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Abstract

New constraints on the architecture, deformation sequence and tectonic evolution of the sparsely
exposed Palaeoproterozoic Sefwi Greenstone Belt (ca. 2200-2070 Ma) in SW Ghana are derived from
the integration of field observations, structural mapping and interpretation of regional airborne
geophysical data. Our findings provide new insights into the tectonic evolution of the West African
Craton during the Palaeoproterozoic Eburnean Orogeny (ca. 2150-2070 Ma). Domains of contrasting
metamorphic grade comprising high-grade paragneisses and meta-volcanic rocks are tectonically
juxtaposed against low-grade volcano-sedimentary packages. The earliest deformation event is
characterised by a bedding-parallel high-grade metamorphic foliation (S;) that is axial planar to
isoclinal folds formed during NNW-SSE shortening and late-D; partial melting. This crustal thickening
event generated biotite + muscovite granites emplaced parallel to the NW margin of the Sefwi Belt
between ca. 2092 and 2081 Ma, providing a minimum age for D;. D, deformation is characterised by
a moderate to steeply dipping, ENE-WSW to NE-SW striking, penetrative S> mineral foliation. Within
the Sefwi Belt, coaxial F; fold axes and L, stretching lineations pitch shallowly ENE-WSW to NE-
SW, oblique to the major shear zones, indicative of ENE-WSW transtension and associated
constrictional deformation. Differential exhumation of middle and lower crustal segments along NNE-
striking D, extensional detachments was coincident with sinistral oblique reactivation of NE-SW
regional-scale shear zones. The timing of exhumation is constrained by metamorphic monazite U-Pb
ages at ca. 2073 Ma. Subsequent E-W shortening is associated with dextral reactivation of regional
NE-SW striking shear zones and refolding of earlier structures away from the major shear zones. We
propose that the NW margin of the Sefwi Belt represents the collision (D;) of southern Ghana and
central and NW Ghana/Ivory Coast which record different tectonic histories. Furthermore, we suggest
the amalgamation of the West African Craton is the product of episodic collisional orogenesis,

providing new insights into the evolution of orogenic processes during the Palaeoproterozoic.
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1. Introduction

The applicability of the plate tectonic paradigm when investigating accretionary and collisional
orogenesis in the Precambrian is a continued source of controversy and debate (e.g. Cawood, et al.,
2006; Condie & Kroner, 2008; Fischer & Gerya, 2016; van Hunen & Moyen, 2012). Modern
subduction-related convergent settings often comprise narrow fold and thrust belts, accretionary
mélanges, ophiolites, blueschist facies rocks and ultra-high-pressure metamorphism (UHPM), many
of which did not appear until the Neoproterozoic (Chopin, 2003; Ernst, 2005; Stern, 2005). In contrast,
Archean and some Palaeoproterozoic geological provinces are characterised by granite-greenstone
terranes, associated with high crustal growth rates (e.g. Dhuime, et al., 2012), unique geochemical
signatures and strain patterns (e.g. Bouhallier, ef al., 1995; Condie, 1994; de Wit, et al., 1992; Keller
& Schoene, 2012) and greenschist-to-granulite facies metamorphism (Harley, 1992; Komiya, et al.,
2002). Each of these features reflect the influence of hotter ambient mantle temperatures early in the
Earth’s history (Herzberg, et al., 2010; Korenaga, 2013). The ensuing dichotomous debate regarding
early Earth tectonics has two primary end-members. The first suggests the granite-greenstone
architecture is the product of gravitational instabilities and the downward advection, or sagduction, of
cold, dense greenstone rocks and relative diapiric ascent of warm, buoyant felsic granitoids, known as
vertical tectonics (Bouhallier, et al., 1995; Choukroune, et al., 1995; Van Kranendonk, et al., 2007).
In this model, associated lateral deformation is accommodated by bounding crustal-scale shear zones
(Vidal, et al., 2009). In the second alternate model, the shear zones are interpreted as major crustal
sutures or thrust faults, juxtaposing contrasting litho-tectonic domains akin to modern accretionary-

collisional orogens (e.g. Calvert, et al., 1995; Feybesse, et al., 2006; Polat & Kerrich, 1999).

Recently, a significant amount of research using numerical and thermo-mechanical modelling
has focused on the influence of elevated mantle temperatures, and its subsequent secular cooling, on
the viability of subduction, lithospheric rheology and the characteristics of orogenic processes in the
early Earth (Ernst, 2009; Gerya, 2014; O'Neill, et al., 2007; Rey & Houseman, 2006; Sizova, et al.,
2014; Sizova, et al., 2010; Thébaud & Rey, 2013). In the rock record, such changes are reflected in
the progressive diversification of preserved metamorphic conditions and the appearance of eclogite
high-pressure granulite (EHPG) and ultra-high-temperature (UHT) facies rocks between ca. 3000 and
2000 Ma (e.g. Brown, 2006; 2007; Collins, et al., 2004). EHPG facies metamorphism suggests a
strengthening of the lithosphere and the commencement of subduction-like processes, whilst UHT
metamorphism is attributed to the coupling of elevated geotherms in attenuated lithosphere and warmer

mantle temperatures (e.g. Bhattacharya, 2004; Harley & Motoyoshi, 2000; Ouzegane, et al., 2003).



Higher geotherms, elevated magmatism and crustal growth coincides with the development of
collisional orogenesis in the Neoarchaean and Palaeoproterozoic, prompting the invocation of a hot-
orogen model for Precambrian accretionary orogens. These are characterised by monotonous HT-LP
metamorphic condition, three-dimensional deformation and lateral flow during the compression of hot
lithosphere (e.g. Cagnard, et al., 2006; Vidal, et al., 2009), attributed to the rheological weakening of
new continental lithosphere by massive juvenile magmatism (Chardon, et al., 2009, and references

therein).

The Archean tectonic debate persists into the Palacoproterozoic in the case of the granite-
greenstone terranes of the West African Craton (2300-2070 Ma) (Abouchami, et al., 1990; Boher, et
al., 1992). The formation and assemblage of this enigmatic juvenile cratonic domain coincides with
the onset of nascent or episodic plate tectonics and ambient mantle temperatures approximately 100 —
200 °C greater than present day (Ganne & Feng, 2017; Herzberg, et al., 2010). As for Archean terranes,
authors have invoked gravitationally-driven vertical tectonics (e.g. Lompo, 2009; Vidal, et al., 2009),
subduction-related volcanic arc accretion (e.g. Baratoux, et al., 2011; Feybesse, et al., 2006) and
collision (Block, et al., 2016), as well as hot-orogen style deformation and metamorphism for the West
African Craton (Chardon, et al., 2009; Vidal, et al., 2009). The Palaeoproterozoic rocks therefore
represent a unique opportunity to explore orogenic processes during a transitional phase of the Earth’s
history prior to the establishment of deep, self-sustaining subduction (Stern, 2007; Van der Hilst, et
al., 1997; van Hunen & van den Berg, 2008).

This paper focuses on the tectonic evolution of the Palaeoproterozoic crust of southwest Ghana,
which comprises the Sefwi Greenstone Belt and the adjacent Sunyani-Comoé and Kumasi-Afema
meta-sedimentary domains. Structural and metamorphic field observations are integrated with regional
airborne geophysical data to interpret lithological and structural maps. The deformation sequence
during the ca. 2100 Ma Eburnean Orogeny is constrained with existing geochronological data. This
multi-scale, multi-discipline approach provides insight into the tectonic styles and exhumation
mechanisms preserved within the craton. We discuss the implications of our findings relative to the
Precambrian orogenic record and the secular evolution of metamorphism and thermodynamic

properties of the lithosphere in the early Earth.

2. Geological Setting

The southern portion of the West African Craton (WAC; Fig. 1a) comprises the Archaean Kénéma-
Man province (3600-2700 Ma), tectonically juxtaposed to the north and the east against juvenile

granite-greenstone terranes of the Palaecoproterozoic (2300-1980 Ma) Baoulé-Mossi Domain
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Fig. 1: a) The southern portion of the West African Craton showing the study area in the southeast, (modified
after Milési, et al., 2004 ), with inset showing location of Archaean and Palaeoproterozoic domains of the West
African Craton, Dark and light green colours represent mafic volcanic rocks and sedimentary rocks
intercalated with intermediate to felsic volcanoclastite rocks, respectively. Yellow units comprise
unconformably overlying fluvio-deltaic sediments in fault-bounded basins, b) Simplified map from this study
showing dominant lithologies, domain names used within the text and major shear zones transecting the SW
Ghana. CD: Chiraa Domain; HD: Hwidiem Domain; BGD: Bechem Granitoid Domain; KJD: Kukuom-
Juaboso Domain; SWD: Sefwi-Wiawso Domain; SZ: Shear Zone.



(Bessoles, 1977; Rocci, 1965). Palaecoproterozoic formations are characterised by elongate volcanic-
plutonic greenstone belts and volcano-sedimentary “basins” of the Birimian Supergroup, which are
bounded by regional- to craton-scale shear zones (Junner, 1940; Leube, et al., 1990) and often
separated by voluminous granite-gneiss terranes. Birimian greenstone belts comprise basaltic to
rhyolitic volcanic and volcanoclastite rocks displaying tholeiitic to calc-alkaline affinities (e.g.
Baratoux, et al., 2011; Dampare, et al., 2008; Leube, et al., 1990; Pouclet, et al., 2006). Birimian basins
consist of volcanoclastite, greywacke, argillite, shale and chemical sediments, intercalated with
intermediate volcanic layers (e.g. Leube, et al., 1990; Oberthiir, et al., 1998). The nature of the
stratigraphic relationship between the two units are often ambiguous due to highly tectonised contacts.

A new stratigraphy for the Birimian Supergroup consisting of the Sefwi and Kumasi Groups
was recently established in southern Ghana, based on rocks exposed in the Ashanti Belt and Kumasi
Basin, by Adadey, et al. (2009) and Perrouty, et al. (2012). The Sefwi Group is defined as a formation
of mafic to intermediate volcanic, volcanoclastite and subordinates sedimentary rocks emplaced
between ca. 2195 and 2174 Ma (Perrouty, et al., 2012, and referemces therein). Detrital zircon U-Pb
and Pb-Pb data indicates that the deposition of volcano-sedimentary and sedimentary sequences of the
younger Kumasi Group commenced after ca. 2150 Ma (Adadey, et al., 2009; Davis, et al., 1994;
Oberthiir, et al., 1998). Sporadically and unconformably overlying central portions of many of the
greenstone belts are fluvio-deltaic conglomerate, quartzite and phyllite sequences of the Tarkwa Group,
in narrow, fault bounded basins (Davis, et al., 1994; Eisenlohr, 1989). Detrital zircon U-Pb and Pb-Pb
populations reveal a maximum age of deposition of 2132 + 3 Ma (Davis, et al., 1994; Hirdes & Nunoo,
1994), or possibly as young as 2090 + 17 Ma (Pigois, et al., 2003). Similar fluvial conglomerate and
sandstone sequences of the Bui Belt, formerly referred to as Tarkwaian (Kiessling, 1997; Zitzmann, et
al., 1997), form the Banda Group and were deposited as syn-orogenic molasses sequences between ca.
2125 and 2120 Ma (de Kock, et al., 2011; de Kock, et al., 2012; Kiessling, 1997).

Granitoid emplacement in the WAC is considered to be partially contemporaneous with
volcanism (e.g. de Kock, et al., 2011; Feybesse, et al., 2006; Gueye, et al., 2008; Pawlig, et al., 2006;
Tshibubudze, et al., 2013). Na-rich, calc-alkaline dioritic to granitic magmas and silicic, tonalite-
trondhjemite-granodiorite (TTG)-like magmas yield crystallisation ages between ca. 2190 and 2130
Ma (Agyei Duodu, et al., 2009; Doumbia, et al., 1998; e.g. Gasquet, et al., 2003; Hirdes, et al., 1996;
Tapsoba, et al., 2013). Younger, more potassic granitoids and felsic lavas were emplaced between
~2130 and 2070 Ma in Senegal, Mali and along the Archaean-Palaeoproterozoic contact in the Ivory
Coast, and in SW Ghana between ca. 2090 and 2080 Ma (e.g. Egal, et al., 2002; Hirdes & Davis, 2002;
Hirdes, et al., 1992; Liégeois, et al., 1991; Parra-Avila, et al., 2017; Petersson, et al., 2016).



