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Abstract. High-grade tectono-metamorphic domains in the Sefwi terrane of Ghana are separated from adjacent low-grade
greenstone belts by two main shear zones. The high-grade rocks are thought to have been exhumed along sinistral shear
zones during the D2 ENE-WSW transtension. To better understand the role boundary conditions and the spatial relationship
of faults play in the re-distribution of partially molten lower crust, ten 3D thermo-mechanical models have been constructed.
The results show that the normal component of velocity boundary conditions mainly controls the exhumation of the lower
crust whieh-eeeurred along pre-existing faults, while the exhumation in the relay zones between faults is controlled by the
ratio of extension rate to shear rate applied at the boundaries. The strike of the exhumation belt made of partially molten
lower crust rocks in the relay zone is sub-orthogonal to the transtension direction. The isostatic compensation from low-

density upper mantle to overlying crust (thinning) is higher under transtension than under extension. @

The lower crust exhumation influenced by inherited shear zones can be used to better understand the loci of the high-grade
rocks in the Sefwi terrane. We suggest that the Kukuom-Juaboso domain composed of up-te amphibolite-migmatite facies
ablyxesulted from the concentration of partially molten rocks in the relay zone between the Ketesso and Kenyase shear
zones during the D2 ENE-WSW transtension. The two shear zone@nderwent two main stages for growth -ane
Jmaturatien from the D1 to D2 deformation phases. The regional exhumation of the high-grade rocks in the Sefwi terrane
(probably)occurred within-a-duration of less than 5Ma.
N
1 Introduction

Pre-existing faults commonly act as preferentially re-activated sites when external boundary conditions change (Chester et
al., 1991; Beekman et al., 1996), and play a dominant role in concentrating high strain (Morley et al., 2004) through
geological time. A regional-scale fault commonly originates from a network of local pre-existing discontinuities (Feng et al.,

2016b), through which fracture propagation of their surrounding rocks will be inhibited (Teufel and Clark, 1984; Morley,
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1999). With respect to an interacting strike-slip fault system, both soft and hard linkages are commonly involved. During the
growth and propagation of faults, a soft linkage can mature to a hard linkage via fracture propagation at the tips of faults and
repeated interaction between faults (Gupta and Scholz, 2000; Pachell and Evans, 2002; Kim et al., 2005).

The emplacement of partially molten rocks is dominantly driven. by the contrasts in density and viscosity compared to
surrounding solid rocks (Brown, 1994; Petford et al., 2000). Pre-existing faults are thought to play an important role in
influencing and promoting the processes of the emplacement (Neves et al., 1996; Koyi and Skelton, 2001; Weinberg et al.,
2006; Tirel et al., 2008). For extension-dominated regional exhumation of the lower crust, Feng et al. (2017) demonstrated
that the orientation of pre-existing faults largely controls the rate and distribution of lower crust exhumation using 2D and
3D thermo-mechanical models. The influence of pre-existing faults on the formation process of metamorphic core
complexes (MCCs) during extension has also been explored in analogue models (Brun et al., 1994, Koyi and Skelton, 2001),
and the structural evolution coincides well with numerical results (Tirel et al., 2008; Rey et al., 2009a, 2009b, 2011; Feng et
al., 2017).

The growth of a fault system under transtensional boundary conditions has been widely studied (Luyendyk, 1991; Dewey et
al., 1998; Fossen and Tikoff, 1998; Lin et al., 1998; Dooley and Schreurs, 2012). Furthermore, the exhumation of high grade
rocks simulated by numerical and analogue models has been also explored under compressional (Lin et al., 2000; Burov et
al., 2001; Seyferth and Henk, 2004; Ganne et al., 2014) and extensional (Brun et al., 1994; Rey et al., 2009a, 2009b, 2011;
Le Pourhiet et al., 2012; Feng et al., 2016c) boundary conditions. However, 3D numerical models including the processes of

fault growth and lower crust exhumation driven by transtension boundary conditions have still not been completely explored.

The Sefwi terrane of SW Ghana is mainly composed of the North-Western Sunyani basin, the South-Eastern Kumasi basin
and the central high-grade Kukuom-Juaboso domain (KJD). The KJD domain is bounded by two main shear zones: the
Kenyase shear zones to the Northwest and the Ketesso shear zones to the Southeast. To better understand how these two
shear zones influence the regional exhumation of the partially molten lower crustal rocks during the D2 transtensional
deformation stage, ten 3D thermo-mechanical models have been constructed. The models are constrained by the
metamorphic rock records within the study area and structural interpretation performed by McFarlane et al. (2016, 2017) and
Jessell et al. (2012). This study may shed light on the role high strain zones play in re-distribution of partially molten lowe
crust rocks under transtension boundary conditions, as well as on the evolution of structures and deformation in the Sefwi

terrane during the Eburnean Orogeny (ca. 2.2-2.0 Ga).
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2 Geological setting

The Leo-Man Craton (Figure 1) is the southernmost segment of the West African Craton (WAC). It is composed of the
Eastern Paleoproterozoic BaouléMossi (BM) domain and the South-Western Archaean Kénéma-Man (KM) domain. These
two domains are separated by the Sassandra Fault (SF). The KM domain consists of the oldest rock (gneisses) in the WAC,
5 ranging between 3600 and 3500Ma (Rollinson, 2016). The ages of major rocks range between 3026 and 2850Ma. This
domain was mainly intruded by two episodic magmatic pules, one between 3260 and 3050Ma and the other between 2960
and 2850 Ma (Rollinson, 2016). The BM domain consists of extensively distributed N-S trending greenstone-granitoid belts
(Figure 1b). The intruded granitoids in the BM domain locally yield ages between 2195 and 2172Ma (Hirdes et al., 1992;
Baratoux et al., 2011; Sakyi et al., 2014). Several generations of main magmatic pulses took place later, ranging between
10 2153 and 2068 Ma (Hirdes et al., 1996; Egal et al., 2002; Gasquet et al., 2003; Baratoux et al., 2011; Block et al., 2015).

