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Abstract Siguiri is a world-class orogenic gold district hosted
in the weakly metamorphosed Upper Birimian to Lower
Tarkwa Group sedimentary rocks of the Siguiri Basin
(Guinea). The district is characterised by a protracted defor-
mation history associated with four main deformation events:
D1S is a N-S compression; D2S is an E-W compression pro-
gressively evolving into an early-D3S transpression and then
into a late-D3S NNW-SSE transtension and D4S is a NE-SW
compression. Field observations, petrography and geochem-
istry at three key deposits of the Siguiri district (Bidini,
Sintroko PB1 and Kosise) suggest a polyphase hydrothermal
history that can be subdivided into four hydrothermal events.
The first hydrothermal event was associated with the develop-
ment of barren bedding-parallel and en-echelon V2S quartz-
dominated-(pyrite) veins. The second hydrothermal event is
characterised by the development of V3A pyrite-ankerite veins
late during D3S. Laser ablation-ICP-MS data show that this

vein set contains high gold contents of up to 43.3 ppm, in
substitution in pyrite crystal lattice, representing a minor first
gold mineralisation event. The third and most prominently
developed hydrothermal event is late D3S and represents the
second and principal gold mineralisation event. This
mineralisation event led to two distinct mineralisation tex-
tures. The first texture is best exposed in the Kosise deposit
and is characterised by gold-bearing quartz-ankerite-
arsenopyrite conjugate V3B veins. Although the bulk of the
gold is hosted in native gold grains in V3B veins, LA-ICP-MS
analyses show that gold also substitutes in the arsenopyrite
crystal lattice (up to 55.5 ppm). The second mineralisation
texture is best expressed in the Sanu Tinti deposit and consists
of disseminated barren pyrite hosted in a polymict conglom-
erate. The second and third hydrothermal events are both
structurally controlled by a series of early-D3S N-S, NE-SW,
WNW-ESE and E-W sub-vertical incipient structures
expressed as fracture zones of higher V3S vein density. A
composite geochemical cross section across fracture zones
from the Kosise deposit indicates that gold mineralisation in
the Siguiri district is associated with enrichments in Ag, Au,
As, Bi, Co, Mo, (Sb), S, Te and W relative to background.
Geochemical variations associated with the ore shoots in the
Siguiri district are consistent with petrographic observations
and highlight an albite-carbonate-sulphide-sericite alteration.
The fourth and last hydrothermal event is associated with the
development of a late penetrative S4S cleavage during D4S

deformation, which overprints all pre-existing hydrothermal
features and is associated with the deposition of free gold,
chalcopyrite and galena along fractures in V3A pyrite and
V3B pyrite and arsenopyrite. Mineralogical and geochemical
footprints as well as timing of the gold-mineralising events in
the Siguiri district, when compared with other deposits of the
West African Craton, highlight the synchronicity of gold
mineralisation in Siguiri (syn-D3S and syn-D4S events) with
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other similar events in this part of the craton, such as the early
Au-Sb-Bi-(Te-W) mineralisation at the Morila deposit in
Southeast Mali. Our results support the hypothesis that late
Eburnean-age gold mineralisation in the Siguiri district and in
the West African Craton as a whole was polyphase.

Keywords West Africa . Siguiri . Orogenic gold . Laser
ablation . Geochemistry . Timing . Polyphase . Targeting

Introduction

Orogenic gold deposits typically encompass a wide vari-
ety of host rocks, metamorphic facies, mineral assem-
blages and textures, with variations in some cases ob-
served within a single deposit (Groves et al. 2003;
Goldfarb et al. 2005; Robert et al. 2005). Finding the
footprint of orogenic gold mineralisation therefore repre-
sents a great challenge for exploration geologists (e.g.
Groves et al. 2000; Neumayr et al. 2008). However, as
the geochemical and petrological footprints of orogenic
gold deposits are more extensive than the ore zone itself
(Kishida and Kerrich 1987; Eilu and Mikucki 1998), char-
acterisation of mineral alteration assemblages at the de-
posit scale provides the exploration geologist with useful
vectoring tools for targeting (Eilu et al. 1999; Eilu and
Groves 2001). Studies on the characterisation and quanti-
fication of trace elements in sulphides associated with
orogenic gold deposits (Pitcairn et al. 2006; Large et al.
2011; Large et al. 2012) typically attempt to resolve the
controversial source of mineralising fluids (Groves et al.
2003; Large et al. 2011; Tomkins 2013). However, trace
element signatures of sulphides can also be used to dis-
tinguish between different sulphide generations attesting
of a complex polyphase hydrothermal history (Zhao et al.
2011).

The wide diversity of gold mineralisation types recorded in
the West African Craton, such as intrusion-related gold
(McFarlane et al. 2011), orogenic gold (Oberthür et al. 1998;
Allibone et al. 2002; Lawrence et al. 2013a; Fougerouse et al.
2016), palaeoplacers (Davis et al. 1994; Hirdes and Nunoo
1994) and porphyry Cu-Au deposits (Béziat et al. 2013), ren-
ders essential the detailed petrographic and geochemical char-
acterisation of a deposit to resolve its nature and footprint. In
turn, this footprint can become a backbone for exploration
strategies.

This study focuses on characterisation of the mineral as-
semblages and mineralisation in three key deposits of the
world-class orogenic gold Siguiri district (Guinea, West
Africa) and its geochemical and petrological footprints.
Siguiri is the only large (> 50 t Au) orogenic gold district
currently known in the Siguiri Basin, one of the largest sedi-
mentary basins of the West African Craton. Laser ablation-

ICP-MS data are used to distinguish and in turn help constrain
the relative timing of the different generations of pyrite,
allowing the creation of a district-scale paragenetic sequence,
which serves to highlight the polyphase nature of gold
mineralisation in the Siguiri district. Comparison between
the timing of the main gold mineralisation event in the district
with events from other orogenic gold systems of the West
African Craton can elucidate the temporal patterns of
mineralisation on the regional scale.

Geological context

The Siguiri district is located in the northwestern part of
the Baoulé-Mossi domain, in the West African Craton
(Lebrun et al. 2015a; Lebrun et al. 2015b). The district
is in the Paleoproterozoic sedimentary basin of Siguiri,
Guinea (Fig. 1). Mineralisation is hosted by three sedi-
mentary formations (Fig. 2), all metamorphosed to sub-
greenschist facies. To the east, the Balato Formation is
dominated by fine-grained pelitic sedimentary rocks,
such as shale and siltstone. It is overlain by the
Fatoya Formation, which spreads in the centre of the
district and is dominated by coarser sedimentary rocks,
mainly greywacke and sandstone beds. The Kintinian
Formation, to the west, overlies the Fatoya Formation
and is characterised by shale with abundant centimetric
interbeds of limestone and at least two decametric to
hectometric interbeds of conglomerate. The three forma-
tions have been dated by U-Pb SHRIMP II on zircons
at ca. 2115 Ma (Upper Birimian), and the Kintinian
Formation is interpreted to be part of the Lower
Tarkwa Group (Lebrun et al. 2015b).

Four deformation events have been recognised in the
Siguiri district (Lebrun et al. 2015a). The first event, D1S,
is characterised by E-W folds and a discreet shallow dip-
ping axial planar S1S cleavage. It was interpreted as the
product of N-S compression. The second event, D2S, was
responsible for the bulk of the deformation and for the
structural grain observed in the Siguiri Basin. The F2S
folds crenulate F1S folds at a district scale and develop
type 1 fold interference patterns (Ramsay and Huber
1987) at a deposit scale. The D2S event is associated with
W-verging folds, the axial plane of which varies from
NNE-SSW to NNW-SSE in strike. The plunge of the
F2S fold axes varies from sub-vertical in the Balato
Formation to almost sub-horizontal in the Fatoya
Formation. No axial planar S2S cleavage was found to
be associated with this event, which was interpreted to
be due to a possible later overprint and erasure by the
penetrative S4S fabric (Lebrun et al. 2015a). This second
deformation event was interpreted as having been associ-
ated with an E-W to ENE-WSW compression associated
with N-S thrust faults and E-W normal faults. This
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deformation event progressively evolved to an early-D3S

transpression, characterised by the reactivation of the N-S
and E-W faults, and the development of NE-SW dextral
and WNW-ESE sinistral shear zones (Fig. 2). In the
Siguiri district, these structures are typically expressed
as sub-vertical incipient structures, represented by discreet
fracture zones associated with a 10- to 15-m-wide halo of
increased vein density, developed during the late-D3S

NNW-SSE transtensional event (Lebrun et al. 2015a).
All structural elements in the Siguiri district were
overprinted during the youngest deformation event, D4S,
which is characterised by local open F4S folds with sub-
horizontal NE-SW-trending fold axes, affecting late-D3S

structures. The D4S event is associated with a penetrative
sub-vertical NNE-SSW S4S cleavage, axial planar to the
F4S folds at the outcrop scale. This last deformation event
was interpreted as having been associated with NW-SE
compression (Lebrun et al. 2015a). The S4S cleavage par-
allels the supra-solidus magmatic fabric observed in the

pre- to syn-tectonic Maléa monzogranite, which intrudes
the Siguiri Basin fill to the north of the district (Fig. 1;
Lebrun et al. 2015b).

