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ABSTRACT

This paper focuses on the geology and geochemistry of the Rhyacian Josephine gold deposit in
northwestern Ghana, where gold is primarily hosted in quartzites, with other lithologies
observed, including granitoids, mafic intrusions, and gneisses. Four deformational events,
Djoo, Djo1, Djoa, and Djps, are observed. D)oo is synonymous with the primary preserved
sedimentary crossbedding in the quarzitic rocks. Gold mineralization within the deposit is
mainly associated with the D;o; NNW-trending dextral and steeply dipping sinusoidal shear
zone. Gold occurs primarily as free gold and invisible gold within the lattices of the
disseminated arsenopyrite along the shear foliation planes of the host rock. The ore body
geometry is 15-40 m wide and strikes 800 m in the NNW direction. Silicification,
sericitization, chloritization, and sulphidation are the main alteration assemblages associated
with the gold mineralization zones within the Josephine deposit. Pathfinder elements for
gold are stibnite, tellurium, sulphur, copper, silver, and Lead.
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Introduction

Northwest Ghana is increasingly becoming an
important metallogenic province for gold, due to
the discovery of various gold camps by Azumah
Resources Limited, namely, the Duri-Basabli,
Doggo-Yagha, Kunche-Bepkong, Butele-Dorimon
(Amponsah et al. 2016b; Nunoo et al. 2022a,
2022b; Amponsah and Forson 2023; Forson and
Amponsah  2023), Josephine-Manwe (Azumah
Resources 2016), Julie (Amponsah et al. 2015;
Amponsah et al. 2016a), Kjersti and Collette gold
camps (Figure 1). Kunche, Bepkong and Julie gold
camps have been developed into a ready to mine
deposits. To date, Azumah Resources Limited has
discovered 2.8 million ounces of gold and is still dis-
covering more due to ongoing systematic scientific
mineral exploration works (Ibaera Capital 2022).
This metallogenic province is important for econ-
omic and scientific reasons. It is therefore imperative
to understand the less-known deposits in this metal-
logenic region as means of discovering new targets
and increase the gold inventory in the area. The
results will also serve as a useful guide for further
exploration of gold in green field areas in this metal-
logenic province. Thus, understanding the geology
and geochemistry of the Josephine deposit which is
one of the less-known deposits, with inferred Au

resources of 69,000 oz; (Azumah Resources 2016)
and owned by Azumah Resources in NW Ghana
can be considered as critical in the development
and advancement of the deposit as well as the gold
mineralisation systematics in the province.

The Josephine deposit is located in the Paleopro-
terozoic Birimian terrane and gold mineralisation
associated with this terrane is linked to orogenic-
type deposits (Milési et al. 1992; Béziat et al
2008; Hammond et al. 2011; Lawrence et al. 2013;
Treloar et al. 2015; Augustin and Gaboury 2019;
Tourigny et al. 2019). Thus, the deposit formed in
an accretionary and collisional settings (Abouchami
et al. 1990; Leube et al. 1990; Baratoux et al. 2011;
Grenholm et al. 2019) and found within rocks that
have experienced varying degrees of metamorphism
and tectonic deformation (Groves et al. 1998; Gold-
farb et al. 2001; Groves et al. 2020). The Birimian is
also characterised by volcanic activity and analo-
gous to an archipelago-like setting with arcs and
basins (Grenholm et al. 2019). The primary objec-
tive of this research is to provide details of the geo-
logical aspects of the Josephine gold deposit in NW
Ghana, the alteration geochemistry, and the style of
the gold mineralisation. The results will be com-
pared to other deposits studied in NW Ghana.
This will in turn aid in the exploration and target-
ing process of newer green fields in NW Ghana.

CONTACT Prince Ofori Amponsah @ pamponsah@ug.edu.gh @ School of Physical and Mathematical Sciences, Department of Earth Science, University
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Figure 1. Map of the northern part of Ghana showing Azumah permits which includes the Josephine PL (the red rectangular box;

(a), and their location on the insert Ghana map (b) (after Azum

Geological setting

The Eburnean orogeny is characterised as a succession
of diverse stages of magmatic activities, tectonic move-
ments, and metamorphic processes that resulted in the
creation and establishment of the Paleoproterozoic
Birimian region situated to the east of the Archaean-
age Kenema-Man region within the southern part of
the West African Craton (sWAC; Figure 2) (Jessell
et al. 2012; Salvi et al. 2016; Diatta et al. 2017; McFar-
lane et al. 2019; Forson et al. 2020, 2021; Masurel et al.
2022; Amponsah et al. 2023). The Birimian straddles
countries like Mali, Ivory Coast, Ghana, Niger, Senegal
and Burkina Faso. Architecturally, the Birimian in
Ghana is made up of five northeast-southwest trend-
ing greenstone belts (Amponsah 2012; Perrouty et al.
2012; Nunoo et al. 2016; Forson et al. 2022, 2023;
Agra et al. 2023) as well as a north-south oriented

ah resource limited, 2015).

greenstone belt (Amponsah et al. 2015; Amponsah
et al. 2016a, 2016b; Asiedu et al. 2019; Sapah et al.
2020; Nunoo et al. 2022a, 2022b), with intervening
basins (Amponsah 2016a; Davis et al. 1994). The
Wa-Lawra belt in Ghana, which runs in a north-
south direction, forms a segment of the broader Bor-
omo belt that stretches northward into Burkina Faso
(Baratoux et al. 2011; Block et al. 2016; Feng et al.
2018, 2019).