The architecture, metamorphism and strain patterns of the Baoulé-Mossi Domain are attributed
to the Palaeoproterozoic Eburnean Orogeny (Bonhomme, 1962) between ca. 2150 and 1980 Ma (Davis,
et al., 1994; Oberthiir, et al., 1998). Metamorphism of volcanic greenstone belts and volcano-
sedimentary domains is largely restricted to lower- to upper greenschist facies (e.g. Béziat, et al., 2000;
Feybesse, et al., 2006; Kiibek, et al., 2008; Mumin & Fleet, 1995) with amphibolite facies recorded
within the contact aureole of plutons (e.g. Debat, et al., 2003; Pons, et al., 1995). These are juxtaposed
with small windows of locally migmatitic, amphibolite-to-granulite facies orthogneisses and
paragneisses sporadically exposed throughout the craton (Boher, et al., 1992; e.g. Caby, et al., 2000;
de Kock, et al., 2012; Lemoine, et al., 1990; Opare-Addo, et al., 1993). A number of recent studies,
however, have reported regional medium-pressure, medium temperature (MP-MT) amphibolite facies
metamorphism within greenstone belts of SW Ghana (Galipp, et al., 2003; John, et al., 1999), whilst
areas of NW Ghana, Senegal and eastern Burkina Faso preserve early, relic high-pressure, low-
temperature (HP-LT) assemblages (Block, et al., 2015; Ganne, et al., 2012; 2014), variably overprinted
by amphibolite-to-granulite facies anatectic conditions. Results of these studies, and the documentation
of high-pressure granulites along the Archean-Palaeoproterozoic tectonic contact (Pitra, et al., 2010;
Triboulet & Feybesse, 1998) suggest a greater diversity in metamorphic conditions than previously
assumed.

The distribution and structural relationships of the granite-greenstone terranes, as well as high-
and low-grade metamorphic domains, have drawn a number of interpretations regarding both the
evolution of the Eburnean Orogeny and the tectonic style responsible for the present day architecture.
Some authors propose a polyphase tectonic history involving the diachronous deformation and
metamorphism of high- and low-grade terranes, with >2150 Ma old migmatitic gneissic crust
interpreted as an older basement upon which the Birimian Supergroup was deposited (Boher, et al.,
1992; Lemoine, et al., 1990). The event was variably termed the Tangaean or Burkinian, however, it
is now more widely referred to as the Eoeburnean, encompassing an earlier tectonic evolution between
2200 and 2150 Ma (de Kock, et al., 2012; Feybesse, et al., 2006; Hein, 2010; Tshibubudze, et al., 2013)
and is followed by the Eburnean Orogeny sensu stricto. Alternatively, adjacent terranes with
contrasting peak high-grade and low-grade conditions were interpreted to have undergone a
concomitant evolution during monocyclic, progressive deformation (Block, et al., 2015; Block, et al.,
2016; Eisenlohr & Hirdes, 1992; Galipp, et al., 2003; Gasquet, et al., 2003; Loh, et al., 1999), and
therefore represent different crustal depths that have been subsequently tectonically juxtaposed.

The mechanisms of burial and exhumation of high-grade terranes of the WAC are elucidated
by several contrasting models. Deformation is attributed to either horizontal shortening of

rheologically strong lithosphere accommodated by thrust faults and nappe stacking, akin to modern
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orogens (Billa, ef al., 1999; Fabre, et al., 1990; Feybesse, et al., 2006; Milési, et al., 1989; Milési, et
al., 1992). The exhumation of regional high-grade terranes exposed in NW Ghana is attributed to
concurrent extensional gravitational collapse and contractional deformation acting on an
overthickened lithosphere weakened by partial melting in the lower crust (Block, et al., 2015; Block,
et al., 2016). Alternatively, some authors have invoked gravity-driven vertical movements of dense
greenstone belts and buoyant granitoid domains, based on monotonous metamorphism, increasing only
in granitoid contact aureoles, and interpreted dome and basin strain patterns (Pons, et al., 1995; Vidal,
et al., 2009). In this model, exhumation of migmatitic rocks is interpreted as the product of buoyancy-
driven ascent in a rheologically weak, hot orogenic crust, following homogeneous and distributed
crustal thickening and extensive granitoid emplacement (e.g. Caby, et al., 2000; Ganne, et al., 2014;

Pouclet, et al., 1996, Vidal, et al., 2009).

3. Study area
3.1 Litho-structural domains

The NE-striking Sefwi-Greenstone Belt of southwest Ghana and southeast Ivory Coast comprises a
diverse range of metamorphic rocks from greenschist facies to migmatitic packages, flanked to the
northwest and southeast by low-grade meta-sedimentary rocks of the Sunyani-Comoé and Kumasi-
Afema domains (Fig. 1b) (Agyei Duodu, et al., 2009; Feybesse, et al., 2006; Hirdes, et al., 2007).

Discrete domains are bounded and intersected by ENE-, NE- or ~N-striking shear zones.

3.1.1 High-grade domains of the Sefwi Belt

The Chiraa Domain (CD) is a triangular area in the northeast, reaching ~30 km in width,
unconformably overlain to the east by Neoproterozoic sediments of the Volta Basin. It comprises
highly heterogeneous lithological packages of paragneiss, rare granitic orthogneisses and
hornblendites that are intruded by foliated two-mica granites and pegmatites, dated at ca. 2092 Ma
(Agyei Duodu, et al., 2009; Petersson, et al., 2016). The paragneiss protoliths include greywacke,
pelitic or volcanoclastite rocks that occur as elongate rafts that are occasionally migmatitic.
Metamorphic assemblages and textures that indicate high-pressure amphibolite to granulite facies
metamorphic conditions (McFarlane, 2018). The Chiraa Domain is flanked to the west and the south
by low-grade metasedimentary units of the Sunyani-Comoé Domain, however the contact is not

directly observed.

The Kukuom-Juaboso Domain (KJD) predominantly comprises poly-deformed upper-

greenschist to amphibolite facies mafic to intermediate amphibolites and quartz-rich meta-greywackes
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and metamorphosed volcano-sedimentary rocks and multiple generations of granodiorite, granite and
mafic-ultramafic plutons. The ~150 km long domain is rhomboidal in shape and has a maximum width
of 45 km. The Hwidiem Domain (HD) to the northeast is lithologically comparable but is separated by
migmatitic mafic orthogneisses within the Hwidiem Shear Zone. Only two ages exist for the Kukuom-
Juaboso Domain that constrain the timing of granodiorite emplacement at ca. 2135 Ma (Amponsah,
2012). The Bechem Granitoid Domain (BGD) is located in the south-eastern portion of the Sefwi Belt
and contains weakly deformed granitoids with compositions varying significantly from quartz diorites
to garnet-biotite granites and younger potassic biotite granites (Hirdes, et al., 1993). Pyroxenite,
gabbro and norite intrusions and high strain gneissic amphibolites are found proximal to the Ketesso
Shear Zone, along which lies a greenschist facies meta-rhyolite flow dated at ca. 2189 Ma (Hirdes &
Davis, 1998). Southeast of the rhyolite, strongly sheared conglomerates with abundant rounded
quartzo-feldspathic lithics are observed along the tectonic contact between the Sefwi Belt and the
Kumasi-Afema Domain and are regionally correlated with the Tarkwa Group (Agyei Duodu, et al.,

2009).

3.1.2 Low-grade domains of the Sefwi Belt

The NE-SW-striking Sefwi-Wiawso volcano-plutonic domain (SWD), in the southern portion of the
Sefwi Belt, extends for ~200 km from Bibiani in southwest Ghana into south-eastern Ivory Coast
(Hirdes, et al., 2007; Hirdes, et al., 1993). The domain comprises greenschist facies tholeiitic to
intermediate volcanic rocks with minor volcanoclastite and volcano-sedimentary sequences. Coeval
volcanism and plutonism is dated between ca. 2180 and 2136 Ma, ranging in composition from quartz
diorites and monzodiorites to biotite granites (Agyei Duodu, et al., 2009; Hirdes, et al., 1992; Hirdes,
et al., 2007). Immature, polymictic conglomerates, sourced from both the volcano-plutonic rocks and
the adjacent low-grade metasedimentary domains (Hirdes, et al., 1993), occur at the easternmost

boundary of the domain bound by the Bibiani Shear Zone (Agyei Duodu, et al., 2009).

3.1.3 Low-grade meta-sedimentary domains/basins

The Kumasi-Afema and Sunyani-Comoé meta-sedimentary domains comprise deformed
volcanoclastite rocks, wacke, shale and argillite and rare intercalated felsic volcanic layers (Hirdes, et
al., 1993). The minimum deposition ages, constrained by granodiorite and leucogranite intrusions, for
both domains are 2136 + 2 Ma and 2088 + 2 Ma, respectively (Adadey, et al., 2009; Hirdes, et al.,
1992). Along strike of the Sunyani-Comoé Domain intrusions, granite plutons within the Chiraa

Domain yield comparable ages of ca. 2092 Ma (Agyei Duodu, et al., 2009; Petersson, et al., 2016).



3.2 Major Shear Zones

The NE-striking Sefwi Shear System defines the regional architecture and major crustal-scale
structures that extend >300 km from central Ghana to southeast Ivory Coast (Jessell, et al., 2012). The
northwest margin of the belt comprises sub-vertical NE-striking and south-dipping shear zones of the
Kenyase-Yamfo Shear Zone, truncating the ENE-striking Hwidiem Shear Zone, which lies within the
Sefwi Belt. The central Ketesso Shear Zone transects the length of the Sefwi Belt, from central Ghana
to south-east Ivory Coast. It separates the Sefwi-Wiawso and Kukuom-Juaboso domains, forming the
southern extent of the Bechem Granitoid Domain (Hirdes, et al., 2003; Jessell, et al., 2012). The
southern-most NE-striking Afema Shear Zone marks the SE-dipping tectonic contact between the

Sefwi-Wiawso volcano-plutonic domain and the Kumasi-Afema meta-sedimentary domain.

4. Methodology and data

Our interpreted geological map integrates field mapping with interpretation of regional geophysical
data sets. Outcrop is sparse, precluding continuous mapping, however, lithological, structural and
petrophysical information was acquired at 484 outcrop localities. This data was complemented by
outcrop maps and observations from Hirdes, et al. (1993), as well as outcrop databases from mining

companies (Kinross and Newmont).

4.1 Processing and interpretation of geophysical data

The Ghanaian data is a composite grid of five individual surveys, the details and locations of which
are shown in the supplementary information (Supplementary Material: Fig. 1SI and Table 1SI). Four
surveys have line spacings of between 200 and 500m and flight altitudes of between 70 and 80 m. Data
was collected along E-W flight lines. The national airborne magnetic data of Ivory Coast was collected
along N-S flight lines with a line spacing of 500 m and a flight altitude of 152 m (Fig. 1SI). Raw data
was processed using Geosoft Oasis Montaj software and used for regional interpretations. Processed

images are shown as supplementary files (Fig. 2S1-4SI).

4.1.1 Aeromagnetic data

Airborne magnetic surveys provide us with a map of magnetic anomalies from which we can derive
lithological, structural and kinematic information, as constrained by field observations (Aitken & Betts,
2009; Betts, et al., 2007; Lindsay, et al., 2011; Stewart, et al., 2009). The magnetic data was gridded
as a composite residual magnetic intensity (RMI) grid with a cell size of 100 m (Ghana) and 125 m

(Ivory Coast). Residual magnetic intensity datasets covering SW Ghana and the Ivory Coast and the
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A1 total magnetic intensity (TMI) grid were reduced to the equator (RTE), with a 180-degree phase
reversal or inversion (negative RTE) (Fig. 2a) according to the method of Luo et al. (2010). Given the
equatorial latitudes, conventional reduction to the pole (RTP) was unstable (Li, 2008; MacLeod, et al.,
1993) (Fig. 1SI). Interpretation of lithology distribution relied on both the negative RTE and analytical
signal grids (MacLeod, et al., 1993). Filters included the first vertical derivative, tilt derivative and
amplitude normalisation (Automatic Gain Control), which were used to delineate structural trends and
lithological boundaries (Gunn, et al., 1995; Milligan & Gunn, 1997; Pilkington & Keating, 2009;
Verduzco, et al., 2004).