Hydrothermal activity in the Siguiri district is mainly
characterised by veining developed during D2S E-W compres-
sion and late-D3S NNW-SSE transtension. Syn-D2S veining is
expressed as bedding parallel and en-echelon V2S vein arrays
(Fig. 3) interpreted to have developed by flexural slip along
bedding during F2S folding (Lebrun et al. 2015a). The V2S

veins are cut by the V3S veins developed late during D3S

transtension along the early-D3S faults. Based on drill core
observations, two different vein sets were identified: V3A

and V3B (Fig. 3). The V3A vein set commonly has brecciated
structures and varies significantly in orientation across the
district (Fig. 3c). The second vein set, V3B, cuts both V2S

and V3A sets but is overprinted by S4S. The V3B vein set
displays conjugate geometry, with individual veins dipping
steeply or moderately to the SE. This vein set hosts the bulk
of the gold mined in the Siguiri district.

Fig. 1 Geological map of the Siguiri Basin. Location of the Siguiri district map (Fig. 2) in red. After Milési et al. (1989), Miller et al. (2013) and Lebrun
et al. (2015b)
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Methodology

Field approach and sampling

Structural elements and controls on gold mineralisation in
the Siguiri district are very consistent from one deposit to
the next (Lebrun et al. 2015a). Three deposits were identi-
fied as representative of the Siguiri district mineralisation:
the Bidini, Kosise and Sintroko PB1 deposits (Fig. 2).
Extended field approach, sampling methodology and

data tables can be found in the Electronic Supplementary
Materials (or ESM; ESM 1 to 6).

Sampling was designed to (1) constrain the paragenesis of
the district, (2) characterise the geochemical halo associated
with a representative mineralised shear zone, (3) compare the
geochemical changes between formations and host rocks and
(4) compare the sulphide major and trace element concentra-
tions and gold content of each vein generation and hydrother-
mal events. A total of 37 representative unaltered rock sam-
ples were collected from Bidini, Kosise and Sintroko PB1

Fig. 2 Map of the Siguiri gold
district and its gold deposits
showing bedding form lines.
Locations of the logged drill holes
and areas of interest highlighted
in red. After Lebrun et al. (2015a)
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deposits as well as the Kami deposit, hosted in some of the
same sedimentary beds as the Kosise deposit (ESM 1 and
ESM 2 Table 1).

In order to characterise the geochemical variations
associated with early-D3S mineralised faults, samples
were collected along a NW-SE composite section,
across a discrete NE-SW dextral shear zone in the
Kosise deposit and across a NE-SW shear zone and a
bedding-parallel N-S reverse fault (Fig. 4(C, D)). The
Kosise deposit was chosen because it is hosted in the

Fatoya Formation, host to most of the deposits (Fig. 2),
and because its structural framework is relatively simple
and well constrained. Veins were trimmed off from all
samples to avoid Bnugget effects^ on gold geochemistry.
The veins were retained and used to make polished thin
sections, for subsequent LA-ICP-MS analyses on their
associated sulphides (Table 1).

Analytical work and data processing

Petrography and mineral chemistry

Optical microscopy, electron microscopy and semi-
quantitative analyses were conducted at the Centre for
Exploration Targeting (CET) and Centre for Microscopy,
Characterisation and Analysis (CMCA) at the University
of Western Australia (UWA). Electron probe micro-
analysis (EPMA) conducted at CMCA was used to de-
termine the Fe and As content in the different genera-
tions of sulphides. Iron concentrations were later used
as internal standards for laser ablation data processing.
X-ray diffraction (XRD) conducted at CMCA was used
to characterise the modal composition and its variations
of the geochemical samples collected in the Kosise de-
posit. LA-ICP-MS was conducted at Curtin University
and was used to measure and compare the composition
of the different hydrothermal mineral assemblages ob-
served in the Siguiri district. Extended petrography and
mineral chemistry methodology can be found in ESM 1,
ESM 2 Table 1, ESM 3 Table 2 and Table 2.

Whole-rock major and trace element geochemical analyses

Whole-rock major and trace element compositions were mea-
sured on each sample in order to identify the geochemical
variations associated with mineralisation in the three sedimen-
tary formations hosting the Siguiri district, and the main geo-
chemical differences between these formations (ESM 2
Table 1 and ESM 4 Table 3).

Geochemical backgrounds for the Balato, Fatoya and
Kintinian formations were calculated following the cu-
mulative frequency method proposed by Landry (1995),
which follows the work conducted by Sinclair (1974,
1991) (ESM 5 Table 4). In addition, anomalous geo-
chemical variations across the Kosise deposit geochem-
ical transect were constrained by mass balance calcula-
tions following the work by Gresens (1967) and
MacLean and Barrett (1993) updated by Grant (2005)
and further refined by Mukherjee and Gupta (2008) and
by López-Moro (2012) in his EASYGRESGRANT
method (ESM 6 Table 5). Least-altered samples (ESM 1,
ESM 2 Table 1), used for the calculations, were selected based
on their distance frommineralised shear zones, visible signs of

Fig. 3 Photographs of a veining and alteration associated with a high-
grade zone in the Kosise deposit (hole KSDD024); b example of an
unaltered and unmineralised zone from the Kosise deposit (hole
KSDD024, sample O); c example of V3A carbonate-pyrite breccia veins.
Minor pyrite is accompanied by abundant chlorite; d Sanu Tinti style of
mineralisation showing disseminated pyrite in a conglomerate interbed
(hole BDRCDD009); e drill core from Kosise showing the crosscutting
relationship between V2S, V3A and V3B vein sets; f native gold found in
the centre of an antitaxial V3B quartz-ankerite-arsenopyrite vein; g native
gold in an antitaxial V3B quartz-ankerite-arsenopyrite vein overprinting a
V2S quartz-(carbonate) vein. Chlorite is partially replacing the Fe-carbon-
ates. VG visible gold
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Fig. 4 Simplified structural maps and cross sections of key deposits from
the Siguiri district (location map on Fig. 2). A Structural map of Sanu
Tinti and Bidini and B their cross section; C structural map and D cross

section of Kosise; E structural map and F cross section of Sintroko PB1.
Locations of the drill holes and collected samples highlighted.
Orthonormal scale (no vertical exaggeration)

Table 1 Sample selection methodology used for the LA-ICP-MS analyses

Mineral generation V2A V2B V2C D3S

Pyrite Sampled from greywacke and
shale beds in the Fatoya F.

Sampled from greywacke
beds in the Fatoya F.

Sampled from greywacke beds in the
Fatoya F. and conglomerate beds
in the Kintinian F.

Sampled from greywacke
beds in the Fatoya F.

Arsenopyrite – – Sampled from greywacke beds in the
Balato and Fatoya F.

–

Miner Deposita



alteration in specimens (e.g. veining, bleaching), the amount
of alteration minerals in thin section and gold grades. Sample
BD3 was used to normalise the Kintinian conglomerate sam-
ples, sample F was used for the Fatoya Formation shale sam-
ples, sample O for the Fatoya Formation greywacke samples,
sample SK6 for the Balato shale samples and sample SK4 for
the Balato greywacke samples. Since no least altered shale
and greywacke could be sampled directly in the Kintinian
Formation, Kintinian samples BD1 and BD4 were normalised
to a sample of shale and greywacke representative of the
Siguiri district. The Fatoya Formation samples F and O were
therefore chosen for the normalisation of BD1 and BD4, re-
spectively. Variation in an element i between the altered sam-
ple and the fresh sample (=ΔCi) is considered anomalous
when its value relative to the least altered sample (=ΔCi/Ci

0)
exceeds ±70 %. Extended methodology about whole-rock
geochemistry can be found in ESM 1.