Block et al. (2016) described the geology of north-
west Ghana to be made up of two distinct cratonic
blocks (the western block dominated by a north-
south structural trend and the eastern block domi-
nated by a northeast-southwest structural trend)
that converge within a tangential intersection in
northwest Ghana. The western block, influenced by
a north-south structural alignment, is characterised
by the presence of the Wa-Lawra belt. The eastern
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Figure 2. Simplified map of Africa and simplified geological map of the Leo-Man shield Also shown is an insert of the map of Africa
showing the location of the Birimian domain of the West African Craton (modified after Milési et al. 2004).

block is made up of three distinct areas: Koudou-
gou-Tumu terrane, Julie belt, and Bole-Bulenga ter-
rane. (Figure 3). The Wa-Lawra belt consists of
sediments, including greywackes, volcano-sediments,
shales, greywacke, and volcano-sediments, that have
undergone regional metamorphism and deformation
around 2139+2 Ma (Amponsah et al. 2015; Block
et al. 2015) and early syntectonic (2212+1 Ma to
2153 + 4 Ma); (Duodu 2009; Sakyi et al. 2014) gran-
itoid intrusions. Intruding these rocks are late 2104
+4 Ma granitoids, that appear to be relatively
undeformed.

The Koudougou-Tumu terrane is composed of
granitoids as well as high-grade gneisses formed
approximately 2187 £ 3 Ma, is positioned adjacent to
the Wa-Lawra belt through the north-northwest
trending Jirapa and Jang faults (Duodu 2009; Sakyi
et al. 2014) and gneisses as well as gabbro with
approximate ages between 2162 + 1 Ma and 2134 Ma
gneisses. These rocks were intruded by 2128 Ma late
granite with porphyritic texture. (Duodu 2009;
Amponsah et al. 2015) and amphibolite metamorphic
facies (Block et al. 2016).

The Julie belt as well as the Bole-Bulenga domain
are situated southwards of the Koudougou-Tumu ter-
rane. Within the Julie belt, there are metamorphosed
basalts, rhyolite volcano-sedimentary rocks, and
TTGs (tonalite-trondhjemite-granodiorite) exhibiting

granodioritic characteristics, all of which have under-
gone metamorphism to the greenschist facies
(Amponsah et al. 2015; Block et al. 2015) determined
an age of 2129+7 Ma in the volcaniclastics rocks
(Agyei-Duodu et al. 2009). Bole-Bulenga consist
mainly of high-grade paragneisses are intruded by
orthogneisses, with crystallization ages spanning
from 2195Ma to 2135 Ma. Towards the south, both
Bole-Bulenga domain and the Julie belt are adjacent
to the Bole-Nangodi shear zone. This crustal-scale
shear zone extends in a northeast-southwest direction
along the boundary of the Wa-Lawra belt and the
Koudougou-Tumu domain (Block et al. 2015). The
Bole-Nangondi belt consists mainly of granites, shales,
volcaniclastics, and gneisses that have ages of crystal-
lization varying from around 2196 +1 Ma to 2118 +
3 Ma (Duodu 2009; De Kock et al. 2011).

Baratoux et al. (2011) and Block et al. (2016)
described a polycyclic structural setting for NW
Ghana. These authors recognised and defined seven
deformational events (denoted D1 to D7). Defor-
mation episodes D1-D3 took place between 2144
and 2110 Ma. D1 is characterised by a north-south
compressive event resulting in the east-west trending
nappes of the Julie belt. D2 is typified by a gravita-
tional collapse responsible for the north-south exten-
sion fabrics which essentially brought together the low
as well as the high-grade rocks. D3 and D4 are
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Figure 3. Simplified regional lithological map of the Paleoproterozoic Birimian of Northwest Ghana (modified after Block et al.

2015). Shown in the red insert is the study area.

characterised by a north-south structural stretching
with localised dilatational jogs. D5 is associated with
the reactivation of inherited structures that resulted
in varying generations of shear zones. The late E-W
brittle deformation in the region is indicative of a
D6-D7 deformational episode.

Methodology

To provide a comprehensive account of the geology
and alteration geochemistry of the Josephine deposit,
a systematic geological field mapping was conducted
at a scale of 1:50,000. This mapping considered var-
ious factors such as lithology, ore minerals, alterations,
tectonic and structural characteristics including folds,
foliation, lineation, kinematic indicators, and other
relevant petrofabric parameters. Borehole data includ-
ing reverse circulation (RC) data and diamond core
data (DD) were also logged.

The samples collected from the field mapping work
were first analysed in hand specimen and then micro-
scopically from standard thin section with the Leica
DM750P petrographic microscope a fitted with
AmScope Digital camera at the Department of Earth

Science, University of Ghana. Mineralised samples
analysed with a scanning electron microscope (Zeiss
EVO MA15 SEM) together with an energy dispersive
X-ray spectrometer (Bruker Nano GmbH) and an
XFlash Detector 610M at the geological engineering
laboratory, University of Mines and Technology,
Tarkwa, Ghana.

Also, 10 samples (5 altered and 5 unaltered) were
selected for the purpose of whole-rock geochemical
analysis at the ALS laboratory in Canada. The result
was used to evaluate quantitatively the chemical losses
and gains during the alteration process in the Jose-
phine deposit. The composition of major oxides and
trace-elements were used for the evaluation (Isocon
analyses after Grant (1986)). The Grant (1986) isocon
technique assesses substantial changes in composition,
mass, and volume. The mass, volume and compo-
sitional variations were calculated using the EASY-
GRESGRANT MS-Excel sheet and procedures as
described in Lopez-Moro (2012).

The geological mapping data were integrated with
aeromagnetic and electromagnetic data to produce
maps for the study area (Figure 5). The different struc-
tural plots were generated using the stereo-net



software (version 11.50) (Cardozo and Allmendinger
2013).

Results
Deposit scale geology

This covers rocks that characterise the Josephine
deposit, the deformational episodes experienced by
the lithologies, alteration haloes, ore geometry and
characterisation. Other aspects include ore mineralogy
and mass-balance considerations from isocon analysis.
Such details are valuable to establish the structural
linkage to gold mineralisation, the host sulphide min-
eral, and the associated alteration. Rocks encountered
on the Josephine deposit are granitoids, quartzites,
dolerite sill and gneisses.

