz ysnid snydesb
26 a £€6E> 00t 2'SS | AN Y rel 9 810 auoz ysnio smydelb
SS 1 €1 001 c'6 9°0¢ £°0S ] 810 3auoz ysnid snydeisd
26 1 1A A 001 6'8 FAR S 4 6°6¢ v 810 suoz ysnid oydesb
o6 1w 1A A oot e'i8 29l S'¢ € 210 auoz ysnia apydeib
SS | P! 001 048 6Lt | 2 810 auoz ysnid oswydeib
Ss 3 vie 001} €4S gev v0 i 810 auoz ysnid snydeib
wnuginba  Buiwl  (0.0€ 3)ss IE101, €094 €OODWN €0080 # Kiobaied a|dWeS s

10} siseg

amejay ainjesadway

% IOW % ION % ION sisfjeuy

‘391n8|p nsoBog ‘sarwise einjwisduwiay pue sashjeus |EI|WSYD JRIBUIW SIBUOCQIED :1'G dIqEL



178

) h| viLZ-£92 00t r ANt 9'ct 2'0S 3] 810 djip-pajeuoqied
26 7 vee 00l 869 8¢ €0 vS 210 9)ip-pajeuoqsed
sS N S61 001 688 SO0L 90 €S 810 ayIp-paleuoqied
1s8 s .92 001 2L Lz2e 1'0S 2s 910 8yip-pajeuoqied
1s9 v-1  ¥e2 001 #'vlL  S'SE 1°0S 1S 810 9YIp-pajeuoqied
1S9 £E-W L) 004 9'g 1’2y €'6% 0S 810 9NIP-paBUOQIED
Is9 2-W  SsSi 0014 9'S 8'vy L'6¢ 6% 910 aNp-pajeuoqied
1s9 -3 sz2e 00t L'EL  v'9E 66V 8P 810 ayIp-paleuoqied
ss £L€ 00t 9'S2 822 91§ Ly 810 a2NIp-paleUOqIED
aN aN anN St 810 ayip-pajeuoqied

26 A sZ¢ 00!} O A N - T4 9'0 24 210 ayIp-pajeuoqied
26 1 voc 001 8€9 106 29 ev 810 8)ip-pajeuoqied
ob v9€-S2¢€ 001 g'e2 192 L°0S 4 810 a3Ip-paleuoqies
ss 9ve 001 g've L¥2 S0S Ly 810 8jip-paleuoqied
SS A 1> 00t €62 8¢ 60S o¥ 210 8yip-pajevoqied
SS JA v.i€ o0} S'se 9'¢cc 6'LS 6t 810 ayp-paeuoqIed
§$ 3 ¢ée oot veL 1°9¢ 0°'0S 8¢ 910 aNIp-paleuUOqIed
ss 3 LS2 004 691 Lve S'8Y LE 810 ayIp-pajeuoqsed
sS 3 L62 o0t vz €2 £1§ 9¢ 810 9jIp-paleuoqIed
ss 982 0014 902 082 IS S¢ 810 ayp-paleuoq.ed
Ss 9¢c¢ 00t 6'te 0'se L' LS ve 210 ayip-pajevoqied
ss 882 0014 €8l S0 €IS €€ 810 ayIp-paleuUOqIed
SS 09¢ 001 S¥2 0€2 92S r45 310 ayp-pajeuoqied
ss L6E-0PE 001} 1’24t ¥LE v 0S L€ 810 yo0i-Aeuawnipes annAyd
ss ove 001 'St €vs 20 o€ 2)0 %201 fsejuawipas anAud
sS L6€ 001 8'6€ 665 €0 62 ai0 yooi-Arejuawipas ampAud
ss z28e 001 L'lg 285 20 82 810 %20)-Areyuaunpas ampAyd
ss 18€ 0014 i 98 20 2 810 3oou-Asejuawipas anwAyd
sS L8E 001 L0 165 20 92 810 yo0i-Aiejuawipas anmAyd
ss 14:15 001 60v 885 €0 S2 810 jooi-Aieyuswipas dinAud
wniqiinba Buiwly (J,0€ %)ss I€10L. €009d E£OJODW €000 # Kiobajes ejdwes,.,

10} siseg

aAnnejay ainyeladwa)

% IOW % ION % 10N Sisfjeuy

(psnupyuos) 1'g alqe)



179

SS £-3 S§i¢ 001} v'8i 02t 9'6¢ 68 aio aujAyd-onmydesb
s 2-3 062 001 69L 8€E ¢£6¢¥ 88 810 auAyd-opydesb
sS -3 €¢€¢ oot 661 L0E tv6b .8 210 aujAyd-anydesb
1s8 96¢ ¢ 001} e 20 L1°'86 98 ayIp oyew passje-iseas)
1s8 ¢6e ¢ 001t 60 20 v 86 S8 ajip Jjew paldle-ises)
SS eve 0014 cic £'9¢2 S'2s vg  sisejqoudy-hod qies ‘ayip dyew palaye-}ses|
26 9ve 001 L2 oy €96 €8  Sisej@.3Au . 0a 348D ‘@jIp dyew palde-ises)
96 0S¢ 001t L'€e v've G°2S 28  siseiaoiAy od ED ‘aNIp dyew palaye-Ises;
o6 8s¢ 001 gsZ v22 8IS 18  siseigoiAydiod Qied ‘ayip dyew paleye-ised)
o6 8S¢ 001 62 2t 8'66 08 sisejqosAydiod qieo ‘ayip dyew paisye-ises|
sS Zve 001 vL 2t v'L6 6L aNIp pasaye-I1Sed| Ul JB|UIBA pazZieIdaww
i) L8¢E 001 L'l 21 9°96 8L a}ip paiale-ISes| Ul 18|UIBA pazZIeIdUIW
o6 L8€ 001 g02 062 2°0S 2L ONIp passye-1Ses| Ul 1ajUIsA pazZieIBuIlM
96 68¢ 001 1'#3  €GE S0 92 ajip pajeuoqsed
o6 oov 001l £€€9 €9¢ ¢0 SZ ayip pajeuoqied
o6 oov-68¢€ 00! 9'22 €92 L'LS ve ayip pajeuoqed
o6 Lie 001 649 S'ie L0 €L 210 8u0Z ysnid dwydesb
ob (¥ > 001 't 062 66P 42 alo auoz ysnid sydeib
SS Lee 001 S'8L [ ¥4 £0 ¥ 810 3auoz ysnid ouydelb
SS gve 001t £'6L v'ee 1 | 0l 810 8auoz ysmnis anydesb
£33 162 ] 869 662 €0 69 aJo auoz ysnio auydesd
159 LEt 00t 6'¢te €£°'se 1°0S 89 ayoemhiaib
1sa 1el 001 v'22 St 1'€S L9 ayoemialb
001 0'8li 6 vE FAVA 99 aqoemialb

189 LEL 00t 812 1'S2 L'eS S9 anoemiaib
1S9 Ll 001} 866 22 02 +9 aupiquny papueq
I1se Let 00l €66 12 92 €9 aupiqin) papueq
26 1 €92 00t 29 1'2¢ Lo 8S 810 9yIp-pajeuUOqIed
26 3 LiS 00! S'IS 08y SO LS 810 ayip-paleuoqsed
96 3 L1S 0014 #'12 682 86+ 9S 810 9NIp-palevoqied
wnuqiinbe  Bulwil (0.0 +)ss IBI0L, £0094 €OODW €00eD # Kiobaied a|dWES ..
10} siseg eanejey aimesadway % IOWN % IOW % IOWN SisAjeuy (penujjuod) 1'g dlqQeL



180

‘P861 “1e 19 |lemod jo ainpasoid jeaydesb woiy ssied yuy-olen Jo) uonewnse amnesadwa)

(9861 ‘'auass3 pue Zyaouy)

(ML) 192100°+169"-=(%I10W) PIS(E0OBW/E0D81)MUV(EODBW/E0D84)=pN wo1} Sied pig-yuy 1o} uonewnss sinjeladway
PI0q ' umoys ase seiesodwe) aiqelas 1SOW 8yl  "(1S8) SUONIBS JBYIO Ul SOIBUOQIED JERWIS

wolj palewnsa 0 ‘(ss) 102100 feasAyd U jou Ing uonas awes w swi2i6 ‘(96) 10RO ureIB PP wnugyInba o) siseg
‘(81e)=1 ‘oippiw=py ‘Apee=3) uonoes swes ul seleuoqied Bunsixe-0d 9) joedsal yum Guluy eanejes= ‘W ‘3

suonduosep aidwes o} £'g xipuaddy 88s =

‘Peuod |edisAyd yum suiesb Joj 9,08 F = AUIBUBIUN WNUNXBIN = .

%001 O} pajendjesas ey = ,

ss B v62 001t 19 1'8€ 20 2ot a10 anphyd-anydesd
aub 1 9cE 001 995 €'¢e¢ 1’0 10l 810 anprhAud-onydesd
ss 3 596 0014 88 L9 20 oot 810 suphyd-onmydesb
ob W 9\ 7 001 S6p 20S €0 66 810 auhyd-oniydesb
o6 W 90¢ 0014 1'09 L6E €0 86 210 autAud-omydesb
ss 062 001 €29 9:¢¢ Lo 16 810 auyhyd-omydesb
00t 9'tl 6'8€ S'Ly H96 810 awAyd-osydess

001 S'vL SOv OStP 96 910 aunAyd-oyde.b

§S 90¢v-90¢€ 001} bz v ve v'ev G6 810 aWiAyd-sinydesb
SS | s82 6 0'09 6'vE t°0 v6 ai10 aunAyd-onmydead
ss 3 829 00t l'se L'#9 20 €6 a0 auyAyd-aniydesb
o6 W €Z¢ 00t 645 LIy 0 26 810 an1Ayd-aiydesb
ss Ss-3 @82¢ 00t 2’6t S'ig 26t 16 810 awiAyd-omydeib
ss v-3 w2 001 6'SL 2S¢ 06t 06 a10 auAyd-oniyde.b
wniqithba ™ Builill (0,08  *)ss €101, €009d COOBW 50080 # Ki068182 8|duieS,.s
10) s1Iseg  8Anedy asinjesadws) % ION % ION % ION SisAjeuy (psnujjuod) 19 sjqul




181

sS 9ve ool 08t 0°2¢ 1'0S Lel aAyd
ss L9¢ 00! S64 gLt L8y oct anAyd
159 g 6€€ 001t 1'61 6'0¢ 0'0S 621 8l0 ajp-paleuoqed
1se 3 £92 001t 2'914 9°'€e 9'6¢v g2l 810 ayp-pajeuocqied
is8 193 <Z8¢ 001 VAR 2 't 2'\s L2 810 3Yip-pajeuoqed
IS8 (%] 6ve 001 9'6l L've L' 6v 9z1 310 9ip-paleuoqied
i1se 1 giLe 001 202 v'62 S'0S T alo ayip-paleuoqred
157 B o€e 001} 602 9'82 9'0S 21 310 ayip-pajeuoqIed
1s9 3 9¢ge 001 12 1'82 L'0S £zt 810 ayip-paleuoqied
1S9 B ¥SS 00t £92 s'ie 2'2$ 221 810 9Nip-pajeuoqsed
001 0t L0 £'86 12 MNP dyew palsye-ises)
00t 60 S0 9°'86 H 02} oNIp oyjew paldye-ises)
00t (B S0 v'86 021t aNip Jyew pasaye-ises|
00t 1 80 1’86 641 afip dyew pasaye-ises)
001 90 $0 0'66 8Ll P dyew pasaye-isea)
1S9 g Lo 001l 8'91 6'2¢ £'0S 21l 810 ulBA zuenb
159 3 802 001 8L 9'8€ 9°6v 9Ll 810 UIBA Zuenb
Is@ 3 681 001} L6 i 117 1'0S Sii 910 UIBA Zlenb
1S9 3 802 001} L1t S 8¢ 8'6p pLL 210 waA zuenb
1se 3 602 001 021 S'8¢€ S'6% it 310 WIdA Zuenb
1$9 3 L2 0014 gct v'9¢ v1S cti 810 widA zuenb
159 w .2 001l 8Pt L'€€ SIS (YN} 810 UIBA Zuenb
1se W 962 001 094 2'2¢e g8'1s oLl 810 WIBA Zuenb
1s9 qw 062 001 L1'St vie v'ES 601 810 ulBA Zuenb
159 3 2Ly 00t L9 2'Le 1°9§ 801 8J0 WIAA Zuenb
Is9 w 10€ 001t S'Gl S'0€ o'vS 201 210 WdA zZuenb
1s8 7 2Le 00t 102 1'62 2'0S 9014 810 UIBA Zuenb
159 3 82 001l L2t 2'L¢ 1'0S SO\ 810 uiBA zuenb
wniqinba  Bulwil  (D,0€ ¥) »s I€10L, €0084  E€OOPN  €00E0 # Kiobaies ejdwes,.,
Jo} siseg aane|ay ainjesadwa) % ION % |OW % ION sishjeuy

1I91ISIP ©9180.d ‘slvWise auneiedwe) pue sSIsA|BUB |EDIWIYD [RISUIW IBUOQIRDH Z'G QB



182

001 b v Ly S'8p 6G1 uoISNILI Jjewelyn
oot v0L '8¢ 6'0S 8S 1| uoisnijul aljewelyjn

001l 1’0 666 (] v01 uoisniul Jyewenin

001 ov S'9¢% 9°'6b €0} UoISRIIUI Jjewesyn

ss 922-202 oot 6°LL Y- o'l 51 810 anjjAyd-Areluswipas
26 8ceZ-2Z1Z 00! 1'S2 822 S’ 4-9S1 810 amAyd-Aieuawipes
26 212 001l 2'8l 0'2¢ 8'6¢ 651 010 anAyd-Arejueunpes
26 8¢ce o0t 502 9'62 6'6% #S1 810 9)jiAyd-Aieusunpas
ss vee 001} s2L 692 9'0 €St aio0 anjjAyd-onydesd
26 1 LS2Z-€»2Z 001 2'0L 8'82 0t 2st 810 anjiAyd-oiudesd
ss 3 16§ 001} §°LS S'iv o't 1St 8J0 an|lAyd-anydest
ss 3 1SS oot 0's2 L'€2 £°1S oS!t 810 ay|lAyd-snydest
o6 1 Z82Z-LSZ 00! S8l £1e 2°0S (12 810 ayAyd-oydesb
26 L zZez-sL2 00} 6 +9 v'ee ALt vl 810 anjAud-onmydes
sS 3 L9V 001 v'22 6'92 1'0S Lyl a10 amAyd-omydesb
ss 3 SL2-€%2 0014 €Ll 9'2¢ 1°0S T 810 anyAyd-aydess
159 e-W s12 001 s'21 8¢ 8'6¥ Sel aio ainssy amydeid
1sa 2-N 202 001} 2L v'6¢ v'6t 1241 810 ainssy onwydesd
isa 1 20 BERVAY 001} €Ll L'Le L'\S evi ajo ainssy aniydesb
1s8 -3 0L 001} 9L eey 2'6¥ A4} 810 ainssy amydesd
I1se I €02 001 Pl 2'6¢ v6v vl 810 ainssy amydesb
Ise 3 692 00t bl v'ec 9°2s ovi 810 ainssy dnydesb
1S9 W 912 00!} 0El 8'8¢ £'8¥ 6c1l 810 8inssy onydeisd
Iso W 062 001 S'el 5 9¢ 0°0S 8l 810 aunssy dnydeib
ss ;| 882 00t 6'99 8'2¢ €0 LEL aunhAyd
ss 3 L9¢ 0ol L1215 9'L¥ 8'0 ag!L aunAyd
26 1 182 001 6°99 9'2¢ 9'0 sel aunAyd
o6 3 (1 .15 001 9'GS ey 20 vei alnAyd
o6 3 £9¢ 001 ¥'LS 0% 6l ecl almAyd
96 £9¢ 001} 061 vie 9'6% 2el a)inAud
wniqiinba  Bullll  (J.0€ 3) s I€101, ©€000d  €OOBW  £00ED ¥ Kiobeies ejdues...,
10} siseg oAlejay asnjesadwe) % (OW % ION % IOW sisAjeuy (panujluol) z's 9iqel