Results

Bidini

Lithostratigraphy and structure

The Bidini deposit is located in the northern part of the district
(Fig. 2). It is hosted by the greywacke-dominated Fatoya
Formation and is located east of the contact with the
Kintinian Formation (Fig. 4(A, B)). Fatoya Formation sedi-
mentary rocks in the Bidini deposit display various sedimen-
tary features that can be used as way-up indicators, such as
cross-bedding, rip-up clasts and ripple marks. Metre-thick
beds of medium-grained greywacke and sandstone dominate;
however, fine alternations of siltstone and shale can also be
occasionally found, as well as some black shale beds. In this
deposit, the Fatoya Formation overlies up to 100 m of

Fig. 4 (continued)
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conglomerate interbeds, intersected in core BDRCDD009
(Fig. 4(A, B) and 5). These conglomerates are part of the
younger Kintinian Formation and occur in the Sanu Tinti de-
posit (Fig. 2). They are separated from the Fatoya Formation
sedimentary rocks by a moderately dipping NNE-striking
reverse fault (Fig. 6f). The conglomerate interbeds are
polymict, clast-supported and interpreted to be the prod-
uct of repeated subaqueous debris flow events (Fig. 6e;
Lebrun et al. 2015b).

In the Bidini deposit, bedding strikes N-NE on average
with multiple small-scale open F2S folds. The deposit is locat-
ed on the hinge of a refolded F2S anticline the fold axes of
which plunge shallowly to the north and south (Fig. 2 and
4(A)). The F2S folds are crosscut by multiple early-D3S sub-
vertical incipient structures oriented NE-SW and N-S
(Fig. 6a). These incipient structures are mainly developed in
the centre of the deposit and are expressed as discreet fracture
zones associated with areas about 10 m wide where the den-
sity of mineralised V3B veins increases (Fig. 6b; Lebrun et al.
2015a). These fracture zones are open at depths of up to 300m
(Fig. 4(A, B)). Veining in Bidini is dominated by the V3B vein
set (Fig. 6b, c) and some V3A veins. In drill core, V3A veins
commonly have brecciated structures and range in width from
a few millimetres up to 20 cm. In comparison, individual V3B

veins typically have antitaxial textures (Passchier and Trouw
2005) and are only a few centimetres to 15 cm thick but can
extend for up to tens of metres. Supergene alteration has
formed a centimetre-wide halo of iron oxides around the
V3B veins, preserving them from further weathering (darker
zone around quartz vein in Fig. 6c).

Mineral assemblages and mineralisation

Hydrothermal mineral assemblages in the Bidini deposit dis-
play contrasted styles of mineralisation dependant on the host
lithology. In the greywacke or shale beds of the Fatoya

Formation, hydrothermal activity formed mineralised veins
whereas in the conglomerate of the Kintinian Formation, hy-
drothermal alteration is disseminated throughout the matrix
and clasts of the conglomerate (Fig. 3d).

In the Fatoya Formation, mineralisation is controlled by
early-D3S N-S and NE-SW fracture zones, around which
V3S veining develops. Both the V3A and the V3B vein sets
were found in Bidini. The V3A carbonate-pyrite veins show
coeval growth of pyrite and minor arsenopyrite. Carbonate in
V3A veins is dominantly ankerite, and these veins are com-
monly found associated with a halo of siderite grains
overprinting metamorphic sericite. Minor albite can also be
found in this vein set. Free gold occurs along fractures in
V3A pyrite and is associated with chalcopyrite and galena.
The V3B veins typically have rims of ankerite and a core of
quartz and are associated with sulphides. These sulphides are
typically located along the selvages or disseminated as haloes
of up to a metre thick around the veins, where arsenopyrite is
dominant. However, a halo of pyrite can be found instead of,
or accompanying, the arsenopyrite crystals. Pyrite associated
with V3B veins can occasionally be observed as pseudo-
morphs after siderite in the albitised host rock (Fig. 7a). In
drill core, each vein is typically associated with carbonate
alteration of up to a few metres away from the vein and
expressed as bleaching, usually related to Fe-oxides coming
from the oxidation of ankerite and/or by millimetre-sized sid-
erite grains. The mineralised fracture zones, highlighted by the
V3B veins, therefore form widespread siderite-ankerite alter-
ation haloes of up to 100 m width (e.g. BDRCD009; Fig. 5).
Native gold is found in the quartz or at the contact between
quartz and ankerite in the V3B veins. Free gold can also be
found in V3B arsenopyrite fractures, in association with chal-
copyrite and galena (Fig. 7b). The V3B veins are overprinted
and folded by the S4S cleavage (Fig. 6c), which commonly
develops strain shadows of pyrite, chalcopyrite, quartz and
ankerite around the V3B arsenopyrite (Fig. 7e). Pyrite and

Table 2 Summary table of the detailed geochemical gains and loss of altered samples compared to the least altered samples

Samples from Kintinian conglomerate Kintinian shale Kintinian greywacke Fatoya shale

Compared to least altered Kintinian conglomerate Fatoya shale Fatoya greywacke Fatoya shale

Major increase Au, Bi, Cu, S, Te, W, Zn Au, Ca, Na, S, Sr, W Au, Be, Ca, Cs, F, Li,
Mg, S, W

Au, As, Bi, Mo,
Na, S, Te, W

Minor increase Ba, Cr, K, Li Mg, Pb, Sb Ag, Ca, Cu, Sr

Minor decrease As Ba, K, Rb, Zn

Major decrease Ba, Cu, K, Rb Cu, Mo

Samples from Fatoya greywacke Balato shale Balato greywacke

Compared to least altered Fatoya greywacke Balato shale Balato greywacke

Major increase Ag, Au, As, Bi, S, Te, W Au, As, Cr, Cu, Na, Ni, Sc, Te, V, W Au, As, Ca, Pb, S, Te

Minor increase Co, Mo, Na, Sb Bi, Co, Ge, Mg, Sr Sb, Sr, Zn

Minor decrease Ba, K, Mg, Rb, Tl, Zn Cu

Major decrease Mo, P, Pb, S
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chalcopyrite can also be found along the S4S penetrative cleav-
age (Fig. 6d).

Hydrothermal mineral assemblages in the underlying
Kintinian Formation conglomerate have very distinct textures.
The gold-bearing mineral assemblage is dominated by dis-
seminated sulphides, largely pyrite, developed along the
NNE-striking hanging wall of the conglomerate and exhibits
little to no V3B veining (Fig. 3d). Minor tourmaline, chalco-
pyrite and gold are associated with disseminated pyrite. Free

gold was commonly found as inclusions or within fractures in
pyrite and associated with chalcopyrite (Fig. 7c). Gold-
bearing pyrite is cut across by, or has strain shadows of, chal-
copyrite, hematite and chlorite (Fig. 7d). The hematite-chlorite
association was also found with magnetite (pseudomorphosed
by pyrrhotite) and titanite (also pseudomorphosed by pyrrho-
tite). High-grade mineralisation zones are associated with
pyritisation, carbonate alteration dominated by ankerite and
intense albitisation.

Fig. 5 Log of hole BDRCDD009 from the Bidini and Sanu Tinti
deposits (location map on Fig. 3). The log has been overturned to account
for the stratigraphy, the Kintinian formation being younger than the
Fatoya formation (Lebrun et al. 2015b). The alteration intensity section
displays carbonate alteration in light brown and albitisation in light pink.
Way-up indicators (Y) in red are based on graded bedding ripple marks

and rip-up clasts. Position of the collected samples reported as coloured
discs (conglomerate samples in red, shale in blue and greywacke in
orange). Deformation intensity scaled arbitrarily from 0 (no deformation)
to 1 (moderate deformation) and 2 (intense deformation). Background
level for Au is represented by a shaded area. Lithology as in Fig. 4
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Sintroko PB1

Lithostratigraphy and structure

Sintroko PB1 is one of the southernmost deposits of the
Siguiri district and is hosted by the Balato Formation
(Fig. 2). Rocks at Sintroko PB1 consist of centimetre- to
decimetre-thick beds of shale-siltstone interlayered with
medium- to fine-grained greywacke and sandstone beds.
A distinctive 10- to 20-m-thick black shale bed can be
followed through the centre of the deposit (Fig. 4(E, F)
and 8a). Bedding is sub-vertical in this deposit. In the
central black shale area, bedding is oriented NNW-SSE
whereas the eastern and western sides of the deposit show
open F2S folding with sub-vertical fold axes. Isoclinal F2S
folds with vertical fold axes are also commonly observed