Petrography

Petrographically, the granitoids can be categorised
into three types. These are granodiorite, granite, and
diorite. The granodiorite is phaneritic, leucocratic
and mineralogically composed of plagioclase (35%),
orthoclase (20%), and quartz (20%), with a minor
amount of magnetite as accessory minerals (Figure 4
(a)). Microscopically, the granodiorite exhibits holo-
crystalline and hypidiomorphic-granular texture
(Figure 4(b)). The granite is also phaneritic, leuco-
cratic and composed of quartz (65%), plagioclase
(20%), orthoclase (10%), muscovite and sulphides as
accessory mineral. They are also holocrystalline and
possess hypidiomorphic-granular textures (Figure 4
(c) and (d)). The dolerite is mesocratic, has a phaneri-
tic texture and composed of plagioclase (30%), quartz
(15%), hornblende (20%), biotite (15%) with pyrite
and muscovite as accessory mineral. They exhibit
shearing and veining. In thin section, the texture of
the diorite is allotriomorphic, granular, and it is also
holocrystalline (Figure 4(e) and (f)).

The quartzites are grey, medium grained, contain
preserved tabular cross stratification and where there
is intense shearing, they exhibit schistose textures.
Mineralogically, the quartzite contains quartz (95%),
k-feldspar (2%), and traces of plagioclase, biotite,
and chlorite. Where the rocks have experienced
intense shearing, biotite and muscovite tends to
grow along the schistose planes. In thin section, the
quartzite shows varying textures including porphyro-
blastic, poikiloblastic and schistose texture (Figure 4
(g) and (h)).

The dolerites are dark green in colour, fine to med-
ium grained, mostly sheared, highly magnetic and
composed of plagioclase (40%), amphibole (15%), pyr-
oxene (20%) and chlorite (4%) with quartz (15%) and
magnetite as accessory minerals. Quartzo-feldspathic
veining was also observed in the dolerite. Micro-
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textural analysis revealed that the dolerite is hypo-
crystalline and sheared, as exemplified by the
elongation of minerals (Figure 4(i) and (j)), with pla-
gioclase showing sub-ophitic and lath-shaped textures.

The gneisses have alternating leucocratic and mela-
nocratic colours as a result of obvious typomorphic
textures. They are coarse grained and generally com-
posed of biotite (15%), plagioclase (20%), K-feldspar
(25%), quartz (30%), amphibole (3%), with minor
chlorite (2%) and magnetite (2%) as accessory min-
eral. Under thin section, biotite appears elongated
and is surrounded by plagioclase (Figure 4(k) and (1)).

Structural features and deformation

The structural features of rocks of the Josephine
deposit (Figure 5) are interpreted to be indicative of
four deformational regimes (Djoo, Djo1, Djo, and
Djos3). The deformation represents a progressive
brittle-ductile deformation.

DJO, deformational regime

Within the Josephine deposit, Djog is connected to a
Sjoo that exhibits a shallow-to-steep dipping pattern.
This Sjoq is characterised by the presence of preserved
planar/tabular cross-stratigraphic layering found
specifically within the quartzites. The quartzites are
observed within the central portion of the study area
(Manwe). The general bedding (S;00) trend is NW-
SE with steep dips in the NE direction as shown in
the field photograph and Schmidt plot in Figure 6(a)
and (b) respectively below.

DJO, deformational regime

Djo; deformational event is the dominant deforma-
tional event in the study area. It has affected almost
all the rocks within the study area. Djo, is linked to
steeper NNW trending 40 km shear zone with a gen-
eral NE-dipping sequence. This shear zone is defined
by a right-stepping relay or dilatational jogs with a
dextral sense of movement as well as right lateral faults
(Riedel shear) that inclines gently into the main S0
shear foliation. This deformational regime is also
linked with a shallow to steeply dipping Sjo; shear foli-
ation known as right-stepping relay or sinusoidal
shear bend (dilatational jogs), parallel to the S;o0 bed-
ding with lineation (L;;0;) plunging down-dip (Figure
7(a) and (b)). This shallow-steep dips on the shear
zone defines a hanging and a foot wall sequence on
the shear zone. The steep dips are the footwall, and
the shallow dips are the hanging wall. S0, foliation
has a top-to-the-NE kinematic indicators with down-
dip plunging lineation. S;o; shear foliation is defined
by the axial planes of the Fjo, isoclinal folds striking
in the NW-SE direction with steep dips to the NE
direction (Figure 7(c) and (d)).
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Figure 4. Field photos and corresponding photomicrographs of the Josephine deposit. (a and b) field photograph and photo-
micrograph of granodiorite showing hypidiomorphic-granular texture (cross polars) (c and d) field photograph and photomicro-
graph of granite (e and f) field photograph and photomicrograph of diorite (g and h) field photograph and photomicrograph
showing strongly folded quartzite and porphyroblastic and poikiloblastic texture (cross polars) in quartzite respectively (i) field
photograph of sheared dolerite, (j) photomicrograph of dolerite showing mineral elongation, indicative of shearing (cross polars),
(k) field photograph of gneiss, (I) photomicrograph of gneiss (cross polars). Qz = quartz, Pl = plagioclase, Amp = amphibole, Kfs =
K-feldspar, Bt = biotite, Pl = plagioclase, Px = pyroxene, Cpx = Clinopyroxene, Opx = Orthopyroxene, Chl = chlorite, Bt = biotite,
Opqg = opaque mineral, Apy = arsenopyrite, Py = pyrite, Hbl = hornblende, ms = microcline, and Ser = sericite. Mineral abbrevi-

ation is from Whitney and Evans (2010).