183

‘P861L [ 19 ||19MOd JO 8.npadosd jexydeib woy saed yuy-oe) 10} uolewNSS auneIadwe |
(986 1°8u8ssS] pue ouy)
(1'L) 192100 +169 -=(%ION) PISIEOIOW/C0D84)IMUY(E0DBN/EOD84)=py WOl sned PIS-HUY Joj uouewnsd eimeiadwaj
‘PIOQ Ut umoys aie sasnjesadwa) aiqelss 1sow ay) ‘(1S8) SuOIlOSS JOYI0 Ul SBIBUOQIRD IBPUNS

woy) pajewnss 1o ‘(ss) 10ejuod jeasAyd u jou Inq uondes awes ui suiesb ‘(96) 19e1u0o ulelb 198.p ‘wnuQnbe 10y Siseg
‘(a1e)=1 ‘aippiw=py ‘Apeo=3) uoldaS awes ul sajeuoqied Gunsixa-00 o 1adses ynm Buiwy aaneles=T ‘K ‘3

suoiiduosep eidwes 10 y'g xipusddy 8es = ,,,
"19B1U0D |edisAyd yum suiesb 10 D.0€ T = Aulesoun wnwixew = ,,
%001 O} p3iBInXEda) B0} =

b 3 06¢ 001 981 9°2¢ 88y 621 8iiAyd snoadeuoqued payods
b 3 06¢ 001} ¥ vS £GP £0 821 eliAyd snosdeuoqied panods
ss 3 02¢ 0014 0°'8S L'y £0 LLL aiAyd snosdeuoqueds panods
0 Le 0014 L'02 L'62 9°6¥ 9s1 eljiAyd snosdeuoqued payods
ab ZLE 001! S 09 9°'8¢ 60 Gli euAud snoedoeuoqied pajods
6 3 09¢ 001 661 882 AL 73} ayp pals)e-sjeuoqied
001 ,°08 281 L gLt oIp paislje-ajeuoqied

b 3 09¢ 001 619 82€ ¥ 0 2Ll aip palsle-ajeuoqied
% 3 S8¢ 001 119 v'8¢ S'0 (WA oyip paislje-sleuoqied
b 3 S8¢ 001 012 282 6°0S 0Ll P paisye-sjeuoqied
b 62¢ 001 9°69 L'€E L0 691 elnAyd
ab 62¢ 001 £02 €82 v LS 891 CITEATRY
b 2Lt 001 9:22 V12 0'0S 191 ellhyd
26 2LE 001 9'¢9 6'vE S'0 991 allllhud
001t G'91 G'E8 00 G914 uoIsnAul  dyBweIn

001 921 b28 10 v9l uoisniiul  dyyewen|n

001 S0t S 8¢ 0°1LS €91 uoisnijul Jyewesn

0014 6'€ vay LLy y-2914 uoisnuiul dyewesyn

001 9'21 v'L8 1°0 191 uoisniul  dyewesyn

001 €91 L'E8 10 091 uoISnIUl  dyeweIyn

wnuqiinba  bulwn  (D.06 ¥) .. (€101, 00084  ©OOPN 90080 ¥ Kicbaies ejdwes,.,
10} siseg oAalejey aimesadwa] % |OW % |OW % |OW sisAjeuy (ponupuod) z'g e|qel



Calcite-Dolomite Geothermometry

It has heen demonstrated by several investigators that co-existing calcite-
dolomite pairs can be used to derive temperatures of formation. This is
possible because compositional variations in individual carbonate phases are
caused by changes in formation temperature, and essentially are independant of
host-rock and hydrothermal fluid compositional variations and differences in
pressure. Examples include Harker and Tuttle (1955), Hutcheon and Moore
(1973), Nesbitt and Essene (1982), Essene (1983) and Pan et al. (1992).
Because of the high iron contents of the present carbonates, recent studies of the
effects of increasing FeCO3 on carbonate geothermometry are most important
to this investigation. These studies include Bickle and Powell (1977), Powell et
al. (1984), Barron (1974) and Anovitz and Essene (1987).

There are two main approaches to calcite-dolomite geothermometry.
Bickle and Powell (1977) experimentally calibrated this geothermometer using

equilibrium constants and plotted:

KD. Ank/Cc = (XFe/XMg) o ni/(XFe/XMg)c. vs Temperature (8-1)

where,
KD. Ank/Cc = distribution constant for ankerite and calcite

XFe = mole fraction FeCO3
XMg = mole fraction MgCO3

A further revision was made by Powell et al. (1984) to better calibrate the

correction for iron.
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This geothermometer is sensitive to resetting of the compositions of
individual phases, and increases in iron content can lead to greater uncertainties.
For this reason Anovitz and Essene (1987) proposed a second, empirical
thermometer based on the width of the solvus in the temary system. However,
this method yielded temperatures similar to those of the Powell et al. (1984)
procedure in the range of 600 to 800°C, and was not calibrated for lower
temperatures in the range of the Bogosu and Prestea data. Consequently, the
Powell et al. (1984) method is preferred for calcite-ankerite pairs in this study.
The degree of uncertainty for carbonate geothermometers is not well
constrained. For iron-free calcite-dolomite pairs, Bickle and Powell (1977)
estimated accuracy to be + 20°C, and for iron-bearing varieties, Powell et al.
(1984) estimated uncertainties of less than 30°C, but rising for higher iron

contents.

Ir. Bogosu and Prestea rocks, calcite-ankerite pairs were found only in
least-altered rocks that had been subjected to the earliest stages of carbonate
alteration. Six co-existing grains in physical contact from two different samples
and two grains from the same sections but not in physical contact are plotied on
the Powell et al. (1984) temperature diagram (Figure 8.2). The mol% FeCO3
in ankerite is plotted against the mol% MgCO3 in calcite along with

superimposed isotherms for equilibrium between calcite and dolomite.

The calcite-ankerite pairs in physical contact plot in the temperature range
0i 346 to 387°C. The two carbonate grains that are not in direct contact with
their respective co-existing phases and originate from two different deposits
both plot at 342°C. The higher temperature results come from a geologically

rare situation where a quartz-ankerite vein with an outside selvage of gold-

bearing arsenopyrite has invaded a least-altered dike. The result is to place
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Figure 8.2: The compositions of coexisting calcite and dolomite pairs in

least-altered mafic dikes from the Bogosu region plotted on the temperature

(°C) diagram of Powell et al. (1984).
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ankerites associated with gold deposition in direct contact with matrix calcites
(Plate 8.1A). This temperature is near the upper limit for gold-deposition as
determined by carbonate geothermometry. The moderately lower temperatures
to 342°C are indicative of early phascs of carbonate alteration in the least-

altered dike assemblage.
Ankerite-Siderite Geothermometry

The vast majority of carbonates in the Bogosu-Prestea region are either: 1)
ankerites from ores and veins (e.g., Plates 8.1B and 8.1E), or 2) ankerite-
siderite intergrowths that occur in most rock types from least-altered sediments
and dikes to their respective minera'ized varieties (e.g., Plates 7.2C and 8.1F).
Many of these carbonates are compositionally zoned with two types of zoning
preserved: 1) oscillatory zoning occurs during carbonate growth in reponse to
changes in the hydrothermal fluid (Plate 8.1B), and 2) compositional re-
equilibration of rims or portions of pre-existing carbonates due to changes in
ambient conditions (Plates 8.1C and 8.1D). Oscillatory zoning is most
commonly displayed by ankerites in veins, whereas early-formed siderite-
ankerite intergrowths grew during more uniform conditions and often are
compositionally homogenous. Many of these latter carbonates have been
affected by changes in hydrothermal conditions, resulting in partial or total re-
equilibration and compositionally variable rims and patches. These
compositional variations have little effect on the CaCOj3 content. However,
mol% FeCO3:MgCO3 ratios vary from 3.5:1 to 1:1.5 in siderites, and 1.1:1 to

1:8 in ankerites.

The potential use of co-existing ankerite-siderite pairs for carbonate

geothermometry was evaluated by Goldsmith et al. (1962), Rosenberg (1967)



PLATE 8.1
EMP back-scattered electron image of polished sections from Bogosu and Prestea ores:
Alb-albite; Ank-ankerite; Asp-arsenopyrite; Chl-chlorite; Ep-epidote; Qtz-quartz; Rut-

rutile; Sid-sidenite

Quartz-ankerite veinlet in a least-altered dike that has a Au-bearing arsenopyrite selvage.
Numbers 77 and 78 are the locations of EMP analyses listed in Appendix 8.1. This
sample (C-15) is from the wallrock of the Chujah deposit, Bogosu.

Rythmic compositional banding of ankerite within a quartz-ankerite vein. Numbers 32 to
35 are the locations of EMP analyses listed in Appendix 8.1. This sample, (C-11) is

from carbonated-dike ore from the Chujah deposit, Bogosu concession.

Compositional zoning of ankerite from the matrix of a mineralized carbonated dike in the
Prestea mine (sample P-28D). Numbers 128 and 129 are the locations of EMP analyses

listed in Appendix 8.2.

Compositional zoning of ankerite from a quartz vein in graphitic-fissure ore adjacent the
Main Reef quartz vein in the Prestea mine (sample P-30). Numbers 140 and 141 are the

locations of EMP analyses listed in Appendix 8.2.

Quantz vein with a selvage of compostionally-zoned ankerite, and arsenopyrite in the
matrix adjacent to the vein. This sample, (C-11) is from a carbonated-dike ore from the

Chujah deposit, Bogosu concession.

Ankerite (Ank) and siderite (Sid) intergrown with quartz (Qtz) and rutile (Rut) in the
matrix of carbonate-altered mafic dike from the Prestea mine (sample P-1). Numbers 170

and 171 are the locations of EMP analyses listed in Appendix 8.2; scale bar is 100 um,







and Talantsev and Sazonov (1979) with questionable results. More recently,
Anovitz and Essene (1987) used carbonates from natural assemblages and
calculated their formation temperatures by using the width of the solvus. Their
data show an increase in Kp (distribution constant) with temperature. The
resulting composition-based fitted function for averaged Kp values at each
temperature provides a linear-sliding scale thermometer that can be applied to

the Bogosu-Prestea data:

Kp = (XFeCO3/XMgCO3) 5 . /(XFeCO3/xMgCO3)g;q = 0.691+0.00176T (K) (8-2)

The accuracy of this geothermometer is not well defined, although the results
can be compared to temperatures derived by other techniques available in this
study.’ Nevertheless, the qualitative temperature differences and relationships
are probably as revealing about the area being investigated as are a few isolated

absolute values.

For the purpose of obtaining temperature estimates the Bogosu and Prestea
data have been divided into three categories based on the degree of certainty: 1)
co-existing siderite-ankerite pairs where the grains are in physical contact (e.g.
Plate 8.1F), 2) ankerites or siderites not in visible physical contact, but where
equilibrium with other carbonates from the same section has been inferred on
the basis of compositional and textural evidence, and 3) all other grains, where
an estimate of possible co-existing compositions has been made on the basis of
compositionally and texturally-similar carbonates in comparable samples. For
some Prestea ore samples having only ankerite present in the analyzed sections,
values for XFeCO3/XMgCO3 of possible co-existing siderite were calculated as
the average value of siderite co-existing with compositionally similar ankerites

in other samples.
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The best estimates of actual temperatures must be taken from co-existing
pairs with physical grain contact (temperatures in bold type on Tables 8.1 and
8.2). However, all categories can be used to derive qualitative information.
This approach is supported by similar temperature estimates from carbonate
pairs both in physical contact, and where equilibrium compositions have been
inferred. The temperature data are listed in Table 8.1 for the Bogosu samples,
and in Table 8.2 for the Prestea samples. All temperature estimates are
illustrated on temperature vs mol% FeCO3 plots in Figures 8.3 and 8.4 for
Bogosu, an.’ Figures 8.5 and 8.6 for Prestea.

The Prestea data show well defined trends of increasing temperature with:
1) increasing mol% FeCO3 in ankerite, and 2) decreasing mol% FeCOj3 in
siderite. The Bogosu samples show a similar pattern, and averaged temperature
trends defined by both sample sets are nearly identical, despite the increased
scatter of the Bogosu data. Ideally, the temperature vs mol% FeCO3 plot
should follow the temperature solvus for co-existing ankerite and siderite in

equilibrium.

The majority of temperature estimates cut off sharply at about 400°C for
both the Bogosu and Prestea data, with some isolated high temperature spikes
between 460 and 628°C. These high temperature data may be due to anomolous
or metastable compositions, or poorly estimated equilibrium phases. However,
it is quite probable that at least some of these anomalously high temperatures
represent true high-temperature pulses in the hydrothermal fluid. This is
supported by some temperature estimates from co-existing phases in physical
contact (e.g. Bogosu analyses #56 and #57, T = 511°C). The lower

temperatures below 200°C fall outside the limits of calibration for the ankerite-



Figure 8.3: Ankerite, siderite and calcite formation temperatures for coexisting

grains plotted against the FeCO3 content of the carbonates. All data from
the Bogosu district are plotted. The estimate of the temperature of peak
metamorphism was derived from carbonates in non-mineralized country-

rocks: Cc = calcite.

Figure 8.4: Ankerite, siderite and calcite formation temperatures for coexisting
grains plotted against the FeCO3 content of the carbonates. Only the most
ideal data, from grains in mutal physical contact, from the Bogosu district
are plotted. The estimate of the ambient country-rock temperature at the
time of mineral deposition was given by the lowest formation

temperature of carbonates associated with mineralization: Cc = calcite.
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Figure 8.5: Ankerite and siderite formation temperatures for coexisting grains
plotted against the FeCO3 content of the carbonates. All data from the
Prestea district are plotted. The estimate of the temperature of peak
metamorphism was derived from carbonates in non-mineralized country-

rocks.

Figure 8.6: Ankerite and siderite formation temperatures for coexisting grains
plotted against the FeCO3 content of the carbonates. Only the most ideal
data, from grains in mutual physical contact, from the Prestea district are
plotted. An estimate of the ambient country-rock temperature at the time

of mineral deposition was given by the lowest formation temperature of

carbonates associated with mineralization.
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siderite Kp thermometer of Anovitz and Essene (1987) (i.e. 206 - 600°C).
Nevertheless, the data follow the general trend although it must be assumed that

the degree of uncertainty increases in the lower temperature range.

There is little overall change in the mol% CaCO3 with increasing

temperature, although some minor trends can be detected (Figure 8.7).
Siderites show an increase of up to 3 mol% CaCO3 in the lower temperature
range from 130 to 200°C. Calcites also -how a tendency toward increasing

mol% CaCO3 with decreasing temperature; however, the calcite data available

for this study are limited in number.

There is considerable scatter in the plot of mol% MgCO3 vs temperature
for Bogosu carbonates (Figure 8.8). Even so, within these data a very distinct
linear trend is detectable for ankerites from all categories of mafic dikes. The
temperature relationship for the ankerites are defined approximately by the

equation:

T(°C) = -10.4(mol% MgCO3) + 600, 150°C < T < 400°C (8-3)

Such a relationship may be useful for carbonates in similar rock types where
equilibrium pairs are difficult to determine, but would have to be checked
under a variety of geological conditions to estimate its reliability in other

circumstances.

The most interesting information is obtained when the carbonate
temperature data are segregated according to rock-type. Figure 8.9 shows the
Bogosu data for sedimentary rocks only, and demonstrate that analyses from

carbonates in sedimentary ores or sedimentary host-rocks are the source of the



Figure 8.7: Ankerite, siderite and calcite formation temperatures for coexisting

grains plotted against the CaCO3 content of the carbonates. All data from

the Bogosu district are plotted.

Figure 8.8: Ankerite, siderite and calcite formation temperatures for coexisting

grains plotted against the MgCQO3 content of the carbonates. All data

from the Bogosu district are plotted.
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Figure 8.9: Ankerite and siderite formation temperatures for coexisting grains
plotted against the FeCO3 content of the carbonates. Only data from

sedimentary rocks of the Bogosu district are plotted.

Figure 8.10: Ankerite and siderite formation temperatures for coexisting grains
plotted against the FeCO3 content of the carbonates. Only data from
sedimentary rocks of the Prestea district are plotted. Carbonates from
the host-rocks have the highest formation temperatures. In mineralized
samples there is no obvious distinction between the formation

temperature of carbonates from either vein or matrix material.
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wide scatter in the Bogosu data. The reason for greater scatter of the data in
Bogosu sedimentary rocks compared to Prestea results is not clearly
understood, but may be related, at least in part, to variable host rock
compositions and textures within the sedimentary rocks, greater distance from
the hydrothermal source, and/or poorer permeability of the host rocks and

resultant lack of equilibration of the carbonate phases.

By contrast, a clearly defined temperature trend is revealed when data from
Bogosu dikes only are considered. Prestea dike samples fit this trend also
(Figure 8.11) and several important points are revealed from this analysis.
Temperatures derived from calcite-ankerite pairs are comparable to those from
ankerite-siderite pairs in similar rock types. This gives necessary credibility to
the magnitude of values obtained from the ankerite-siderite Kp geothermometer
of Anovitz and Essene (1987). The highest temperatures (= 350 to 400°C)
originate from non-mineralized rocks, both carbonate-altered dikes and
chlorite-epidote-calcite greenschist facies dikes. With the exception of the high-
temperature spikes mentioned earlier, calcite, ankerite and siderite temperatures

from both Bogosu and Prestea peak abruptly at about 400°C.