4.1.2 Radiometric (gamma-ray) data

Gamma-ray spectrometry data shows the content and distribution of radioactive elements in the rocks
and regolith in the uppermost 30cm of the Earth’s crust (Minty, et al., 1997; Wilford, et al., 1997).
Combined use of topographic information and geochemical data highlights lithology distribution and
laterite and regolith cover (Dickson & Scott, 1997; Wilford, et al., 1997). U, Th, and K bands were
gridded individually at 100 m resolution (Fig. 4SI). A ternary RBG (Red-Green-Blue) diagram was
draped over a shaded image of the digital elevation model (90 m resolution; Shuttle Radar Topographic
Mission, SRTM, 2000). Band ratio (U/K and Th/K) and Principal Component Analysis (PCA) images
were derived from the original bands. Relative abundance ratios were used to distinguish changes in

rock type and alteration.

4.1.3 Gravimetric data

Gravimetric data was sourced from the International Gravimetric Bureau (http://bgi.omp.obs-mip.fr/)
as EGMO8 Free Air and Bouguer anomaly grids, with a grid size of 1 arc-minute. The Bouguer
anomaly map (Fig. 2SI) shows long wavelength anomalies is most effective at differentiating regional

rock domains, large lithological packages and the extent of major structures along strike.

5. Lithological associations and geological map

The geophysical datasets were integrated within a GIS software for interpretation, according to the
method of Metelka, et al. (2011). Integration of field data, petrophysical data and geophysical
signatures were used to characterise the principal lithological associations (Table 1) in the new litho-
structural map (Fig. 2b), with field photographs presented in Fig. 6S1. Magnetic susceptibility values
for each unit are presented in Supplementary Information (Fig. 5SI). Values for magnetic anomalies
are derived from the negative RTE image colour bar legend, and, as a product of data processing, are

given as negative integers.
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5.1 Lithologies
5.1.1 Basalt/metabasalt/metadolerite

Greenschist to amphibolite facies metabasalts and metadolerites are variably deformed with foliation
intensity varying depending on proximity to larger faults and shear zones. In the airborne magnetic
surveys, these mafic volcanic rocks have high-amplitude, high-frequency magnetic anomalies. The
anomalies are elongate and curvilinear, ranging between 10 and 40 km in length, with variable
amplitudes between -618 to -509 nT and -816 to -745 nT, consistent with multi-modal magnetic
susceptibility values from 0.05 to 84 x 107 SL. Magnetic anomalies distal to major shear zones are
parallel with the S; foliation suggesting the magnetic data is imaging the earliest foliation. The dark
radiometric signal of basalts indicates depletion in incompatible elements, however, units located

along shear zones or domain boundaries show evidence of potassic alteration.

5.1.2 Meta-andesite/dacite

Andesitic and dacitic rocks occur within the Kukuom-Juaboso and Sefwi-Wiawso domains, as well as
rare intercalated sills in the adjacent metasedimentary domains. Andesitic lavas are characterised by
homogeneous to slightly stippled, low to moderate amplitude magnetic response. They are consistently
lower amplitude (-710 to -620 nT) and often have longer magnetic wavelengths compared with the
metabasalts. Andesitic layers have a bimodal magnetic susceptibility of 0.03-0.40 x 10 ST and 7.41—
39.50 x 1073 SI. The units are often associated with distinct eU enrichment relative to eTh and K in the

radiometric data.

5.1.3 Rhyolite/ felsic volcanoclastite/ meta-rhyolite

Rhyolites, felsic volcanoclastites and pyroclastic units are found as narrow layers, parallel to
stratigraphic layering in schists derived from volcano-sedimentary rocks in the Sunyani-Comoé and
Kumasi-Afema domains. These felsic lava flows and volcanoclastites have discrete, elongate bimodal,
high- and low- amplitude magnetic anomalies (-783 to -750 nT; -618 to -585 nT), parallel to observed
bedding. Magnetic susceptibilities are generally low (< 0.60 x 10 SI), however, more magnetite-rich
felsic volcanoclastic layers yield magnetic susceptibility values of 6.25-29.14 x 10 SI. Their

radiometric signal reveals high K and eTh content relative to eU.
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Table 1. Synthesis of the mineralogy, petrophysical properties and geophysical signatures of the lithologies represented on the geological map (Fig. 2). Thumbnails represent
subsets of geophysical datasets, each with 4km scale-bar, using the same methodology as described in section 4. Scale bar is 4km in length.

Lithology Basalt/metabasalt/  Meta-andesite/dacite  Rhyolite/felsic Volcaniclastic Volcano- Composite gneiss Mafic orthogneiss  Gabbro/norite/pyrox
metadolerite volcaniclasite metasediments sedimentary schist enite complex

Mineralogy Hbl, gz, (relict pl, hbl, gz, ep, ttn, gz, chl ,wm, Qz, pl, chl, wm, £ gz, chl, ms, gr gz, bt, pl, wm, grt, £ pl, hbl, qz, ilm, grt,  hbl (after cpx), pl,
Cpx), bt, pl, chl, act, chl, act bt, hbl, grt alsi, tur, gr cp, ttn chl, ep, act

Magnetic 0.05, 1.01 9.58, 0.03 0.40,7.41 0.02 1.60, 6.25 0.06 1.00, 20.01 .02 1.30 0.04 1.30 0.12 9.58 (bimodal) 0.27 2.48

susceptibility 13.08 84.00 39.50 29.14 80.30

range (107 SI) (multimodal) (bimodal) (bimodal) (bimodal)

Sample SB040 SB173 SB044 SB439 SB362 SB398 SB177 SB411

U (ppm) 0.90 1.70 1.50 1.60 1.40 1.50 0.40 0.80

Th (ppm) 1.80 4.60 6.30 3.70 4.10 4.60 0.20 1.60

K,0 (wt%) 1.17 1.54 23 2.63 2.79 3.16 0.2 0.81

Airborne magnetic  ]lighly magnetic Low to high intensity Low to very highly Low to high, Low intensity, Very low to low Low to high Low to moderate

response Heterogeneous, magnetic layers heterogeneous, uniform, smooth intensity, smooth intensity, variable intesity, weak

Magnetic image

Airborne

radiometric response (dark), pervasive K

Radiometric
response +
shaded DEM

Map

clongate near SZ strong mag. fabric

magnetic fabric

Low U, K, moderate Low U, Th, mod K, Moderate to high U,

U, Th, K poor Enriched in U Low U, moderate Heterogeneous
relative to Thand K Th, high K (red - Th, regolith (light  higher K in Kumasi Th, K (pink-yellow) signal oflen covered
by rcgolith and

alteration along SZ

domain (pink - red)
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Table 1. (continued)

Lithology G1: Trondhjemite,  G2: Trondhjemite  G3a: Granodiorite,  G3b: Potassic G4: Leucogranite Chemical sediment  Polymictic Dolerite dyke
tonalite, granodiorite and granodiorite quartz dioritc quartz monzonite (Chert) conglomeratc

Mineralogy qz, pl, bt, hbl, £ kfs gz, pl, bt, hbl, £ kfs, pl, kfs, gz, hbl, bt, qz, kfs, pl, bt (£ hbl) qz, kfs, pl, bt, ms, No data qz, pl, chl, wm, ¢p,  ol, opx, ¢px, pl, hbl,

ep py bt

Magnetic 0.15 0.55,1.01 0.12 2.03 0.09 1.00, 425- 047 3.88 0.00 0.15 035 1.59 0.01 0.50 0.08 0.16, 10.55

susceptibility 3.50, 15.47 25.30 24.04 87.70

range (107 SN (multimodal) (bimodal) (bimodal)

Sample SB252 SB248 SB045 SB023 SBO10 SB171 SB417 SB431

U (ppm) 1.90 0.50 2.00 0.60 7.20 no data no data 0.89

Th (ppm} 4.70 1.50 5.70 0.50 4.20 2.91

K0 (wt%) 1.84 1.24 1.82 4.01 2.51 1.13

Airborne magnetic  Low to moderate Low to moderate, Modcratc magnctic  Moderatc to high, Low, homogencous  Variablc low to Narrow, low Strong, lincar signal

response intensity, strong homogeneous, intesnity, weak moderate strength moderate intensity  intensity signal
magnetic fabric smooth magnetic fabric magnetic fabric

Magnetic image

-~

-
/ -

High K, moderate

Airborne K, Th, U poor Heterog. relative Low K, high Th, High K, mod U, low Depleted in U, Th  Highin K, U, Th

radiometric (dark) heterogeneous enrichment in Th; low U (green) Th (red - pink) Th, U, and K (dark) (whilte) and rich in
response U, K poor {dark) K close to SZ
Radiomelric + : By - ; [
shaded DEM
[y
ik
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Map -
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5.1.4 Volcanoclastite rocks

Immature, volcanoclastite and pyroclastic rocks with subordinate epiclastic meta-greywacke units and
rare iron-rich quartzites occur in the Kukuom-Juaboso and Hwidiem domains. These rocks are
metamorphosed at upper greenschist to amphibolite facies conditions. Biotite + amphibole and garnet
schistose to gneissic foliations alternate with quartz and plagioclase bands. The magnetic response of
volcanoclastite rocks indicate heterogeneous magnetite distribution with alternating highly magnetic
and non-magnetic layers. Magnetic amplitudes vary from -585 to -509 nT and -816 to -760 nT, with
short, high-frequency wavelengths. The strong magnetic fabric shows excellent correlation with S;
foliations and is therefore used to extrapolate S; trajectories. The magnetic susceptibility of this rock
was bimodal, with values ranges from low (< 1 x 107 SI) to extremely high (20.01-80.30 x 10~ SI).
The radiometric signal indicates Th enrichment relative to U and K, commonly masked by regolith

cover, indicating extensive weathering.

5.1.5 Volcano-sedimentary schist

The volcano-sedimentary schist unit is found mainly within the Sunyani-Comoé and Kumasi-Afema
domains and comprises argillitic schist, graphitic shale, greywacke and minor intercalated felsic to
intermediate volcanic rocks metamorphosed under sub-greenschist to greenschist facies conditions
indicated by variably pervasive chlorite-white mica and chlorite-actinolite schistosity. Elevated
metamorphic grade of the schistose units is limited to narrow contact aureoles of intruding granitoids.
The aeromagnetic response of the metasedimentary rocks from the Kumasi-Afema Domain is a smooth
low wavelength, with low- to moderate amplitudes (-690 to -605 nT). Higher amplitude magnetic
responses and dipole magnetic anomalies are associated with shear zones. The volcano-sedimentary
schists and intermediate volcanic rocks in the Sunyani Comoé Domain are characterised by a
prominent bimodal magnetic signal. A smooth, wide and elongate, low-amplitude signal (-816 to -684
nT) occurs immediately north of Kenyase and to the north of Sunyani. Volcano-sedimentary schists
along strike of intruding leucogranites often have a high magnetic response characterised by strong
ENE-striking magnetic fabrics with high amplitude (-620 to -545 nT) and high frequency, which we
attribute to the production of magnetite during prograde metamorphic reactions in granitoid aureoles,
coupled with structurally controlled fluid flow. Magnetic susceptibility values are low (0.02—-1.30 x
107 SI). The radiometric signal reveals K and eTh enrichment relative to eU in the Kumasi-Afema

Domain and indicates extensive regolith cover in the Sunyani-Comoé Domain.
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Fig. 2: a) Composite image of the negative reduced to the equator (nRTE) residual magnetic intensity draped over

the shaded first vertical derivative (1VD), comprising airborne magnetic surveys from SW Ghana and SW Ivory
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Coast (survey details in Fig. AISI), displaying all outcrop localities; b) Lithological and structural map of the
Palaeoproterozoic rocks of SW Ghana. CD: Chiraa Domain;, HD: Hwidiem Domain; BGD: Bechem Granitoid
Domain; SWD: Sefwi-Wiawso Domain; SZ: Shear Zone. Shear zones are colour coded according to the last
deformation event during which they were active. Darker colours of the same lithological unit represent more rocks

with a higher magnetic response.

5.1.6 Composite gneiss

This package occurs in the Chiraa Domain and comprises paragneisses, rare granitic orthogneisses,
varying proportions granitic and trondhjemitic melts and pegmatite dykes. A bedding parallel foliation
in the paragneiss units is defined by biotite-rich and quartz-plagioclase-rich bands. A weak biotite
foliation occurs in some granites. The composite gneiss, comprising both paragneisses and
orthogneisses, has a low-amplitude (-816 to -765 nT), long wavelength aeromagnetic response with a
weak magnetic fabric that is truncated by linear anomalies associated with younger faults. Minor
proportions of the domain are characterised by a short wavelength, higher magnetic signal (-618 to -
550 nT) defining a stronger magnetic horizons, possibly indicating heterogeneous magnetite
concentration in stratigraphic layers. Magnetic susceptibility values of paragneisses and granites are
predominantly low (0.04—1.30 x 10~ SI). The radiometric signal indicates moderate eU, eTh and K

enrichment.