The Sefwi-Sunyani-Comoéregion (Figure 1b, outlined by red box) is in South-Western Ghana and the Ivory Coast, and
consists of several sub-parallel NE-SW trending greenstone belts. The Sunyani and Kumasi basins (Figure 2) is mainly
comprised of volcaniclastics, wackes and argillites (Leube et al., 1990). The two basins were intruded by numerous

15 granitoids with crystallization ages of 2088+1Ma for the Sunyani basin and 2116+2Ma for the Kumasi basin, respectively
(U/Pb zircon dating, Hirdes et al., 1992). The Sefwi greenstone belt is composed of metamorphosed tholeiitic lavas,
volcanoclastic and granitoids (Agyei duodu et al., 2009). The intruded granitoids within the belt yield ages of about 2180-
2170Ma (Hirdes et al., 1992).

20 The KJD high grade tectono-metamorphic domain of up to amphibolite-migmatite facies is bounded by the Kenyase and
Ketesso shear zones (Figure 2). The NE-trending Kenyase shear zones mark the boundary between the KJD high grade
domain and the Sunyani basin. The NE-trending Ketesso shear zones cross through the Sefwi terrane. They separate lower
grade domains of greenschist to non-metamorphosed facies in the Kumasi Basin from high grade domains in the Sefwi belt
(Feybesse et al., 2006). According to the metamorphic results and structural interpretation performed for the Sefwi terrane by

25 McFarlane et al. (2016), the D1 tectono-metamorphic event contributing to crustal thickening buried crustal rocks up to 10-
12kbar (corresponding to a buried depth of about 30-40 km) and 700-800 <C. The D2 deformation phase was a

(_ decompressional stage$hat took place at about 2073 Ma (McFarlane et al., 2016), through which P-T values decreased to 7-
8kbar (corresponding to a buried depth of about 20-25km) and 650-700 <C, respectively.

3 Method and model setup

30 The exhumation of lower crust is simulated in a 3D Cartesian geometry using a visco-plastic rheology with the numerical

code Underworld (Moresi et al., 2003, 2007). The code uses a Lagrangian PIC finite element scheme. The governing mass,
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momentum and energy conservation equations are solved under the Underworld standard modelling framework, which is

expressed as follows (Moresi et al., 2003, 2007):

da;; (1)
axj = Pesr " Gi

V-u=90 (2)
T H h oM (3)
-z . R ) - =

o7 T u (V) = kVPT + oo e

where o;; is the Cauchy stress tensor, g; is the gravitational acceleration, p, is the effective density, u is the velocity, k is
the thermal diffusivity, H is the radiogenic heat production per mass unit, Cp is the heat capacity, Ih is the latent heat of

fusion and M is the melt fraction.

The 3D model domain is|300km)long (x direction), 140km wide (y direction) and 60km thick (z direction), and modelled
with a resolution of 2km x 2km x1km (Figure 3). The model is comprised of 16 km thick upper volcano-sediment, 16km

thick middle crust (mafic), 10km thick lower crust and (18km thick upper manﬂD(from top to bottom, Figure 3). In the @

sedimentary and middle crustal domains, two vertical faults are placed—in- parallel. To explore the role that spatial
relationship of pre-existing faults plays in the exhumation of the lower crust, two different patterns of fault system (with or
without an overlapping zone between faults, corresponding to Model A and Model B shown in Figure 3) are tested in-this

stuey. According to the ratio of £xtension rm applied on the boundaries, ten 3D thermo-mechanical models are
designed for test cases (detailed parameters about the boundary conditions are listed in Tables 1 and 2).

Under the PIC finite element frame of the code Underworld, 30 particles are initialized in each cell. To show the exhumation
of the lower crust and the compensation from the upper mantle to the overlying crust (crustal thinning during extension), we
therefore employ 450 passive particles to trace the changes of position and vertical velocity during transtension (extension).
The particles are divided into two groups: one placed in the upper surface of the lower crust (Z=-32km) and the other one
placed in the upper surface of the upper mantle (Z=-42km). @

The mechanical boundaries are constrained by transtension (or extension) with Y'Y -directed periodic boundary conditions
(Figure 3). The bottom of the model is modelled with a free-slip boundary. The surface of the model is a free surface and its
boundary thus directly corresponds to the topography (Moresi et al., 2003; Feng et al., 2016a). To balance the volume
reduction due to applied extension rate, the upper mantle is allowed to flow in with a normal velocity during
extension/transtension {=iao—and-Gerya, 20147 Ganne—et-at;—2644). With respect to the constraints on thermal boundary
conditions, we here model the extension and transtension of a “hot” lithosphere, with a Moho temperature of 840 °C. We use

fixed temperatures of 0 <C for the model surface and 1200 <C for the base of the model, assuming a fixed temperature
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gradient of 20 <C/km. The solid-deformation behaviour is modelled with a depth-dependent yielding criterion (Drucker and
Prager, 2013), which is expressed as follows (Moresi et al., 2007; Sharples et al., 2015):
T =06, + P tang (4)

where t_II is the second invariant of the deviatoric stress tensor, & c is the effective cohesion of rocks, P is the local pressure,
tang is the effective friction coefficient of rocks. In the crustal domain, an initial cohesion value of 15 MPa and an initial
coefficient of internal friction angle of 0.3 are defined. The effective cohesion and coefficientgl;internal friction angle (drop
to a maximum of 20%, Rey et al., 2009b; Faulkner et al., 2010) is modeHedy coupli:ndwith a strain weakening principle
(Gueydan et al., 2014; Feng et al., 2016b). The cohesion and coefficient of internal friction angle of pre-existing faults are
set to 10% of the initial values of the crust (Rey et al., 2009b).