(Lebrun et al. 2015a). The F2S folds are associated with
bedding-parallel V2S veins typically ∼5 cm thick and lo-
cally up to tens of centimetres thick. These veins can
extend over several tens of metres along bedding. En-
echelon V2S veins in Sintroko PB1 are commonly thinner
than the bedding-parallel variation in V2S, and rarely ex-
ceed 4 cm in thickness. In cross section, en-echelon vein
arrays extend over 2–3 m, but individual veins typically
extend for a maximum of 50 cm only. The F2S folds and
associated V2S veins are crosscut by an early-D3S NE-
striking sub-vertical shear zone sub-parallel to the central
black shale unit (Fig. 4(E, F)). This shear zone, the most
visible structural element in the deposit, is accompanied
by two other sub-vertical NE-SW fracture zones that cut
across bedding. These fracture zones exhibit an increased
density of veins (Fig. 8b, c). The veins associated with

Fig. 6 Photographs of the main
structural elements from the
Bidini and Sanu Tinti deposits. a
Overview of the Bidini deposit. In
the foreground, 5- to 20-m-deep
holes dug by local villagers are
used to reach V3B veins in one of
the NE-SW-trending high-grade
zones along which the deposit
sits. A second high-grade zone is
visible on the right (just below the
SE symbol). b Conjugate
relationships between V3B veins.
c Folded V3B vein and axial
planar S4S cleavage. d Pyrite
developed along the S4S cleavage.
e Close-up photograph of the
polymict conglomerate from the
Kintinian Formation found below
the Bidini deposit and in the Sanu
Tinti deposit. f Structural contact
(fault) between the Kintinian and
Fatoya formations in the Sanu
Tinti deposit
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these incipient structures are dominated by the V3B vein
set, and no V3A veins were observed in Sintroko PB1. The
V3B vein set commonly has conjugate geometries
characterised by NE-SW striking veins dipping either
moderately to the SE or steeply to the SE or the NW
(Fig. 8f).

Mineral assemblages and mineralisation

The hydrothermal mineral assemblages in Sintroko PB1 are
hosted in the veins developed in and around the NE-SW shear
zone sub-parallel to the central black shale layer (Fig. 4(E, F))
and NE-SW fracture zones. Veining becomes more prominent

in more competent units, such as greywacke, and is refracted
in shale beds (Fig. 8d). The V2S veins consist of quartz and
minor ankerite. Free gold is hosted within V3B quartz-
ankerite-sulphide veins and located in the quartz core of the
veins or at the contact between the quartz and the ankerite
rims. Arsenopyrite, developed in and around the V3B veins
(Fig. 8e), is the main sulphide phase in shale beds whereas
pyrite becomes more common in greywacke and sandstone
beds. In drill core, high-grade mineralised zones are typically
associated with a carbonate alteration halo characterised by
disseminated millimetre-sized siderite grains, ankerite and ex-
tending up to a couple tens of metres across (e.g.
SKRCDD040; Fig. 9). Sericite is developed mainly along

Fig. 7 Photomicrographs of a
siderite grains being
pseudomorphosed by V3B pyrite;
b Fractured arsenopyrite in a V3B

vein showing gold-chalcopyrite-
(galena) infills; c Disseminated
V3B pyrite fractured and showing
gold-chalcopyrite infills; d Sanu
Tinti style V3B pyrite overprinted
by chalcopyrite veinlets; e V3B

arsenopyrite showing quartz
strain fringes associated with the
development of the S4S
penetrative cleavage. This
cleavage is also responsible for
the preferential orientation of the
sericite and the strain shadows
developing around the siderite
grains; f Textural similarities
between V3A pyrite and
arsenopyrite suggesting their
coeval development; g
backscattered electron image of
V3A pyrite displaying As-rich and
As-poor growth rings and being
cut by gold infilled fractures; h
hematite inclusions in V3A pyrite
associated with gold. Hematite
laths seem to follow the pyrite
crystal lattice whereas gold
displays triangular textures
typical of open space infill (Taylor
2010). Aspy arsenopyrite, Au
gold, Ccp chalcopyrite, Gn
galena, Hem hematite, Py pyrite,
Qtz quartz, Ser sericite, Sid
siderite
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the S4S cleavage, and pyrrhotite, chalcopyrite and quartz can
be found in the strain shadows around V3B arsenopyrite
(Fig. 7e and 8e).

Kosise

Lithostratigraphy and structure Kosise

The Kosise deposit is hosted by the Fatoya Formation and is
located to the west of the contact with the Balato Formation
(Fig. 2). Sedimentary beds in Kosise are typically a metre
thick and commonly display sedimentary features, such as
graded bedding, ripple marks, rip-up clasts as well as loading
and cross-bedding structures. These sedimentary features

were used as way-up indicators and show that the Fatoya
Formation in this deposit is normally graded. Kosise lithostra-
tigraphy is dominated by beds of medium- to coarse-grained
greywacke, and some beds of sandstone can also be found in
the north of the deposit in addition to rare alternations of thin
siltstone and shale beds can also be found.

Kosise is located in a F2S syncline oriented N-S with a sub-
horizontal fold axis (Fig. 4(C, D)). This open fold has a
vergence to the west (Fig. 10a) and presents bedding-parallel
and en-echelon V2S veins along both limbs. A number of
early-D3S sub-vertical structures cut the F2S syncline, includ-
ing NE-SW dextral shear zones, a N-S thrust fault developed
along the steep limb of the fold and an E-W normal fault
(Fig. 10c; Lebrun et al. 2015a). Most of the early-D3S

Fig. 8 Photographs of the main
structural elements found in the
Sintroko PB1 deposit. a
Overview of the deposit. The
main ore shoot found in this
deposit follows the black shale
layer (left) and cuts across the F2S
sub-vertical fold found on the
eastern side of the deposit (right).
b Photograph of an ore shoot,
expressed as a sub-vertical
fracture zone (area between blue
dashed lines) associated with
dense V3S veining. c Another
example of a fracture zone (area
between blue dashed lines)
associated with high gold grades
and of the large-scale conjugate
geometry displayed by the V3B

veins. d Refraction of V3B vein
orientations between beds of
greywacke and shale. e Strain
shadows around arsenopyrite
crystals developed around a V3B

vein (crumbled down on the
right) by the S4S cleavage. f
Conjugate relationship of the V3B

veins at the outcrop scale
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structures present in this deposit are fracture zones and incip-
ient faults, highlighted only by the increase in vein density
developed late-D3S in the first 10 to 15 m around them
(Fig. 10b). The two different V3S vein sets (V3A and V3B)
were observed around the fracture zones, both in the field
and drill core. The V3A vein set develops in the first few
metres of the fracture zones whereas the V3B vein set com-
monly extends up to 15 m across. In the Kosise deposit, the
orientation of V3A veins is extremely variable with individual
veins showing brecciated textures. In contrast, V3B veins are
conjugate and oriented around 150/40 and 145/70, with com-
mon antitaxial textures (Fig. 3g).

Mineral assemblages and mineralisation

The XRD analyses on the Kosise Formation samples show
that the host greywacke comprises >40 vol% albite, 7 vol%
carbonate (calcite vol% + ankerite vol% + siderite vol%),
>5 vol% chlorite (chamosite), 15 vol% white mica and
27 vol% quartz. In shale beds, chamosite and white mica
increase to 8 and 28 vol%, respectively, and quartz decreases
to 17 vol%. These abundances vary by only a few percent
across the ore shoots (ESM 2 Table 1). The V2S en-echelon
veins cut the already albitised and sericitised host rock. In
Kosise, these veins are dominated by quartz with rare ankerite

Fig. 9 Log of hole SKRCDD040 (location map on Fig. 4C). This log
highlights the strong link between brittle deformation, veining,
sulphidation and carbonate alteration with gold. The alteration intensity
section displays carbonate alteration in light brown and overprinting
chloritisation in green. Way-up indicators (Y) in red are based on graded

bedding ripple marks and rip-up clasts. Position of the collected samples
reported as coloured discs (shale samples in blue, greywacke in orange).
Deformation intensity scaled arbitrarily from 0 (no deformation) to 1
(moderate deformation) and 2 (intense deformation). Lithology as in
Fig. 4
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and albite. No free gold was observed in V2S pyrite. The rest
of the hydrothermalmineral assemblages in the Kosise deposit
are controlled by the N-S, NE-SW and E-W structures. The
deposit is located at their intersection (Fig. 4(C, D)), and gold
grade within some of the shear zones can be greater than
100 g/t (Fig. 10c). Similar to Sintroko PB1, vein distribution
is also partly controlled by the host rock rheology, with vein-
ing becoming more abundant in more competent units
(Fig. 10b). Artisanal miners primarily excavate the V3B veins
and ignore the V2S and V3A vein sets. However, petrography
confirms that both V3A and V3B vein sets carry gold. Ankerite-
pyrite V3A veins show the early to coeval growth of minor
arsenopyrite along with pyrite (Fig. 7f), and SEM imaging
coupled with qualitative EDS onV3A pyrites shows As zoning
(Fig. 7g) and rare monazite inclusions, less than 20 μm in
diameter. Gold in the V3A pyrite is located in fractures or as
inclusions with triangular textures, characteristic of infill
(Taylor 2010). Gold is associated also with chalcopyrite and
hematite (Fig. 7h). As in all other deposits, sulphides

associated with V3B veins change according to the host lithol-
ogy with arsenopyrite dominating in shale beds and the pro-
portion of pyrite increasing in greywacke and sandstone beds.
Alteration around the ore shoots is characterised by carbonate
alteration haloes associated with bleaching typically due to
ankerite oxidation and millimetre-sized siderite grains
(Fig. 10d).