The ankerite data follow a well-defined trend of increasing temperature
with increasing mol% FeCQO3. This is particularly true for the lower
temperature data in the range of 150 to 300°C. It is possible that lower
temperature carbonates (<300°C) had longer resident times in contact with
hydrothermal fluids, thereby achieving good equilibiation and less scatter in
their compositions. More abrupt and larger fluctuations at higher temperatures

could result in incomplete equilibration and greater scatter of data.



Figure 8.11: Ankerite, siderite and calcite formation temperatures for

coexisting grains plotted against the FeCO3 content of the carbonates.
Only data from mafic dikes of the Bogosu and Prestea districts are
plotted. Most of the high-temperature values are derived from
carbonates in non-mineralized samples. Formation temperatures of
carbonates in mineralized rocks span a wide range from about 375 to

150°C: Cc = calcite.

Figure 8.12: Ankerite and calcite formation temperatures plotted against the

CD
CDO

mtx

Vi

FeCOj3 content of the carbonates. Only data from mafic dikes of the
Bogosu and Prestea districts are plotted. Most of the high-temperature
values are derived from carbonates in non-mineralized samples.
Formation temperatures of carbonates in mineralized rocks span a wide
range from about 375 to 150°C. There is no obvious difference in the

formation temperature of carbonates from vein or matrix material:
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Ankerite temperatures for mineralized dikes are defined by the equation:

T(°C) = 0.163(mol% FeCO3)2ank + 5.951(01% FeCO3)Ank + 114 (8-4)

This expression may be applied to ankerites formed in mafic rocks under
similar conditions, and within the temperature range of data from which this

function is derived (150 to 400°C).

Siderite data are too few to define a distinct trend, although temperatures
follow the expected tendency toward higher values with lower mol% FeCO3.
The highest values are from carbonates formed in least-altered mafic dikes and
in carbonated dikes, temperatures decrease in mineralized samples. As noted
earlier, calcites show a trend of slightly increasing mol% FeCQOj3 with

increasing formation temperature.

Carbonates considered in this study originate from vein and matrix
material. It is an important and interesting point that both vein and matrix
carbonates plot along the same trend, even though they have different origins
and siderites are found only in the matrix of rocks affected by pervasive
carbonation (Figure 8.12). This suggests that at least some of the vein ankerite
precipitated in equilibrium with siderites found throughout the matrix of
adjacent rocks. Vein ankerites are in direct physical contact with matrix
siderite in some samples (e.g. analyses #74, #75 and #76, T = 389 - 400°C),
providing an opportunity to obtain reasonable estimates of formation
temperatures. Assuming equilibrium or near-equilibrium was attained in at
least some vein carbonates, it can be seen that temperatures fluctuated
considerably, by 100°C or more during formation of some oscillatory zoned

grains (e.g. Bogosu analyses #32 - #35 of the ankerite grain illustrated in Plate
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8.1B, T = 286 - 360°C).

Figure 8.10 illustrates the range of temperature data obtained from
carbonates in Prestea sedimentary rocks only. These sedimentary rocks include
least-altered varieties, graphitic crush zone ores, phyllite ores, fissure ores and
LJuartz-vein ores. As with mafic dikes, siderites occur in matrix material only,
and define the expected trend of higher temperature with lower mol% FeCOs3.
Ankerite data for vein and matrix material define a temperature trend very
similar to ankerites in dikes. However, data from carbonates in direct physical
contact (Figure 8.6) suggest less variation with temperature than the remainder
of the data base. The greater temperature dependancy of the remaining data
may reflest bias in the estimation of equilibrium phases. Carbonates in least-
altered sediments have the highest formation temperatures, peaking at about
400°C, while carbonates in ores range in temperature from a maximum of
317°C to a minimum of 170°C (Figure 8.10).

Some ankerites and siderites from matrix material of both sediments and
dikes that escaped sulphidation and/or complete re-equilibration during
mineralization have compositional zoning as discussed earlier (e.g. Plate 8.1D).
The core of some of these grains is remnant from pervasive carbonation of the
host rock, while their rim represents compositional re-equilibration with later
hydrothermal fluids during mineralization. Cores of co-existing grains give
higher temperatures, while rims indicate the lower temperatures associated with
gold deposition. Examples of co-existing ankerite-siderite pairs with core-rim
zoning include Prestea analyses #136 and #137 (T=367core and 288°Crim), and
#151 and #152 (T=551¢ore and 257°Crim).
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Depth of Mineralization

Minimum carbonate temperatures from various categories of Bogosu and
Prestea ores are compared in Table 8.3. In all cases Bogosu temperatures are
lower than those for Prestea, and sedimentary rocks ha- ¢ moderately lower
values than dikes. The reason for lower sedimentary rock temperatures is not
fully understood but, at least in part, reflects the smaller number of dike
analyzes. Compositional or textural factors may also affect the results.
Considering the best data from carbonate grains in direct physical contact only,
minimum temperatures are 144 and 217°C for Bogosu and Prestea,
respectively. These lowest temperatures from ankerite-siderite pairs in ores are
thought to represent a good estimate of ambient country-rock conditions at the
time of mineralization. This assumption appears justified because in any
hydrothermal system where hot ore-bearing fluids are interacting with cooler
country-rocks, the lower-bound temperatures recorded would approach that of

the country-rocks.

These estimates of ambient temperatures can be used to calculate depths of
formation during mineralization. This is accomplished by applying a suitable
temperature gradient to the geological environment of formation, which is
thought (see Chapters 2 and 10) to be a sediment-dominated accretionary prism.
The exact temperature gradient for this section of the Earth's crust during the
Early Proterozoic is unknown; however, comparison with modern analogues
suggests that 20°C per kilometer depth is a reasonable estimate (cf. Sample and
Moore, 1987, southwest Alaska). This gradient indicates mineralization depths
of about 7 and 11 km for Bogosu and Prestea, respectively. The difference of

73°C in ambient temperature indicates that Prestea ores, on average, formed

about 3.5 km deeper in the crust than Bogosu ores, and are closer to the roots




Table 8.3: Comparison of lowest ankerite-siderite temperatures from

Bogosu and Prestea ores.

Temperature In °C, uncertainty = 30°C.

Carbonates from Bogosu Prestea
Sedimentary rocks only 137 170
Dikes only 155 *249
Grains in contact 144 217

* Anomalously high temperature due to very few analyses in this category.
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of this large gold-bearing hydrothermal system.

Prestea samples were taken at about 1 km vertical depth in the mine,
implying that the erosional level at Prestea is about 2.5 km deeper than at
Bogosu. This difference in depth exposure between the two regions occurs over
a lateral distance of about 20 km. It would be a very interesting test of the
usefulness of lower-bound carbonate temperature estimates if suites of
carbonates from some of the many deposits occurring between the two mining
districts were analyzed. In theory, their lowest temperatures should reflect
ambient conditions intermediate between those presented here for Bogosu and

Prestea.

Discussion

In summary, there is a sharp cut-off in carbonate formation temperatures
at a maximum of about 400°C. Least-altered rocks have temperatures in the
range of 325 to 390°C, carbonated dikes have temperatures from about 400°C
down to 340°C, and ore temperatures range from 406°C down to as low as
144°C. However, the lowest temperature estimates must be considered to have
the highest degree of uncertainty. The maximum temperature of least-altered
country rocks of about 390°C is thought to represent peak metamorphic
conditions in the Bogosu-Prestea region. High-temperature spikes above 400°C
may arise from anomalous metastable mineral compositions, or represent pulses
of higher temperature fluids originating from deeper in the siructural conduit.
The ascent of these fluids would have to be rapid to minimize cooling toward
ambient conditions. Minimum temperatures of 144 and 217°C for Bogosu and
Prestea, respectively, represent ambient host-rock temperatures at the time of

mineralization. These temperatures also suggest that mineralization took place
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at depths of about 7 to 11 km for Bogosu and Prestea ores, respectively.

The large spread of estimated temperatures for mineralized samples (144 to
406°C) is believed to result from: 1) contact of hot ascending fluids with host-
rocks at relatively low ambient temperatures, and 2) possible mixing of the hot
ascending fluids with cooler, entrained or trapped country-rock fluids at

ambient temperatures.

The good correlation between calcite-dolomite temperatures and ankerite-
siderite temperatures suggest that the latter method provides reasonable
temperature estimates. Even though the degree of uncertainty is higher than
ideal, the data nevertheless provide some excellent qualitative information on

spatial and temporal temperature fluctations in the system.

Carbonate temperatures are difficult to compare directly to estimates
obtained by arsenopyrite geothermometry. It is not possible to identify
carbonate and arsenopyrite grains that formed exactly at the same time in a
system where temperatures appear to be fluctuating considerably. However,
gold-bearing arsenopyrite temperatures of <390°C correlate very well with
ankerite-siderite temperatures of <406°C from ores. Also, the occasional high-
temperature spikes that occur when using the carbonate geothermometer are
mirrored by anomalous peaks in the arsenopyrite temperatures. However,
numerous carbonate temperatures below 300°C from minera‘'ized samples
cannot be verified by the arsenopyrite method, since the latter geothermometer
is known to be invalid in the !ower temperature range. Over all, these three

methods of temperature estimation give very similar results.

In the following chapter on stable isotope geochemistry, three additional
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methods of temperature estimation will be discussed. The evidence

corroborates the findings presented in this chapter, and documents a significant

part of the evolution of the hydrothermal fluid.
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Chapter 9: Stable Isotope Geochemistry

The ratios of 13C to 12C and 180 to 160 in hydrothermal minerals are
known to be sensitive to, and vary systematically with, a number of physico-
chemical parameters in the hydrothermal system, including: 1) temperature, 2)
fluid composition, 3) mineral-fluid fractionation characteristics, 4) pH and 5)
other processes such as phase separation, boiling and pressure changes that in
turn affect fluid compositions, pH and oxidation states (Ohmoto, 1986; Kerrich,
1987a and 1987b; Taylor, 1987). In the Bogosu and Prestea districts,
hydrothermal carbonate minerals are ubiquitous in all rock types and have been
documented in Chapter 8. Carbon and oxygen isotopic ratios of carbonates
have been measured and are used to document part of the evolution of
hydrothermal processes in this gold system. In addition, 3180 and 8!3C values

for several quartz and graphite-bearing samples have been measured also.

Sixty-nine samples, originating mostly from ore and host rocks of the
Bogosu and Prestea districts were analyzed (Appendix 9.2). The selected
samples included 7 from the Ashanti Goldfields Corporation mines in the
Obuasi district, approximately 100 km northeast of Bogosu-Prestea along the
Ashanti Gold Belt. For each sample, co-existing carbonate minerals t quartz
and graphite were analyzed separately. In total, including duplicates, this
yielded the 90 313C and 94 3180 measurements reported below. In addition,
about 40 measurements were rejected because of various forms of
contamination and experimental error, which were particularly evident when

testing for optimum analytical techniques.

All sample preparations and isotopic analyses were performed at the
Laboratory for Stable Isotope Studies, University of Western Ontario.
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Analytical Procedures

Carbonates

The selected samples contained fine-grained mixtures of intergrown, co-
existing carbonate minerals comprising typically from about 7 to 50% of the
total rock mass. The various assemblages and intergrowths are documented and
illustrated in chapters 4 and 8, and include: 1) ankerite-siderite (most
common), 2) calcite-ankerite, 3) ankerite-magnesite, 4) calcite-ankerite-
siderite, and 5) samples with only one of ankerite, calcite or siderite. For
many samples crushed material was hand-sorted under a stereoscopic
microscope in order to separate vein and matrix material. For some samples,
micro-drilling techniques were used to extract vein materials. All hand-sorted
and bulk materials were subsequently pulverized to approximately -200 mesh
and analysed by powder X-ray diffraction (PXRD) using a Rigaku RTP 300 RC
rotating anode X-ray diffractometer at the Laboratory for Stable Isotope
Studies, University of Western Ontario. Identification and proportion (where
greater than about 1%) of mineral species present were determined in this

manner and are listed in Appendix 9.1.

Carbonate grain sizes typically were too small and their intergrowths with
other minerals too complex for physical mineral separation to be a viable
option. Even larger porphyroblastic grains were intergrowths of more than
one carbonate mineral with inclusions of several other gangue minerals (e.g.,

Plate 3.1C). Consequently, an adaption of the chemical separation / extraction

techniques developed by Al-Aasm et al. (1990), Rosenbaum and Sheppard
(1986) and McCrea (1950) were used.
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The CO3 gases from different carbonate species were liberated separately
using the discrimination afforded by the diverse time and temperature reaction
rates of the carbonate in 100% anhydrous orthophosphoric acid. The optimum
times and temperatures for extractions were determined by a series of trial runs
and comparison with standards and duplicates. Pulverized samples were placed
in reaction vessels with a separate arm for the phosphoric acid. These vessels
were evacuated under high vacuum, sealed and brought to the appropriate
temperature before the acid reaction was initiated. The sample weight reacted
was determined as the equivalent of a minimum 10 mg of contained carbonate.
Hence, sample weights varied from a minimum of 15 mg (i.e. = 67 wit%
carbonate in the sampl2) to a maximum of 1 gm (i.e. = 1 wt% carbonate in the
samplé). In most cases, an excess sample weight of up to 50 wt% was used to
ensure adequate carbonate was available for reaction. Phosphoric acid amounts
varied from 3 ml to 10 ml, with larger amounts used to ensure that the larger

sample sizes were completely reacted with the acid.

Samples containing calcite only were reacted at 25°C for 4 hours using the
standard method of McCrea (1950). Those with calcite and ankerite were
reacted for about 1 hour at 25°C. The CO2 thus liberated was essentially all
from calcite and was removed for analysis. The reaction vessel with sample
was then allowed to react for an additional 3 hours at room temperature under
vacuum to remove any remaining calcite CO2. The vessel was then sealed and

reacted overnight (17-22 hours) at 50°C to release CO2 from ankerite.

Ankerite-siderite-bearing samples were reacted at 50°C overnight. The CO2
thus liberated from ankerite was extracted and analysed. The reaction vessel

with remaining sample was evacuated under high vacuum, sealed and placed in
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an oven at 150°C for 2 hours to liberate CO2 from the siderite. This gas was

then extracted and analysed.

Samples with ankerite only were reacted at 50°C for 17-22 hours, and
samples with siderite only were reacted at 150°C for 2 hours. Magnesite was

reacted in the same manner as ankerite.

After acid extraction, some of the most carbonaceous (graphite-bearing)
samples were found to be contaminated with SO gas liberated during the acid
digestion. The source of the SO2 was not identified, but was suspected to
originate from extremely fine-grained sulphides, or less likely from very fine-
grained and undetected sulphates. Samples containing SO2 were cleaned by
freezing liberated CO2 and SO into a reaction vessel containing a few grams of
silver phosphate (Ag3P0O4). The silver phosphate was previously de-gassed
thoroughly for at least 24 hours at room temperature and a minimum of 2
hours at approximately 200°C, and was checked every usage by standards to
ensure that no contamination occurred. After freezing into the silver phosphate
vessel, SO2 contaminated gases were warmed to room temperature and allowed
to react with silver phosphate for about 5 minutes. Gases were scanned before
and after silver phosphate treatment using the VG Optima mass spectrometer to
test for contaminant gases and ensure the CO2 had been purified.