According to the metamorphic modelling calculated by Ganne et al. (2014), the mafic crust rocks start to melt (from 1% to
30 %) at a solidus temperature of about 836 <C (corresponding to a buried depth of about 42 km at the given temperature
gradient of 20 T /km). In this study, the middle crust layer is placed between Z=-16 km and Z=-32 km (Figure 3, Table 3).
Under extension (transtension) boundary conditions, the upper crust&d\.rly\mB We therefore only allow the lower crust to
undergo partial melting process. We assume that the Tg,, and T;;, temperatures of the lower crust do not change with
pressure/depth (Gerya et al., 2008; Ganne, et al., 2014). To calculate the volumetric melt fraction (M), the volumetric
melting coefficient (X,,) for calculating melt fraction (M) is introduced as follows (Gerya and Yuen, 2003; Gerya and Burg,
2007; Gerya et al., 2008):
Xy =0 atT < Ty,

T —Tso1 at Too; < T < Ty @ (5)

Xy =1 atT =Ty

where T, and T;;, represent the wet solidus and dry liquidus temperatures of the lower crust, respectively.

We assume that the volumetric melt fraction (M) increases linearly, when the temperature is above the wet solidus
temperature and below the dry liquidus temperature (Gerya et al., 2008; Ganne et al., 2014).

M = Xy Miax (6)

In natural cases, the effective viscosity of partially molten rocks is usually 10% ~ 10% times lower than their surrounding
solid rocks (Vanderhaeghe, 2001). In our models, when the local temperature reaches the melting point of the lower crust

(Ts01), We model the effective viscosity by using a function of melt fraction (M) (Pinkerton and Stevenson, 1992):

048
Negy = 5x101° - exp (2.5 +(1-my (52 ) (7)
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The effective density in the model domain is calculated according to the local temperature, the thermal expansion coefficient
(a) of 3 10-5K-1 and the melt fraction (M). For rocks which cannot melt, a linear relationship used for calculating effective
density is expressed as equation (8). For the lower crust layer, the effective density is calculated by equation (9), which is

similar to the equations employed in Rey et al. (2009b):

Perr = p[1 —a- (T —Ty)] (8)
Perr =pll—a-(T—Ty) —p-M] (9)
where p,sf is the effective density, B is the coefficient of thermal expansion, T is the local temperature, Ty, is the reference

temperature at surface (0<C), B is the coefficient of expansion related to phase change (Rey et al., 2009b).

4 Results

We have constructed ten 3D thermo-mechanical models (with two classes, Model A and five Model B, with detailed
parameters about the boundary conditions can be found in Table 1 and Figure 3) to explore the influence of pre-existing
faults on re-distribution of partially molten lower crust during extension and transtension. All simulations were run in

parallel on the EOS cluster machine in Toulouse, France (https://www.calmip.univ-toulouse.fr/).

4.1 The upper surface of the partially molten lower crust

Initially, we applied a fixed extension rate of 2cm/year on the boundaries for experiments Al and B1 (Figures 4Al and 4B1).
The results show that the partially molten lower crust rocks concentrate preferentially along pre-existing faults during
extension. In the relay zone between faults, the concentration of the partially molten lower crustal materials is much lower
than that along the faults. Comparing cases Al with B1, the focus of exhumation in relay zones between faults in case Al is
higher than that in case B1. @

In experiments A2 and B2, a tangential component of velocity boundary conditions was additionally introduced into the fault
system. The ratio of extension rate to shear rate applied on the boundaries was set to 2, which means that this fault system is
still dominated by the applied normal component of velocity boundary conditions. For case A2 (Figure 4A2), the partially
molten lower crust rocks move towards the faults and their overlapping zone, leading to the formation of a rising belt (red in
Figure 4A2, reaching about 10 km of uplift) made of partially molten rocks. While case B2 (Figure 4B2) only shows a high
concentration of the partially molten lower crust rocks along the faults. At about 0.88 Ma, the upper surface of the partially

molten lower crust in case B2 reaches about 10 km of uplift along the faults and only 5-7 km of uplift in their relay zone.

In experiments A3 and B3, we further increased the shear rate in the fault system, making it equal to extension rate applied

on boundaries. Case A3 (Figure 4A3) shows that a high concentration of the lower crust exhumation is observed both along
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the faults and in the relay zone between faults. Compared to case A2, the relay zone in case A3 concentrates much more
partially molten rocks. Regarding the exhumation along the faults in case B3 (Figure 4B3), which shows a very similar
distribution of the lower crust with cases B1 and B2. While the exhumation occurred around the relay zone in case B3, it is
largely increased compared to cases B1 and B2. The difference in the distribution of the lower crust exhumation indicates
that increasing the shear rate to the value of extension rate applied can enhance the concentration of the partially molten

lower crust in the relay zone between faults during transtension.