D,o, deformational regime

Djo; is associated to a NE-SW striking foliation (Syop;
Figure 8(a) and (b)) whose dips ranges from 40° to 70°
to the north-west and has a stretching lineation (Ljo,)
trending NE-SW (Ljo,, plunging to N250-350) which
plunges (40-70°) down-dip. Djo, is also defined by
Fjo, open folds (Figure 8(a)). These could be seen in
the meta-sedimentary rocks and granitoid intrusions.
In the field, there is no observable overprinting
relationships between Djo; and Dy, structures.

D,o3 deformational regime

The final stage of deformation Djo; in the Josephine
deposit is a brittle-ductile deformation which is associ-
ated with NNE-SSW §;0; foliation (schistose cleavage),
and dextral faulting (Figure 9(a) and (b)). Within the
southern part of the study area, where high-grade
metamorphic rocks such as garnetiferous quarzitic
schist are present, S;o3 develops a pervasive foliation
that aligns with ptygmatic Fjo; folds (see Figure 10
(a) and (b)). Djos is linked to an overlying meta-
morphic event characterised by amphibolite facies con-
ditions. The fabrics, structural features, and isograds
formed during Djo; and Djo, are subsequently
modified by the deformation associated with Djos,

indicating a consistent E-W directed horizontal con-
traction. In the northwest portion of the Josephine
deposits, E-W oriented spaced cleavages have been
observed within the granitoid (refer to Figure 10(d)).

Alteration

In the Josephine gold deposit, mineral alteration could
be observed in both outcrops and drill cores. The diag-
nostic features of the altered zone which make it easily
distinguishable from the unaltered zone is the bleach-
ing of the rock (due to the intense silicification associ-
ated with the mineralised zone) as well as its mineral
constituents.

Typically, some altered rocks tend to be greenish in
colour and very hard. The mineral assemblage linked to
the altered (mineralised) zone include chlorite + sul-
phides + sericite + quartz (silicification) (Figure 11 and
12). These alteration assemblages bleach the rock giving
itan overall light greenish colouration. Minerals such as
feldspars and micas also alter into sericite (sericitiza-
tion). The sulphides present in the altered zone are
arsenopyrite, pyrite, and chalcopyrite, with the arseno-
pyrite being dominant (usually 3-5% intensity within
the mineralised zone) and exist as disseminated grains.
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Ore body geometry and characteristic

The orebody within the Josephine deposit is generally
steeper, associated with NNW (clockwise) trending
Sjo1 shear zone within a general NE-dipping sequence.
This is interpreted as a right-stepping relay or sinusoi-
dal shear bend. The mineralised zone is about 15 to 40
m wide and 800 m long. It occurs within a 20-120 m
thick alteration zone (Figure 12). The alteration min-
eral assemblage responsible for the mineralisation is
quartz + chlorite + sericite + sulphide while alteration
mineral assemblage of chlorite + hematite + sericite +
magnetite appears to be ubiquitous across the whole
study area.

The mineralisation observed at the Josephine
deposit does not exhibit significant veining. Instead,
there are minor occurrences of stringers and grey
quartz veins in the drill core, which appear to have
formed prior to the main stages of deformation and
metamorphism.

Ore mineralogy

Analysing the texture of sulphide minerals plays a cru-
cial role in obtaining significant information and
insights regarding the source, history, and feasibility
of deposits, as well as identifying potential challenges



8 (&) F.ATANGAETAL.

Figure 6. Field photographs and stereoplots showing structures in Josephine deposit. (a) Field photograph illustrating preserved
sedimentary layering (cross bedding) and (b) an inserted Schmidt plot showing the general trend of the beds.

in mineral processing. In the Josephine deposit, quart-
zite is the only mineralised rock. From the ore petro-
graphic analysis of sulphides in the quartzites, it is
observed that disseminated arsenopyrite (Figure 13
(a)), chalcopyrite and pyrite (sulphides) were observed
in the Josephine deposit with arsenopyrite being the
only ore bearing sulphide. They occur along the foli-
ations in the altered rocks and are associated with
the silicified zones. Arsenopyrite is the most dominant
and frequently occurring sulphide. It is typically

coarse grained, shows zoning, whitish in colour
(SEM images), euhedral and has a rhombic crystal
shape. Chalcopyrite on the other hand grows on the
arsenopyrite (Figure 13(c)).

By combining SEM image analysis, field observation,
and petrographic analysis, it has been determined that
the presence of mineralisation of gold in the Josephine
deposit is closely linked to the occurrence of arsenopyr-
ite. The gold is observed as disseminated inclusions
within the arsenopyrite. (Figure 13(b,d)).

Figure 7. Field photographs and stereoplots showing structures in Josephine deposit. (a, b) field photographs showing S;o; foli-
ation and boudins indicating the top-to-the-NE kinematic indicator and dextral sense of movement (c) F,o; isoclinal folds defining
the Sjo; foliation and (d) an inserted Schmidt plot showing the general dip and trend of the S,o; foliation.
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Figure 8. Field photographs and stereoplots showing structures in Josephine deposit. (a) Field photographs illustrating the
relationship between S5, and S, foliation; S,o, foliation is defined by F,, open fold (b) inserted Schmidt plot showing the gen-

eral dips and trend of the S,o, foliations.

Isocon analysis (mass-balance considerations)

Grant (1986) developed the Tsocon’ graph as an easy
solution to Gresens (1967) equation for analysing
changes in volume and concentration in metasomatic
alteration. This method was applied in the study of
hydrothermal mineralization (Grant 1986). One can
visually represent this by graphing the altered compo-
sition against the original composition, without sub-
stantial data manipulation. The ‘Tsocon’ refers to a
straight line through the origin, which represent
species unaffected or immobile throughout the pro-
cess. The alteration of mineralised rocks (quartzites)
during the hydrothermal process was assessed by
quantitatively evaluating the chemical gains and
losses. This evaluation utilised whole-rock major-
oxide and trace-element compositions (Table 1).