All extractions were performed on a high vacuum extraction line modified
after McCrea (1950) to handle multiple (up to 4) extractions simultaneously.
The extracted CO2 gas volumes from samples with multiple carbonate species
were measured to ensure sufficient quantities of CO2 were obtained from each
carbonate for reliable measurements, and to check that gas volumes correlated

with the ratio of carbonate species in the sample.
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The 5180 and 313C measurements of extracted CO2 gases were made on a
VG Optima mass spectrometer. Standards for each carbonate species as well as
calcite standards were analysed with each run to monitor accuracy of analysis.
The standards used included: WS 1 (calcite), DOLO 368 (dolomite) and 82-21
(siderite). Numerous duplicates were analysed to check the precision of the
results. For samples with two or more duplicates, the average value is
reported. Maximum deviation from the average of duplicates is £ 0.18%0 31830
and £ 0.27%o 813C for calcite and + 0.33%0 8180 and + 0.11%o 313C for
ankerite. Only sample number 15 had a greater deviation in duplicates of +
1.1%0 8180 and  0.56%0 813C. Results for samples that were suspect because

of contamination or procedural difficulties are not reported.
Graphite

The maximum carbon content of graphite shears from ore zones is estimated
at 5 wt% C, and for carbonaceous sediments at 1 wt% C. The samples were
prepared through cleaning and preconcentration of C in pulverized rock
samples by reacting about 1 gm of material with warm aqua-regia for 24 hours.
This removed all carbonate minerals and phyllosilicates. The residue was
washed and decanted several times with distilled water, then filtered and dried.
Sufficient sample to provide an equivalent of 2 mg C was mixed with CuO,
placed in the reaction chamber, evacuated, then reacted under vacuum at 825°C
to convert all carbon in the sample to CO2. The CO2 was subsequently purified
by freezing twice with liquid nitrogen and evacuating to remove any
noncondensible gases. The clean CO2 was then extracted and analysed. The
procedure for graphite was ‘ested against 4 internal carbon standards with

precision better than £ 0.05%o¢ 613C. The results were also monitored using



international standards NBS-18 (carbonatite), NBS-19 (limestone), NBS-20
(limestone), NBS-21 (graphite) and WS 1 to ensure accuracy of the results.
Sample #10 was duplicated with no detectable difference between the runs (i.e.,

precision of better than £ 0.01%c).
Quartz

Pure quartz separates for 10 samples and 1 duplicate were obtained in the
following manner. Samples were crushed to -3/8 inch and then hand-sorted
under a stereoscopic microscope, except sample #69 which was drilled to obtain
pure smokey quartz from a small vein. These separates were pulverized to -200
mesh and analysed by PXRD to determine the phases present. Sample numbers
1, 12 and 69 yielded clean quartz separates after the hand-picking and drilling.
Sample numbers 3, 8 and 24 were digested in warm aqua regia for 24 hours to
remove carbonate and phyllosilicate impurities. after which sample number 24
required gravity separation to remove a few flakes of graphite. Sample
numbers 8 and 51 were treated with fluorosilicic acid at room temperature for
8 and 4 days, respectively, to remove albite. The remaining quartz separates
were digested in warm HCI for 24 hours to remove carbonate impurities. All
samples were finally tested again by PXRD to ensure that only pure quartz
remained. A duplicate of number 51 was prepared only by hand-sorting under
the stereoscopic microscope to test reproducibility of results. Results for the

duplicates varied by 0.21%¢ 8180.

The pure quartz separates were reacted using the standard BrFs procedure
modified from the original methods of Clayton and Mayeda (1963) and
Friedman and Gleason (1973). The extraction line performance was monitored

by running one NBS-28 quartz standard with the samples. Liberated oxygen (as
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CO3) was analysed on the VG Optima mass spectrometer using the WS 1 calcite

standard to monitor machine analytical performance.

Results

All results are reported in standara d notation with respect to SMOW for
3180 values (Craig, 1961) and PDB for 8!3C values (Craig, 1957). Calcite,
siderite, ankerite, graphite and quartz isotope ratios are listed in Tables 9.1
through 9.5, respectively, along with corresponding 8180 and 813C calculations

for co-existing fluids.

Caiculations of fluid isotopic composition were made using temperatures
derived from the carbonate mineral chemistries reported in the previous
chapter. However, such carbonate temperatures are grain specific, and even
zone specific in the many instances where compositional zoning occurs. By
contrast, isotopic analyses are values derived from the average of all the
materials that comprise any particular sample, which may have weighed
originally up to several hundred grams. Consequently, average temperatures
derived for carbonates of the different categories of host, altered and
mineralized rocks were used to calculate fluid 813C and 8180 compositions.
Average carbonate temperatures ranged from 247°C in some ore samples to

375°C for some host-rocks.

Fluid 813C and 8180 calculations were mostly of the form 1000 In o
(mineral-fluid) = AT-2 + B, where « is the factor for isotopic fractionation
between the mineral and fluid and T is temperature in K. Values for A and B

were taken from the best available information in existing literature, or

recalculated on the basis of new and/or existing information. For all
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Table 9.1: Calculated fluid 6180 and 513C for calcite.

Carbonate  &3C 6180 5180 b13C
Sample category # n__avg T(°C) Calcite _Calcite H20 CO2
Prestea least-aitered dike 2 1 369 -10.2 13.9 10.0 -9.4
Prestea least-altered dike K] 1 369 -10.4 13.8 10.0 -9.7
Bogosu least-altered dike 19 1 369 -9.1 14.1 10.3 -8.3
Bogosu least-altered dike 20 1 369 -6.9 14.1 10.2 -6.2
Bogosu least-altered dike 36 2 369 -5.0 17.5 13.6 -4.3
Bogosu least-altered dike 38 2 369 -8.3 16.1 12.2 -7.6
Bogosu least-altered dike 42 3 369 -5.6 14.5 10.6 -4.8
Bogosu least-altered dike 50 1 369 -9.5 13.9 10.1 -8.8
Bogosu least-altered dike 58 2 3€9 -7.8 14.7 10.8 -7.0

1000 In a (Cc-H20) = 2.78x106 T-2.2.89, (6180), Friedman and O'Neil, 1977.

1000 In « (Cc-CO2) = 1.194x106 T-2.3.63, (5'3C), Deines et al., 1974.
# see Appendix 9.2 for sample descriptions.
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Table 9.2: Calculated fluid 5180 and 513C for siderite.

Carbonate  »'3C 5'80 »'80 a'3C
Sample category # n_Avg T(°C) Siderite Siderite HeD CC2
Bogosu sedimentary rock 21 1 339 -12.6 17.4 12.5 -13.0
Bogosu sedimentary rock 22 1 339 -12.9 16.6 11.8 -13.3
Bogosu sedimentary rock 23 339 -12.6 16.7 11.9 -13.1
Bogosu sedimentary rock 26 1 131 -16.7 29.2 13.5 -22.9
Bogosu sedimentary rock 57 1 339 -11.1 17.2 123 -11.5
Bogosu sedimentary rock 34 1 339 -11.4 17.7 128 -11.8
Bogosu sedimentary rock 41 1 339 -12.2 16.4 116 -12.6
Bogosu sedimentary-rock ore 40 1 270 -13.2 16.7 9.5 -14.5
Bogosu least-altered dike 42 1 369 -6.4 16.9 12.8 -6.7
Bogosu carbonated dike 46 1 373 -7.8 16.8 12.8 -8.0
Bogosu carbonated dike 63 1 373 -10.3 17.1 13.1 -10.5
Bogosu carbonated dike 48 1 373 -9.0 17.0 13.0 -9.2
Bogosu carbonated dike 35 1 373 -10.3 17.4 13.4 -10.5
Bogosu carbonated dike 44 1 373 -9.0 17.5 13.5 -9.2
Bogosu carbonated dike 15 1 373 -11.5 17.3 13.3 -11.7
Bogosu carbonated-dike ore 43 1 330 -10.1 17.9 12.7 -10.6
Ashanti sedimentary rock 49 1 339 -13.6 15.4 10.6 -14.1
Ashanti sedimentary rock 52 1 288 -12.1 15.7 9.2 -13.1
Ashanti sedimentary rock 55 1 339 -12.4 16.8 11.9 -12.8
Ashanti sedimentary-rock ore 64 1 288 -12.2 16.6 10.1 -13.2
Prestea sedimentary rock 66 1 351 -12.4 16.6 12.0 -12.7
Prestea sedimentary rock 54 1 375 -10.9 16.5 12.6 -11.1
Prestea sedimentary rock 59 1 339 -12.6 16.4 11.6 -13.0
Prestea carbonated dike 29 1 373 -12.0 16.5 12.5 -12.1
Prestea carbonated dike 45 1 373 -12.8 16.2 122 -13.0
Prestea carbonated-dike ore 47 1 330 -13.3 16.0 1009 -13.8

1000 In a (Sid-H20) = 3.13x106 T-2.3.50, (6'80), Carothers et al., 1988.

1000 In a (Sid-CO2) = 4.34x106 T-2.11000+T+6.82, (6'3C), caiculated from

theoretical values of Golyshev et al. (1981) for temperatures of 127, 227 and

327°C.
# see Appendix 9.2 for sample descriptions.
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Table ©.3: Calculated tiuid 3180 and 513C tor ankerits.

carbonate  8'3C 5180 5180 8180 s'3C
Sampia_category # _n_Avg T(°C) Ankerite Ankerite *H20 **H20 CO2
Bogosu least-aitered dike 36 1 369 51 171 125 150 -5.3
Bogosu least-altered dike 38 1 369 -8 8 14.7 102 1126 -9.0
Bogcsu least-altered dike 58 1 369 -7.8 14.5 100 124 -8.0
Bogosu least-altered dike 42 1 369 -3.4 14.0 94 118 -3.6
Bogosu carbonated dike 15 4 373 10.9 149 105 129 10.7
Bogosu carbonated dike 35 1 373 -10.0 151 10.7 13.1 -10.1
Bogosu carbonated dike 44 1 373 -8.9 156 11.1 135 -9.1
Bogosu carbonated dike 46 1 373 -8.4 15.0 10.5 129 -8.6
Bogosu carbonated dike 48 2 373 -8.3 142 98 122 -8.5
Bogosu carbonated dike 63 1 373 -10.2 15.4 10.9 13.4 -10.4
Bogosu carbonated-dike ore 67 1 330 -11.1 146 90 114 -11.6
Bogosu carbonated-dike ore 43 1 330 -10.0 15.0 9.4 11.8 -10.5
Bogosu carbonated-dike ore 13 1 26t -14.0 135 54 78 -15.4
Bogosu carbonated-dike ore 14A 1 261 -13.5 13.9 5.8 8.2 -15.0
Bogosu carbonated-dike ore # 31 1 346 -11.1 13.8 8.7 111 -11.5
Bogosu sedimentary rock 34 2 339 -12.2 152 9.9 123 -12.6
Bogosu sedimentary rock 41 1 339 -12.0 14.7 9.4 11.8 -12.5
Bogosu sedimentary rock 21 1 339 .12.5 153 100 124 -12.9
Bogosu sedimentary rock 22 4 339 -13.0 144 91 115 -13.4
Bogosu sedimentary rock 23 1 339 .13.0 148 95 119 -13.4
Bogosu sedimentary rock 57 1 339 -11.2 16.2 109 133 -11.7
Bogosu sedimentary rock 61 2 339 -13.1 138 84 108 -13.5
Bogosu sedimentary-rock ore 11 1 287 -13.3 140 7.0 94 -14.3
Bogosu sedimentary-rock ore 40 1 270 -13.1 146 7.0 94 -14.3
Bogusu sedimentary-rock ore 28 1 287 -12.6 142 7.2 9.6 -13.6
Bogosu sedimantary-rock ore 30 1 270 -12.4 153 7.6 100 -13.6
Bogosu sedimentary-rock ore 62 1 264 -13.5 143 6.4 8.8 -14.9
Bogosu sedimentary-rock ore QV 51 1 270 -12.6 149 7.2 96 -13.9
Prestea carbonated dike 45 1 373 -14.5 15.3 10.8 13.2 -14.7
Prestea carbonated dike 29 1 373 -12.2 14.3 9.8 12.3 -t2.4
Presiea carbonated dike 68 1 373 -11.5 154 109 13.3 -11.7
Prestea carbonated dike 27 1 373 -11.9 14 .1 9.7 121 -12.1
Prestea carbonated-dike ore 6 1 306 -13.1 139 75 100 -13.9
Prestea carbonated-dike ore 8 1 306 -13.0 140 7.6 100 -13.7
Prestea carbonated-dike ore 47 3 330 -13.1 13.7 8.1 10.5 -13.6
Prestea carbonated-dike ore 37 2 306 -12.9 140 7.6 100 -13.7
Prestea sedimentary rock 39 1 339 -13.8 142 89 113 -14.3
Prestea sedimentary rock 54 1 375 -10.9 144 100 124 -11.1
Prestea sedimeniary rock 59 1 339 -12.8 14.2 89 113 -13.2
Prestea sedimentary rock 66 1 351 -12.5 13.8 88 112 -12.8
Prestea sedimentary-rock ore 4 1 247 -14.2 13.8 5.2 76 -16.0
Prestea sedimentary-rock ore Qv 10 1 288 -13.5 142 7.2 96 -14.5
Prestea sedimentary-rock ore Qv 9 1 288 -13.9 13.9 6.9 9.3 -14.9
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Table 9.3 continued: Calculated fluid 5180 and 513C tor ankaerite.

Carbonate 8'3C 5180 5'80 5'80 a13¢
Sample_category #___n Avg T(°C) Ankerite Ankerite *H20 <*Hp0 CO2
Ashanti carbonated-dike ore 65 1 330 -137 142 86 110 -142
Ashanti carbonated-dike ore 33 2 330 -131 141 85 109 -136
Ashanti sedimentary rock 55 1 339 -131 154 100 125 -13 6
Ashanti sedimentary rock 53 1 339 -12.9 142 89 113 -133
Ashanti sedimentary rock 49 1 339 -13 6 143 90 114 140
Ashanti sedimentary-rock ore 52 1 288 -123 134 64 88 -133
Ashanti sedimentary-rock ore 64 1 288 -12.8 137 67 91 -13.8

* 1000 In a (Dol-H20) = 3.23x108 T2.3.29, (6'80), Land (1983) after Sheppard and

Schwarcz (1970).

** 1000 In @ (Ank-H20) = 3.23x106 T-2.0.88, (56180). (this study).
1000 In a (Ank-CO2) ~ 1000 In a (Sid-CO2) = 4.34x106 T2.11000.T+6.82, (3'3C),
calculated from theoretical values of Golyshev et al. (1981) for temperatures of 127, 227

and 327°C.

# see Appendix 9.2 for sample descriptions.

QV = crack-seal quartz vein
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Table 9.4: Calculated fluid 613C for graphite.

Carbonate 813C 613C
Sample_category # n Avg T(°C) Graphite CO2
Prestea sedimentary-rock ore 5 1 247 -27.8 -10.2
Prestea sedimentary-rock ore QV 10 2 288 -28.1 -12.9
Bogosu sedimentary-rock ore 11 1 287 -30.4 -15.2
Bogosu sedimentary rock 23 1 339 -27.7 -14.7
Bogosu sedimentary rock 26 1 339 -29.8 -16.8

1000 In a (Cc-CO2)-1000 In a (Gr-CO2) = 1000 In a (Cc-Gr).

1000 In a (Cc-CO32) = 1.194x10€ T-2.3.63, (6'3C), Deines et al., 1974.
1000 In a (Cc-Gr) = 5.6x106 T-2.2.4, (5'3C), wada and Suzuki, 1983.
1000 In a (Gr-CO2) ~ -4.41x106 T-2.1.23, (5'3C), (T, K).

# see Appendix 9.2 for sample descriptions.
QV = crack-seal quartz vein

Table 9.5: Calculated fluid 5180 for quartz.

Carbonate 8180 5180
Sample category # n___Avg T(°C) Quarnz HO
Prestea least-altered dike 3 1 369 15.6 10.8
Prestea carbonated-dike ore 69 1 330 14.4 8.5
Prestea sedimentary-rock ore QV 1 1 288 15.1 7.8
Prestea sedimentary-rock ore QV 9 1 288 17.4 10.1
Bogosu carbonated-dike ore 14A 1 261 14.8 6.4
Bogosu carbonated-dike ore # 31 1 346 16.3 10.9
Bogosu sedimentary rock 24 1 339 15.8 10.2
Bogosu sedimentary-rock ore 12 1 287 15.0 7.6
Bogosu sedimentary-rock ore QV 51 2 270 16.0 7.9

1000 In a (Qtz-H20) = 3.34x106 T-2.3.31, (6'80), Matsuhisa et al., 1979.

# see Appendix 9.2 for sample descriptions.
QV = crack-seal quartz vein
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calculations, 1000 In o (mineral-fluid) is approximated as & mineral - § fluid
(Longstaffe, 1989) since the difference in the two methods of calculation is
negligible relative to experimental and analytical error for the values reported

in this study.

At temperatures below 600°C, the dominant carbon species in natural
hydrothermal solutions are CO2(aq), H2CO3, HCO3-, CO3-2, and CH4(aq)
(Seward, 1989; Faure, 1986). The abundance of the carbonate species and their
oxidation states are strongly affected by the pH and fugacity of oxygen. This in
turn could have a dramatic effect upon the 813C of the residual fluid if organic
species like CHg4, which is strongly enriched in 12C, are partitioned out of the
fluid. At oxygen fugacities above 10-38 bar most carbon is oxidized, CH4(aq) is
negligible and the 813C of the fluid will be relatively low. If the fluid is more
reducing, CH4(aq) will increase in abundance, and if subsequently removed the
residual hydrothermal fluid will be strongly enriched in 13C (Faure, 1986).
However, this possibility is not likely; sulphide mineral assembilages discussed in
Chapter 6 (pyrite-arsenopyrite), carbonate mineral precipitation in the ore
zone, the carbonate mineral buffer in the country rocks and isotope data are not
consistent with a strongly reducing ore fluid. Primary fluid inclusions in 10
ore samples that were examined contained CO37 as the dominant or only phase
present. This high concentration of CO2 in the ore fluid is consistent with
fluids documented from other areas where the host-rocks are carbonaceous
sediments. Because of its predominace over other carbon species, only CO2 was
considered in calculating the 813C of fluids associated with mineral

precipitation.