Further increasing the shear rate in experiments A4 and B4 (making the ratio of extension rate to shear rate equal to 0.5)
results in the tangential component of velocity boundary conditions becomes dominant in the fault system. Case A4 shows
that the branch of the red exhumation belt located into the relay zone is wider than its other red branches along the faults
(Figure 4A4). Regarding case B4 (Figure 4B4), it shows that the distribution of the lower crust exhumation is similar to case
B3. Highly concentrated partially molten rocks in the relay zone link the uplifted partially molten rocks along the faults.

In experiments A5 and B5, the ratio of extension rate to shear rate applied on boundaries was decreased to 0.25, and the
tangential component of velocity boundary conditions dominates compared to other experiments (Al-A4, B1-B4). The
results show that the distribution of the exhumation in cases A5 and B5 is characterized by a relatively high concentration of
partially molten lower crust rocks along two parallel high strain zones and a relatively low concentration of the exhumation
in the relay zone. The two parallel high strain zones originated from the two pre-existing faults become well developed and

matured during transtension (white dotted lines in Figures 4A5 and 4B5).

Comparing all the experiments, the results show that the normal component of velocity boundary conditions generally
controls the exhumation of the partially molten rocks occurred along faults, while the exhumation of the lower crust in the
relay zone between faults is pre-dominated by the ratio of extension rate to shear rate applied on boundaries. With respect to
the exhumation of the lower crust occurred in the relay zone between faults, its concentration generally increases with the

decreasing ratio of extension rate to shear rate to an extent (experiments A1-A4 and B1-B4).

4.2 Surface relief

At a crustal scale, the processes of faulting and lower crust exhumation both play an important role in shaping surface relief
(D’ Agostino et al., 1998; Feng et al., 2016a). In an extensional setting (Figures 5A1 and 5B1), the relay zone between faults

in case Al shows a subsidence of about 1-1.5km, while in case B1 it shows about 2km of uplift at 0.85 Ma.

In transtension, experiments A2-A4 show a generally similar distribution of relief with each other (Figure 5A2, 5A3 and
5A4). Subsidence (green colour) mainly focus along faults and in the relay zone between faults, resulting in forming a

continuous subsidence belt. The width of the subsidence belt in the relay zone increases with the decreasing ratio of
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extension rate to shear rate applied (the ratio decreases by the order: A1-A2-A3-A4). Regarding the distribution of uplift,
cases Al and A2 show a highly concentrated uplift along the South-Eastern and North-Western edges of the subsidence
region. The uplifted region observed in experiments A3 and A4 also focus along the edges of the subsidence belts, but it
distributes in a generally even fashion compared to experiments Al and A2. For experiments B1-B4, the subsidence region
in the relay zone between faults widens with the decreasing ratio of extension rate to shear rate (from experiments B1 to B4),

while the distribution of the uplifted region is similar with each other.

Experiments A5 and B5 were designed to have a ratio of 0.25 (extension rate to shear rate). This indicates that the fault
system is dominated by the tangential component of velocity boundary conditions. Two subsidence belts are observed along
the strike of pre-existing faults, yielding a subsidence of about 1.5-2km at 1.5Ma. The uplifted regions are observed mainly
between the two subsidence belts, as well as slightly along the external boundaries of the subsidence belts. In experiment A5,
the uplifted region between the two subsidence belts shows a step form (Figure 5A5), while in Experiment B5 it displays a

linear distribution (Figure 5B5). The two experiments yield a similar uplift of about 2km.

4.3 Particles motion: extension versus transtension

Here, to compare and quantify the effect of boundary conditions on the lower crust exhumation and the compensation from
the upper mantle to the overlying crust (crustal thinning during extension), two groups of passive particles are initialized

(Figures 6 and 7) in the upper surfaces of the lower crust and the upper mantle, respectively.

In extension (experiment B1, Table 1), no significant exhumation (Figure 6) is observed prior to 0.25Ma, and the
compensation from the upper mantle to the overlying crust is not remarkable, either. At about 0.85Ma, a maximum uplift of
about 10km (dark red in Figure 6) is recorded by the particles placed along faults, while the particles initialized in the relay
zone between faults only show about 6 km of uplift (yellow to light orange colour in Figure 6). With respect to the deeper
particles placed in the upper surface of the upper mantle, they yield a maximum uplift of about 6-7km, showing a similar

distribution with the uplifted regions observed in the upper particles.

In transtension (experiment B3), all the particles integrally move and rotate with the applied tangential component of
velocity boundary conditions (Figure 7). The distribution of uplift does not show significant difference compared to
experiment B1 (extension) prior to about 0.47Ma. As transtension continues (at about 0.63Ma), the upper particles located in
the relay zone between faults significantly exhume, yielding a height of about 7km. At about 0.84Ma, the upper particles
record a maximum uplift of about 10km. With respect to the particles placed in the upper surface of the upper mantle, they

show a relatively even distribution of uplift, yielding a height of about 8-9km at 0.84Ma.
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5 Discussion
5.1 Migration of particles: extension versus transtension

In a system comprised of pre-existing faults and partially molten lower crustal rocks, the orientation of faults and boundary
conditions are both thought to play an important role in influencing the distribution of lower crust exhumation (Rey et al.,
2009b; Feng et al., 2016c). Feng et al. (2016c) traced the upper and middle planes of lower crust using passive particles in
extension. Their results show that the passive particles in the middle plane integrally move towards the intersection zones of

pre-existing faults and largely contribute to regional exhumation.