Whole-rock geochemistry

Baseline geochemistry

Baseline geochemistry from each of the three formations
hosting the Siguiri district displays variations in a suite of
elements (background values are reported in ESM 5 Table 4
and some, shown in Fig. 11). In particular, baseline geochem-
istry of the Kintinian Formation is associated with increased
background concentrations of Ca, F, Ga, Li, Mg, Ni, Sc, Sn,
Sr, U, VandWand decreased concentrations of As, Cu, Si and

Fig. 10 Photographs of the main
structural elements found in the
Kosise deposit. aOverview of the
deposit. The northern part of the
deposit (centre) hosts a bedding
parallel thrust fault that develops
intense V3S veining (b). bVeining
developed in the northern part of
the deposit. The V3B veins are
stratigraphically controlled and
mainly hosted in the greywacke
and sandstone beds. c Close-up
photograph of one of the rare
discrete structures controlling
gold grades in the Siguiri district,
a dextral NE-SW shear zone.
Gold grades across this shear zone
are over 100 g/t Au. d Siderite
grains developed around the ore
shoots. The sub-vertical S4S
cleavage overprints these grains
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Zr when compared to the Fatoya and Balato formations
(Fig. 11; ESM 5 Table 4). Baseline geochemistry of the
Balato Formation, when compared to those for the Kintinian
and Fatoya formations, is associated with a marked increase in
Ba, Be, Zn and Zr; minor increases in concentration of Cu and
Th; marked decreases in Au and Sb; and a minor decrease in
W (Fig. 11; ESM 5 Table 4). The baseline geochemistry of the
Fatoya Formation is associated with increased background
concentrations in Na, As, Mo and Te and minor increases in
Bi and Si, whereas decreases in Ca, K, Li, S, Sn and Sr can be
observed when compared to the Kintinian and Balato forma-
tions (Fig. 11; ESM 5 Table 4).

Geochemical footprint of mineralisation

Mass balance calculations and comparison between least al-
tered samples and altered/mineralised samples of each rock

type and in each formation made it possible to quantify the
extent of element enrichment or depletion towards the ore
zones (ESM 6 Table 5). Overall, geochemical changes to-
wards the ore shoots are characterised by major increase in
Ag, Au, As, Bi, Te and W, accompanied by additional minor
increase in Co, Mo, Na/Al (molar), S and Sb and minor de-
crease in 3K/Al (molar), P, Rb and V, whereas Ca and Mg
change widely (Table 2).

In addition to these district-scale geochemical variations
between each formation and host rock, high-grademineralised
zones in Kosise (some over 100 g/t Au; Lebrun et al. 2015a)
are associated with a geochemical alteration halo at least 15 m
wide, characterised by an increase towards the ore shoots in
Ag, Au, As, Bi, Co, Mo, Na, S, (Sb), Te and W (Fig. 12 and
ESM 6 Table 5). In detail, Au increases from 3 to 8931 ppm,
As increases from 50 to 3996 ppm, Bi increases from 0.06
(just above detection limit; =0.05 ppm) to 0.97 ppm, Mo

Fig. 11 Cumulative frequency diagrams for As, Au, Bi, SiO2, SO3 and
W. The datasets are separated by hosting formation (Kintinian in red,
Fatoya in blue and Balato in green). The first inflexion in each dataset

represents the background threshold (marked by a dotted line) and the
beginning of the influence of anomalous concentrations. Adapted from
lognormal cumulative frequency diagrams of Landry (1995)
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increases from 0.3 to 2.3 ppm, Sb increases from 0.6 to
3.2 ppm, S increases from 0.06 to 4.47 ppm and W increases
from 3.5 to 34.9 ppm. Within the same alteration halo around
the ore shoot, Cs, (Li), Mg, (Mn), P, Rb, (Sc), (Tl), (V) and

(Zn) decrease (Fig. 12 and data in ESM 6 Table 5).
Concentrations of Ca display a peculiar behaviour, increasing
a few tens of metres away from the main ore shoot. Silicon in
the host rock does not show significant variation, due to the

Fig. 12 Composite log and geochemical cross section from the Kosise
deposit. Two mineralised zones were identified (around samples J, K, L,
M and samplesA, B,C,D) and are in proximity to shear zones and a thrust
fault (Fig. 4C, D, 10A and C). The main mineralised zone (samples J, K,
L,M) is associated with typical orogenic gold enrichments in Au-As-Sb-
Te and W. Mass balance calculations were conducted for each individual
sample, and sample O and F were used as least altered greywacke and
shale sample, respectively. The composite geochemical cross sections
also show enrichments in Bi, Mo and S around the main mineralised
zone (samples J, K, L, M). Ca increases away from the main

mineralised zone and is interpreted to represent the reaction front. The
fact that Si does not show any variation across the ore shoots is attributed
to the removal of the veins in each sample (host rock characterisation
only). Molar and normalised 3K/Al and Na/Al saturation indices
(Kishida and Kerrich 1987) highlight both mineralised zones. Each
geochemical sample was normalised to the corresponding greywacke or
shale least altered sample (O and F, respectively). Shaded areas represent
a 70 % variation in a considered chemical element or species
concentration relative to the least altered sample
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removal of all veins from the analysed samples. Saturation
indices (molar ratios) for muscovite (3K/Al) and albite (Na/
Al; Kishida and Kerrich 1987) vary from 0.07 to 0.66 and
from 0.26 to 0.84, respectively, and clearly show a respective
increase and decrease towards the ore shoots (Fig. 12).
Collectively, these results suggest that regardless of the
hosting formation or lithology, altered rocks in the Siguiri
district are enriched in Ag, Au, As, Bi, Co, Mo, (Sb), S, Te
and W.

LA-ICP-MS and EPMA

Pyrite

Pyrite grains associated with the V2S, V3A and V3B vein sets,
with the S4S cleavage (syn-D4S) and disseminated pyrite
hosted in the Kintinian conglomerate, were analysed by LA-
ICP-MS. Major and trace element signatures of the V2S, V3A,
V3B and D4S pyrite vary in the Ag-As-Au-Cu-S-Sb-Se-Zr
geochemical space (Fig. 13F, G, H and J). Major and trace
element signatures of pyrite associated with V2S and V3A

veins cluster in the high Ag-As-Au-Sb–low Cu-S-Se-Zr part
of this geochemical space whereas V3B pyrite, Sanu Tinti con-
glomerate pyrite and syn-D4S pyrite major and trace element

contents cluster in the low Ag-As-Au-Sb–high Cu-S-Se-Zr
part of this space. This clustering, first noticed when plotting
pyrite data from greywacke beds from the Fatoya Formation
only, was also observed when considering pyrite hosted in all
formations, host rocks and deposits (Fig. 13).