5.1.7 Mafic orthogneiss

Mafic orthogneisses are exposed along the Hwidiem Shear Zone (Fig. 1b) and the southern margin of
the Chiraa Domain. A migmatitic mafic orthogneiss in the Chiraa Domain has garnet and
clinopyroxene porphyroblasts with plagioclase-rich leucosomes indicating high-pressure amphibolite—
granulite facies conditions (Pattison, 2003). The magnetic response of the mafic orthogneiss is
generally characterised by high-amplitude (-585 to -509 nT), elongated anomalies, subparallel to D,
and D, shear zones. Occasional lower amplitude responses below -750 nT are associated with
migmatitic mafic orthogneisses containing high melt proportions (e.g. western segment of the
Hwidiem Shear Zone). Magnetic susceptibilities of mafic orthogneiss ranges from 0.12 to 9.58 x 1073

SIL.

5.1.8 Gabbro-pyroxenite-norite

This package is a variably deformed hornblende-bearing gabbro, norite and clinopyroxene-rich
pyroxenite, and layered hornblende-bearing mafic and dioritic intrusive suites. These lithologies are
limited to the Kukuom-Juaboso, Bechem and Hwidiem domains in the central Sefwi Belt. They have

a highly irregular magnetic texture with low frequency, low amplitude (-784 to -683 nT) anomalies
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with weakly magnetised horizons that increase in magnetisation along faulted margins. They are
characterised by low to moderate magnetic susceptibility (0.27—-2.48 x 10 SI) and gamma ray
emissions indicate a strong depletion in incompatible elements. Where more strongly deformed, the
radiometric signal indicates high eU and eTh relative to K, caused by the extensive lateritic or regolith

cover (Dickson & Scott, 1997). This intrusive complex has not been directly dated.

5.1.9 Granitoids

Several suites of granitoids are identified. Trondhjemite, tonalite and rare granodiorite plutons (G1)
contain biotite as the main ferromagnesian phase, with minor amphibole. They are foliated and locally
migmatitic. K-feldspar is present in (micro) granodiorite plutons. The G1 suite has a low amplitude (-
810 to -706 nT), moderate frequency, stippled textured aeromagnetic response. Magnetic susceptibility
is multi-modal, ranging from 0.15-25.30 x 10 SI. Gamma-ray emissions indicate a heterogeneous

depletion in radioactive elements.

A second group of granitoids comprise biotite-bearing, foliated to gneissic trondhjemite and tonalite
plutons, with subordinate to rare amphibole (G2). The G2 granitoids are rounded to elongate and have
a smooth, low to moderate (-783 to -684 nT) magnetic response. Magnetic susceptibility values
ranging from 0.12 — 1.03 x 10 SIL The relative chronology of G1 and G2 suites is deduced from
crosscutting relationships gleaned from aeromagnetic data stippled magnetic anomalies of the G1 suite,
which are truncated by the smooth, long wavelength, low amplitude responses of the G2 suite. Gamma-
ray emissions indicate an overall depletion in radioactive elements and relative enrichment in eTh. The
50km long Tano River trondhjemitic batholith, located immediately north of Wiawso, is associated

with a large low response in the gravity data.

A third group of small, irregular bodies comprises calc-alkaline, coarse-grained, equigranular
amphibole-bearing granodiorites and quartz diorites (G3a). The magnetic signal is sub-elliptical in
shape with a heterogeneous, high frequency, low to high amplitude (-717 to -651 nT) magnetic
response. Their radiometric signal indicates heterogeneous eTh enrichment relative to eU and K, with
other areas indicating depletion in all incompatible elements. The magnetic susceptibility of these
granitoids is bimodal, with values ranging from low (< 1 x 107 SI), to locally highly magnetic (4.25 —
24.04 x 1073 SI).

Porphyritic potassic quartz monzonite plutons with abundant biotite and K-feldspar (G3b) are
characterised as elliptical, sometimes, slightly elongate, with a distinct radiometric signal indicating
enrichment in K relative to eTh and eU, strongly contrasting the radiometric signal of G3a. The
aeromagnetic response of G3b granitoids is distinguished due to its moderate amplitude (-637 to -600

18



nT) and a more stippled texture, suggesting a heterogeneous distribution of magnetite. The G3b suite
magnetic susceptibility values are low to moderate (0.47-3.88 x 107 SI) and display a weak to well-

defined magnetic fabric in airborne magnetic data.

Muscovite and biotite bearing leucogranites associated with coarse-grained, muscovite-rich pegmatitic
bodies (G4) are identified from the aeromagnetic data as elongate (~ 30 — 40 km), elliptical plutons
parallel to the NW-striking tectonic contact between the Sefwi Belt and the Sunyani-Comoé Domain.
The magnetic response of the G4 suite is characterised by smooth, low amplitude (-816 to -750 nT),
and long wavelength (>10 km) magnetic responses. Their magnetic susceptibility values are
homogeneously low (< 0.15 x 107 SI). The radiometric signal for the G4 suite indicates enrichment in
K and eTh, relative to eU. Gamma-ray emissions of large pegmatite bodies indicate enrichment in all
incompatible elements. These bodies share similar petrological and petrophysical characteristics to

ME3 of Baratoux, et al. (2011) and Metelka, et al. (2011) and G5 of Block, et al. (2016).

5.1.10 Chemical sediment (Chert)

Chemical sedimentary rocks are composed of massive or banded chert, located along the north-western
and far western margins of the Kukuom-Juaboso and Hwidiem domains. Chert is characterised by an
asymmetrical, elongate (~5 km), low amplitude (-783 to -771 nT), irregular aeromagnetic anomalies.
Magnetic susceptibility values are generally low (0.35-1.59 x 102 SI) and the radiometric signal

indicates a depletion in all incompatible elements.

5.1.11 Polymictic conglomerate and sandstone

Two types of polymictic conglomerate and sandstone units are confined to the Ketesso Shear Zone
and the Bibiani Shear Zone. Along the Ketesso Shear Zone, this lithology comprises strongly sheared
sandstone, siltstone and matrix supported conglomeratic beds with intensely sheared, rounded quartzo-
feldspathic clasts. Conglomerates located along the Bibiani Shear Zone contain metasedimentary
schist, meta-volcanic and granite-derived lithics, indicating local sources. A steeply dipping S-C fabric
with a horizontal mineral stretching lineation is defined by quartz-chlorite-white mica or quartz-
chlorite-actinolite metamorphic assemblages. This lithology is associated with narrow, elongate

heterogeneous magnetic anomalies and has a radiometric signal that indicates high K and eTh.

5.1.12 Volta basin sediments

The Neoproterozoic Volta Basin sediments unconformably overlie the Palaeoproterozoic units in the
NE. The sediments comprise horizontal beds of thick cross-bedded sandstone, fine-grained arkoses

and rare conglomerates (Junner, 1946; Kalsbeek, et al., 2008). The basin is magnetically transparent.
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The basin margin is most clearly defined in the combined DEM and radiometric image, associated

with an elevated topography and extensive K depletion relative to eU and eTh.

5.1.13 Dolerite dykes

Dolerite dykes are characterised by high-amplitude (-509 nT), linear magnetic anomalies, several tens
of metres wide and 40 to 200 km long. The dykes crosscut all Palaecoproterozoic formations with three
primary orientations at N 340°, N 020° and N 070°. The dipole response characterising some dykes
indicates strong magnetic susceptibility and remanence. Most intrudes the overlying Neoproterozoic

Volta basin successions in the northeast of the field area.

5.2 Geophysical response of tectono-metamorphic domains

We identify several distinct tectono-metamorphic domains based on their geology, metamorphic grade
and geophysical response. Domain boundaries are defined by magnetic linear anomalies, truncation of
magnetic fabrics or contrasting magnetic, radiometric or gravity responses. Tectono-metamorphic
domains within the Sefwi Belt, including the high-grade Chiraa Domain, correspond with a NE-
striking, high amplitude gravity anomaly (Fig. 2SI). Moderate to low gravity responses flank the belt
to the northwest and southeast, corresponding with meta-sedimentary units of Sunyani-Comoé and
Kumasi-Afema Domains, respectively. The aeromagnetic data yields more detail on the lithology

distribution and domain boundaries within the Sefwi Belt (Fig. 2a).

The central, Kukuom-Juaboso and Hwidiem domains are characterised by a strong, E-W to
ENE-WSW trending magnetic fabric (Fig. 2a, b), predominantly associated with metamorphosed
volcanoclastite and greywacke sequences. Magnetic fabrics of the Kukuom-Juaboso Domain are
truncated to the west and to the east along NNE-striking structures, interpreted as the domain
boundaries. The bounding Kenyase-Yamfo and Hwidiem shear zones are defined by elongate, narrow,
NE- and ENE-striking magnetic lineaments respectively. In contrast, the Chiraa Domain is
characterised predominantly by a low magnetic signal containing discrete, high magnetic anomalies,
consistent with the heterogeneous high-grade paragneiss and granite exposures within the domain. The
Bechem Granitoid domain is characterised by a low- to moderate magnetic response, with a weak,
heterogeneous magnetic fabric, with high amplitude, linear to curvilinear magnetic anomalies
demarcating its southern boundary represented by the ~300 km-long Ketesso Shear Zone. The southern
portion of the Sefwi Belt comprises the Sefwi-Wiawso Domain, which is characterised by NE- to ENE-
striking high magnetic response from mafic to intermediate volcanic rocks, and low amplitude, low-

frequency magnetic anomalies associated with multiple generations of pluton emplacement.
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The broadest crustal architecture is defined by the contrasting geophysical signatures of the
metasedimentary domains bounding the Sefwi Belt. The Sunyani-Comoé Domain is characterised by
alternating high and low NE-striking magnetic domains (Fig. 2a, b). Smooth, low amplitude, long
wavelength magnetic domains are associated with meta-sedimentary units bounded by highly magnetic
linear anomalies interpreted as shear zones. Within the high magnetic domains, ENE-striking magnetic
anomalies are coincident with metamorphosed volcano-sedimentary rocks, surrounding and along
strike of elongate, elliptical magnetic lows associated with leucogranitic plutons. The Kumasi-Afema
Domain, which has similar lithological associations to the Sunyani-Comoé Domain, is characterised
by low- to moderate magnetic response with poorly developed NE-striking magnetic linear anomalies.
All domains are cross-cut by Neoproterozoic NW-, NNW- and N-striking, dolerite dykes (Jessell, et

al., 2015, and references therein).

6. Tectono-metamorphic history
6.1 Deformation sequence

We distinguish five deformation events in the Sefwi Greenstone Belt and adjacent metasedimentary
domains. The events are attributed to the Palacoproterozoic Eburnean Orogeny. The framework for
these five events is interpreted from field observations, kinematic analysis of aeromagnetic data and

the macroscale geometries of discrete tectono-metamorphic domains.

6.1.1 D1: NNW-SSE directed shortening

D; is defined by a ubiquitous, penetrative metamorphic foliation present in both high-grade rocks and
low-grade rocks. Oblique to the regional architecture, the measured S| foliation within the Kukuom-
Juaboso Domain is well imaged by highly magnetic E-W to ENE-WSW striking narrow anomalies.
Where coincident with a sharp change in metamorphic grade and lithology, these anomalies are
interpreted as D; shear zones, or thrust faults where kinematic indicators are observed. S; is defined
by a shallowly- to steeply-dipping, schistose to gneissic foliation (Fig. 3), parallel to bedding (So),
forming the axial surface of poorly-preserved isoclinal, centimetric F; folds. Locally migmatitic
intermediate orthogneisses display metamorphic banding dipping moderately (<60°) towards N330 to
N350, with a down-dip hornblende stretching lineation and sheared leucosomes showing reverse top-
to-the-SSE movement (Fig. 3a, b). Amphibolite facies packages of the Sefwi Belt and greenschist
facies metasedimentary rocks of the Sunyani-Comoé Domain are separated by the Kenyase-Yamfo
Shear Zone, however, D; kinematic indicators along the shear zone are largely obscured by later

deformation and poor exposure.
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In the Chiraa Domain, gneissic S; trajectories follow an arcuate geometry, elongate toward ~N250,
constrained predominantly by field observations due to their corresponding weak magnetic response.
Si is defined by a biotite-rich foliation parallel to bedding in migmatitic garnet-bearing paragneiss (Fig.
3c), also observed in subordinate granitic orthogneiss. The shallow-dipping S is strongly overprinted

by subsequent deformation transposing the foliation to moderately-dipping or subvertical with highly

variable orientations (Fig. 3d).