The uplift observed on the deeper particles can be explained by the isostatical compensation from the lower density mantle
to the thinning part of overlying crust during transtension (Abers et al., 2002; Huet et al., 2011). The difference in uplift
between the two planes of particles (the upper surfaces of the lower crust and the upper mantle) is about 3-4km under
extension (case B1) and about 1-2 km under transtension (case B3), respectively (Figures 6 and 7). The reason for forming
such gap of uplift between the upper and lower planes of particles is probably due to (1) the partially molten rocks in the
middle level of the lower crust significantly move towards the relay zone between faults, and make a significant contribution
to regional exhumation (Feng et al., 2016c), (2) the upper mantle rocks are mechanically vigorous compared to the lower
crust rocks (partially molten rocks) and they must show more resistance to deformation compared to the overlying partially
molten lower crust (Feng et al., 2016c¢) and display some lag to flow upward to compensate the thinning part of the overlying
crust (Abers et al., 2002; Rey et al., 2011; Piccardo, 2016). This also indicates that, for experiment B1 controlled by
extension, the partially molten lower crustal rocks in the middle level make a higher contribution to exhumation in the relay
zone between faults than that under transtension (experiment B3). In other words, the low-density upper mantle compensates
much more the overlying crust in experiment B3 (transtension) compared to experiment B1 (extension). This inference is
supported by the curves of the exhumation rate over time in Figures 8a and 9a (detailed discussions will be presented in

following section 5.2).

According to the distribution of upwelling partially molten rocks observed in experiments B1 and B3, the regional
exhumation of the lower crust along the faults does not show significant difference between the cases in extension and
transtension. In the relay zone between faults, the tangential component of velocity boundary conditions plays an important
role in allowing the concentration of partially molten lower crust rocks. The reason for focusing such high concentration of
the partially molten rocks in the relay zone is probably due to the fact that the tangential component of velocity boundary
conditions can help produce linking damage/weak zones (Kim et al., 2004) around a strike-slip fault zone. The linking
damage/weak zones evolve and become matured through the interaction between the tips of adjacent faults (Kim et al., 2001),
undergoing a process from a soft linkage to a hard linkage. These damage/weak zones (in the relay zone between faults)

could make a direct contribution to concentrating partially molten rocks during transtension (extension), this process could
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be also indirectly assisted and enhanced by the removal of overburden in the relay zone (subsidence regions shown in Figure
5).

5.2 Exhumation rate

The exhumation rate of partially molten rocks in metamorphic core complexes (MCCs) can provide some stretching history
(Rey et al., 2009b). Here, we discuss the influence of the spatial relationship of faults and ratio of extension rate to shear rate

applied on boundaries on exhumation rate of the partially molten lower crust rocks.

Figures 8a and 9a show the vertical velocity of a selected particle ((X, Y, Z) / (70, 150, -32) /km, see Figure 3) pertaining to
the upper surface of the lower crust, which can be used to indicate the exhumation rate of the partially molten lower crustal
materials during transtension (extension). During extension/transtension, rocks can be transferred from the underlying low-
density mantle to the overlying crust (crustal thinning) due to isostatic unbalance, this is referred to a compensation process
(Banks et al., 1977; Banks and Swain, 1978). Figures 8b and 9b present the vertical velocity of a passive particle ((X, Y, Z) /
(70, 150, -42) /km, see Figure 3) initialized in the upper surface of the upper mantle, which can be employed to quantify the

compensated process occurred in the relay zone between faults.

For Model A and Model B (including ten experiments according to the ratio of extension rate to shear rate applied on
boundaries), the compensation rate from the upper mantle to the overlying crust generally shows a similar trend with the
exhumation rate of the lower crust (Figures 8 and 9). At the ratio of 1 (extension rate equals to shear rate), the maximum rate
of the lower crust exhumation is observed in the relay zone between faults, as well as the maximum compensation rate from
the upper mantle to the overlying crust. When the ratio of extension rate to shear rate was set to 0.25, indicating a
predominantly simple shear fault system, the lowest rates of the exhumation and the compensation are recorded in the relay

Zone.

In terms of the influence of spatial relationship of pre-existing faults on the lower crust exhumation and the compensation
from the upper mantle to the overlying crust (Model A with Model B, Figure 8 and 9), Model A (experiments Al-A4)
generally shows a high exhumation rate compared to Model B (experiments B1-B4). This indicates that the relay zone
between faults in Model A prefers to concentrate the partially molten lower rocks compared to Model B (Figure 3).
Experiments A5 and B5 having a ratio of 0.25 (extension rate to shear rate) do not show significant difference in the
captured vertical velocity (Figures 8 and 9). In addition, the curves in Model A show a generally linear increase over time
prior to arriving about 10 km of uplift (Figure 8). For Model B, some early peaks of vertical velocity are observed at about
0.3 Ma (Figure 9).
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The difference in the paths of capturing vertical velocity between Model A and Model B probably suggests a different
process of developing high strain zones and exhuming the partially molten lower crust exhumation took place in the relay
zone between faults during extension and transtension. Since the pure extensional cases (experiments Al and B1) do not
show significant exhumation in the relay zone between faults (Figures 4A1 and 4B1), we thereby only focus on discussing

the developmental process of the lower crust exhumation under transtension (experiments A2-A5 and B2-B5).

We here suggest a conceptual model (Figure 10) to explain the possible mechanisms that result in appearing early vertical
velocity peaks in Figure 9. At a fault tip, it commonly has a maximum stress concentration (e.g., Cowie and Scholz, 1992;
Vermilye and Scholz, 1999; Gupta and Scholz, 2000). The interaction between the tips of faults leads to the growth,

propagation and maturation of faults (Kim et al., 2001).