Fluid 8180 and 8!3C values were calculated for calcite using formulae

derived by Friedman and O'Neil (1977) and Deines et al. (1974), respectively



(i.e., 1000 In o (Cc - H2O) = 2.78 x 106T-2 - 2.89, and 1000 In o (Cc - CO»3) =
1.194 x 106T-2 - 3.63, see Table 9.1). Fluid 3180 values for siderite were
calculated using the formula derived by Carothers et al. (1988); 1000 In o (Sid
- H20) = 3.13 x 106T-2 - 3.50. Although the experimental work of Carothers
et al. (1988) was conducted only to temperatures of 197°C, the theoretical
results of Golyshev et al. (1981) and Becker and Clayton (1976) justify
extrapolation of these results to the higher temperatures required in this study.
In the absence of an appropriate equation, in the literature, for the calculation
of 813C in the hydrothermal fluid for equilibrium with siderite, the formula
1000 In @ (Sid - CO2) = 4.34 x 106T-2 - 11000T-1 + 6.82 was derived from the
theoretical results of Golyshev et al. (1981), using values of 1000 In o
calculated by Carothers et al. (1988) for temperatures of 127, 227 and 327°C
(i.e., 6.38, 2.20 and 0.56, respectively). At temperatures above 300°C
(applicable to most siderites in this study), the 313C fractionation between
siderite and fluid is less than 1%eo, decreases with increasing temperature and is
negligible at about 400°C (Table 9.2).

Textural and paragenetic evidence presented in Chapter 8 demonstrates that
in the study area most siderite formed simultaneously with ankerite in
carbonate-altered rocks, prior to mineralization. Ankerite yielded a measured
5180 mineral-water fractionation averaging 1.9%o lower than coexisting siderite
(n = 19). Nevertheless, both carbonate phases should yield similar fluid 8180
values, particularly from non-mineralized samples where equilibrium textures
are preserved. However, the fluid 8180 values calculated from ankerite data
using the equation of Fisher and Land (1986), 1000 In o (Ank - H20) = 2.78 x
106T-2 + 0.11, yielded values that averaged about 4.8%o lower than
corresponding values from siderite. The equation of Fisher and Land (1986) is
based on the calcite-H20 equation of Friedman and O'Neil (1977) with
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estimated dolomite-calcite and dolomite-ankerite fractionations of 3% and 0%,
respectively. However, the siderite-H20 equation used here has good
experimental and theoretical corroboration from several investigators, and is
therefore considered to be more reliable. In the absence of a rigorously
determined equation, fluid 8180 values are presently derived from ankerite data

using the following reasoning.

The structure of ankerite is closer to that of dolomite than to calcite. Several
dolomite - H20 equations (Land 1983) were tried with results closest to the
siderite calculations using the equation of Land (1983) after Sheppard and
Schwarcz (1970); 1000 In o (Dol - H20) = 3.23 x 106T-2 - 3.29. Fluid values
calculated from this equation are listed in Table 9.3, and are illustrated in
Figure 9.1 along with fluid 8180 values calculated from co-existing siderites.
These calculated values are still lower on average by 2.4%0 8180 than fluid
values calculated from data for co-existing siderite. Mineral paragenetic and
textural evidence (Chapter 8) does not support the possibility that ankerite and
siderite formed at different times from isotopically different fluids, with the
exception of ankerite that formed during mineralization. Consequently,
contemporaneous siderite and ankerite should yield similar isotopic values for
their common fluid. Therefore, the dolomite equation for ankerite has been
modified to:

1000 In o (Ank - H20) = 3.23 x 106T-2 - 0.88

(Table 9.3), which is equivalent to simply adjusting the fluid 8180 values from
ankerite by + 2.4%c This arbitrary adjustment does not alter the direction or
magnitude of isotopic variations between samples. Only the absolute values are

affected. Throughout the remainder of this thesis, only the adjusted 3!80



Figure 9.1: Calculated fluid 8180 values for syngenetic (co-existing) siderite
and ankerite using the equations of Carothers et al. (1988) for siderite, and
Land (1983) after Sheppard and Schwarcz (1970) for ankerite (see Tables
9.2 and 9.3 for calculations). Fluid values calculated from ankerite are on

average 2.4%o lower than corresponding fluid values calculated from

siderite.
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values of fluids calculated from ankerite data are used.

The average difference between 25 co-existing ankerite and siderite §13C
values is less than 0.02%o (Tables 2 and 3). Calculated 813C values of CO3 in
the hydrothermal fluid should be the same assuming both carbonates formed
together, and as previously mentioned approach those of siderite for
temperatures above 300°C. Hence, the siderite equation (above) for the
calculation of 8!13C fluid values has been used to approximate fluid values

calculated from ankerite data.

Graphite in the Bogosu and Prestea rocks is believed to be residual material
from diagenesis and metamorphism of organic matter in the Birimian
carbonaceous sediments. The presence of this material in least-altered rocks
throughout the Birimian suggests graphite formation pre-dated the
hydrothermal event, and requires the formation of the hydrothermal fluid in the
presence of the graphitic material. This enables a further estimate of the carbon
isotope composition of the hydrothermal fluid from graphite 813C values. The
equat.ons of Deines et al. (1974), 1000 In o (Cc - CO32) = 1.194 x 106T-2 -
3.63, and Wada and Suzuki (1983), 1000 In & (Cc - Gr) = 5.6 x 106T-2 - 2.4,
were combined to derive the equation used here for graphite - CO2

fractionation; 1000 In a (Gr - CO3) = -4.41 x 106T-2 - 1.23. The results are
listed in Table 9.4.

Fluid 8180 estimates were also made from the 3180 of quartz samples using
the equation of Matsuhisa et al. (1979), 1000 In a (Qtz - H20) = 3.34 x 106T-2 -

3.31. These results are listed in Table 9.5.

228



Discussion of Results

Isotope Geothermometry

Isotope geothermometers have been developed for a number of mineral-
mineral pairs, based upon differing mineral-H20 oxygen-isotope fractionations
between co-existing phases. The mineral pairs with the largest fractionation,
including quartz-magnetite, quartz-hematite, calcite-magnetite, plagioclase-
magnetite, pyroxene-magnetite and quartz-scheelite, have been widely employed
in isotope geothermometry. However, quartz-calcite, quartz-muscovite and
quartz-chlorite are commonly used because of their presence in hydrothermal
deposits (O'Neil, 1986; Ohmoto, 1986; Kyser, 1987). In this study, potential
isotopic thermometers are restricted to the quartz-calcite oxygen-isotope
fractionation and the ankerite-graphite carbon-isotope fractionation. For these
pairs, the fractionations are small, making these thermometers less sensitive
than desired. Nevertheless, they still provide an interesting comparison to

temperatures derived by mineral-chemistry geothermometers.

Quartz-calcite pairs only co-exist in least-altered dikes. One pair yielded a
formation temperature of 303°C using the formula calculated from the mineral-
water fractionations of Friedman and O'Neil (1977). This temperature is about
50°C below the range of temperatures derived by carbonate geothermometry
for similar rocks (i.e., 350 - 387°C).

With the exception of the dikes, the host rocks of the Bogosu and Prestea
district are carbonaceous sedimentary rocks, and as previously discussed, these
sedimentary rocks are the main host-rock for the entire Birimian sequence of

southwestern Ghana. All carbonates in these rocks formed in the presence of
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graphite, so that the graphite-dolomite 813C relationship of Wada and Suzuki
(1983) may be used to estimate formation temperatures [i.e., 1000 In o (Dolo -
Gr) = 5.9 x 106T-2 - 1.9, (K) can be rewritten as T°Cank - Gr = SQRT(5.9 x 106

+ (dAnk - 8Gr + 1.9)) - 273.15].

All graphite 8!13C values fall within a narrow range of -30.4 to -27.6%.
These values are within the range of reduced carbon in sedimentary and
metamorphic rocks, and most likely had a biogenic origin (Ohmoto and Rye,
1979). Because of this narrow range, ankerite-graphite carbon-isotope
temperatures were calculated using an average 813C graphite value of -28.7%,
except for those samples where the graphite was analysed, in which case, actual

values were used.

The calculated ankerite-graphite isotopic temperatures are listed in Table 9.6
along with the full range of temperatures for various rock and ore types as
calculated from carbonate mineral compositions. As stated above, carbonate
temperatures are grain and mineral specific, while isotope iemperatures are
based on average isotopic compositions of samples up to several hundred grams
in weight. It follows that the isotopic temperatures should be an average of the
range of temperatures preserved by the carbonate data. The average carbonate
temperatures vary from 247 to 375°C, compared with ankerite-graphite carbon-
isotope temperatures of 275 to 346°C for the same sample set (Table 9.6). On
an individual sample basis, most isotopic temperatures fall within the range of
carbonate temperatures, although some exceptions do exist. These may result
from sampling or analytical errors. It is evident from Figure 9.2 that unlike
the carbonate chemistry geothermometers, the isotope temperatures are not
sensitive to differences between ore and host-rocks, and that a one-to-one

correlation between carbonate and isotope temperatures does not exist on an
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Table 9.6: Caiculated temperatures for quartz-caicite and graphite-
ankerite lisotopic fractionations.

Carbonate Carbonate §'3C

T(°C) T(°C) T(°C) 513¢c o'3C
Sample category # minimum maximum Gr-Ank Ankerite Graphite
Bogosu sedimantary rock 21 287 390 316 -12.5 -27.6
Bogosu sedimentary r~ck 22 287 390 324 -13.0 -27.6
Bogosu sedimentary rock 23 287 390 325 -13.0 -27.6
Bogosu sedimentary rock 34 287 390 293 -12.2 -28.7
Bogosu sedimentary rock 41 287 390 291 -12.0 -28.7
Bogosu sedimentary rock 57 287 390 279 -11.2  -28.7
Bogosu sedimentary rock 61 287 390 308 -13.1 -28.7
Bogosu sedimentary-rock ore 62 144 324 314 -13.5 -28.7
Bogosu sedimentary-rock ore 40 163 324 307 -13.1  -28.7
Bogosu sedimentary-rock ore 11 206 328 284 -13.3 -30.4
Bogosu sedimentary-rock ore 28 206 328 299 -12.6 -28.7
Bogosu sedimentary-rock ore 30 163 324 296 -12.4 -28.7
Bogosu sedimentary-rock ore QV 51 163 324 299 -12.6 -28.7
Prestea sedimentary rock 54 360 390 275 -10.9 -28.7
Prestea sedimentary rock 59 287 390 302 -12.8 -28.7
Prestea sedimentary rock 39 287 390 320 -13.8 -28.7
Prestea sedimentary rock 66 329 372 298 -12.5 -28.7
Prestea sedimentary-rock ore 4 202 269 346 -14.2 -27.7
Prestea sedimentary-rock ore QV 9 217 324 333 -13.9 -28.1
Prestea sedimentary-rock ore Qv 10 217 324 326 -13.5 -28.1
Ashanti sedimentary rock 53 287 390 304 -12.9 -28.7
Ashanti sedimentary rock 85 287 390 308 -13.1 -28.7
Ashanti sedimentary rock 49 287 390 316 -13.6 -28.7
Ashanti sedimentary-rock ore 52 217 324 294 -12.3 -28.7
Ashanti sedimentary-rock ore 64 217 324 302 -12.8 -28.7

8180
T(°C) 6'80  »180
Otz-Caic Calcite Quartz
Prestea least-altered dike 3 350 387 303 13.8 15.6

Qtz-Cc 8180 T(°C) = SQRT(6x105+(6Qtz-6Cc+0.01))-273.15, calculated from
mineral-water fractionations of Friedman and O'Neil, 1977.

Ank-Gr 813C T(°C) = SQRT(5.9x106+(bANk-0Gr+1.9))-273.15, Wada and Suzuki,
1983. Graphite carbon-isotope values in boid are from actual measurements; all
other values are the average of .neasured values.

# see Appendix 9.2 for sample descriptions.

QV = crack-seal quartz vein



Figure 9.2: Comparison of calculated ankerite-graphite carbon-isotope (813C)
temperatures with temperature estimates from carbonate mineral
chemistries (Chapter 8). Carbon-isotope temperatures do not discriminate

between ore and host-rocks in the present application.
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individual sample basis. For the same data set shown in Figure 9.2, host-rock
temperatures average 342 and 304°C and ore temperatures average 277 and
309°C for carbonate mineral chemistry and carbon-isotope data, respectively.
Overall, however, carbonate and isotope temperatures average 314 and 306°C,
respectively, which is remarkably close considering the large difference in the
methods used, and limited experimental and theoretical evidence to support both

sets of geothermometers.

The carbon-isotope temperature estimates are compared with calculated fluid
5180 values (from ankerite * siderite data) in Figure 9.3. Temperatures for
ore and host-rocks are similar. Much of the range in temperature and
sensitivity to change in temperature achieved using the carbonate mineral
chemi:stry geothermometers is lost in the present application of isotopic
geothermometry. However, it is interesting to note that ore temperatures from
Prestea are higher by about 35°C on average than from Bogosu, which is
consistent with earlier findings from mineral chemistry. When the calculated
8180 of the fluid is plotted versus average carbonate temperatures, the sharp
distinction between ore and host rocks is preserved, with higher temperatures of
330 to 375°C almost entirely from host rocks (Figure 9.4). Ores give average
temperatures in the range from 247 to 345°C (Figures 9.2 and 9.4). Regardless
of which temperature method is used, the fluid 8180 values are distributed
distinctly bimodally between ore and host rocks, averaging about 9.7 and

12.3%e. respectively, as shown in Figures 9.3 and 9.4.

While clustering of carbon-isotope temperature estimates around 306°C is
attributable in large part to the averaging of carbonate materials that
crystallized over a range of temperatures, this does not fully explain the lack of

preservation of lower temperatures from ore samples (e.g., Figures 9.2 and
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Figure 9.3: Calculated fluid 8180 values compared with carbon-isotope
temperaturcs. The 8180 of the fluid is distributed distinctly bimodally

between ore and host-rocks.
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Figure 9.4: Average temperature estimates from carbonate mineral chemistries
(Chapter 8) compared with calculated fluid 8!80 values from ankerite
data. Ore and host-rocks are distinguished on the basis of estimated
formation temperatures and the 8180 value of associated fluids: a) data

categorized according to rock type, and b) data categorized according to

locality.

Legend:

D = least-altered dike

CD = carbonate-altered dike

CDO = carbonated-dike ore

S = sedimentary rock

SO = sedimentary-rock ore
BO = Bogosu ore

BH = Bogosu host rock

PO = Prestea ore

PH = Prestea host rock

AO = Ashanti ore
AH = Ashanti host rock
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9.3). Valley and O'Neil (1981) and Wada and Suzuki (1983) presented evidence
indicating 813C exchange between graphite and carbonate minerals is sluggish at
temperatures below 300 to 400°C in metamorphic systems. This is consistent
with the current findings which suggest that the decreased sensitivity to lower
temperatures may be attributable in part to locking in of the carbon-isotope
ratios in graphite and/or ankerite at about 300°C. At lower temperatures,
isotopic exchange rates may be too slow for re-equilibration between the
hydrothermal fluid and carbon-bearing minerals. This may be particularly
pertinent to hydrothermal systems in which fluid activity is restricted to short-
lived pulses. Thus, time and temperature factors may have contributed to fixing
of the 813C fractionation between graphite and ankerite, while cationic
exchange of Fe, Mg, Mn and/or Ca continued to lower temperatures (Chapter
8).