DOMAIN S1 DOMAIN S1
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Fig. 3: Representative D, structures in the study area showing key geometries and overprinting
relationships (see Fig. 7 for outcrop locations). a) NNW-dipping gneissosity (S1) in a meta-andesite
(SB016) in the Kukuom-Juaboso Domain with foliation-parallel, coarsely crystalline, late-D;
leucosomes; b) Illustration highlights asymmetry of Si-parallel leucosomes with steeply down-dip L;
amphibole stretching lineations (not shown) indicating reverse top-to-the-SSE kinematics; c) Bedding-
parallel biotite foliation, axial planar to isoclinal F; folds in a paragneiss unit (SB359) in the Chiraa
Domain, showing low angle relationships with a D; shear zone; d) Summary diagram of all S;

measurements from each domain plotted as a rose diagram to highlight structural trends.
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similar to S1-parallel melt observed in the Kukuom-Juaboso Domain, suggesting partial melting

occurred in both domains during or in the latter stages of D;.

In contrast, S; foliation trajectories in the low-grade metasedimentary domains, derived from
field observations and parallel magnetic anomalies in the aeromagnetic surveys, define the axial
surface of kilometre-scale NE-SW striking isoclinal folds of thick stratigraphic units, parallel to the
crustal-scale shear zones that dominate the architecture. In the Sunyani-Comoé and Kumasi-Afema
Domains, S; is characterised by a pervasive bedding parallel chlorite-white mica foliation in meta-
sedimentary and volcano-sedimentary rocks, consistent with the bedding-parallel shear related fabric
described by Allibone, et al. (2002a) in the Kumasi Group, in the southern Kumasi-Afema Domain.
In mafic and intermediate meta-volcanic rocks of the Sefwi-Wiawso Domain, S; is characterised by a
steeply dipping E-W to NE-SW, chlorite-actinolite-white mica schistosity in volcanic and
volcanoclastite units or by mineral alignment in biotite- and hornblende-bearing granitoids, however,

due to poor outcrop, no F; folds are identified.

Field evidence indicates D; deformation resulted in isoclinal folding, thrusting, high-grade
metamorphism, and late-stage partial melting, consistent with lateral contractional deformation and

crustal thickening during NNW-SSE directed shortening.

6.1.2 D2: ENE-WSW directed transtension

D, deformation has a varied expression, depending on both the orientation of pre-existing structures
and proximity to major D; shear zones. In the paragneisses of the Chiraa Domain, S» is axial planar to
tight, gently-inclined to upright F> folds and is defined by a spaced biotite schistosity (Fig. 4a). F> fold
axes are sub-parallel to L, mineral stretching lineations that are defined by elongate kyanite or biotite.
The orientation of S, progressively rotates anticlockwise from ~N040 to N270, parallel to the arcuate
geometries of the S; trajectories, steeply dipping in the northwest of the domain, and shallower to the
south (60 - 80°S) (Fig. 5). In the far north of the domain, L, and F, plunging moderately (18—40°)

towards the ~N230, rotating with the metamorphic fabric to an E-W orientation along the southern
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Fig. 4. Representative D; structures. a) Tight, SW plunging F> folds in a garnet-biotite paragneiss in
the Chiraa domain (SB440), refolding pelitic and psammitic layers (So ) and a bedding-parallel biotite
foliation (S; ); b) Migmatitic orthopyroxene-free garnet-clinopyroxene meta-basalt (SB177) on the
southern margin of the Chiraa Domain, displaying subparallel relationship between S> and transposed,

refolded S; foliation and plagioclase-rich leucosomes; c) Elongate, megacrystic garnet and
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clinopyroxene porphyroblasts and plagioclase-rich leucosomes (SB177); d) Open, constrictional F»>
fold refolding S; gneissosity in a migmatitic meta-basalt (SB0O89) in the Hwidiem Shear Zone,
displaying a prominent L; stretching lineation parallel to the F> fold axis; e) L>>S tectonite in the
Ketesso Shear Zone displaying pervasive mineral elongation in a quartz dioritic garnet amphibolite;
f) Southeast dipping S-C: fabrics in the footwall of the Kenyase-Yamfo Shear Zone, associated with
steeply east plunging L stretching lineations, indicating normal, left-lateral movement; g) Prominent,
NE-striking sub-vertical S> foliation in a pyritic, greenschist facies volcano-sedimentary rocks (SB103)
in the Sunyani-Comoé Domain. S; and S2 are orthogonally overprinted by a sub-vertical, N-striking
dissolution cleavage (S3 ). Inset: h) Sub-vertical NE-striking S» crenulation cleavage overprinting a

millimetric, flat-lying chlorite-white mica S foliation.

margin of the domain, plunging shallowly to moderately (~7-44°) towards both the east and west due
to subsequent deformation. In the south of the domain, F» folds occur as centimetre-scale, rootless
folds in migmatitic mafic orthogneisses (SB177) (Fig. 4b) displaying refolded leucosomes and
elongation of clinopyroxene and garnet porphyroblasts (Fig. 4c). The southern and western extent of
the Chiraa Domain are defined by the deflection and truncation of Si-parallel magnetic lineaments of
the volcano-sedimentary schists of the Sunyani-Comoé Domain, characterised by NE-striking,
alternating short wavelength, high amplitude and smooth, low amplitude magnetic signals. The
interpreted boundary coincides with a significant change in metamorphic grade from migmatitic para-
and orthogneisses to chlorite-white mica schists, each observed <1 km from the interpreted domain
boundary, thus representing a sharp lateral metamorphic break. Both high- and low-grade rocks display
moderately to steeply west-dipping S, foliations with shallow W- to SW-pitching L, stretching
lineations. This contact is interpreted as a normal, oblique detachment fault, juxtaposing domains of

contrasting metamorphic grade.

Within the Kukuom-Juaboso and Hwidiem domains, S; trajectories, corresponding D
magnetic fabrics and D shear zones are refolded around tight F> folds elongate towards N230-N270.
S» is a moderate- to steeply- (40-82°) NNW to SSE-dipping foliation defined by discontinuous biotite
and/or amphibole (Fig. 5). F» fold hinges plunge 17-30° — ~NO080, whilst L, amphibole stretching
lineations plunge 9-36° between N065° and N109°. L, mineral stretching lineations in the centre of the
Kukuom-Juaboso Domain plunge shallowly (7-34°) to the west, with more varied orientation proximal
to domain boundaries due to later transposition. F> folds within the Hwidiem Shear Zone are open and
upright, displaying prominent elongation and mineral stretching parallel to F, fold axes (Fig. 4d). This
geometry indicates greater hinge parallel elongation relative to hinge-perpendicular shortening, which

is characteristic of constrictional deformation (Dewey, et al., 1998). L>>S tectonites in garnet-
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amphibole-bearing dioritic amphibolites (L,: 4-11° — N230) occur in the Ketesso high strain zone
(Fig. 4e). Along strike, metre-scale boudin flow structures are observed in a strongly sheared, highly
altered granite (Lp: 11° — N225). According to Sullivan (2013, and references therein), L >>S and L-
tectonites are indicative of transtension and ductile deformation in the mid- to lower crust. The
observed coaxial relationship between ENE-WSW plunging L, and F», their oblique orientation
relative to the major NE-striking shear zones (Fossen, et al., 2013; Sullivan, 2013) and the
documentation of L>>S tectonites are all consistent with constrictional deformation during ENE-

WSW transtension.

High-amplitude D; magnetic anomalies within the Kukuom-Juaboso Domain and the Hwidiem
Shear Zone are deflected along, or occasionally truncated by, the >300km long, NE-striking magnetic
lineament of the Kenyase-Yamfo Shear Zone. S, foliations in the footwall metasediments of the
Kenyase-Yamfo Shear Zone dip moderately to the south (~48-64°) with an L, mineral stretching
lineation plunging ~52° — N092. Normal, left-slip kinematic indicators (Fig. 4f), which overprint the
S foliation, suggest the shear zone was reactivated as a left-lateral normal fault during D, ENE-WSW

transtension.
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Fig. 5. Summary diagram of D> and D3 structural data from domains within the study area. The first

and third columns plot S> planes and L; and F> poles to highlight the coaxial, shallow-plunging
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relationship of Ly and F». The second and fourth columns highlight the relatively consistent expression

of D3 shortening throughout all domains.

The metamorphic grade and F, fold style associated with D, deformation is variable between
the Sefwi-Wiawso, Sunyani-Comoé and Kumasi-Afema domains. In the greenschist facies volcano-
sedimentary rocks of the Sunyani-Comoé Domain, S; is deformed by millimetre-scale, chevron style
crenulations defining an upright axial planar S, foliation (Fig. 4g, h), associated with metre-scale
isoclinal folds. F, fold hinges plunge shallowly to moderately (5 to ~40°) towards the southwest (Fig.5).
Alternatively, the two earliest foliations locally form a sub-vertical NE-SW oriented, differential Si»
cleavage parallel to the regional-scale shear zones. In the southern Sefwi-Wiawso Domain, F, folds
are rare, but are variably expressed as E-W to NE-SW striking axial traces, tight folds associated with
spaced dissolution, crenulation cleavage or a weak chlorite schistosity. On the eastern margin of the
domain, the NNE-striking brittle-ductile Bibiani Shear Zone separates folded meta-sedimentary rocks
of the Kumasi-Afema domain in the footwall from polymictic conglomerates in the hanging wall and
is interpreted as an extensional detachment. This is consistent with the truncation of D; magnetic

fabrics along the Bibiani Shear Zone during normal movement under D, ENE-WSW transtension.

Despite the stress orientation undergoing little change between D; and D, the deformation
events are distinguished from one another on the basis of overprinting structural relationships, changes
in metamorphic conditions and the exhumation of supracrustal rocks from depths of approximately
40km. D; and D», therefore, represent a combination of multiphase deformation and progressive
deformation (Fossen, et al., 2018) and a shift from horizontal contractional deformation to horizontal

constrictional deformation associated with sinistral transtension.

6.1.3 D3 E-W directed shortening

D3 deformation is characterised by relatively homogeneous strain that transitions into focused simple
shear-related deformation along narrow shear zones. In the Chiraa Domain, D3 deformation along the
domain boundaries is associated with a localised greenschist facies metamorphic overprint of
muscovite and chlorite after biotite and garnet, respectively. Internal to the domain, D3 is characterised
by sub-vertical, N-S striking S3 crenulation cleavage (Fig. 5) with minor biotite recrystallization, axial
planar to open, gently N-plunging F; folds attributed to E-W shortening. The near orthogonal
relationship between F, and F; fold axes has resulted in Type-3 fold interference patterns (Fig. 6a).
Along the NE-striking western boundary of the Chiraa Domain, earlier fabrics are transposed to a sub-

vertical orientation during localised dextral strike-slip movement (Fig. 6b). In the Kukuom-Juaboso
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Domain, sinistral drag folds along metre-scale D> faults are refolded by NNE-striking upright, gentle
F3 folds (Fig. 6¢).

In the low-grade metavolcanic and metasedimentary domains, D3 is characterised by a poorly
developed N-S oriented dissolution cleavage distal to shear zones or a more pervasive NE-SW S-C
fabric along NE-striking shear zones (Fig. 5). During D3, pre-existing foliations (S; and S») become

transposed proximal to domain boundaries and are rotated into sub-vertical orientations.

Fig. 6: D; structures. a) Type-3 fold interference pattern in migmatitic paragneisses in the Chiraa
Domain (SB404), illustrating the near orthogonal relationship of ENE-WSW oriented F folds and ~N-
S striking Sz biotite foliations; b) Post-crystallisation dextral shearing of a garnet-bearing leucosome,
sub-parallel to S; and S> foliations in a migmatitic paragneiss on the western margin of the Chiraa
Domain (SB147); c) N- to NNE striking vertical Sz foliation overprinting drag folds generated during
D sinistral strike-slip faulting in the southwestern regions of the Kukuom-Juaboso Domain (SB313);
d) Prominently elongation of quartz clasts in Tarkwaian-type conglomerates and chlorite-white mica

S-Cs fabrics (SB418) indicating dextral shearing along the Ketesso Shear Zone.