To better understand the extent of alteration, sig-
nificant changes in composition, mass, and volume
were assessed using the Gresens-Grant isocon
approach (Gresens 1967; Grant 1986, 2005) (Figure

14). The modified EASYGRESGRANT Microsoft
-Excel programme made available by Lopez-Moro
(2012), updated in 2021, was employed to compare
average compositions of the least altered zones with
average samples from the altered zones. This approach
was applied to analyse the differences between the two
sets of samples. Immobile elements (e.g. zirconium
(Zr), hafnium (Hf), dysprosium (Dy) and holmium
(Ho)) were used as the reference frame for the analy-
sis. The elements were chosen because it is unlikely to
be mobile during hydrothermal alteration (Grant
2005).

The analysis revealed that mass was largely retained
during the alteration process (Figure 14). The elements
gained in the process are Au, As, Te, S, Cu, Ag, Sm, Ce
and Ta. For the major oxides, AL,O; and MnO were
constant in the system, SiO,, Na,O, K,O and CaO
were added to the system, and Fe,O3;, MgO and TiO,,
were leached from the system. Table 2 below is a sum-
mary of the chemical gains and losses in the system.

Figure 9. (a, b) Field photographs illustrating dextral faulting associated with the final stage of deformation, D;os.
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Figure 10. (a, b) Field photographs illustrating ptygmatic folding interpreted to represent the third generation of folding associ-
ated with D,o; deformation, (c) inserted Schmidt plots illustrating the dip and trend of S5 foliation and (d) E-W space cleavages
formed as a result of E-W directed horizontal contraction observed in the granitoid associated with D,o3; deformation.

Figure 11. Photomicrograph showing the alteration mineral assemblage in the ore zone. (a) Shows the alteration mineral assem-
blage of quartz, chlorite and arsenopyrite with minor biotite (b) shows alteration mineral assemblage of quartz, sericite and
arsenopyrite with minor micas.
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Figure 12. Cross-section (looking east) of the Josephine deposit along 576,450 mE showing the main ore body, along the NNW
dextral D,o; shear dipping 70°-80° NE. High-grade mineralisation is restricted to 15-40 m thick alteration zone with alteration
mineral assemblage of quartz + chlorite + sericite + sulphides.

Figure 13. SEM images of arsenopyrites in the Josephine deposit (a) disseminated arsenopyrite (b) gold occurrence in arsenopyr-
ite (c) growth of chalcopyrite on arsenopyrite and (d) irregular sector zoning in arsenopyrite. Au = gold, Cu = copper, Ccp = chal-
copyrite. Mineral abbreviation is from Whitney and Evans (2010).
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Table 1. Major and trace element analytical data of the mineralised quartzites in the Josephine deposit.