Comparison between the major and trace element signa-
tures of pyrite from the Fatoya and Kintinian formations
shows variations in Co, ranging from below detection limit
to up to 1962.3 ppm in the Fatoya Formation and from below
detection limit to 32.6 ppm in the Kintinian Formation. Values
for Ni range from below detection limit to 1248 ppm in the
Fatoya Formation and from below detection limit to 57 ppm in
the Kintinian Formation. Values for Cu range from below
detection limit to 3688 ppm in the Fatoya Formation, to 2
and 4393 ppm in the Kintinian Formation. In addition, laser
ablation data shows that V3A pyrite hosted in greywacke from
the Kosise deposit (Fatoya Formation; Fig. 13a) has gold
grades up to 43.3 ppm, whereas the other pyrite generations
do not reach grades higher than 3 ppm (the three higher values
reported on Fig. 13e were obtained from gold inclusions). In
summary, pyrite from the Fatoya Formation is associated with
increased concentrations in As, Au, Co and Ni (and minor Bi,
Mn) and a depletion in Cr, Cu, S, Si, Sn and Zr when com-
pared to the major and trace element signatures of pyrite

Fig. 12 (continued)
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hosted in the Kintinian Formation (data in ESM 3 Table 2).
Moreover, the crystal lattice of the different generations of
pyrite shares similar Ag/Au and Ni/Co ratios, around 7.5
and 2.81, respectively (Fig. 13e, i).

Arsenopyrite

Arsenopyrite was found associated only with V3B veins.
Aside from their differences in major element concentrations,
arsenopyrite and all generations of pyrite can also be distin-
guished when comparing their respective trace element signa-
tures in Bi, Mo, Pb, Sb and Se (and to some extent Co, Cr and
Ni). Compared to all generations of pyrite, V3B arsenopyrite is
enriched in all these elements (Fig. 13f, g, h, j and ESM 3
Table 2).

Concentrations of As (obtained by EPMA) and Sb vary
with Au grades in the samples from the Balato and Fatoya
formations, increasing from ∼43.2 to ∼46.2 wt% As and from
∼125 to ∼1600 ppm Sb, respectively. Also, V3B arsenopyrite
lattice contains significant gold concentrations of up to
55.5 ppm (higher values reported on Fig. 13e were obtained
on a gold inclusion). The V3B arsenopyrite has similar Ag/Au
and Ni/Co ratios to all pyrite generations, around 7.5 and 2.81,
respectively (Fig. 13e and I). In summary, whereas no arseno-
pyrite was found in the Kintinian Formation, arsenopyrite
from the Balato Formation shows enrichment in Ag, Co, Cr,
Cu, Sb and Ti (and minor Mn) and depletion in As when
compared to the arsenopyrite hosted in the Fatoya Formation
(ESM 3 Table 2).

Discussion

Polyphase hydrothermal activity and gold mineralisation

Field observations of vein cross-cutting relationships,
core logging and petrographic descriptions from Bidini,
Sintroko PB1 and Kosise permit the construction of lo-
cal paragenetic sequences for each individual deposit
studied. When compared to one another, the local para-
genetic sequences are uniform across the Siguiri district
and are characterised by four distinct hydrothermal
events. These events were correlated in the district-
scale paragenetic sequence (Fig. 14) summarised below.
Together, the LA-ICPMS data (Fig. 13) and the general
paragenetic sequence of the district reflect the polyphase

character of gold mineralisation in Siguiri and three dis-
tinct gold mineralisation events were identified.

The mineralogy of the least altered host rock in the Siguiri
district is dominated by plagioclase, quartz and shows moder-
ate to intense sericitisation and albitisation. Minor biotite and
chlorite, possibly detrital, were also found in the host rock
mineral assemblage as well as numerous detrital zircons.

The first hydrothermal event occurred during D2S E-W
compression and is characterised by the development of
bedding-parallel and en-echelon V2S quartz-(ankerite) veins.
The V2S veins are associated with minor albite, sericite, pyrite
and traces of rutile. These veins do not present significant gold
mineralisation and show little development of alteration
around their margins.

The second hydrothermal event occurred late during D3S

NNW-SSE transtension and is represented by V3A ankerite-
pyrite-(albite) brecciated veins that cut the V2S veins. The V3A

veins represent the most proximal expression of V3S veining
developed along the early-D3S N-S, NE-SW, WNW-ESE and
E-W fracture zones. The V3A veins developed in the core of
the sub-vertical structures controlling gold mineralisation.
V3A veins are associated with minor sericite, quartz, chlorite,
rare monazite and arsenopyrite, pyrrhotite and late chalcopy-
rite and sphalerite, found in the altered host rock and occa-
sionally in the veins themselves. V3A veins are also
characterised by a halo of carbonate alteration and
pyritisation. Carbonate alteration is expressed as millimetre-
sized siderite grains and bleaching of the host rock typically
due to Fe-oxides produced from the oxidation of pervasively
developed ankerite (Eilu et al. 1999). The V3A vein set also
represents the first episode of gold mineralisation recognised
in the Siguiri district. Gold was found incorporated in the V3A

pyrite crystal lattice (up to 43.3 ppm Au; Fig. 13; ESM 3
Table 2).

The third hydrothermal event also occurred late during D3S

and developed along the 10- to 15-m-thick sub-vertical frac-
ture zones formed early during D3S deformation. This event is
mainly characterised by intense V3B quartz-ankerite-
arsenopyrite veins and is ubiquitous in the Siguiri district.
The conjugate V3B veins moderately to steeply dip to the SE
and are associated with minor albite and pyrite. This vein
mineralisation is also characterised by minor sericitisation
and carbonate alteration mainly expressed as millimetre-
sized siderite grains. The third hydrothermal event is also rep-
resented by a distinct disseminated texture, only observed in
the Bidini and Sanu Tinti deposits. The disseminated
mineralisation texture found in the Kintinian polymict con-
glomerate is represented by disseminated pyrite, accompanied
by tourmaline, rare monazite and traces of late chalcopyrite,
sphalerite, hematite and ilmenite. Minor sericitisation and car-
bonate alteration is also associated with this disseminated
mineralisation texture. This disseminated mineralisation
shows some degree of structural control (Kintinian-Fatoya

�Fig. 13 LA-ICP-MS and EPMA data from the different generations of
pyrite and arsenopyrite observed in the Siguiri district. These diagrams
show that the pyrite compositions for V2S and V3A plot in the same area
whereas the other pyrite generations (V3B, D4S and Sanu Tinti
disseminated pyrite) plot in another area of the diagrams. Regression
lines are in black for pyrite and pink for arsenopyrite in E and I. GW
greywacke; CGLO conglomerate
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N-S thrust contact) but is mainly stratigraphically controlled
by the Kintinian conglomerate. Comparison of major and
trace element signatures by LA-ICP-MS and EPMA be-
tween the disseminated pyrite and the other generations
of pyrite associated with D2S, D3S and D4S deformation
indicates that the Sanu Tinti disseminated pyrite presents
geochemical affinities with D3S and D4S pyrite associated
with the V3B veins and the S4S cleavage, respectively
(Fig. 13). Since petrographic observations indicate that
the Sanu Tinti disseminated pyrite is overprinted by the
S4S cleavage, we propose that both V3B and Sanu Tinti
disseminated pyrite formed coevally late during D3S.
Both the vein-hosted and disseminated mineralisation
textures developed along the early-D3S N-S thrust at the
contact between the Kintinian and the Fatoya Formation.
The change between the vein and disseminated
mineralisation texture is common in orogenic gold de-
posits (Groves 1993; Bierlein and Maher 2001; Dubé
and Gosselin 2007) and interpreted to be linked to po-
rosity and competency contrasts in Siguiri, where the
Kintinian conglomerate has higher porosity and lower
competency compared to the greywacke-dominated sedi-
mentary rocks of the Fatoya Formation. The second and
main episode of gold mineralisation identified in Siguiri
was found to be associated with both the vein-hosted and
disseminated mineralisation textures. In the V3B vein-
hosted mineralisation, gold was found in the veins and
in the lattice of the arsenopyrite crystals (up to 55.5 ppm

Au; Fig. 13; ESM 3 Table 2). In the disseminated pyrite,
gold was found free along fractures associated with chal-
copyrite, hematite and galena. The disseminated pyrite,
however, contains a maximum of 3 ppm Au (Fig. 13;
ESM 3 Table 2).

The last hydrothermal event is a late overprint developed
during D4S NW-SE compression and formed the S4S cleavage.
This cleavage is characterised by strain shadows of sericite,
quartz, ankerite and albite around V3B arsenopyrite crystals.
Chlorite, hematite, pyrite, chalcopyrite, pyrrhotite, sphalerite
and magnetite can also be found in these strain shadows or in
veinlets overprinting the syn-V3B disseminated pyrite in the
Kintinian conglomerate. Even though no significant gold was
found in syn-D4S pyrite (∼3 ppm Au maximum), free gold
was observed in both Bidini and Kosise deposits infilling
fractures or strain shadow of early mineralised V3B pyrite
and arsenopyrite with chalcopyrite, hematite and galena.
Two alternative models can be proposed to explain this infill.
In the first model, new gold input may be related to the late
syn-D4S hydrothermal event. In the second model, gold may
have been remobilised during D4S, relocating gold in the V3A

and V3B pyrite and arsenopyrite crystal lattice into fractures
and pressure shadow. Such remobilisation behaviour has been
described by a number of authors in recent years (Wilkinson
et al. 1999; Large et al. 2011; Cook et al. 2013). The present
dataset does not allow concluding in regard to D4S gold oc-
currence, and further work would be required to assess wheth-
er gold remobilisation occurred or not.