Ten ore samples were examined to obtain an estimate of the temperatures of
fluid trapping in fluid inclusions. Measurements were made on a LINKAM TH
600 programmable heating-cooling stage by standard methods as outlined by
Shepherd (1981) and MacDonald and Spooner (1981). Only two of the samples
examined (P-12 and DM-7) contained identifiable primary H2O liquid-vapour
inclusions, although all samples contained an abundance of primary CO2
inclusions. Homogenization temperatures obtained from ten separate H20
liquid-vapour primary inclusions in sample P-12 clustered around 296 + 16°C,
332 + 5°C and 382 + 10°C. Although these values are uncorrected for
pressure, they indicate trapping temperatures well within the range of
measurements recorded by other means for the Prestea mine. For example,
carbon-isotope temperature estimates for sample P-12 are 326 and 333°C, and
the range of carbonate mineral chemistry temperatures from similar samples is
217 10 324°C.
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Fluid Evolution

Variations in the calculated 813C and 8180 ratios of the co-existing fluid,
categorized according to rock-type and locality are illustrated in Figures 9.5,
9.6 and 9.7 for calcite, siderite and ankerite, respectively. The paragenetic
relationships of the carbonate minerals are crucial to understanding the
evolution of the isotopic composition of the fluid. Calcite in least-altered dikes
is easily recognized as being an early carbonate that originated during
greenschist facies metamorphism. Early deformation and alteration of these
dikes is preserved in some samples where early-formed ankerite + siderite co-
exist with calcite (Figure 9.5, Table 9.1). The main carbonation event prior to
mineralization produced pervasive intergrown siderite and ankerite. However,
only ankerite was formed during mineralization, while much of the previously
formed siderite altered to iron sulphides, or recrystallized in contact with the

mineralizing fluid (Chapter 8).

Least-altered dikes have average 8180 fluid values of 10.1 £ 0.2%o (Table
9.1, Figure 9.5). For samples of least-altered dikes showing slight to moderate
deformation and alteration, 3180 values increase to a maximum of 13.6%s.
Early formed ankerite and siderite from the same samples also yielded fluid
3180 values of 12 to 15%o. Fluids associated with siderite and ankerite from
pervasively carbonate-altered but unmineralized dike rocks have average 8180
values of 13.0 + 0.9%¢. These values decrease to an average of 10.2 £ 2.2%o
(range = 7.8 10 11.8%o0) for fluids associated with carbonates in mineralized
dikes (Tables 9.2 and 9.3, Figures 9.6 and 9.7).

The isotopic values for carbonate minerals associated with the ores reflect



Figure 9.5: Calculated fluid 8180 values compared with calculated fluid 8§13C
values associated with calcite in least-altered dikes (see Table 9.1 for
calculations). The data for least-altered dikes are believed to reflect the
influence of early greenschist facies metamorphism and metasomatism
upon the original magmatic signatures of the dikes. The higher isotopic
values calculated from caicite in slightly-altered dikes may have been

caused by interaction with a gaseous fluid during phase separation of the

ore fluid.
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Figure 9.6: Calculated fluid 5180 values compared with calculated tluid 813C
values associated with siderite (see Table 9.2 for calculations): a) data

categorized according to rock type, and b) data categorized according to

locality.

Legend:

D = least-altered dike

CD = carbonate-altered dike
CDO = carbonated-dike ore
S = sedimentary rock

SO = sedimentary-rock ore
BO = Bogosu ore

BH = Bogosu host rock

PO = Prestea ore

PH = Prestea host rock

AO = Ashanti ore

AH = Ashanti host rock
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Figure 9.7: Calculated fluid 8180 values compared with calculated fluid 613C
values for fluids associated with ankerite (see Table 9.3 for calculations):
a) data categorized according to rock type. and b) data categorized

according to locality.

Legend:
D = least-altered dike
CD = carbonate-altered dike

CDO = carbonated-dike ore
S = sedimentary rock
SO = sedimentary-rock ore

BO = Bogosu ore

BH = Bogosu host rock
PO = Prestea ore
PH = Prestea host rock

AO = Ashanti ore
AH = Ashanti host rock
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the protracted hydrothermal alteration history of the gold system. Ankerite and
siderite formed early and were later overprinted by the gold mineralizing
event. This aspect of carbonate mineral paragenesis was discussed in detail in
Chapter 8, where it was demonstrated that in many cases the elemental
compositions of pre-existing carbonates did not achieve complete equilibration
with the mineralizing fluid. This will be true also for isotopic compositions
whose equilibration rates may be slower than those of Fe, Mg and Ca, as
discussed above. Hence, the actual 3180 values of the ore fluids may be lower

than those indicated by most of the carbonate data.

Results for sedimentary rocks suggest a slightly different story. Calcite does
not occur in the sedimentary rocks, nor are there obvious examples of pervasive
ankerite-siderite alteration adjacent to ores, as is common in the dike rocks.
Rather, a!l host sediments, including those that show no signs of deformation
related to mineralization, contain moderate to abundant ankerite and siderite in

the rock matrix, regardless of direct a: - ,ciation with mineralization.

Fluid 3180 values calculated for least-altered, greenschist facies sedimentary
rocks average about 11.8 + 1.3%¢. One sample of deformed, but non-
mineralized sedimentary rock yielded a slightly heavier fluid value of 12.3%«.
The trend toward fluids with lower 8180 values, averaging 9.2 + 1.5%o (siderite
and ankerite data), in mineralized sediments is the same as for dike rocks
(Figures 9.6 and 9.7).

The 813C values of fluids calculated for least-altered dikes (calcite data)
averages -9.1 * 0.8%c, with one value of -6.2%¢ from a quariz-calcite veinlet.
These values increase to a high of -3.6%c (Table 9.2, sample # 42) in slightly

altered and deformed dikes (calcite, ankerite and siderite data). Pervasive



carbonate alteration of the dikes produced siderite and ankerite from fluids that
contained CO2 with an average 813C value of -10.7 + 3.8%o. Even lower
values have been calculated using carbonates from ore samples (to -13.3 +

2.8%c).

In contrast to the dikes, the variation in calculated 813C values of fluids
associated with sediments is small. Fluid 813C values calculated from least-
altered sedimentary rocks average -12.3 £ 1.4 and -13.1 + 1.8%o0 from siderite
and ankerite data, respectively. Fluids associated with mineralized sedimentary
rocks have moderately lower 813C values, -13.6 + 0.9 and -14.3 + 1.7%o (as

calculated from siderite and ankerite results, respectively).

Fluid evolution patterns follow common trends for boch the Bogosu and
Prestea regions. However, similar trends are reflected in samples taken from
the Ashanti Goldfields Corporation mines in the Obuasi district. These data
suggest that fluid evolution paticrns found in the Bogosu and Prestea district
may be representative of patterns common to the whole of the Ashanti Gold
Belt (Table 9.7, Figures 9.5, 9.6b and 9.7b). In spite of similar trends,
moderately lower fluid §!3C values were obtained for the Prestea locality for
botk host and mineralized rocks. The cortesponding fluid 8180 values are only

slightly lower at Prestea than Bogosu.
Graphite
Fluid 8!3C values calculated using graphite from three ore samples range

from -15.2 to -10.2%¢, similar to that obtained using ankerite and siderite data.

One sample of host-rock for which reasonable carbonate temperatures were

obtained yielded a 8!3C value for the fluid of -14.7%¢. This value compares

248




249

reasonably with fluid 813C estimates by other means.
Quartz

Fluid 8180 values calculated using quartz isotopic ratios show a similar
temperature vs 6180 trend to that for the carbonate data (Tabie 9.5). Both
quartz and calcite from the host-rock sample P-7 (analyses # 2 and 3) give
similar fluid 8180 values of 10.8 and 10.0%e, respectively. Quartz 8180 values

were not obtained from pervasively carbonate-altered dike rocks.

A few direct comparisons are possible for oxygen-isotope compositions
calculated for the ore-fluid using both quartz and carbonate data. Sample P-12
(anal)’lses # 9 and 10) yielded similar results for both data sets, while samnles
DM-5, DM-7, DM-11 and Prestea 27 (analyses # 11 to 14A, 28, 47, and 51)
gave average fluid 8180 values of 7.6 and 9.4%o from quartz and carbonate
data, respectively. This discrepancy may result from incomplete re-
equilibration of early-formed carbonates during mineralization, whereas most
of the quartz in veins formed during the mineralization event. The implication
is that the data for quartz may provide the most reliable estimate of the true
3180 value of the ore fluid. Some of the most intensely mineralized samples
have fluid 8180 values calculated from ankerites that are similar to average
fluid 8180 values obtained using quartz data. Examples include samples DM-
11, fluid 3180 (ankerite data) = 7.8 ziid 8.2%c (analyses # 13 and 14A), and P-
30, fluid 8180 (ankerite data) = 7.6%o (analysis # 4). By comparison, calculated
3180 values (from ankerite) for weakly mineralized samples such as P-28 and
Prestea 27 are higher, 10.0 and 10.5%oc (analyses # 6, 8 and 47), respectively,
demonstrating the effect of incomplete isotopic re-equilibration of pre-existing

carbonates.
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Discussssion and Conclusions

The fluid 813C and 8180 values calculated using carbonate, quartz and
graphite demonstrate that hydrothermal minerals at Bogosu and Prestea
precipitated from, or altered in response to, fluids with distinctly different

isotopic compositions (Tables 9.7a and 9.7b).

The predominant sedimentary rocks forming in southwestern Ghana during
the Birimian period were carbonate-bearing and carbonaceous greywackes and
turbidites. Evolution of an ore fluid must have involved equilibration with
these rocks. It has been demonstrated by investigators such as Bottinga (1968),
Ohmoto and Kerrick (1977) and Valley and O'Neil (1981) that, if a
metamorphic fluid were buffered by graphite (8!13Cgr = -25% =3813C3c) at
300 to 500°C, the 813Cco2 would be = -13 + 2%0. This value is entirely
consistent with the calculated ore fluid (from ankerite and siderite) and graphite
S13C values of -13.3 10 -14.3 + 2.8%o and -30.4 to -27.7%o, respectively, for the
Bogosu and Prestea districts (Tables 9.7 and 9.4). A magmatic source for
carbon (813Cco2 = -3.0 to -5.5%c, Taylor, 1979, 1987) does not fit the isotopic
data. Nevertheless, intrusive bodies may have played a minor role in non-gold
related alteration long before the mineralizing event took place, and an ignecus

component may have been added to the fluids in the system at that time.

The calculated carbon and oxygen-isotope fluid values for the study area
fall within the broad range of values for fluids with a metamorphic origin,
especially those originating in carbonaceous sedimentary rocks (Taylor, 1986,
1979; Ohmoto and Kerrick, 1977; Kerrich, 1987). Ii has been demonstrated in



Table 9.7a: Calculated fiuid 5180 and 513C compositions tor the
main alteration zones of mafic dikes.

Greenschist Pervasive
Metamorphism Carbonation Mineralization
6180 %o 101 = 0.2 13.0 =+ 0.9 10.2 + 2.1 (Ank)
75+ 1.1 (Qtz)
813C %o 9.1 + 0.8 -10.7 :3.8 -13.3 2.8

Calculated from carbonate isotopic compositions unless otherwise indicated.

Table 9.7b: Calculated fiuld 580 and 61% . compositions for the
main aiteration zones of sedimentary rocks.

Greenschist Pervasive
Metamorphism Carbonation Mineralization
6180 %o 11.8.0 =+ 1.5 NA 9.2 + 1.5 (Ank)
8.4 =+ 1.7 {Qt2)
813C %o 127 £ 2.2 NA 14.3 £ 1.7

Calculated from carbonate isotopic compositions unless otherwise indicated.
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Chapters 3, 4 and 5 that calcite and quartz in least-altered dikes are part of the
greenschist facies metamorphic / metasomatic assemblage that has affected all
rocks examined in the Ashanti structural zone of the Bogosu and Prestea
concessions. Hence, fluid compositions (8180 = 10.1 £ 0.2%o, 813C = -9.1 +
0.8%0) calculated using these minerals are believed to reflect the influence of
pre-mineralization, greenschist facies metamorphic conditions upon the original
magmatic isotope signature of the dike rocks (i.e., lower 8180 and higher §13C
values for magmatic fluids, Figure 9.8). These values contrast with calculated
fluid 5180 and 8!3C values of 11.8 £ 1.5 and -12.7 £ 2.2%o, respectively,
obtained for the least-altered sedimentary country-rocks. Mineral assemblages
and temperature estimates (Chapters 3, 4 and 8) indicate that both the dikes and
carbonaceous country-rocks were contemporaneously metamorphosed.
However, the above data suggest incomplete equilibration of the dikes with a
metamorphic fluid that appears to have been buffered by the host-sedimentary
rocks. During peak metamorphic conditions it is probable that these dikes were
in a zone of low-permeability, and hence would have been subjected to low
water-rock ratios which may account for the observed incomplete isotopic

equilibration with the sedimentary country-rocks.

Carbonate-altered dikes yielded fluid 3180 values of 13.0 + 0.9%o0 and 313C
values of -10.7 + 3.8%0. By contrast, ores associated with both dike and
sedimentary rocks indicate mineralizing fluids had lower 8180 values averaging
10.5, 9.7 and 8.1%o based on analysis of siderite, ankerite and quartz,
respectively. Paragenetic, compositional and textural evidence presented in
Chapters 4, 6 and 8 demonstrate that: 1) siderite formed prior to
mineralization, 2) ankerite formed before and during mineralization, 3) most
quartz in the ore zone precipitated contemporaneous with gold deposition, and

4) ankerite and siderite did not completely re-equilibrate with the ore fluid
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Figure 9.8: Fluid evolution diagram showing calculated 5180 and 813C values of fluids
associated with gold mineralization in the Bogosu, Prestea and Obuasi (Ashanti)
mining districts of the Ashanti Gold Belt. The primary ore fluid is believed to be a
metamorphic fluid buffered by the carbonaceous country-rocks.

Stages in the isotopic evolution of fluids associated with mafic dikes and
carbonaceous sedimentary rocks:

1) Range of possible isotopic compositions for magmatic fluids (1) associated with the
mafic dikes.

2) Superposition of country-rock isotopic signatures (3) (proposed ore fluid) on the
dikes (2) at greenschist facies temperatures and low water-rock ratios. A low
water-rock ratio during metamorphism is believed to be the reason for incomplete
isotopic equilibration of the dikes with the country-rocks.

3) Alternative 1: Carbonation of the mafic dikes (4) by the proposed ore fluid at the
high water-rock ratio and lower-temperatures found in the zone of mineral
deposition.

4) Alternative 2: Separation from the proposed ore fluid of a CO; gas phase that has
higher 5180 and §13C values. This less viscous gas phase could permeate the wall-
rocks adjacent to the structural conduits and cause carbonation of the mafic dikes
4).

5) Mineral precipitation from a residual ore fluid after phase separation (5). The
residual fluid will be isotopically lower than the original (unseparated) proposed ore
fluid. During mineralization the lower isotopic signature (of the residual fluid) will
be superimposed upon the previously-carbonated rocks. Average isotope values for
the residual ore fluid calculated from siderite, ankerite and quartz are shown
separately. The change from higher 8180 fluid values associated with siderite to
lower 8180 fluid values associated with quartz follows a trend tcward increasing
equilibration of these minerals with the residual ore fluid. Calculated 813C fluid
values suggest a similar, but less obvious trend toward lighter values with increased

equilibration of hydrothermal minerals and the residual ore fluid.
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during mineralization. Consequently, the charze from higher 3180 fluid values
associated with siderite to lower 3180 fluid values associated with quartz is
believed to be the result of increasing equilibration of these minerals with the
ore fluid during mineralization (Figure 9.8). Hence, quartz associated with
mineralization yields the best 8180 estimate of the associated fluid.
Corresponding fluid 8!13C values associated with mineralization decrease to
-13.3 £ 2.8 and -14.3 £ 1.7%o0 as calculated for dike and sedimentary-rock ores,
respectively. These values are are up to 1 to 2%o lower than obtained for the

host sedimentary rocks.

The zone of pervasive carbonate alteration that is present in mafic dikes is
not detected in sedimentary rocks, even though the two mineralized rock types
(dike and sedimentary) are always found adjacent to each other and most
mineralization is sediment-hosted. Both host sedimentary rocks and their
mineralized zones contain pervasive, disseminated ankerite and siderite. The
isotopic evidence presented here affords the best explanation for this ubiquitous
association of ankerite and siderite, in showing that the ore fluids were
equilibrated with the host sediments. Hence, even though the sediments were
affected by the same fluids causing pervasive carbonation of the dikes, these

fluids had a minimal, further affect on the sedimentary rocks.

The carbonate relationships discussed 2bove might suggest that the ore fluids
originated in sedimentary country-rocks adjacent to the ores, and migrated
laterally into the structural zones. However, the foregoing analysis in Chapter 8
demonstrated that ambient country-rock temperatures at the time of
mineralization were much lower than the peak metamorphic temperatures
recorded in the same host-rocks, and were lower than temperatures associated

with the bulk of gold deposition. Consequently, the adjacent country-rocks



could not have been the source of mineralizing fluids for the Bogosu and
Prestea ores. Rather, the ore fluids are believed to originate from similar rocks
at a deeper level in the crust beneath the mineralized zones where higher rock-

temperatures occur.