Altered samples

Unaltered samples

Sample J0o1 J003 J004 Joo8 JO02 Joo7 J009 J010 J005
Wt-%
S0, 60.1 69.8 59.9 72 75 755 749 724 779
Al,05 16.35 15.45 16.2 13.2 12,65 13.95 10.7 11.95 153 10.55
Fe,0; 6.92 4.93 6.22 6.01 3.44 481 6.39 5.18 255 437
Ca0 419 197 5.01 177 2.84 21 1.87 1.54 2.03 148
MgO 3.22 151 2.75 187 155 035 1.09 0.55 0.51
Na,0 422 3.43 4.48 3.01 2.52 4.69 448 4.94 4.92
K0 2.81 275 2.16 2.08 1.04 261 0.99 144 265 0.54
Cr,05 0.07 0.06 0.03 0.07 0.09 0.07 0.08 0.08 0.07 0.08
TiO, 0.72 0.65 0.75 0.6 0.28 0.57 0.49 0.32 0.44 0.22
MnO 0.09 0.09 0.09 0.04 0.05 0.08 0.11 0.1 0.02 0.07
P,0s 0.29 0.12 0.31 0.12 0.08 0.07 0.06 0.07 0.14 0.03
S10 0.09 0.06 0.1 0.04 0.06 0.05 0.01 0.01 0.1 0.02
BaO 0.09 0.10 0.10 0.06 0.07 0.08 0.03 0.05 0.14 0.03
Lol 2.50 1.02 1.83 1.01 1.09 0.92 0.51 0.56 0.40 0.11
Total 101.66 101.94 100.03 101.88 101.11 100.88 101.78 101.77 101.73 100.83
ppm
Ag 130 0.60 0.50 120 0.80 0.50 0.50 0.40 0.60 0.40
As 10.50 9.62 5.60 11.00 9.82 3.62 3.10 3.82 3.62 4.10
Au 2.20 0.82 410 3.40 0.86 0.06 0.04 0.05 0.02 0.05
Ba 774.00 890.00 820.00 525.00 563.00 695.00 259.00 457.00 1220.00 286.00
cd 0.40 0.40 0.50 0.50 0.40 0.50 0.50 0.30 0.50 0.40
Ce 68.50 48.00 64.80 48.90 68.00 4550 186.00 93.10 79.70 67.50
Co 11.00 10.50 16.00 12,00 11.00 14.00 15.50 15.00 14.00 12.00
Cr 480.00 460.00 170.00 480.00 670.00 500.00 600.00 550.00 520.00 620.00
Cs 3.58 5.82 3.94 3.66 9.67 0.73 2.74 219 047
Cu 26.00 23.00 28.00 38.00 26.00 10.00 9.50 8.00 9.50 11.00
Dy 2.75 2.69 2.72 251 179 2.34 2140 16.45 1.00 14.45
Er 157 1.44 128 161 0.94 138 13.40 11.20 0.24 8.72
Eu 139 1.05 162 1.06 1.10 0.95 2.96 2.57 125 2.64
Ga 20.30 17.10 19.00 13.80 14.80 13.80 20.00 24.40 20.70 18.90
Gd 3.89 3.10 4.04 3.03 2.59 2.68 19.30 14.45 2.84 13.05
Hf 3.80 5.80 3.70 420 2.80 3.50 19.70 11.00 5.10 10.50
Ho 0.53 0.53 0.49 0.48 0.34 048 4.44 3.65 0.13 2.98
La 31.10 23.20 27.90 23.40 35.00 21.10 73.70 39.10 3730 28.10
Li 0.50 0.60 0.50 0.52 0.50 12.00 15.00 18.00 11.00 15.00
Lu 0.22 0.24 0.19 0.22 0.20 1.98 177 0.03 115
Mo 0.60 2.20 3.40 0.50 3.40 3.60 410 3.20 3.10 0.80
Nb 490 5.40 430 450 410 4.80 31.20 18.40 3.90 14.00
Nd 34.60 20.90 32.10 20.60 25.00 19.70 85.20 52.60 3430 42.80
Ni 28.00 26.00 36.00 34.00 16.00 34.00 36.00 18.00 16.00 22.00
Pb 6.80 6.40 14.00 16.00 11.00 11.00 10.50 11.00 12.00 9.50
Pr 8.74 5.45 8.13 557 7.7 5.27 21.40 1240 9.30 9.55
Rb 79.20 7220 49.70 64.80 52.90 75.40 20.40 51.20 58.10 4.20
S 0.22 0.25 0.28 0.30 . 0.08 0.06 0.12 0.08 0.09
sb 8.24 6.22 18.20 16.50 3.00 0.05 0.11 0.08 0.12 0.12
Sc 11.00 10.50 12.00 10.00 10.50 12.00 11.00 10.50 9.00 9.50
Se 0.82 0.62 0.48 0.42 0.42 0.44 0.46 045 0.46 045
Sm 5.86 3.89 5.97 3.79 3.97 3.73 19.30 1335 5.16 11.40
Sn 1.00 1.00 1.00 1.00 2,00 1.00 6.00 4.00 1.00 3.00
Sr 781.00 571.00 855.00 400.00 520.00 475.00 120.00 71.00 876.00 148.50
Ta 0.30 0.40 0.20 0.30 0.40 0.30 2.00 120 0.20 0.90
Tb 0.50 0.44 0.50 043 : 041 3.28 2.50 0.25 2.23
Te 6.20 6.20 6.50 7.10 6.60 0.04 0.05 0.05 0.02 0.02
Th 1.16 5.24 1.01 3.84 . 3.61 8.66 4.85 2.88 1.66
Tm 0.21 0.22 0.19 0.23 0.12 0.20 2.03 1.68 0.03 130
u 0.28 156 0.44 123 : 130 1.88 150 0.85 0.53
v 144.00 115.00 112.00 118.00 73.00 89.00 25.00 20.00 36.00 19.00
w 1.00 11.00 5.00 2,00 1.00 3.00 4.00 1.00 <1 <1
Y 14.70 14.80 13.40 13.60 9.40 12.10 119.00 99.50 3.80 80.40
Yb 145 148 125 147 0.87 131 12,90 11.05 0.16 7.98
zr 146.00 224.00 157.00 164.00 101.00 132.00 825.00 440.00 199.00 427.00
Zn 62.00 55.71 65.00 57.60 65.00 69.10 72.00 77.20 71.20 75.00
Discussion et al. 2015) within the Julie belt. The quartzites are
. intruded by granite batholiths and dolerite (Figure
Metamorphism

The principal lithologies of the Josephine gold deposit
includes granitoids, quartzite, dolerite and gneiss
which have undergone variable deformation and
metamorphism congruent with the works of Block
et al. (2015) in the Bulenga terrane and (Amponsah

15).

Metamorphism within the study area is mainly in
the greenschist facies regime defined by quartz +
chlorite + magnetite mineral assemblage with occur-
rence of micas in the quartzites, in accordance with
the observation of Block et al. (2015). In the
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the main ore zone. (b) Shows a close-up of the red insert in (a).

southeastern portion of the study area, amphibolite
facies metamorphism is marked by the occurrence of
garnet observed in the quartzites, particularly at the
contacts with the granite batholith and dolerite. The
mineralised quartzites in the southern part of the
study area has experienced retrograde metamorphism
as some of the unmineralised quartzite has garnets as a
major composition.

Situating the local structure into the regional
structural context

Based on the structural analysis from both field
mapping and drill cores, four localised deforma-
tional regimes have been identified in the Josephine
deposit, herein named as Djoo, Djo1, Djo. and
Djos. Djo1 which is the first episode of defor-
mation, is noticeable by a top-to-the-NE shallow-
to steeply dipping S;o; penetrative shear foliation
(NW-SE trending) defined by an Fjo; isoclinal
fold and parallel to the stratigraphic layering
(Dyoo). This deformational event correlates with
the regional D; deformational NNE-SSW directed
shortening event described by Baratoux et al
(2011) in the larger Boromo belt which also include
the Wa-Lawra belt. The second deformational event
(Dyoz) is defined by a NW-SE compression result-
ing into the formation of Fjo, folds (mostly open
folds), with foliation parallel to the axial plane of
the Fjo, folds and generally dips at an angle
between 40° and 70°. It correlates with the regional
D, described by Baratoux et al. (2011).

The final stage of deformation is the Djos It is
brittle-ductile deformation associated with an NNE-
SSW §;0; foliation (schistose cleavage), and dextral
faulting. Folds in the form of ptygmatic folds and
space cleavages, both of which formed as a result of a
more E-W directed contraction was observed. This
deformational regime correlates with regional Dy and
D; deformational event as interpretated by Block

et al. (2015) for the Birimian in northwest Ghana
and Baratoux et al. (2011) for the Boromo belt respect-
ively. The shear fabrics associated with the defor-
mation in the Josephine deposit is indicative of
coaxial deformation. This means that the deformation
is non-rigid and progressive (from Djo,; to Djo3).