Fig. 14 Paragenetic sequence for
the Siguiri district
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Geochemical footprint of the ore shoots

The alteration associated with the superimposition of all four
hydrothermal events was geochemically characterised across
the Siguiri district (Figs. 11 and 12). In the different deposits
and in the representative Kosise deposit in particular, the geo-
chemical variations associated with this style of mineralisation
are characterised by enrichments in Ag, Au, As, Bi, S, (Sb), Te
and W within at least 15 m around the ore shoots (Fig. 12).
These enrichments are characteristic of hypozonal to
mesozonal orogenic gold deposits (Groves et al. 1998; Eilu
et al. 1999; Groves et al. 2003) and are usually accompanied,
in Siguiri, by additional increases in Co, Mo and Na/Al
(molar) and decreases in Ca, 3K/Al (molar), P, Rb and V
across the main ore shoot. These variations can be directly
related to the hydrothermal mineral assemblage associated
with the V3A and V3B gold mineralisation event. In detail,
Co is found as a trace element in pyrite and arsenopyrite.
The increase in S is related to sulphidation, and the peculiar
behaviour of Ca and Mg along the geochemical transect in the
Kosise deposit (Fig. 12) is interpreted to mark the carbonate
reaction front. The decrease in 3K/Al and increase in Na/Al
molar ratios (Eilu and Groves 2001) can both be linked to
albitisation developed around the veins, overprinting and re-
placing the early sericite of the country rock. Decrease in V
can also be related to a decrease inmicas towards the ore shoot
(Bateman and Hagemann 2004). The absence of silica varia-
tion across the ore zones is interpreted as linked to the removal
of all veins from the analysed samples. This implies that all
silica was derived from hydrothermal fluids and none was
derived from the surrounding rocks. Together, these geochem-
ical indicators and their variations can assist exploration by
highlighting hydrothermal alteration trends and define vectors
to mineralisation, altogether increasing the size of the targets
(Christie and Brathwaite 2003).

Mineralising fluids

If we consider that sulphide major and trace element signa-
tures reflect the composition of the mineralising fluid respon-
sible for their formation (Pitcairn et al. 2006), the composi-
tional clustering between V2S and V3A pyrite, on one side, V3B

and syn-D4S pyrite on the other side (Fig. 13), suggests that at
least two distinct mineralising fluids can be distinguished. The
first fluid was responsible for the deposition of V2S and V3A

vein mineralisation whereas the second fluid deposited syn-
V3B and syn-D4S mineralisation. Two hypotheses can be for-
mulated on the possible origins of the compositional varia-
tions between these two fluids.

The first hypothesis involves a unique source fluid (Salier
et al. 2005) and the effect of physico-chemical processes to
trigger compositional changes and the evolution of this unique
source fluid into two distinct mineralising fluids between the

V3A and the syn-V3B hydrothermal events. Such changes are
typically caused by changes in the fluid-rock or fluid-fluid
interactions, such as the modification of the fluid pathway
(Voicu et al. 2000) or fluid mixing (Ridley and Diamond
2000; Boiron et al. 2003).

The second hypothesis involves two different source fluids,
pumped through the Siguiri district at different times. Change
from the first fluid to the second may have been caused by a
change of source reservoir or by a change in the fluid source
chemistry. In this hypothesis, fluid-rock and fluid-fluid in-
teractions (Heinrich 2007) only play a minor role on the
final composition of the two fluids. Further work beyond
the scope of this study (e.g. fluid inclusion, stable isotope
studies) would be required to potentially characterise the
source(s) of these fluids (Ho et al. 1992; Ridley and
Diamond 2000; Tomkins 2013).

However, on the basis of the data presented in this paper,
some aspects of the fluid chemistry can still be identified,
particularly about the role of As. Field observations of arse-
nopyrite crystallisation in shale beds versus pyrite
crystallisation in greywacke beds, and the differences of the
geochemical baseline between the Kintinian, Fatoya and
Balato formations (average As contents in the Kintinian
Formation conglomerate 5 to 10 times lower than in the
greywacke and shale of the Fatoya and Balato formations),
we suggest that As was not provided by the infiltrating fluid(s)
but mainly by the host rock. From the same observations, As
is also interpreted to control the crystallisation of arsenopyrite
over pyrite by analogy with other studies (Pitcairn et al. 2006;
Price and Pichler 2006).

Variations in As content have a direct impact on the unit
cell parameters of the pyrite crystal lattice which affects the
capacity of this mineral to contain gold (Savage et al. 2000;
Large et al. 2011). This hypothesis is highlighted by the co-
variance in the LA-ICP-MS and EPMA datasets of Au and As
in V3A pyrite: more Au is incorporated into the pyrite crystal
lattice along with the increase in As (Reich et al. 2005;
Fig. 13f). The low As content of the Kintinian Formation is
therefore best interpreted to be responsible for the low Au
content of the syn-V3B pyrite disseminated in the Kintinian
conglomerate below the Bidini deposit and cropping out in the
Sanu Tinti deposit.

Bracketing the timing of gold mineralisation in Siguiri

The relative timing of gold mineralisation events in the Siguiri
district can be bracketed using crosscutting relationships. All
gold-forming events developed in the Kintinian, Fatoya and
Balato sedimentary formations, and the respective maximum
age of sedimentation of these formations was dated at
2124 ± 7, 2113 ± 5 and 2113 ± 10 Ma (Lebrun et al. 2015b).

The latest gold-forming event in Siguiri is syn-D4S, a de-
formation event responsible for the development of the NNE-
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SSW S4S cleavage. This cleavage is sub-parallel to the supra-
solidus magmatic fabric observed in the Malea monzogranite,
which crops out to the north of the district (Fig. 1) and which
was emplaced along with the Saraya volcanic breccia at
2089 ± 12 and 2092 ± 5 Ma, respectively (Lebrun et al.
2015b). Based on the orientation of the S4S cleavage parallel
to the supra-solidus magmatic fabric in the Malea
monzogranite, we interpret the emplacement of this intrusive
and of the Saraya volcanic breccia to be coeval with the for-
mation of the S4S cleavage recognised in the Siguiri district.
The timing of the gold mineralisation events in the Siguiri
district is therefore bracketed by the minimum deposition
age of the Balato Formation and the crystallisation age of
the Saraya volcanic breccia, between ca. 2103 Ma and ca.
2087 Ma respectively.

Comparison with other West African orogenic gold
deposits

The Siguiri mineralisation footprint has many similarities with
other West African orogenic gold deposits. In particular,
mineralisation at the Massawa deposit in Eastern Senegal
(Treloar et al. 2015; Fig. 15) is structurally controlled and
hosted along sub-vertical NE-trending shear zones similar to

the Kosise deposit. Mineralisation consists of disseminated
arsenopyrite and pyrite similar to that found in the Bidini-
Sanu Tinti conglomerate and is associated with carbonate-
sericite alteration. This first mineralisation event in Massawa
is overprinted by late Au-Sb-Te veining absent in Siguiri. This
overprint is associated with coarse visible gold. Mineralisation
at the Sadiola Hill deposit in Western Mali (Masurel et al.
2015a; Fig. 15) is structurally controlled and hosted along
sub-vertical N-S- and NNE-trending shear zones. Au-As-Sb
mineralisation is mainly associated with disseminated sul-
phides but can also be found associated with sulphide veinlets
and quartz-carbonate-sulphide-(biotite-tourmaline) veins.
Potassic alteration dominates at the Sadiola Hill deposit and
is associated with carbonate alteration. Mineralisation at the
Yalea deposit inWesternMali (Lawrence et al. 2013a; Fig. 15)
is structurally controlled and hosted along sub-vertical N-S-
and NNE-trending shear zones. Mineralisation comprises
quartz-ankerite-sulphide veins, similar to the Kosise style of
mineralisation, and is also associated with chlorite-carbonate-
sericite-quartz-albite alteration. The timing of gold
mineralisation at Massawa, Sadiola Hill and Yalea can be
constrained in between the maximum age of crystallisation
of the South Faleme pluton and Boboti granodiorite,
2082 ± 1 and 2080 ± 1 Ma (Hirdes and Davis 2002), and the

Fig. 15 Regional geological map of the West African Craton and locations of some major gold deposits. Legend as in Fig. 1 and light blue colour
represents Tarkwa Group sedimentary rocks. Modified after Lebrun et al. (2015b)
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Saraya granite (2079 ± 2 Ma; Lawrence et al. 2013a). The
South Faleme pluton and Boboti granodiorite were interpreted
to be coeval with the development of iron skarns, overprinted
by regional orogenic gold mineralisation in the Kédougou-
Kénieba Inlier (Masurel et al. 2015b). The Saraya granite em-
placement was coeval with gold mineralisation at Loulo
(Lawrence et al. 2013a), a deposit presenting similar mineral
alteration and gold timing to the Sadiola Hill deposit (Masurel
et al. 2015b). The minimum age of gold mineralisation in
Loulo is constrained by the age of crosscutting dolerite dated
at 2072 ± 7 Ma (Lawrence et al. 2013a). Gold mineralisation
for these deposits is therefore bracketed in between ca. 2083
and ca. 2077 Ma.