In the high-strain Ketesso and Kenyase-Yamfo shear zones, chlorite-muscovite S-Cs fabrics, sigmoidal
asymmetries and sub-horizontal stretching lineations indicate dextral shearing under greenschist facies

conditions. Sheared conglomerate clasts within the Ketesso Shear Zone indicate dextral movement
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(Fig. 6d). Shear zones oriented at high angles to the principle E-W shortening field (e.g. NNE-striking
Bibiani Shear Zone on the eastern boundary of the Sefwi Wiawso Domain) are not reactivated as

strike-slip faults, and deformation is focused as W-over-E thrusting.

D3 deformation in the airborne magnetic data sets is associated gentle N-S F3 folds refolding
early magnetic fabrics within the Kukuom-Juaboso, Hwidiem and Chiraa Domains, as well as the
gentle refolding of the southern boundary of the Chiraa Domain. Within this dataset, the relative timing
of dextral reactivation of major shear zones is interpreted from the truncations of anastomosing D>
shear zones along more linear, high-amplitude, elongate NE-striking anomalies within the Ketesso,
Kenyase-Yamfo and Afema shear zones. Overall we interpret D3 to represent a progressive E-W
directed shortening event in a strike-slip setting, indicating a tectonic switch after Do ENE-WSW

transtension.

6.1.4 D4: NW-SE shortening - Brittle ductile deformation and NNE-SSW sinistral shear zones

D4 is associated with NW-SE-directed shortening and brittle-ductile deformation. This deformation
event did not significantly influence the macro-scale crustal architecture. D4 generated sinistral oblique
reactivation of the NNE-SSW Bibiani and Chirano shear zones, deflected existing fabric and faults in
the Kumasi-Afema Domain. Pseudotachylites in the northern areas of the Bibiani Shear Zone crosscut
an earlier east-west mineral foliation in a meta-dacite (SB0O51). Immediately west of the Chiraa
Domain, NE-SW striking structures are truncated by a narrow NNE-SSW sinistral shear zone, with
C4-S fabrics developed in a graphitic schist. In the aeromagnetic data, NNE-striking D4 faults,
including the reactivated Bibiani Shear Zone, truncate the Ketesso Shear Zone immediately to the
north, whilst a smaller N-S shear zone west of Chiraa truncates reactivated D3 shear zones in the

Sunyani-Comoé Domain.

6.1.5 D5 WNW-ESE shortening; Reidel shear zones

Late NW-SE, NE-SW and E-W oriented structures, which form conjugate fault sets developed during
Ds WNW-ESE shortening. Dextral displacement commonly observed along E-W striking shear zones
and sinistral movement long NW-SE striking shear zones. Similar late-stage deformation was
documented in neighbouring eastern Ivory Coast (e.g. Delor, et al., 1992; Hirdes, et al., 2007; Liidtke,
et al., 1999).
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The aeromagnetic expression of Ds faults is interpreted from the truncation and lateral displacement
of pre-existing linear magnetic anomalies. Faults are often localised, with a relatively short strike

lengths less than 10 km.

6.2 Metamorphic history

A new metamorphic map (Fig. 7) summarises the metamorphic grade of each domain based on field
observations and petrographic analysis. A Grt-Ky-Bt paragneiss from the Chiraa Domain and a garnet
amphibolite from the Kukuom-Juaboso Domain preserve prograde metamorphic conditions and peak
pressure assemblages indicative of high-pressure amphibolite facies metamorphism (McFarlane, 2018).
Prograde metamorphic conditions of 10.0-11.5 kbar, 580-650 °C (McFarlane, 2018), derived from
pseudosections and garnet porphyroblast compositions, suggest cooler transient apparent geothermal
gradients of 15—17 °C/km during the initial stages of orogenesis. Migmatitic paragneisses of the Chiraa
Domain contain leucosomes parallel to the S; foliation that feed into cross cutting dilational leucocratic
veins. Alternatively, a number of leucocratic dykes folded during D, preserve an axial planar S»
foliation. This suggests that partial melting was late-D; to syn-D,. Suprasolidus assemblages and
pseudosections indicate anatexis of rocks in the Chiraa Domain subsequent to crustal thickening is
associated with increasing transient apparent geothermal gradients of 22-30 °C/km (McFarlane, 2018),
reflecting thermal relaxation of the crust. . Congruent melting is not observed in the Kukuom-Juaboso
Domain. Metamorphosed volcano-sedimentary rocks in the adjacent Sunyani-Comoé Domain
preserve a peak greenschist facies assemblage of fine-grained chlorite-white mica + actinolite.
Retrograde clockwise P-T paths associated with a lower amphibolite facies metamorphic overprint in
samples from the Chiraa and Kukuom-Juaboso domains indicate coeval decreases in pressure and
temperature during exhumation (McFarlane, 2018). A pervasive, localised greenschist facies
metamorphic overprint is observed along the boundaries of the high-grade domains and along major
shear zones, subsequent to the exhumation and juxtaposition of domains of contrasting metamorphic

grade.

The timing of the initiation of cooling and exhumation in the high-grade paragneisses (samples
SB398 and SB389) is constrained by in situ monazite U-Pb SHRIMP ages of 2073 + 2 Ma and 2074
+ 3 Ma (McFarlane, 2018). Monazite within the matrix are elongate parallel to S, or are parallel with
the L, stretching lineation. The monazite age is interpreted as the timing of exhumation initiation, post-
dating zircon U-Pb crystallisation ages of 2093 + 2 Ma and 2092 + 2 Ma from granites in the Chiraa
Domain (Petersson, et al., 2016) and is consistent with many high-grade terranes where monazite

populations are younger than zircon populations (Kelsey, et al., 2008).
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6.3 Structural-metamorphic map

The new tectono-metamorphic map illustrates the distribution of metamorphic facies with respect to

the foliation trajectories (Fig. 7). It highlights the rhomboidal macro-geometries of the metamorphic

domains within the study area. Migmatitic terranes preserving high-pressure mineral assemblages are

interpreted
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Fig. 8. (a) Detailed structural-metamorphic maps of the Chiraa Domain and (b) the intersection of the
Hwidiem Shear Zone and the Kenyase Shear Zone (see Fig. 7 for locations). Juxtaposition of
amphibolite facies and migmatitic rocks with greenschist facies volcano-sedimentary sequences

occurs along normal oblique D2 faults, which are reactivated and transposed during D3 deformation.

These are juxtaposed with amphibolite facies segments of the middle crust and greenschist facies
metasedimentary domains, excluding the localised metamorphic overprint along shear zones,
representing the upper crust. The map highlights the obliquity between the ENE-striking S; foliation
trajectories within the higher grade domains within the Chiraa Domain and the Sefwi Belt and the NE-
striking trend of S; trajectories in the adjacent low-grade domains. Overprinting relationships (Figs.
8a, b) demonstrate the low angle relationship between the strike of S; and S, and their concurrent

rotation around the western and southern boundaries of the Chiraa Domain.

Figure 7 displays the less penetrative S; foliation within granitoids within the Sefwi Belts as
well as the deflection of foliation trajectories around leucogranites in the Sunyani-Comoé Domain.
Sheared S; foliation trajectories form regional scale S-C fabrics along strike of elongated leucogranitic
plutons, which indicate sinistral movement along multiple D, shear zones in the Sunyani-Comoé
Domain. The NNE-to NE-striking western margins of the Chiraa and Kukuom-Juaboso domains
coincide with the most significant lateral metamorphic breaks, which are attributed to extensional
detachments developing under D, ENE-WSW transtension. Based on the rhomboidal macro-
geometries of the belt, field observations, structural measurements and the juxtaposition of domain of
contrasting metamorphic grade, the present-day architecture is interpreted as the product of sinistral
transtension. Interpretation of the Chiraa Domain as an extensional gneiss dome, according to the
model of Rey, et al. (2017) does not sufficiently elucidate the significant lateral metamorphic breaks
on the western and southern margins of the Chiraa and Kukuom-Juaboso domains, with the prevalence
of transtensional folding and constrictional deformation between the Kenyase-Yamfo and Ketesso
shear zones further contrasting the numerically modelled structures. The rotation of the S; foliation in
the Chiraa Domain and the normal oblique fault is instead interpreted as a regional-scale drag fold

associated with left-lateral movement along the larger shear system (Figs. 8a).

D3 E-W shortening is manifest in dextral shear-related geometries of magnetic anomalies along
the northeast extent of the Kenyase-Yamfo Shear Zone, southeast of Chiraa, as well as the dextral
rotation of a granitoid body north of Apouasso. Alternatively, N-S striking S3 foliation trajectories in
the cores of the Kukuom-Juaboso and Chiraa domains are attributed to simple shear during D3, distal
to shear zones (Fig. 8b). Rocks of the Kukuom-Juaboso Domain are transected by and entrained in the

D3 Ketesso high-strain zone, associated with a localised greenschist facies metamorphic overprint.
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Foliation trajectories and major D3 shear zones are truncated along NNE-striking D4 shears zones,
demonstrated by the truncation of the dextral Afema Shear Zone along the reactivated Bibiani Shear
Zone and the sinistral displacement along an unnamed fault west of Chiraa which cross-cuts the
Kenyase-Yamfo Fault. Similar truncations are observed along smaller faults within the Sunyani-

Comoé Domain and in the southwestern extent of the Sefwi-Wiawso Domain.

The youngest structures attributed to Ds WNW-ENE shortening are evident in the deflection
of pre-existing foliation trajectories and shear zones along E-W striking dextral faults, less than 15 km
in length, or, alternatively, as < 5 km NE-SW and NW-SE striking sinistral faults responsible for minor

displacements.

7. Discussion

7.1 Timing of Eburnean deformation in SW Ghana

Many authors attribute tholeiitic and calc-alkaline volcanic, sodic plutonism and juvenile crust
production to subduction and volcanic accretion during the Eoeburnean Orogeny or Eburnean I (2187-
2158 Ma: Allibone, et al., 2002a; Feybesse, et al., 2006). Extensive reworking of the boundaries
between the Sefwi Belt and the adjacent meta-sedimentary domains has hindered determination of the
initial crustal architecture. Based on existing geochronological data, sedimentation in the Sunyani-
Comoé and Kumasi-Afema Domains both yield an upper age limit of ca. 2159 Ma, which is derived
from the youngest detrital zircon U-Pb age and syn-depositional volcanoclastite layers (Feybesse, et
al., 2006; Oberthiir, et al., 1998). Unlike the Sunyani-Comoé Domain, however, both the Sefwi Belt
and the Kumasi-Afema Domain were intruded by alkali granites between ca. 2136 and 2130 Ma
(Adadey, et al., 2009; Hirdes, et al., 2007), interpreted by some authors as evidence of an episode of
lithospheric extension (Hirdes, et al., 2007), pre-dating our earliest deformation event. Despite a
temporal overlap in the timing of sedimentation initiation, we suggest that the domains are not

necessarily lateral equivalents and their initial relative spatial relationship is unknown (Fig. 9a).

Deformation and metamorphism in SW Ghana are attributed to the Eburnean Orogeny sensu
stricto (Feybesse, et al., 2006). The timing of D; deformation and high-grade metamorphism
documented in this study is not directly constrained, however, we propose that granite and leucogranite
plutons emplaced between ca. 2093 and 2081 Ma along the northwest margin of the Sefwi Belt and in
the Chiraa Domain (Hirdes, et al., 1992; Hirdes, et al., 2007; Petersson, et al., 2016) were produced
during D crustal thickening, thus providing a minimum age for D; (Fig. 9b). This is consistent with

crustal thickening proposed by Feybesse, et al. (2006) for southern Ghana, which has been constrained
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following the emplacement of leucogranites (ca. 2902 - 2081Ma) parallel to the NW margin of the
Sefwi Belt within the Chiraa and the Sunyani-Comoé Domains, generated during D; anatexis. D>
transtension results in the formation of grabens at high angles to major shear zones, or as narrow
dilational jogs within shear zones, hosting conglomeratic Tarkwa-like units (yellow unit).
Constrictional F> fold axis (grey trajectories) and L; stretching lineations (black arrows) within the
Kukuom-Juaboso Domain display a coaxial relationship pitching shallowly to the WSW or to the ENE
in the Hwidiem Shear Zone and Hwidiem Domain; d) Metamorphic block diagram highlighting the
differential exhumation of high-grade rocks of the Chiraa and Kukuom-Juaboso domains relative to
greenschist facies rocks of the Sunyani-Comoé Domain along west dipping detachments and NE-
striking sinistral oblique shear zones. Schematic shows vorticity of drag fold of the western Chiraa
Domain boundary under continued sinistral shear. Projected grey shear zones represent NE-SW
striking structures transposed or reactivated during subsequent D3 E-W shortening. D3 deformation
was progressively localised into these shear zones and was associated with a greenschist facies
retrograde metamorphic overprint.

by metamorphic monazite and vein-hosted zircon growth at 2102 = 1 Ma and 2104 + 3 Ma in the

southern Ashanti Belt (Loh, et al., 1999).