The brittle-ductile nature of the deformation
implies that the maximum depth and temperature of
deformation is about 10-25 km and 500°C respect-
ively. Table 3 summarises the correlation between
the local deformation events in the Josephine deposit
and the regional events described by Block et al.
(2015) and Baratoux et al. (2011).

Structural and alteration controls on gold
mineralisation in the Josephine deposit

Structural controls on mineralisation

The gold mineralisation within Josephine deposit is
directly associated with the shallow-to-steeply dipping
dextral shear foliation (thus, the Djo; deformational
event). The ore zone is characterised by a shear zone
which exhibit both shallow and steeply (subvertical
to vertical) dipping penetrative shear fabric which
gives an indication of a footwall and a hanging wall
relationship. The hanging wall is defined by shallow
dips and the foot wall shows steep dips in the miner-
alisation zone. The fault plane acts as the plumbing or
fluid pathway for the gold-bearing fluid to precipitate
within the shear zone.

Mineralisation within the Josephine deposit is not
linked with strong veining but well associated with
the alteration (silicification bleaching), however,
minor veinlets observed in the mineralisation zone
in rock outcrops and in drill cores are significantly
mineralised. In general, the mineralised zone seems
to be associated with a steeper more NNW trending
zone within the generally NE-dipping sequence. This
is interpreted as a right-stepping relay or sinusoidal
shear bend as indicated by the shallow-to-steep dips
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Table 2. Whole-rock geochemical data from the alteration zone in the quartzites used for the isocon calculations.

Alteration (mineralised zone)

Least altered

Number of samples 5 Gain/loss in wt-% or ppm ACi/Co 5

Average

(Ci_Ai) 1o Mass gain/loss Average (Co) 10

Mineralised Unaltered

Oxides (g/100g™")
Si0, 75.90 3.20 34.11 65.10 5.53
Al,03 12.65 0.12 2.58 13.95 0.20
Fe,03 344 0.01 -0.31 4.81 0.73
Ca0 2.84 0.32 1.61 2.10 0.43
MgO 0.41 0.05 —2.66 3.20 1.13
Na,O0 3.31 0.55 1.81 2.52 1.25
K,0 2.61 0.03 0.34 1.74 1.32
Cr,03 0.09 0.01 0.05 0.07 0.01
Tio, 0.28 0.02 -0.20 0.57 0.27
MnO 0.05 0.01 —0.01 0.08 0.02
P,0s 0.08 0.04 0.03 0.07 0.03
SrO 0.06 0.03 0.03 0.05 0.02
BaO 0.07 0.01 0.01 0.08 0.02
Trace elements (1003g/100g™")
Ag 1.50 0.30 0.55 0.50 0.20
As 9.82 0.01 9.22 3.62 1.03
Au 3.50 0.01 1.06 0.06 0.01
Ba 563.00 16.00 40.90 695.00 54.00
cd 0.40 0.03 0.02 0.50 0.31
Ce 68.00 4.20 43.38 45.50 7.34
Co 11.00 3.20 0.38 14.00 3.41
Cr 670.00 106.00 375.76 500.00 89.00
Cs 411 0.23 —4.30 9.67 1.62
Cu 26.00 2.00 23.98 10.00 3.00
Dy 1.79 0.12 0.00 2.34 0.24
Er 0.94 0.05 -0.15 1.38 0.51
Eu 1.10 0.11 0.49 0.95 0.07
Ga 14.80 2.20 5.55 13.80 3.54
Gd 259 1.10 0.71 2.68 1.07
Hf 2.80 0.24 0.16 3.50 1.71
Ho 0.34 0.10 —0.04 0.48 0.12
La 35.00 2.55 24.65 21.10 5.20
Li 0.50 0.00 —11.35 12.00 4.00
Lu 0.15 0.04 0.00 0.20 0.03
Mo 3.40 1.01 0.84 3.60 0.42
Nb 4.10 0.32 0.56 4.80 0.56
Nd 25.00 3.12 12.98 19.70 3.4
Ni 16.00 3.00 —13.09 34.00 6.00
Pb 11.00 2.12 3.38 11.00 2.00
Pr 7.17 1.43 410 5.27 0.91
Rb 52.90 553 —6.25 75.40 12.10
S 0.23 0.06 0.22 0.08 0.00
Sb 3.00 0.72 3.87 0.05 0.00
Sc 10.50 4.10 1.72 12.00 3.00
Se 0.42 0.08 0.11 0.44 0.04
Sm 3.97 1.30 1.46 3.73 0.14
Sn 2.00 0.63 1.61 1.00 0.00
Sr 520.00 115.70 204.69 475.00 27.00
Ta 0.40 0.01 0.22 0.30 0.04
Tb 0.33 0.00 0.02 0.41 0.02
Te 6.60 1.60 8.59 0.04 0.00
Th 6.25 0.54 4.56 3.61 0.50
Tm 0.12 0.03 —0.04 0.20 0.03
U 1.63 0.52 0.83 1.30 0.60
Vv 73.00 13.00 6.42 89.00 7.00
W 1.00 0.12 -1.69 3.00 1.00
Y 9.40 1.40 0.19 12.10 2.20
Yb 0.87 0.30 -0.17 1.31 0.42
Zr 101.00 9.34 0.02 132.00 29.00
Density g/cm3 3.77 3.74

Notes: Ci_Ai = average concentration for alteration. Average of the unaltered samples segment in Table 2 was used to define the least altered sample.

in the mineralised zone. This is described as releasing
bends or dilatational jogs by Groshong (1988) and Sib-
son (1996) respectively. This is compatible with a dex-
tral and thrust movement sense on the Josephine fault
zone. The shear deformation which resulted into
brittle-ductile faulting, permitted the plumbing of
the mineralising fluid, giving rise to the main

dilatational structures and the resultant
mineralisation.