In Model A (Figure 10), nodes n and p (tips of faults) must intensely interact with a high stress concentration (e.g., Soliva et
al., 2008) resulting in linking each other through fractures (Kim et al., 2001, 2004) when they are initially re-activated. After
the re-activation, we can ideally mark the linked fractures as the blue line (Figure 10) according to the analogue (Peacock
and Parfitt, 2002; Bellahsen and Deniel, 2005), numerical modelling (Soliva et al., 2008) and field investigations (Acocella
et al., 2000; Hus et al., 2006; Giba et al., 2012). The linked high strain zones are generally sub-orthogonal to the equivalent
direction of transtension (red arrows in Figure 10). In other words, these high strain zones would be fully stretched over time
by the equivalent transtensional boundary. This indicates that the partially molten lower crust rocks beneath the relay zone
between faults would sub-linearly (as shown in Figure 8) exhume to the middle-upper crust along the blue line and its
surrounding areas (indicated by inclined black lines, Figure 10). This conclusion can be evidenced by both the spatial

distribution (Figure 4) and the sub-linear exhumation rate (Figure 8) of the partially molten lower crust.

In terms of Model B, nodes n and p would undergo the same processes (concentrating high stress; e.g. Cowie and Scholz,
1992; Vermilye and Scholz, 1999; Gupta and Scholz, 2000) with Model A when they are initially re-activated. The strike of
the linked high strain zones (blue line in Model B, Figure 10) would be sub-parallel to the equivalent direction of
transtension. This indicates that the linked high strain zones are not predominant sites (blue line of Model B) to concentrate
strain over time in transtension. We propose that the linked high strain zones resulted from the initial re-activation (blue line
in Model B, Figure 10) would be reprinted and overlapped during transtension (Kim et al., 2001). This probably can help
explain the early peaks of vertical velocity observed in Model B (Figure 9). In addition, this conceptual model also indicates
that the newly produced high strain zones (indicated by inclined lines, Figure 10) would be generally sub-orthogonal to the
equivalent direction of transtension. Partially molten lower crust rocks would exhume along the strike of the newly produced
high strain zones. This feature coincides well with our numerical results (Figure 4), showing that the strike of the
exhumation belt (red) made of the partially molten lower crust in the relay zone between faults is sub-orthogonal to the

equivalent direction of transtension.
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5.3 Model implications for the Ghanaian Sefwi terrane

Craton-scale shear zones in NW Ghana (Block et al., 2015; 2016) and SW (McFarlane et al., 2016) commonly mark the
boundaries between low-grade greenstone belts and high-grade metamorphic rocks of up to amphibolite-migmatite facies.
Identifying the role the shear zones play in the exhumation of the lower crust in Birimian province can allow to better

understand the evolution of deformation during the Eburnean Orogeny (ca. 2.2-2.0Ga).

In the Sefwi terrane, the KJD high grade tectono-metamorphic domain is bounded by two main shear zones: the Ketesso and
Kenyase shear zones. Based on the fault-induced exhumation of the lower crust shown by the numerical results (Figure 11a),
the western boundary (red dotted line, Figure 11a) bounding the lower crustal materials is sub-parallel to the exhumation belt
(red belt) in the relay zone between faults, and is sub-orthogonal to the equivalent direction of transtension (red arrows in
Figure 11a). This feature coincides well with the metamorphic map in the Sefwi terrane (McFarlane et al., 2017), the western
boundary (purple dotted line in Figure 11b) of the KID domain is sub-parallel to the distribution of migmatite (indicated by

ellipse) and sub-orthogonal to the ENE-WSW transtension direction.

The concentration of the partially molten lower crust rocks increases along the direction from the relay zone to fault tips
(Figure 11a). This can be used to explain the distribution of the migmatite-amphibolite bounded by an ellipse in the KID
domain, with a high concentration of migmatite around the heads of the ellipse (red and light blue areas, Figure 11b) and of

amphibolite in the central part of the ellipse.

Regarding the evolution of structures, we suggest that the Ketesso and Kenyase shear zones probably underwent two stages
for growth and maturation from the D1 to D2 deformation phases. During the D1 compression stage, the preliminary
structures of the two shear zones were initialized in parallel. The Ketesso shear zones did not cross through the Sefwi terrane
during the D1 stage, and they were located only in the southern part of the Sefwi terrane (dark blue dotted line, Figure 11b).
At the same time, the preliminary forms of the Kenyase shear zones were located only in the northern part of the Sefwi
terrane (dark blue dotted line, Figure 11b). This distribution of the two shear zones probably resulted from a significantly
oblique component of the D1 compression stage. These preliminary structures of the Ketesso and Kenyase shear zones
provided preferential sites for subsequent re-activation. During the subsequent D2 transtension, the two shear zones

developed along their initial strikes (pink dotted lines) and became matured.
With respect to the high-grade rocks observed in the North-Eastern part of the Sefwi terrane (indicated by black dotted box,

Figure 11b), if we accept this model, this could be explained by regional exhumation controlled and promoted by the newly

matured part (pink dotted part, Figure 11b) of the Ketesso shear zones during the D2 transtension. Second-order faults
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between the two main shear zones (the Ketesso and Kenyase shear zones) could also have made a significant contribution to

the exhumation of the high-grade rocks.

Regarding the time length required for the regional exhumation of the partially molten lower crust (about 10km of uplift
equalling to a drop in pressure of 4kbar during the D2 transtension stage suggested by McFarlane et al., 2016), according to
our numerical experiments, all the modelling results yield a similar time length of less than 2 Ma when using rates of 1-
2cml/year for extension and 0-4cm/year for shear. Considering the variations in velocities (Vs and Ve) applied on boundaries,
we suggest that the main regional exhumation of the lower crust in the Sefwi terrane probably occurred within a short

duration of less than 5Ma.