It is necessary to account for the isotopic difference between the proposed
ore fluid (3180 = 11.8 £ 1.5%0 and 813C = -12.7 + 2.2%o0), and actual isotopic
fluid values calculated from: 1) rocks with pervasive carbonate alteration that
preceeded gold mineralization (880 = 13.0 + 0.9%ec and 813C = -10.7 +
3.8%0), and 2) gold mineralized rocks (3180 = 8.1 = 1.7%o (quartz) and ¢13C =
-13.8 + 2.8%¢ (ankerite)). Phase separation in the ore fluid provides an
explanation for the observed increase of isotopic ratios in fluids associated with
carbonate-altered rocks as well as the lower fluid isotope ratios calculated from
ore samples (Table 9.7). Phase separation can also explain the presence of two
distinct primary fluid inclusion types. Fluid immiscibility can occur in response
to a number of parameters affecting the ore fluid including: pressure release
resulting from tensional fracturing, lowering of hydrostatic pressures during
fluid ascent, temperature decrease, and other mechanisms that would promote
formation of a secondary gaseous fluid phase into which CO3 and other volatiles
partition. According to the theoretical calculations of Bowers (1991),
temperature decrease has the most dramatic influence on inducing fluid
immiscibility, with pressure decline being most important below about 2000
bars for a temiperature of 250°C. Both mechanisms may have played an
important role at Bogosu and Prestea. Phase separation with removal of
gaseous CO2 causes depletion of 180 and 13C in the residual fluid, particularly
if decarbonation of the fluid occurs by Rayleigh (continuous) distillation in an
open system (Bowers.1991: Lattanzi et al., 1980; Bowman et al., 1985). The

amount of the 180 depletion varies significantly with temperature, pressure and
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the proportion of CO2 in the original fluid (Bowers, 1991), and can account for
the observed depletions (1-2%0 813C and 2-5%0 8180) at Bogosu and Prestea.
For example, it has been calculated by Higgins and Kerrich (1982). that
separation of 20 mol% CO37 at 300°C would cause a 3 per mil depletion in 130
of the residual fluid assuming a CO2(gas)-H2O(liguid) fractionation of 14 per mil
at 300°C (Bottinga, 1968; Kerrich, 1987).

During the process of phase separation it is unlikely that a unique isotopic
composition for the residual ore fluid will result. It is more probable that a
range of values will occur, to a maximum end-member composition largely
constrained by the content of CO2 (% other volatiles) in the original fluid and
the temperature at which phase separation occurred. Consequently, the range of
residual ore fluid values shown in Figure 9.8 may represent an evolution of the
fluid, as well as the effects of increasing equilibration with associated mineral

phases (discussed above).

Ellis and Mahon (1977) and Spooner et al., (1987) suggest that when phase
separation occurs, the volatile phase is significantly less viscous than the residual
fluid. Consequently, it can penetrate to greater distances in the wall-rock, and
can permeate the host-rock faster, thereby altering the host prior to contact with
the residual ore fluid. Such behaviour may have important implications at
Bogosu and Prestea. It can explain the presence of the zone of pervasive
carbonate alteration in dikes, which preceeded gold mineralization and
permeated the wall-rocks adjacent to ore zones for up to several tens of metres,
even where fracturing is minimal. Fractionation of the heavier isotopes, 13C
and 180, to a CO2 gaseous phase can also account for higher fluid values
calculated for the carbonated dikes (13.0 + 0.9%¢ 8180 and -10.7 + 3.8%.

613C), which could have reacted with this gas phase prior to, or in lieu of,
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contact with the residual ore tluid.

If the gascous phase was produced by boiling of an H20 fluid as opposed to
phase separation, the lighter isotopes (160 and 12C) would partition into the
H20 vapour phase, producing an isotopically heavier residual fluid. However,
CO2 gas is enriched in 180 and 13C relative to liquid H20, and its removal
leaves the residual fluid depieted in 180 and 13C. The CO3 contents of ore
fluids in many lode gold systeins are in the range of 1 to 12%, which generally
restricts 180 depletion to <2% (Smith and }.esler, 1985). However, deposits
hosted by carbonaceous sedimentarv 1- .ks commonly have much higher CO»
contents in the associaied fluids. consistent with the larger depletions calculated

for the Bogosu and Prestea fluids.

Alternatively, carbonation of the dikes prior to mineralization may have
been caused by reaction with the ore fluid prior to phase separation. High
water-rock ratios in the structural conduit, and lower rock-temperatures may
have caused the ankerite-siderite-sericite (+K, +Ba, -Ca) alteration halo prior to
mineralization. This contrasts with the chlorite-calcite-epidote (-K, -Ba, +Ca)
alteration of similar mafic rocks caused by the same fluids at higher
temperatures aind low water-rock ratios during greenschist facies
metamorphism (Chapters 3, 4, and 5). Most importantly, the isotopic
fractionation between the proposed ore fluid (11.8%o0 8180 and -12.7%0 813C)
and measured isotopic values in carbonate-altered dikes is consistent with
experimentally and theoretically determined fractionations (e.g., Carothers et
al., 1988: Land 1983: Golyshev et al., 1981, Tables 9.2 and 9.3). Subsequent
phase separation in tne ore zone could then have produced a residual ore fluid
thut coult account for the lower isotopic fluid values ca’ 1lated from

mincralized samples.
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The carbon and oxygen-isotopic evidence presented and discussed in this
Chapter is most consistent with the evolution of an ore fluid that equilibrated
with the carbonaceous sedimentary rocks of the Birimian. These fluids
migrated in focussed flow along the dilatant major structural failures of the
Ashanti Structural Belt. The isotopic evidence further suggests that phase
separation into CO2 gas and a residual fluid occurred and was probably
responsible for gold precipitation, and the patterns of hydrothermal alteration

documented in the ore zones.
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Chapter 10: Evolution of the Bogosu and Prestea Ore System

The Ashanti Structural Belt is a crustal thrust belt in the Proterozoic
Birimian rocks of Ghana, West Africa. The Birimian consists largely of
greywackes and turbidites that are characteristically carbonaceous (both
carbonates and graphite) within the Ashanti Structural Belt, and are believed to
be carbonaceous also on a more regional scale. The structural belt is intruded
by numerous dikes of variable, but mainly mafic, composition that were

interpreted previously to be extrusive volcanic rocks.

The gold ores of the Bogosu and Prestea concession are mesothermal, and
closer to Cordilleran mesothermal deposits (Leitch et al., 1991; Nesbitt et al.,
1989; Goldfarb et al., 1236) than to Archean lode gold deposits (Colvine, 1989;
Groves et al., 1989). Gold mineralization occurs in large crack-seal quartz-vein
lodes and narrow carbonaceous shear zones at the Prestea concession, that are
interpreted to be deercr ores within the gold system (Figure 3.3, Plate 4.4A),
and in wide zones of tectonically-disrupted sediments and carbonate-altered
dikes (Figure 3.4, Plates 4.3 and 4.4B) at the Bogosu concession (Figure 10.3),

that are interprete. to be higher-level ores.

Mineralization occurred during episodic relaxation of the tectonic
environment, when the Ashanti Structural Belt became a dilatant structural
failure of regional extent. Upward surging ore fluids were focussed along
permeable pathways, and mineralization occu-red preferentially in dilatant
structures. Ores and wallrocks were repeatedly and complexely overprinted by
later pulses of ore fluids. On a broader scale, the Birimian sedimentary rocks
are interpreted to represent a sediment-dominated accretionary prism that

formed together with the later Ashanti Structural Belt in a tectonic setting
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similar to that of the southwest coast of Alaska. The evidence supporting these

interpretations is reviewed below.

All host-rocks within the Bogosu and Prestea districts of the Ashanti
Structural Belt were overprinted by an early greenschist facies metamorphism,
at fairly low water / rock ratios. The characteristic mineral assemblages are
obscured by the later hydrothermal alteration in the mafic dikes and the slight
mineralogicai changes that this alteration would have caused to the iron-
carbonate rich sedimentary rocks. However, in the least-altered mafic dikes the
mineral assemblage is dominated by chlorite, calcite, quartz and epidote typical
of greenschist facies metamorphism (Table 5.2). The subsequent hydrothemal
alteration of the mafic rocks resulted in a mineral assemblage quite similar to
that of the enclosing sediments; i.e. dominated by ankerite, siderite, sericite,
quartz, albite, chlorite and rutile (Table 3.1). Evidently, this phase of alteration
was associated with a very high fluid / rock ratio, and therefore could only have
taken place when the fluids were focussed within the dilatant structures.
Deposition of sulphide and arsenide minerals and gold followed immediately
after the hydrothermal alteration; the latter therefore being an intrinsic part of

the gold mineralizing event.

The geochemical, mineral chemical and isotopic evidence for the late
alteration and gold deposition, presented in Chapters 5, 8, and 9, respectively,
point to the generation of a metamorphogenic fluid at depth below the ore
deposits, and in equilibrium with the Birimian sedimentary rocks (cf. Powell et
al., 1991). Formation temperatures calculated from mineral-chemicai
geothermometers peak at about 390°C for metamorphic minerals and 406°C for

hydrothermal minerals (Tables 8.1 and 8.2). The anomalously high calculated

temperatures of 400 to 600°C indicated by some ankerite-siderite and




arsenopyrite (Figure 6.3) geothermometers may be attributable to pulses of
higher-temperature fluids, and are temperatures at which decarbonation and

dehydration reactions occur.

The metamorphogenic fluids were focussed along the Ashanti Structural Belt
during periods of dilatancy, (Figures 10.2 and 10.3) and reacted with the
sedimentary and intrusive igneous host-rocks during their ascent. Mass-balance
calculations (Table 5.3) from whole-rock geochemical analyses for sedimentary
and mafic igneous host-rocks within the structural belt show large increases in
volatile contents during the greenschist facies metamorphism / metasomatism.
The chlorite-dominated mineralogy of mafic dikes, and abundance of sericite
and chlorite in sedimentary rocks suggest that hydration of the country rocks
created a sink for H2O from the hydrothermal fluid during its migration
through the approximately 1 km wide structural zone of the Ashanti Belt.
Although the sedimentary rocks contain an abundance of carbonate minerals, it
cannot be determined whether or not these rocks also removed CO» from the
hydrothermal fluid, since the Birimian sedimentary rocks are believed 0 have

been catbonate-rich since the time of their deposition.

The partial removal of volatiles would have had several important effects
upon the hydrothermal fluid prior to reaching the zone of gold-sulphide
deposition, including: 1) increasing the concentration of dissolved metals in the
residual fluid, 2) preferential removal of H20, thereby increasing the
proportion of CO2 in the residual fluid, and 3) reaction with the wall-rocks that
apparently contributed several elements such as K and Ba to the hydrothermal
fluid (Table 5.3). Three stages in the evolution of the hydrothermal fluid
suggested by the current investigation are illustrated in Figure 10.2: 1)

metamorphic fluid generation by decarbonation and dehydration reactions, 2)
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reaction of the metamorphic fluids with the country-rocks at decreasing
temperatures during upward migration along the structural conduit, and 3)
phase separation at relatively high crustal levels and low ambient pressure and

temperature conditions (Chapter 9).

Phase separation has been documented, primarily by tluid inclusion
analyses, in many lode gold systems including: Doyon and Sigma mines in
Quebec, Hollinger-MclIntyre and Pamour #1 in Ontario, and Hunt, Morning
Star, Mount Charlotte and other metasedimentary-rock-hosted deposits in
Western Australia (Guha et al., 1982; Robert and Kelly, 1987; Wood et al.,
1986; Groves et al., 1984; Ho et al., 1985). Phase separation is an excellent
method for inducing ore precipitation; its effects on mineral solubility have
been discussed by many investigators (e.g. Arnorsson, 1978; Drummond and
Ohmoto, 1985; Spooner et al., 1987). During phase separation, volatile species
progressively partition into the secondary gaseous fluid according to their
gas/liquid partition coefticients (H2>CH4>CO2>H2S>S03). This aftects the
residual ore fluid by causing: rapid oxidation, loss of metal complexing ligands
(mainly HS-), temperature decrea e and pH fluctuations. At Bogosu and
Prestea, the documented transformation of early pyrrhotite to marcasite and
pyrite (Table 6.1) indicates increasing pH and fO? of the ore fluid to the range
of values that would promote dramatic increases in the solubility of gold
(Romberger, 1989; Murowchick, 1992) and inhibit gold precipitation.
However, the combined physico-chemical changes associated with phase
separation are sufficient to supercede other factors and cause rapid precipitation
of sulphide and arsenide minerals and gold. The solubility of metals in the
residual ore fluid can readily decrease by several orders of magnitude
(Drummond, 1981; Spooner et al., 1987; Shenberger and Barnes, 1989, Brown,
1989; Seward, 1989).
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The critical changes to the ore fluid chemistry that occur during phase
scparation are most likely responsible for the rapid precipitation of arsenian
pyrite, arsenopyrite and gold, in solid-solution within the sulphide and arsenide
minerals. As discussed in Chapter 7, the evolution of the gold deposit did not
stop with mineral precipitation. Important changes occurred as gold in solid-
solution within arsenian pyrite and arsenopyrite recrystalized, redistributed and
concentrated to form colloidal and microscopic gold particles within cavities,
microfractures and at internal grain boundaries. It appears that under higher-
temperature late alteration overprinting, as in the Prestea ores, some of this
gold migrated out of the host sulphide grains and reprecipitated in fractures and

cavities interstitial to silicate minerals.

The Bogosu and Prestea ore system -an be reconstructed on the basis of the
many documented differences between ..ae relatively deep and higher-level ores.
These differences are schematically summarized in Figure 10.1, and result from
a gradual change in three main physico-chemical parameters, namely
temperature, confining pressure and chemical compostion of the hydrothermal
fluid. It has been demonstrated that Prestea ores formed in the deeper part of
the gold system (Chapters 3, 4, 6, 7, 8 and 9). Also, the carbonate mineral
geothermometry (Chapter 8, Table 8.3) suggests average temperature and depth

differences of 73°C and 3.5 km between Bogosu and Prestea ores.

The difference in the depth of mineralization is sufficient to span a range of
structural styles from brittle-ductile at Prestea to brittle deformation at Bogosu
(Chapters 3 and 4). This also resulted in many significant mineralogical and
geochemical differences which are summarized in Figure 10.1 and discussed

throughout the thesis. These difterences are believed to be gradual changes that



Figure 10.1: Schematic section through the Bogosu-Prestea ore system. Gold
depostits exposed on the Bogosu concession represent higher levels of
mineralization, whereas deeper-level ores are exposed within the Prestea

mine:

Ag = silver, Asp = arsenopyrite, Au 1 = gold precipitation, Cpy =
chalcopyrite, Gg = gangue, P = pressure Po = pyrrhotite, Py = pyrite, S =

suiphide minerals, Sph = sphalerite, T = temperature.
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Figure 10.2: Evolution of the ore-forming fluids ot the
Bogosu and Prestea gold system.
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took place during fluid migration to higher levels in the system. However,
sudden chaniges may be induced by dynamic effects such as new pulses of
higher-temperature ore fluids, intermittent phase separation, seismic fault
failure (Sibson et al., 1988) and differences in rock chemistry and texture.
Consequently, on a local scale many diverse features may be superimposed.
Nevertheless, regionally the distinction between deep and high-level ores is well
preserved between the Prestea and Bogosu districts (cf. Colvine, 1989; Colvine
et al., 1988).

In respect to the oxygen and carbon-isotope characteristics of quartz and
carbonate minerals, the Bogosu and Prestea deposits are closer to Cordilleran
mesothermal deposits (Leitch et al., 1991; Nesbitt et al., 1989), than to the
geologically and structurally similar Archean lode gold deposits (Golding et al.,
1989; Kerrich, 1987). Of particular interest are the mesothermal gold deposits
of the Valdez Group near Juneau, Alaska (Goldfarb et al, 1991, 1989, 1988)
which have many characteristics in common with the gold ores of the Bogosu
and Prestea concessions including: 1) a variety of mineralization styles hosted
by tectcnically-disrupted sediments and intrusive rocks, 2) location in second-
order structures of a major crustal lineament, caused by the competency
contrast of juxtaposed intrusive and sedimentary rocks, 3) moderate to low-
grade, disseminated-sulphide-hosted deposits as well as higher-grade quartz vein
deposits, and 4) similar compositions of the ore fluids. On a regional scale, the
geological features of southwestern Ghana have many similarities with some
areas of active subduction including the southern coast of Alaska (cf. Sample
and Moore, 1987). Consequently, it is proposed that the Ashanti gold deposits
developed in a sediment-dominated accretionary prism in a tectonic setting
analogous to that of the gold deposits of the Juneau district. The major features

of the present model are illustrated in Figure 10.3.