Based on the ongoing discussion, it is clear that the
style of gold mineralisation in the Josephine deposit is
distinct from other known deposits in southern
Ghana, as explained in previous studies by Allibone

et al. (2004) and Feybesse et al. (2006). In those

gold
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Figure 15. Simplified composite map of the Josephine deposit compiled from field data and geophysical data interpretation
showing the lithological units, artisanal pits, and structures from both field measurement and geophysical data.

deposits, the formation of gold is mainly associated
with the later stages of fault activity, where the faults
initially moved in a reverse manner with left-lateral
characteristics before experiencing brittle-ductile
reactivation.

In contrast, gold mineralisation in the Josephine
deposit is associated with an earlier shear zone charac-
terised by dextral and ductile movement with reverse
motion, similar to the Julie deposit interpretated by
Amponsah et al. (2015).

Alteration controls on mineralisation
The quartzites in the mineralised zone have been sig-
nificantly altered, with alteration mineral assemblage

of recrystallized quartz, chlorite, sericite, arsenopyrite,
and occasionally pyrite or chalcopyrite, or a combi-
nation of all. Chlorite and magnetite are ubiquitous
in the study area, but chlorite in the mineralised
zone is extremely intense.

Within the altered mineralised zone, there is a sub-
stantial replacement of magnetite by sulphides. This
alteration mineralogy aligns with the greenschist
metamorphic facies prevalent in the area. The geo-
chemical variations linked to the alteration are
depicted in the isocon graphs presented in Figure 11.
The isocon graph reveals that the alteration process
resulted in an approximate volume increase of
16.59%. Moreover, the alteration was accompanied



16 (&) F.ATANGAETAL.

Table 3. Table comparing the structures observed within the Josephine deposit and that of the regional deformation sequence
proposed by Block (2015) and Baratoux et al. (2011).

Study D, D, Ds D, Ds De
Block (2015)  D1= N-S directed D2= N-S directed D3 =E-W directed D4 = ENE to WSW D5= E-W D6 = E-W brittle
NW Ghana shortening. E-W shortening. S2 shortening and shortening with brittle deformation, tension
penetrative fabric foliation with S3 schistose sinistral strike slip deformation and brittle strike and
(S1) with shallow to moderate dips foliation shearing slip fault
steep dips. Low with plunging
angle thrust lineation down
faulting and folding dip
Baratoux D1=N-NNE D2 consist of steeply D3 consist of crenulation
et al. oriented S1 dipping NNE to ENE cleavages, chevron
(2011) foliation. F1 fold anastomosing shear kink folds, E-W space
Boromo with axial pane zone with dextral cleavages, and the late
belt parallel to S1 characteristics brittle strike slip faults
Josephine Djo1= NE-SW D)oz = NE-SW Djo3= E-W directed
Deposit shortening. trending S0, shortening. Brittle-

Consist of steeply
dipping NE
dextral sinusoidal
shear bend with
Sjo1 shear
foliation and Fjo,
isoclinal fold

foliation defined by

Fj02 open folds.
Lineation plunges

down-dip

ductile deformation
and S;o3 schistose
foliation axial planar to
ptygmatic folds and E-
W space cleavages.

by the introduction of elements such as Au, Te, S, Cu,
Ag, Sb, and Ta, indicating sulfidation, sericitization,
silicification, and chloritization effects on the host
rock. Additionally, variations in Ca, Si, K, Na, Fe,
and Ti were observed, further supporting the influence
of these alteration processes. The expected occurrence
of extra silica in the mineralised area was foreseen
because it indicates the introduction of quartz into
the rock. It is highly probable that the leaching of
iron (Fe) in the mineralised zone was a result of the
significant substitution of magnetite with arsenopyr-
ite. The addition of K in the system is as a result of
the presence of sericite, an altered form of feldspars
and micas. Furthermore, the Au-Sb association seen
in the isocon graph is typical of orogenic Au deposits
with depth of formation and temperature akin to a
shallow crustal levels and relatively low temperatures
(Groves et al. 1998). The significant width of the
zone of alteration implies that there was circulation
of fluids throughout the entire shear zone.

Based on field observations, petrographic analysis,
and scanning electron microscopic (SEM) pictures of
the mineralised quartzites, it was noted that the pres-
ence of gold in the Josephine deposit is linked to the
formation of arsenopyrite. The existence of gold
within arsenopyrite suggests that it was incorporated
into the solid solution during the process of arseno-
pyrite precipitation. This type of association between
gold and arsenopyrite has been documented in various
deposits worldwide (Neumayr et al. 1993; Dalstra et al.
1997; Tarnocai et al. 1997; Genkin et al. 1998; Tom-
kins and Mavrogenes 2001; Yang & Zhou 2001;
Morey et al. 2008; Sung et al. 2009; Fougerouse et al.
2016).

Gold in the Josephine has been identified as
inclusions and free gold within arsenopyrite or occurs

close to it. The small gold inclusions in arsenopyrite are
most likely the result of gold co-precipitation with the
sulphide (Simon et al. 1999; Reich et al. 2005).

The SEM images also shows that most arsenopyr-
ites within the Josephine deposit display indication
of As-S compositional zoning in the form of irregular
sector zoning. The zoning and alteration in the sul-
phides indicates that they were formed during hydro-
thermal alteration processes.

Conclusion

Ensuing from the above discussion on the field obser-
vation, petrographic analysis, structural analysis and
Isocon analysis, the following conclusion can be
made on the Josephine deposit;

1. The gold mineralisation within the Josephine
deposit is mainly associated with Djo; deforma-
tional regime which is a steeply dipping dextral
(right-stepping) relay or sinusoidal shear bend.

2. Gold occurs mostly as inclusions in the arsenopyr-
ite mineral along S;o, foliation or as free gold in the
fractures of the arsenopyrites.

3. Alteration assemblage directly associated with the
mineralisation zone in Josephine is quartz + chlor-
ite + sericite + sulphide assemblages.
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