The transition to D transtension and associated lower crustal exhumation is constrained by
monazite crystallisation ages at ca. 2073 Ma (McFarlane, 2018). The proposed timing of D; is
consistent with the solid-state deformation and elongation (Jessell, et al., 2012) of ca. 2088 to 2081
Ma leucogranites (Hirdes, et al., 1992; Hirdes, et al., 2007) in the Sunyani-Comoé Domain. The close
temporal spacing of these deformation events is consistent with the interpretation of D; and D;
representing a combination of discrete deformations events and progressive deformation. Younger D3
deformation was associated with greenschist facies metamorphism and dextral reactivation of the
Sefwi shear system during E-W shortening. The timing of D3 remains unconstrained. However, it is
potentially correlated with retrograde greenschist facies metamorphism and hydrothermal xenotime
crystallisation at 2063 £ 9 Ma, which appears to post-date sinistral shearing in the Ashanti Belt (Pigois,
et al., 2003). Previously described overprinting relationships and limited deformation expression form

the basis for the relative timing of the youngest deformation events, D4 and Ds.

7.2 Rheology, tectonic style and exhumation

The structural and metamorphic evolution of SW Ghana reflect a predominantly horizontal tectonic
regime responsible for the formation and juxtaposition of tectono-metamorphic domains with
contrasting metamorphic grade and deformation style. Heterogeneous crustal thickening and burial of
supracrustal rocks during D1 was accommodated by folding and low-angle thrust faults, associated
with cooler apparent geothermal gradients, analogous to the early stages of modern collisional orogens

(England & Thompson, 1984). We note, however, that whilst a number of authors propose crustal
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thickening by nappe stacking along thrust faults (e.g. Allibone, et al., 2002b; Feybesse, et al., 2006;
Milési, et al., 1992), direct field evidence, such as inverted metamorphic gradients, is limited or often

ambiguous.

Sporadic preservation of prograde HP-LT and HP-MT metamorphism associated with cooler
apparent geothermal gradients (<15 °C/km) in both SW Ghana and NW Ghana (Block, et al., 2015)
indicates that localised areas of the West African Craton lithosphere were cool and strong enough to
support moderate amounts of crustal thickening. This suggests development of thermo-mechanical
properties similar to that of the Phanerozoic lithosphere (Rey & Houseman, 2006). Similar low
apparent geothermal gradients and lateral deformation are documented in Archean greenstone belts of
the East Pilbara Craton, which authors attribute to the downward advection, or sagduction, of cold,
dense greenstone belts relative to upwelling, warm granitic domes (Francgois, et al., 2014; Thébaud &
Rey, 2013). One of the primary arguments against the sagduction model for SW Ghana is the absence
of voluminous granitoid intrusions adjacent to the high-pressure rocks, limiting density and viscosity
contrasts in the lithospheric profile, therefore precluding initiation of sagduction. Similarly, a hot-
orogen model does not sufficiently explain the strain patterns and metamorphism documented in
southwest Ghana, which contrast the homogeneous lithospheric deformation, monotonous
metamorphism and limited exhumation capacity of hot orogens proposed for Neoarchaean and
Palaeoproterozoic orogens (Cagnard, et al., 2011; Cagnard, et al., 2007; Chardon, et al., 2009; Rey &
Houseman, 2006), proposed also for areas of the West African Craton (e.g. Lompo, 2010; Vidal, et al.,
2009). Furthermore, geochronological data from SW Ghana indicates that Djand D, occurred within
approximately 20 million years, suggesting the curst was not subjected to, or alternatively was unable

to sustain, elevated geothermal gradients for prolonged periods of time.

Partial melting and increasing transient apparent geothermal gradients coincide with the end of
D; crustal thickening, thermal relaxation of the crust and the transition from contractional to
constrictional deformation during D>. D, deformation is characterised by shallow-pitching, WSW-
oriented F» folds and coaxial, L, stretching lineations overprinting pre-existing low-angle D1 structures.
The obliquity between the regional NE-striking shear zones and coaxial L, lineations and F; fold axes
is indicative of constrictional strain under a ENE-WSW transtensional regime (Dewey, et al., 1998;
Fossen, et al., 2013). D transtension resulted in the differential exhumation of high-grade tectono-
metamorphic domains and their juxtaposition with low-grade domains occurred along NNE-striking
normal detachments faults in association with normal sinistral reactivation of major NE-striking shear

zones. Furthermore, we propose that the conglomerate and sandstone sequences west of the Bibiani
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Shear Zone were deposited in NNE-striking half-graben structures that developed during D>

transtension.

There are three possible interpretations of the driving force of constrictional strain, reflecting
either a change in boundary conditions, waning convergent forces or the influence of gravitational
forces (e.g. Chardon, et al., 2009; Duclaux, et al., 2007). Within the hot orogen model, lateral
constrictional flow develops during orogen-normal shortening in response to gravitational forces
acting on thickened, hot lithosphere (Chardon, et al., 2009; Chardon, et al., 2011; Cruden, et al., 2006),
similar to gravitational collapse of modern, wide, hot orogens (e.g. Brown, 2010; Royden, et al., 2008;
Vanderhaeghe & Teyssier, 2001). It is likely that partial melting of middle and lower crustal rocks
documented in the northeast contributed to the localised rheological weakening of the crust. However,
the observed metamorphic textures and calculated metamorphic P-T paths indicate concurrent cooling
and exhumation (McFarlane, 2018), rather than isothermal decompression characteristic of
gravitational collapse (e.g. Duchene, et al., 2006). The evolution of strain documented in the Sefwi
area bears some similarities to the numerical experiments and Archean tectono-metamorphic studies
of Duclaux, et al. (2007), who propose that lessening convergent forces facilitate the transition from
plane strain to constrictional deformation to accommodate gravitational forces. We propose, however,
that constrictional deformation and late-orogenic exhumation reflect a shift from dominantly
horizontal shortening to horizontal extension resulting transtensional strain. This is interpreted as a
change in boundary conditions to ~ENE-WSW divergence, with deformation localised along a narrow,
thickened orogenic belt with a partially molten lower crust. This thermo-mechanical behaviour and
exhumation mechanism is partly analogous to exhumed Devonian UHP rocks in the Western Gneiss
Region (western Norway) driven by the sinistral oblique plate divergence of Laurentian and Baltic
plates (Krabbendam & Dewey, 1998).

The transition to E-W shortening during D3 requires a significant switch in boundary conditions,
resulting in the steepening and transposition of NNE-striking structures to sub-vertical orientations
and the gentle refolding of older fabrics and structures oriented parallel to the shortening direction by
folds < 10 km in wavelength, including the southern boundary of the Chiraa Domain, along which
migmatitic rocks and low-grade schists were juxtaposed during D>. Horizontal chlorite L3 stretching
lineations along the Ketesso and Kenyase-Yamfo shear zones indicate a transition to a purely

transcurrent tectonic regime with minimal vertical displacement during Ds.
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7.3 Orogenic model and regional correlations

Some of the major complexities when considering an orogenic model for the West African Craton
arise from the craton-wide correlation of high-grade domains, meta-sedimentary rocks (proxy for basin
formation) and deformation events. D; deformation in both the Sefwi and Ashanti Belts is attributed
to N-S to NNW-SSE shortening, however, there is poor correlation in the timing of D; deformation.
Whilst neither study directly dates the ~N-S shortening event, the Eoeburnean D; event of Perrouty, et
al. (2012) between 2187 and 2158 Ma coincides with extensive calc-alkaline and TTG-like magmatism
in the Sefwi Belt (Agyei Duodu, et al., 2009; Hirdes & Davis, 1998; Hirdes, et al., 1992). Other authors,
however, suggest that initial thrust-related tectonism and crustal thickening in southwest Ghana
occurred significantly later between ca. 2130 and 2105 Ma (Eisenlohr & Hirdes, 1992; Feybesse, et
al., 2006; Milési, et al., 1992; Tunks, ef al., 2004).

Alternatively, polycyclic orogenic models for the West African Craton are inferred from
exposures of high-grade terranes, interpreted to represent Palaeoproterozoic (>2150 Ma) basement
deformed and metamorphosed prior the emplacement of the Birimian Supergroup and the Eburnean
Orogeny sensu stricto (e.g. de Kock, et al., 2012; Hein, 2010; Pouclet, et al., 1996). In this study, the
migmatitic paragneiss units of the Chiraa Domain represent supracrustal sequences buried to lower
crustal depths during D, forming the source of both the granitic melts found within the domain and
the adjacent leucogranite plutons hosted by the Sunyani-Comoé Domain. This indicates that high-
grade rocks of the Chiraa Domain do not represent the basement, but, instead, were formed and
exhumed during the Eburnean Orogeny. Based on evidence of crustal thickening, coupled with the
spatially restricted emplacement of the granitic melts and the metamorphic asymmetry of the study
area, which increases in grade from south to north (Fig. 7), we propose that high-grade rocks of the
Chiraa Domain formed during the collision between independent crustal segments comprising modern-
day southern and central Ghana, with the northwest margin of the Sefwi Belt representing a narrow

collisional front.

This interpretation is supported by discrepancies in the deformation sequence and the timing
of deformation events documented in NW Ghana (Block, et al., 2015; 2016; de Kock, et al., 2011;
2012). Granite-greenstone terranes exposed in NW Ghana display evidence of thrust-related crustal
thickening, high-grade metamorphism and anatexis during N-S shortening between ca. 2137 and 2127
Ma (Block, et al., 2015; 2016). Exhumation of the lower crust is attributed to gravitational collapse
and N-S extension, overprinted by contractional deformation and continued crustal anatexis under E-
W shortening between ca. 2123 and 2104 Ma. The authors propose that E-W shortening was generated

by the collision of independent crustal blocks comprising NW Ghana (D3; Block, et al., 2016) and SW
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Burkina Faso (D1; Baratoux, et al., 2011). Anatexis and high-grade metamorphism in NW Ghana
commence ~40 million years prior to the genesis of collision-related leucogranites along the NW
margin of the Sefwi Belt, indicating a diachronous metamorphic history for the high-grade terranes
exposed in Ghana. However, the post-2110 Ma sinistral shearing along the N-S striking Jirapa shear
zone of NW Ghana (D4: Block, et al., 2016) may represent a distal attenuation of the proposed
collisional Dy NNW-SSE shortening in SW Ghana.

We highlight that there is no change in the orientation in the strain regime between our D; and
D, events, with deformation instead reflecting a shift from contractional to constrictional deformation
associated with simple shear. Few direct correlations can be made between exhumation during D>
ENE-WSW sinistral transtension described in this study and deformation described in adjacent
terranes. Transtension was invoked for the opening of the Haute-Comoé Basin in eastern Ivory Coast
(Vidal & Alric, 1994), representing an extension of the Sunyani-Comoé Domain, however, we do not
deem this to be the equivalent of our D, which exhumes lower crustal rocks relative to deformed and
metamorphosed metasedimentary rocks of the Sunyani-Comoé Domain. Migmatitic paragneisses
exposed on the eastern flank of the Ashanti Belt are interpreted as deeper crustal segments
metamorphosed at ca. 2100 Ma (John, et al., 1999; Loh, et al., 1999), however, the structural and
temporal context of the exhumation of the terrane is unknown. Our D; potentially correlates with the
sinistral reactivation of the Ashanti fault during NNW-SSE shortening (D4: Perrouty, et al., 2012),
however, this cannot be substantiated without further precise age dating of deformation in the Ashanti
Belt. We emphasise that D, transtension and lower crust exhumation documented in this study is not
equivocal to the D; extension event of Perrouty, et al. (2012), which is responsible for basin formation.
Better correlation is found between deformation events D4 and Ds of NW Ghana occurring after ca.
2110 Ma (Block, et al., 2016), and the proposed collision of southern Ghana and northern Ghana (Dy;
this study). Both reveal sinistral shear zones overprinted by dextral NE-striking strike-slip shear zones
during E-W shortening (DS5; Block, et al., 2016). Such deformation may be the distal expression of the
terminal collision of the Archaean Kénéma-Man Domain and the Baoulé-Mossi domain between 2050

and 2030 Ma (Kouamelan, et al., 1997, Pitra, et al., 2010).