Early Au-Sb-Bi-(Te-W) mineralisation at the Morila de-
posit in Southeast Mali (McFarlane et al. 2011; Fig. 15) is
categorised as intrusion-related but is overprinted by As-Au-
Ag orogenic style mineralisation. This late overprint is hosted
along a NNE-trending shear zone. Mineralisation is

characterised by disseminated arsenopyrite containing polyg-
onal gold blebs and is associated with albitisation and the
development of titanite. The timing of the intrusion-related
mineralisation at Morila is bracketed between the
crystallisation age of the intrusives that host gold, dated at
2098 ± 4 and 2091 ± 4 Ma (McFarlane et al. 2011). The
overprinting orogenic gold mineralisation, associated with
datable titanite, was dated at 2074 ± 14 Ma by the same
authors.

Mineralisation in the Obuasi gold mine in Ghana
(Fougerouse et al. 2015; Fig. 15) is similar to that in the
Siguiri district. Mineralisation in Obuasi is structurally con-
trolled and displays two distinct textures: disseminated gold-
bearing sulphides (predominantly arsenopyrite in shale) and
quartz-carbonate veins associated with native gold. Obuasi
mineralisation is also associated with chlorite-quartz and car-
bonate alteration (e.g. ankerite, siderite grains; Fougerouse
et al. 2015). Other examples of a similar mineralisation

Fig. 16 Synthetic time chart
comparison of some key late
Eburnean gold mineralisation
events and their timing. From A:
Dia et al. (1997), B: Hirdes and
Davis (2002), C: Lawrence et al.
(2013a) and Lawrence et al.
(2013b), D: Lebrun et al. (2015a)
and Lebrun et al. (2015b), E:
McFarlane et al. (2011) and F:
Parra-Avila (2015) and Parra-
Avila et al. (2015)
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footprint in West Africa include Wassa, Benso and Damang
(Pigois et al. 2003; Parra-Avila et al. 2015; Fig. 15).

Based on the structural framework and geochronolo-
gy of the KKI, Guinea, Mali, Ghana and other West
African references (Milési et al. 1989; Milési et al.
1992), gold mineralisation in West Africa between ca.
2110 and 2060 Ma can be split into two main events
(Fig. 16). Both gold mineralisation events are chrono-
logically associated with two distinct suites of intrusive
rocks previously distinguished by Hirdes and Davis
(2002).

The first gold mineralisation event occurred between ca.
2102 and 2085 Ma and was coeval with a first episode of
magmatism characterised by the emplacement of granodiorite
and felsic flows in the KKI and quartz-diorite in the Morila
deposit (McFarlane et al. 2011; Parra-Avila 2015; Fig. 16).
This first magmatic event was interpreted as associated with
the syn-D3Lo gold-tourmaline event in Loulo (KKI) and with
the syn-D2M intrusion-related gold mineralisation in Morila
and early gold mineralisation at Obuasi (Lawrence et al.
2013a; Lawrence et al. 2013b; McFarlane et al. 2011;
Fougerouse et al. 2015; Fig. 15).

The second gold mineralisation event was coeval with a
younger episode of magmatism responsible for the emplace-
ment of the Saraya granite, Falémé calc-alkaline pluton,
Boboti granodiorite and Loulo dolerite in the KKI (Hirdes
and Davis 2002; Lawrence et al. 2013a; Masurel et al.
2015a; Fig. 16). This younger episode of magmatism, dated
between ca. 2085 and 2054 Ma, is coeval with the second
episode of gold mineralisation, recognised in the deposits of
Loulo in the KKI, Morila in Mali, as well as Damang and
Obuasi in Ghana (Hirdes and Davis 2002; McFarlane et al.
2011; Fougerouse et al. 2015; Fig. 15).

In comparison, the Siguiri district syn-D3S orogenic gold
mineralisation (V3A and V3B veining) was overprinted by a
later phase of gold mineralisation or remobilisation, syn-D4S,
coeval with the emplacement of the Malea monzogranite and
Saraya volcanic breccia, which coincides with the first episode
of magmatism discussed above (Fig. 16). Thus, it is proposed
that the gold events in Siguiri (syn-D3S and syn-D4S) occurred
during the ca. 2102–2085 Ma episode of gold mineralisation
recognised across theWest African Craton. These conclusions
have a direct impact on orogenic gold exploration as they
suggest that younger economic gold mineralisation coeval
with the second episode of magmatism at ca. 2085–
2054 Ma, such as the late gold overprint in Morila, has yet
to be discovered in the Siguiri Basin.

Conclusion

The Siguiri district, hosted by the weakly metamor-
phosed sediments of the Siguiri Basin (Guinea), is

characterised by a polyphase hydrothermal history and
two textures (or style of mineralisation) of the hydrother-
mal mineral assemblages. The dominant texture, or
Kosise style of mineralisation, displays vein haloes struc-
turally controlled by early-D3S N-S, NE-SW, WNW-ESE
and E-W fracture zones. In comparison, the other texture,
or Sanu Tinti style, is only found in the conglomerate
interbeds of the Kintinian Formation. The hydrothermal
mineral assemblage associated with this style is dissem-
inated and dominated by pyrite. A discreet structural
control on gold mineralisation and alteration develop-
ment can be observed along a N-S thrust fault marking
the contact with the Fatoya Formation.

Both styles are associated with gold. The first episode of
gold mineralisation is related to the development of the Kosise
style V3A pyrite-ankerite veins in which gold can be found
locked in the pyrite crystal lattice (Au values up to
43.3 ppm). The second episode of gold mineralisation is as-
sociated with the Kosise style V3B quartz-ankerite-
arsenopyrite conjugate veins and with the Sanu Tinti style
syn-V3B disseminated pyrite. Native gold can be found in
the V3B veins and invisible gold (up to 55.5 ppm) can be
found locked in the arsenopyrite crystal lattice. Both these
gold episodes were overprinted by a late penetrative NNE-
SSW S4S cleavage associated with minor free gold, chalcopy-
rite and galena infilling V3A pyrite and V3B pyrite and arse-
nopyrite fractures.

Geochemistry conducted in different deposits and a
composite geochemical cross section across ore shoots
reveals that gold mineralisation in the Siguiri district is
associated with enrichments in Ag, Au, As, Bi, (Sb), Te
and W, typical of mesozonal to hypozonal orogenic gold
deposits. These enrichments are also accompanied by
additional increases in Co, Mo, Na/Al (molar) and S
and decreases in Ca, 3K/Al (molar), Mg, P, Rb and V
across the main ore shoot. These chemical changes can
be linked to the paragenetic sequence, are indicative of
an albite-carbonate-sulphide-sericite alteration associated
with the ore shoots and may increase the size of the
targets for exploration.

Comparison of the syn-D3S and syn-D4S gold
mineralisation timing at the Siguiri district with other orogenic
gold deposits from West Africa indicates that these gold
mineralisation events are coeval with other gold events
recognised across the craton at ca. 2102–2085 Ma. The
overprinting gold mineralisation event recognised craton-
wide at ca. 2085–2054 Ma is not represented in the Siguiri
district, whereas it represents the main source of gold in other
deposits of the West African Craton (e.g. Morila, Loulo,
Sadiola). This study supports the concept that gold
mineralisation in Siguiri and in West Africa is polyphase and
that careful consideration of the Siguiri district mineralisation
timing could lead to future discovery of gold deposits.
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