5.4 Limitations and perspectives

Although we have tested ten 3D thermo-mechanical models under extension and transtension boundary conditions, the ratio
of extension rate to shear rate applied on boundaries should be more extensively tested in further models. In our study, we
focused our attentions on exploring the regional re-distribution of the lower crust exhumation influenced by the spatial
relationship of pre-existing faults and boundary conditions, and the process of fluid transfer in fractures/faults was thus
deliberately not included, but we aim to couple this process in future studies by employing solid-fluid mechanisms
developed by Keller et al. (2013). Regarding the effective viscosity of partially molten rocks, it’s still overestimated in this
study compared to the experimental results (between 106-1018 Pa s; Vanderhaeghe, 2001). This is due to the high

consumption in computing huge viscosity variations (Moresi and Solomatov, 1995).

We aim to improve the setup of the initial model (e.g., more realistic spatial-relationship of pre-existing faults, dating the
timing of main structures in the study area) under the assistance of more field works in the future. In addition, we only
concerned here the D2 deformation stage occurred in the Sefwi terrane of SW Ghana. We installed the initial model
according to the geological data estimated at the end of the D1 deformation stage (P, T and crustal thickness based on the
metamorphic estimates performed by Block et al. (2015) and McFarlane et al. (2016)). In particular, the variation in the
distribution of the Moho depth (Jessell et al., 2016) resulting from the D1 compression stage was not taken into
considerations for modelling. That could be interesting if we can perform a continuous process for the Sefwi terrane by
including the D1 crustal thickening (Feng et al., 2016a) and the D2 transtension triggering the regional exhumation. In
addition, we aim to involve more geophysical and geochemical constrains (Ganne et al., 2016) to improve the model setup
(e.g., geochronological data; more P-T paths; distribution of Moho depth; thickness of the lithosphere and the mantle

potential temperature during the Eburnean Orogeny etc.).
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6 Conclusions

In this study, we constructed ten 3D thermo-mechanical model to test the role pre-existing faults and boundary conditions
play in the re-distribution of the exhumation of the lower crust. Different patterns of faults and boundary conditions were
tested.

The 3D models show that the normal component of boundary conditions in the fault system controls the exhumation of the
lower crust along faults, while the exhumation in the relay zone between faults is dominated by the ratio of extension rate to
shear rate applied on boundaries. The strike of the exhumation belt made of partially molten lower crustal materials in the
relay zone between faults is sub-orthogonal to the transtension direction. The spatial relationship of faults controls the
distribution of surface relief in general. The maximum subsidence and uplift yield relief values of about -2 km and 2 km,
respectively. The isostatic compensation from the low-density upper mantle to the overlying crust (crustal thinning) is higher
under transtension than that under extension.

The re-distribution of the partially molten lower crust rocks controlled by high strain zones can be used to better understand
the loci of the high-grade rocks in the Sefwi terrane. The Kukuom-Juaboso domain (KJD) comprised of up to amphibolite-
migmatite facies probably resulted from the concentration of the partially molten rocks in the relay zone between the Ketesso
and Kenyase shear zones during the D2 ENE-WSW transtension (a drop in pressure of about 4kbar). These two shear zones
could undergo two phases for development and growth from the D1 to D2 deformation stages. The mainly regional

exhumation in the Sefwi terrane probably occurred within a duration of less than 5Ma.
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Table 1: Experiments with different parameters on boundary conditions.

Extension rate Shear rate Von Mises | Normalized
Pattern Expi# (Ve, cm/year) (Vs, cm/year) VeIVS 1 strain* (£eq) | /year (10°)
Al 2 0 0 0.09 0.10
A2 2 1 2 0.10 0.13
Model A A3 2 2 1 0.16 0.19
A4 1 2 0.5 0.28 0.17
A5 1 4 0.25 0.51 0.33
B1 2 0 o0 0.08 0.10
B2 2 1 2 0.11 0.13
Model B B3 2 2 1 0.16 0.19
B4 1 2 0.5 0.29 0.17
B5 1 4 0.25 0.41 0.33
* The Von Mises equivalent strain is calculated by: &,, = 2 \/3(6’%X+Z§y+8222) 3(y’%y+?2+yzz") .
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Table 2. Thermo-mechanical model parameters, symbol and value-units.

Parameter Symbol Value-units
Volcano-Sediment Hsed 16 km
Thickness Middle crust Hmid 16 km
Lower crust Hiow 10 km
Upper mantle Hmantle 18 km
Volcano-Sediment Psed 2800 kg/m?®
Middle crust Pmid 3050 kg/m?®
Density Lower crust Plow 2700 kg/m®
Upper mantle Pmantle 3250 kg/m3
Pre-existing faults Prault 2750 kg/m?®
Melting point of the lower crust T T:;”jggg% g;/g/)o)
Heat capacity Cp 1000 J/kg K
Thermal diffusivity k 10° m?/s
Latent heat of fusion Ih 250 KJ kgt K
Dislocation creep power law pre-exponential factor A MPa™"/ s
Dislocation creep power law exponent n -
Creep power law activation energy Q KJ/mol
Gas constant 8.314 J molt K!
Gravitational acceleration g 9.81 m/s?
Friction angle for Drucker-Prager criterion o/f 3-25°
Cohesion for Drucker-Prager criterion o 3-15 MPa
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Table 3. Rheological parameters employed for modelling different lithospheric layers are collected from Ranalli, (1995). The

effective viscosity is calculated with a non-Newtonian power law using the equation: 5y = 0.25 - (0.754)C1/m . z((/m-1).
exp @/nR),