Paleogeographic and geochronological reconstructions have provided evidence that West
Africa and the S@o Luis Craton were contiguous during the Palaeoproterozoic (e.g. Hurley, et al., 1967,
Klein & Moura, 2008, and references therein; Torquato & Cordani, 1981). Magmatism of the Sdo Luis
craton and the basement of the Gurupi belt is defined by three periods of magmatic activity (2240 + 5
Ma; 2160 £ 10 Ma; 2080 + 20 Ma), sharing lithological and structural characteristics with SW Ghana

(Klein & Moura, 2008, and references therein), including peraluminous collision-type granitoids (2086
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— 2090 Ma), produced by partial melting during collision (Klein, et al., 2005; Klein & Moura, 2008).
Similarly, the Ile de Cayenne Complex of French Guiana is characterised by early tholeiitic to calc-
alkaline magmatism followed by emplacement of TTG magmas between ca. 2174 and 2144 Ma (Delor,
etal.,2003; Feybesse, et al., 2006; Hirdes, et al., 2007; Vanderhaeghe, et al., 1998). Crustal thickening,
anatexis and emplacement of ca. 2093 and 2083 Ma potassic granitoids and peraluminous
leucogranites along major shear zones in French Guiana is attributed to oblique collision and late
orogenic lateral extrusion (Kroonenberg, et al., 2016; Vanderhaeghe, et al., 1998), potentially
representing the lateral equivalents of events recorded in southwest Ghana. The final correlation
between the two terranes comes from the timing of crustal extension and formation of granulite facies
metamorphism is in the Guiana Shield between ca. 2070 to 2060 Ma (Delor, et al., 2001), which we
interpret to be a lateral continuation of the D> deformation and metamorphism recorded on the
northwest margin of the Sefwi Belt. The sinistral movement of major shear zones places modern-day
SW Ghana, adjacent to the S3o Luis Craton, in NE Brazil and French Guiana Shield in Nuna

reconstructions.

In summary, structural and metamorphic evidence from SW Ghana indicate heterogeneous
crustal thickening and clockwise P-T-t paths reminiscent of modern collisional orogens. Collisional
orogenesis and the exhumation of middle and lower crust documented in both NW Ghana and SW
Ghana occur more than 40 million years apart. Such large discrepancies in the timing of deformation
and metamorphism are more consistent with episodic collisional orogenesis, supporting a growing
body of research suggesting collision between discrete Palaeoproterozoic terranes in the West African
Craton (Block, et al., 2016; Parra-Avila, 2015; Parra-Avila, et al., 2016). Furthermore, coeval granite-
greenstone terranes of southern Ghana, the Sao Luis Craton and French Guiana demonstrate
comparable magmatic and tectono-thermal evolutions during the formation and accretion of juvenile

terranes, pointing towards a common, laterally contiguous tectonic setting.

7.4 Implications for Palaeoproterozoic tectonics

Palaeoproterozoic rocks of the West African Craton provide an opportunity to explore the
evolution of orogenic processes in a terrane characterised by Archean-like granite-greenstone
associations and craton-scale shear zones. The episodic collisional orogenic model proposed for the
West African Craton requires the rapid formation and accretion of independent, juvenile
Palaeoproterozoic terranes. Structural and metamorphic analysis of SW Ghana reveals characteristics
akin to subduction-related accretion-collision processes that typify Phanerozoic orogens (e.g. van Staal,

et al., 2009; Windley, et al., 2007). The diachronous timing of deformation and metamorphism,
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discrepancies in deformation histories and the absence of lateral age gradients hints at the coeval
operation of multiple, subduction zones. We emphasise, however, that an episodic collisional model
does not require individual subduction zones for each greenstone belt. Some authors propose
analogous tectonic models for Archean provinces including the Barberton terrain (Diener, et al., 2013;
Moyen, et al., 2006) and the Abitibi Subprovince (Daigneault, et al., 2002; Mueller, et al., 1996),

suggesting these processing have been active since the Archean.

The broader crustal architecture of southern Ghana, coupled with newly presented structural
and metamorphic data, does not conform with the dome and keel geometries of Archean greenstone
terranes (Frangois, et al., 2014; Van Kranendonk, et al., 2007), nor support burial and exhumation by
sagduction (Francois, et al., 2014; Thébaud & Rey, 2013). In the West African Craton, sporadic
preservation of peak metamorphic pressure of 10—14 kbar associated with cooler apparent geothermal
gradients (Block, et al., 2015; Ganne, et al., 2012; Pitra, et al., 2010) suggest that the lithosphere of
sufficient rheological strength to support heterogeneous crustal thickening and burial of supracrustal
sequences. Transtension-related exhumation of HP rocks in SW Ghana are comparable to the exhumed
Devonian UHP rocks of the Scandinavian Caledonides (Krabbendam & Dewey, 1998). Homogeneous
deformation and laterally monotonous metamorphism in the younger Southern Finnish Svecofennides
is attributed to the hot orogen model (Cagnard, et al., 2007; Viisdnen & Holttd, 1999), contrasting the
proposed episodic collisional model for the WAC, suggesting non-uniformity in Palaeoproterozoic
lithospheric thermo-mechanical properties and orogenic processes, therefore, illustrating the

progressive, diachronous adoption of a modern, subduction-driven orogenesis.

8. Conclusions

A new interpretation of the litho-tectonic architecture, combined with the regional structural
framework and complementary metamorphic data suggests that the domains within the Sefwi Belt
record significant heterogeneous crustal thickening during NNW-SSE shortening. The tectonic contact
between the Sefwi Belt and the Sunyani-Comoé Domain is interpreted as a narrow, collisional front,
representing a suture zone between SW Ghana and central Ghana/Ivory Coast that formed during
oblique convergence. The transition from D; to D; coincides with a shift from contractional to
constrictional deformation and the development of a transcurrent tectonic regime. Based on previous
studies of elongate granites coupled with macro-geometries of domains, we interpret major normal,
left-lateral movement within the Sefwi shear system. Differential exhumation of high-grade domains
occurred after thermal relaxation of the orogenic crust during D, ENE-WSW transtension, contrasting

the surface geology predicted for Precambrian hot orogens. Structural and metamorphic evidence
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indicate that transtension is the product of orogenic extension reflecting changes in boundary
conditions and oblique plate divergence, with partial melting and localised rheological weakening of
the lower crust representing a subordinate contributing factor. Dextral reactivation of NE-striking shear
zones 1is attributed to the final major deformation event reflects a switch in far-field boundary
conditions. We highlight the diachronous nature of high-grade metamorphism and discrepancies in
deformation histories across the craton during the Eburnean Orogeny, which we interpret as the
product of episodic collisional orogenesis between discrete juvenile terranes during the assembly and

stabilisation of the West African Craton.
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11. Supplementary data I — VI

Fig. 1SI. Composite image of greyscale reduced to the pole (RTP) of the residual magnetic intensity and
associated individual survey details.

Table 1SI. Geophysical survey acquisition details.
Fig. 2SI. Bouguer gravity anomaly grid of survey area

Fig. 3SI. Composite image of negative reduced to the equator (RTE) of the residual magnetic intensity (RMI)
with greyscale first vertical derivative (1VD) for all surveys utilized in the study

Fig. 4SI. Greyscale digital elevation model of study area with ternary image of gamma-ray signal from three
channels, K, eTh, and eU, highlighting the partial coverage of radiometric data of the study area
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Fig. 5SI. Measured magnetic susceptibility values for individual lithologies presented in histograms to display
range and frequency.

Fig. 6SI. Field photos of individual lithologies.
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Table 1. Synthesis of the mineralogy, petrophysical properties and geophysical signatures of the lithologies represented on the geological map (Fig. 2). Thumbnails represent subsets
of geophysical datasets, using the same methodology as described in section 4. Scale bar is 4km in length.

Lithology Basalt/metabasalt/ Meta- Rhyolite/felsic Volcaniclastic Volcano- Composite gneiss Mafic orthogneiss ~ Gabbro/norite/pyroxenite
metadolerite andesite/dacite volcaniclasite metasediments sedimentary schist complex

Mineralogy Hbl, gz, (relict pl, hbl, gz, ep, ttn, qz, chl ,wm, Qz, pl, chl, wm, + qz, chl, ms, gr qz, bt, pl, wm, grt, pl, hbl, gz, ilm, grt,  hbl (after cpx), pl, chl,
Cpx), bt, pl, chl, chl, act bt, hbl, grt + alsi, tur, gr ep, ttn ep, act
act, ep, cal

Magnetic 0.05, 1.01-9.58, 0.03-0.40, 7.41- 0.02-1.60, 6.25— 0.06-1.00, 20.01-  0.02-1.30 0.04-1.30 0.12-9.58 0.27-2.48

susceptibility 13.08—84.00 39.50 29.14 80.30 (bimodal)

range (103 SI) (multimodal) (bimodal) (bimodal) (bimodal)

Sample SB040 SB173 SB044 SB439 SB362 SB398 SB177 SB411

U (ppm) 0.90 1.70 1.50 1.60 1.40 1.50 0.40 0.80

Th (ppm) 1.80 4.60 6.30 3.70 4.10 4.60 0.20 1.60

K20 (wt%) 1.17 1.54 2.3 2.63 2.79 3.16 0.2 0.81

Airborne Highly magnetic, Low to high Low to very highly Low to high, Low intensity, Very low to low Low to high Low to moderate

magnetic heterogeneous, intensity magnetic layers heterog. strong uniform, smooth intensity, smooth intensity, variable intensity, weak magnetic

response elongate near SZ magnetic fabric magnetic fabric fabric

Magnetic image

Airborne
radiometric
response

Radiometric +
shaded DEM

U, Th, K poor
(dark), pervasive K

Enriched in U
relative to Th and
K

Low U, moderate
Th, high K (red -
orange)

Low U, K,
moderate Th,
regolith (light blue)

-
Low U, Th, mod K, Moderate to high Heterogeneous
higher K in Kumasi U, Th, K (pink- signal often

domain (pink - red)  yellow) covered by regolith




Table I continued.

Lithology G1: Trondhjemite, = G2: Trondhjemite G3a: Granodiorite,  G3b: Potassic G4: Leucogranite ~ Chemical Polymictic Dolerite dyke
tonalite, granodiorite and granodiorite quartz diorite quartz monzonite sediment (Chert)  conglomerate

Mineralogy qz, pl, bt, hbl, + kfs gz, pl, bt, hbl, £ pl, kfs, gz, hbl, bt, qz, kfs, pl, bt (£ qz, kfs, pl, bt, ms, No data qz, pl, chl, wm, ep, ol opx, cpx, pl, hbl,

kfs, ep hbl) Py bt

Magnetic 0.15-0.55, 1.01- 0.12-2.03 0.09-1.00, 4.25 - 0.47-3.88 0.00-0.15 0.35-1.59 0.01-0.50 0.08-0.16, 10.55—

susceptibility 3.50, 15.47-25.30 24.04 87.70

range (107 SI) (multimodal) (bimodal) (bimodal)

Sample SB252 SB248 SB045 SB023 SB0O10 SB171 SB417 SB431

U (ppm) 1.90 0.50 2.00 0.60 7.20 no data no data 0.89

Th (ppm) 4.70 1.50 5.70 0.50 4.20 291

K20 (wt%) 1.84 1.24 1.82 4.01 2.51 1.13

Airborne Low to moderate Low to moderate, Moderate magnetic ~ Moderate to high,  Low, Variable low to Narrow, low Strong, linear signal

magnetic intensity, strong homogeneous, intensity, weak moderate strength  homogeneous moderate intensity signal

response magnetic fabric smooth magnetic fabric magnetic fabric intensity

Magnetic image

, ! ,
Airborne K, Th, U poor Heterog. relative Low K, high Th, High K, mod U, High K, moderate  Depleted in U, High in K, U, Th Diapole effect,
radiometric (dark) enrichment in Th. U, low U (green) low Th (red - Th, U, Th and K (dark) (white) and richin ~ No clear signal

response heterogeneous K, Th, poor (dark) pink) K close to SZ

Radiometric +
shaded DEM

Map