It has been demonstra:ed above that there is no direct genetic link between
major gold and manganese deposition in the Birimian of southwestern Ghana
(Chapter 5, Table 5.3). Nevertheless, the geo'ogical model shown in Figure
10.3 is a plausible setting for the development of black-shale basin type
manganese deposits (Force and Cannon, 1988; Frakes and Bolton, 1992, 1984),
and thus can account for the presence of abundant stratiform manganese
deposits aligned in belts parallel to the major tectonic features of the Birimian
(Figure 2.5).
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Chapter 11: Conclusions

The Ashanti Gold Belt of southwestern Ghana is hosted by Birimian (2.1
G2) carbonaceous and carbonate-rich sedimentary rocks. The sedimentary
rocks are categorized into phyllites, greywackes, turbidites and tecionized rocks
on the basis of graphite content, thickness of bedding, grain size and the degree
of metamorphic and structural alteration and deformation. The mesothermal
gold ores of the Bogosu and Prestea districts occupy dilatant structures within
the thrust-related Ashanti Structural Belt, and formed during periods of
relaxation of tectonic stresses. Mineralization is post-peak metamorphism, and
follows hydrothermal alteration of sedimentary and mafic lithologies to an

assemblage containing abundant ankerite, siderite and sericite.

Economic gold deposits exposed along the 33 km strike length of the
Bogosu and Prestea concessions are believed to have been deposited by the same
hydrothermal system. Subsequent erosion has exposed deeper portions of the
gold system on the Prestea concession, and higher-level ores on the Bogosu
concession. Crack-seal quartz veins and narrow, carbonaceous shear-zones
(graphitic fissures) are the common ore types in the brittle-ductile rocks at
Prestea. Zones of tectonically-disrupted sediments (graphitic crush zones) up to
50 m wide with sheared qu artz stockwork veining, and smaller zones of
carbonate-altered mafic dikes are the common ore types at Bogosu. However,
variations of all ore styles occur in both the higher-level (brittle-zone) and
deeper (brittle-ductile) ores. Deeper-level ores similar to those of the Prestea

concession may be located at depth below the Bogosu gold deposits.

Whole-rock geochemistry indicates that mafic rocks within the Ashanti

Structural Zone are altered, intrusive equivalents of Birimian tholeiitic lav. s.



During greenschist facies metamorphism and metasomatism, the least-altered
dikes were depleted in K, Ba and possibly other metals that are typically

enriched in the mineralized rocks.

Pyrrhotite was the first sulphide to precipitate in the hydrothermal
system, however, increasing pH and fO2 caused alteration of ezrly pyrrhotite to
marcasite and pyrite. This was followed by precipitation of arsenian pyrite and
arsenopyrite. In-situ analysis and ion mapping Dy SIMS suggest that most of the
gold may have precipitated initially in solid-solution with the arsenian pyrite
and arsenopyrite. However, gold was subsequently redistributed, concentrated
and crystallized as colloidal and microscopic particles within voids,
microfractures and at grain boundaries of the arsenian pyrite, arsenopyrite and
trace amounts of sphalerite, chalcopyrite, tetrahedrite and possibly other
sulphides. The higher metamorphic grade conditions at Prestea, both during
and subsequent to gold deposition, apparently caused a greater degree of
redistribution and concentration of gold, including the migration of gold into
the gangue assemblage. This reconstruction of the history of gold deposition
may be a useful guide for identifying areas of the ore bodies where a significant
proportion of the gold content is "invisible"; that is, occurring in solid-solution

or as colloidal particles.

Ankerite-siderite and arsenopyrite geothermometers indicate that mineral
deposition took place over a wide range of temperature, from 406 to 144°C.
The highest temperatures are constrained by pulses of hot ore fluids. Some
anomalously high temperatures of up to 600°C may reflect rare pulses of
higher-temperature tluid. The lower limit of formation temperatures derived
from carbonate mineral-chemical geothermometers suggest that the ambient

country-rock temperatures at the time of mineralization were about 144 and
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217°C for Bogosu and Prestea ores, respectively. An estimate o1 the
temperature for peak matamorphism of = 390°C is derived from ankerite-

siderite geothermometry of co-existing grains in least-altered country-rocks.

Calculated oxygen-isotope and carbon-isotope values for the
hydrothermal fluid (8180 = 11.8 £ 1.5%o0, 813C = -12.7 * 2.2%o0) are consistent
with the generation of a metamorphic ore fluid in equilibrium with the
Birimian carbonaceous sediments. The isotopic signature of this fluid was
superimposed on the intrusive dikes within the structural zone during all stages
of their alteration and mineralization. However, lower calculated fluid 3180
and 813C values of 8.1 + 2.0%o¢ and -13.8 * 3.3%. respectively, for quartz and
carbonates in mineralized samples suggest that phase separation of the ore fluid

to a COz-rich gas phase and a residual ore fluid occurred prior to
mineralization. Phase separation and concomitant increase of fO2 and decrease
in fluid temperature are believed to have been the principal mechanisms for

inducing gold-sulphide deposition in the zone of mineralization.

The Ashanti Gold Belt and associated carbonaceous sedimentary rocks are
believed to have formed in a sediment-dominated accretionary prism similar to
the tectonic setting of the southern coast of Alaska. In this environment, the
indicated ambient country-rock temperatures of 144 and 217°C suggest average
burial depths at the time of mineralization of approximately 7 and 11 km for
Bogosu and Prestea ores, respectively. The ore deposits of the Bogosu and
Prestea districts also show similarities with the Alaska-Juneau and related Au
deposits in structural style, host-rock associations, mineralogy, gold distribution

and the composition of ore fluids.
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Appendix 9.1: Relative mineral abundances from PXRD analysis.

Aralysis # 1 2 3 4 6 8 9 10 11 12 13
Quartz 1000 529 336 552 357 97 765 374 152 912 4.7
Albite 0.0 19.1 00 223 192 386 0.0 251 67.4 7.2 494
Ankerite 00 00 00 109 406 221 221 10.7 9.0 1.7 287
Siderite 0.0 0.0 0.0 0.8 00 0.0 0.0 3.3 03 0.0 1.0
Calcita 0.0 9.5 645 0.0 0.0 00 0.0 0.0 0.0 00 0.0
Chiorite 00 185 1.8 0.0 3.7 23.0 00 59 0.0 0.0 0.0
Muscovite 0.0 0.0 00 2.3 08 1.7 0.0 8.0 1.3 0.0 3.4
Pyrite 0.0 0.0 00 59 0.0 3.9 1.4 2.7 6.5 0.0 120
Arsenopyrite 0.0 0.0 0.0 0.0 0.0 1.0 0.0 3.4 0.3 0.0 0.7
Graphite 0.0 0.0 0.0 2.6 00 0.0 0.0 3.5 0.0 0.0 0.0
Other 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
Analysis # 14A 148 15 16 17 19 20 21 22 23 24
Quanz 982 771 531 B05 850 465 162 721 58.9 496 91.0
Albite 00 2238 1.2 00 00 100 00 135 143 104 0.7
Ankerite 1.8 00 16.0 95 13.2 0.0 0.0 52 33 2.4 0.0
Siderite 0.0 0.0 23.1 7.8 1.8 0.0 0.0 2.2 5.6 5.7 35
Calcite 0.0 0.0 0.0 0.0 00 122 838 0.0 0.0 0.0 0.0
Chlorite 0.0 0.0 00 0.0 00 314 0.0 3.5 89 186 3.3
Muscovite 0.0 0.1 6.6 2.2 0. 0.0 0.0 3.6 7.4 120 1.5
Pyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Arsenopyrite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Graphite 0.0 0.0 0.0 0.0 oo 00 0.0 0.0 0.0 0.0 0.0
Other 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 1.3 0.0
Analysis # 26 27 28 29 30 31 32 33 34 35
Quartz $5.0 541 550 513 605 97.2 00 425 60.8 403
Aibite 8.7 00 26.1 1.2 173 0.0 0.0 1.1 2.3 4.5
Ankerite 0.0 377 126 250 14.4 28 518 284 18.7 235
Siderite 3.7 0.7 00 17.5 0.9 0.0 1.5 2.3 9.5 168
Calcite 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 00
Chlorite 23.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 6.3
Muscovite 9.6 75 08 50 53 0.0 7.6 148 8.6 8.6
Pyrite 00 00 4.7 0.0 0.5 0.0 1.7 4.8 0.0 0.0
Arsenopyrite 0.0 00 0.7 0.0 1.2 0.0 0.0 5.1 0.0 0.0
Graphite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Other 00 00 00 0.0 0.0 00 374 0.0 0.0 0.0




Appendix 9.1 continued: Relative mineral abundances from PXRD ans!ysis.

Analysis # 36 37 38 39 40 41 42 43 44 45 46
Quartz 356 164 456 830 66 630 500 422 00 439 557
Albite 1.6 327 125 72 184 65 3.5 13 0.0 18 17
Ankerite 284 243 171 3.2 36.1 124 16 359 413 203 185
Siderite 0.5 0.0 0.0 0.9 30 86 1.8 121 397 198 195
Calcite 23.8 00 1.2 0.0 [1 1) 00 14.4 0.0 00 0.0 00
Chiorite 58 186 22.9 1.1 0.0 00 28.7 00 09 09 o0
Muscovite 4.3 2.2 0.0 46 269 85 0.0 81 181 1133 4.6
Pyrite 0.0 4.5 0.5 0.0 6.2 0.0 0.0 0.5 0.0 00 00
Arsenopyrite 0.0 1.3 0.0 0.0 27 10 0.0 0.0 0.0 00 00
Graphite 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0 00 00
Other 0.0 0.0 00 00 0.0 00 0.0 0.0 0.0 o0 00
Analysis # 47 48 49 50 51 52 53 54 55 56 57
Quartz 23.6 452 58.5 403 930 170 769 648 376 638 536
Albite . 32.2 1.4 0.0 6.6 59 1.2 7.2 9.8 89 25 46
Ankerite 298 34.0 6.1 00 0.9 64.2 8.7 85 145 99 18
Siderite 63 106 23.1 0.0 0.2 29 00 99 252 137 259
Caicite 0.0 0.0 00 156 0.0 0.0 0.0 0.0 00 0.0 0.0
Chilorite 06 0.0 00 375 0.0 1.6 3.1 0.7 3.1 oo 00
Muscovite 4.6 59 11.4 00 0.0 131 41 6.3 7.2 101 130
Pyrite 09 1.2 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 11
Arsenopyrite 2.0 1.7 0.9 0.0 00 0.0 0.0 0.0 1.1 00 00
Graphite 0.0 0.0 0.0 6o 0.0 0.0 00 00 00 00 00
Other 0.0 0.0 0.0 0.0 00 0.0 0.0 00 26 00 00
Analysis # 58 59 60 61 62 63 64 65 66 67 68
Quartz 511 395 606 705 321 555 446 480 420 595 593
Albite 1.8 156 0.0 59 514 13 0.9 0.0 12 0.9 0.0
Ankerite 57 16.6 26.7 1.9 139 275 245 294 326 279 5.1
Siderite 0.0 8.8 1.8 1.9 1.4 125 143 1.7 14.7 0.0 0.0
Calcite 11.2 0.0 0.0 ¢c.o 0.0 00 0.0 00 0.0 0.0 0.0
Chiorite 30.2 6.2 00 110 o0 0.0 41 00 0.0 00 28
Muscovite 00 119 9.3 88 1.2 3.2 9.1 141 95 53 00
Pyrite 0.0 0.0 1.6 a0 00 0.0 0.5 3.2 00 39 00
Arsenopyrite 0.0 1.3 00 00 0.0 00 20 35 00 25 00
Graphite 00 00 0.0 00 00 00 00 00 00 00 0.0
Other 0.0 00 00 00 00 0.0 0.0 00 00 00 328




Appendix 92° Sample descriptions

Analysis Location

# number District Sample description

1 P-29 Prestea crack-seal quartz-vein ore

2 P-7 Prestea least-altered matic dike, matrix material

3 P-7 Prestea least-altered mafic dike, quartz-carbonate vein

4 P-30 Prestea graphitic fissure zone ore

5 P-30 Prestea graphitic fissure zone ore, graphitic material

6 pP-28 Prestea carbonated dike ore, 80% vein material

8 P-28 Prestea carbonated dike ore, matrix material

9 P-12 Prestea crack-seal quartz-vein ore

10 P-12 Prestea crack-seal quartz-vein ore, carbonaceous partings

11 OMm-7 Bogosu graphitic crush zone ore, matrix material

12 DM-7 Bogosu graphitic crush zone ore, quartz vein material

13 DM-11 Bogosu carbonated dike ore, matrix material

14A DM-11 Bogosu carbonated dike ore, quartz-vein material

15 C-4 Bogosu carbonated dike, matrix

19 C-17 Bogosu least-aitered mafic dike, matrix material

20 C-17 Bogosu least-altered mafic dike, carbonate vein

21 BS-84#16 Bogosu greywacke-turbidite bed, clastic base

22 BS-84#16 Bogosu greywacke-turbidite bed, moderately graphitic

23 BS-84#16 Bogosu greywacke-turbidite bed, graphitic top of bed

24 BS-2 Bogosu turbidite, moderately sheared, quartz-carbonate vein materiat
26 BS-2 Bogosu turbidite, moderately sheared, matrix material

27 pP-37 Prestea carbonated dike

23 OMm-7 Bogosu graphitic crush zone ore

29 P-82 Prestea carbonated dike

30 CH-162-113 Bogosu greywacke-turbidite, finely !aminated ore

31 C-1sC Bogosu gold-bearing quartz-carbonate veinlet in least-altered dike
33 AGC 16350 Ashanti carbonated dike ore

34 CH-178-167.5 Bogosu graphitic crush zone, moderately sheared

35 C3-208-66.5 Bogosu carbonated dike, sheared

36 C-16 Bogosu ieast-aitered mafic dike, sheared, foliated, pyritic

37 P-28 Prestea carbonated dike ore

38 CH-192.71 Bogosu least-altered mafic dike with carbonate porphyroblasts
39 P-20 Prestea greywacke-turbidite with 2% pyrite

40 CH-178-147 Bogosu greywacke-graphitic crush zone ore

41 DM-10 Bogosu greywacke-turbide, laminated

42 CH-192-101 Bogosu least-altered mafic dike with very fine carbonate fractures
43 CH-180-164 Bogosu carbonated-dike ore

44 CH-180-192 Bogosu carbonated dike

45 P-1A Prestea carbonated dike

48 CH-192-66 5 Bogosu carbonated dike

47 Prestea 27 Prestea carbonated dike ore

48 C3-208-99 Bogosu carbonated dike

49 AGC 16092 Ashanti greywacke turbidite, sheared

50 C-15A Bogosu least-altered dike near gold-bearing quartz-carbonate veinlet
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Appendix 9.2 (continued).

Analysis Location

Sample descriptons

# number District Sample description

5t DM-5 Bogosu crack-seal quartz-v.1» ore

52 AGC 16349 Ashanti phyllite ore

53 AGC 16355 Ashanti turbidite, laminats

54 P-52 Prestea spotted phyllite, ca.Lunate porphyroblasts

55 AGC 16093 Ashanti greywacke-turbidite, laminated

57 CH-174-95 Bogosu phylliite, carbonaceous and laminated

58 C3-208#18 Bogosu least-altered mafic dike, slightly carbonated

59 P-60 Prestea turbidite, carbonaceous and laminated

61 BS-3 Bogosu turbidite

62 DM-3 Bogosu graphitic crush zone ore near contact with carbonatea dike
63 CH-11 Bogosu carbonated dike, sheared

64 AGC 16094 Ashanti turbidite ore

65 AGC 16348 Ashanti carbonated dike ore

66 P-1B Prestea greywacke near contact with carbonated dike

67 C3-224.DO Bogosu carbonated dike ore

68 P-34 Prestea carbonated ultramafic intrusion

69 Prestea 27 Prestea carbonate-aitered dike ore, quartz-vein maternal
70 8S-84-90.5 Bogosu carbonaceous greywacke-turbidite

7 CH-176-92 Bogosu carbonaceous turbidite, sheared

72 DE-200-10 Bogosu graphitic crush zone ore, 5% py + asp

73 DE-200-28 Bogosu graphitic crush zone, < 1% py

74 NK-204-20 Bogosu graphiic crush zone ore, 1-2% py + asp

75 NK-204-9 Bogosu graphitic crush zone ore, silicified, 2-3% py + asp
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