Layer Rock type A (MPa™/s) n Q (KJ/mol)
Volcano-Sediment  Wet quartzite 3.2x10* 2.3 154
Middle crust Diabase 2.0x10* 34 260
Lower crust Quartzodiorite 1.3x10°% 2.4 219
Upper mantle Dry olivine 7 x 104 3.3 520
Pre-existing fault Initial viscosity (102°Pa s)
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Figure 1. Geological map of the Leo-Man Craton of the WAC after Mil&i et al. (2004). It shows major shear zones and
Paleoproterozoic-Archaean blocks. The Ghanaian Sefwi domain is indicated by a red box, a detailed metamorphic and structural
map can be found in Figure 2.
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Figure 3. 3D numerical models are built with the numericat code Underworld (Moresi et al., 2003, 2007). The mechanical
boundary conditions are indicated by black and red arrows. Two-irteraeting vertical faults with a thickness of 2 km (Le Pourhiet
et al., 2004) are initialized in Model A and Model B (red ceteur). The difference between Model A and Model B is in the spatial
relationship between faults (with or without an overlapping zone between two parallel faults). 450 passive particles divided into
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Figure 4. The relief of the upper surface of the partially molten lower crust in extension (experiments Al and B1) and transtension
(experiments A2-A5 and B2-B5). The first and second columns correspond to thedifferent-standard moedefesModel A and Model
B (Figure 3), respectively. Pre-existing faults are indicated in white dotted lines. Boundary conditions are indicated by black and

5 red arrows. The colour bar represents the exhumation of the partially molten lower crust during extension and transtension. @
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Figure 7. Model B3, migration of passive particles during transtension. In total of 450 particles divided into two groups are placed in the upper surfaces
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detailed parameters in Table 1), respectively. @

29


Patrice
Highlight

Patrice
Sticky Note
I kind of understand, but it still  compensation of what?

Patrice
Highlight

Patrice
Sticky Note
Shear and extension?  How  about: Vs and Ve are the horizontal velocity components parallel and perpendicular to the wall respectively. 
You are welcome.


Model A

Vertical velocity / (cm/year)

25

051

N&ﬁ [=] Exp# Ve/Vs VMs [®]
VA A1 ] o [0.09
/ Y 2t [A2] 2 Jo.10
' 3 A3 | 1 |0.16
X A4 [05(0.28
i - 151 | A5 |0.25(0.51
P £
Vi ol
/""7* o e
i SEN
' yﬁ: .,-‘v;‘/rvrv\;"\’-""*f'f{
7 A~ Ad
o8l 2
‘f‘ NIRRT o o
[A5]°
0
0 0.5 1 1.5 o} 0.5 1
Time / (Ma) Time / (Ma)

Upper surface of the lower crust

25

Upper surface of the upper mantle

o

30

AZ I(km)

Figure 8. Model A. (a) Exhumation rate of the lower crust, (b) the isostatic compensation from the upper mantle to the overlying
crust. The passive particles employed for plotting the-left=arerrightt figures are located at (70, 150, -32) and (70, 150, -42) (X, Y, Z
/km), respectively. The colour bar represents the acenrstative-RefaEer exhumation over time. Exp# is the name of experimen
VelVs is the ratio of extension rate to shw applied on the boundaries. VMs represents the Von Mises equivalent strain. @


Patrice
Highlight

Patrice
Sticky Note
This doesn't make sense at all.

Patrice
Pencil

Patrice
Sticky Note
... for plotting graphs a and b ....

Patrice
Highlight

Patrice
Sticky Note
Any reason why you have chosen these two particles?

Patrice
Pencil

Patrice
Pencil

Patrice
Pencil

Patrice
Pencil


Model B

Upper surface of the lower crust Upper surface of the upper mantle i
2 2 AZ I(km)
(=] ] Exp# VelVs VMs 10
B1 < [0.08 9

_ B2 2 |0.11
T 15 1.5 B3 1 |0.16 :
Q
g B4 0.5 0.29 .
2. B5 0.25(0.41
% j 6
= il
8 1 1 st -
° S~ o
(-: fan R 0 4
9 Foee g
5 “
> L] 3

0.5 0.5} “ iy

e s L 2
s
i 1
0 . . 0 . . 0
0 05 1 15 0 05 1 1.5
Time / (Ma) Time / (Ma)

@ Figure 9. Model B. (a) Exhumation rate of the lower crust. (b) the isostatic compensation from the upper mantle to overlying crust.
The passive particles employed for plotting (a) and (b) are located at (70, 150, -32) and (70, 150, -42) (/km), pertaining to the upper
surfaces of the lower crust and the upper mantle, respectively.

31


Patrice
Highlight

Patrice
Sticky Note
Is the exhumation of the lower crust not due to isostatic compensation ?  


Model A : 1

Model B : 1

Figure 10. Conceptual models are constructed to explain the process of faults-related exhumation in the overlapping zone. The
first column shows the initial geometry of pre-existing faults according to the numerical model setup (Model A and Model B, from
Figure 3), m, n, p and q are used to mark the tips of faults. Black arrows represent the applied extension and shear rates, red
arrows represent the equivalent direction of transtension. The middle and right columns represent the different stages of

producing linking high strain zones driven by the external boundary conditions. @
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Figure 11. (a) The numerical results (case B3, Figure 4-B3) show the uplift of the upper surface of the partially molten lower crust
(0-10km scale colour bar). (b) Metamorphic map in the Sefwi terrane modified after McFarlane et al. (2017). Transtension
boundary conditions are indicated by red arrows.
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