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ABSTRACT: 3D thermo-mechanical models have been constructed to explore the influence of pre-existing faults on the temporal-
spatial distribution of high-grade amphibolite-granulite facies metamorphic rocks during extension. The different dip amounts of
three pre-existing faults (refer to the Bole-Nangodi shear zones, the Jirapa shear zone and the Bulenga shear zone in the study area)
are studied in models. The results show the lower crust exhumes occur at a relatively low rate prior to attaining a Stretching Factor
=4.2%. The partially molten lower crustal rocks tend to move (up to 20 km) towards the center of the model and focus exhumation
in regions where pre-existing faults intersect. The high-strain corridors in models are used to understand the loci of exhumation
in the Bole-Bulenga domain of NW Ghana. Accordingly, in the eastern and western parts of the high-grade rock corridors in NW
Ghana, partially molten rocks exhumed from the lower into middle-upper crustal levels are interpreted to have been dominantly
facilitated by the km-scale high-strain corridors. In the central part of the Bole-Bulenga domain, the high-grade rocks are inter-
preted to have been exhumed because of a coupling between two mechanisms: (1) The exhumation of partially molten rocks
between the Jirapa and Bole-Nangodi faults increases in spatially due to the reduction in space from north to south. (2) The exhu-
mation of lower partially molten rocks in the central part, as a result of inherited orthogonal (E-W) structures.
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1. INTRODUCTION been widely explored in numerical (D’Agostino et al., 1998;
Feng et al., 2016b) and analogue (Imber et al., 2004; Dooley et
al.,, 2012) models, as well as field investigations (Thatcher and
Hill, 1991; Hand and Sandiford, 1999; Mukherjee et al., 2017).
The formation of metamorphic core complexes (MCCs) is
generally related to extensional and strike-slip (e.g., Coney, 1980;
Mukherjee, 2013; Den¢éle et al., 2017; Feng et al., 2018a) tectonics.

This is characterized by the exhumation of partially molten lower

Pre-existing discontinuities in the crust generally provide sites
for strain concentration (Jessell and Lister, 1991; Morley et al.,
2004; Bellahsen and Daniel, 2005; Willingshofer et al., 2005;
Misra and Mukherjee, 2015). The role of the orientation of such
discontinuities on growth and re-activation of fault systems has
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crustal materials (Mukherjee, 2011, 2012, 2013; Mukherjee and
Mulchrone, 2012, 2013) up to the upper crustal levels (Lister and
Davis, 1989). Although numerous 2D-numerical (Burg et al., 2009;
Choi et al.,, 2013) and analogue (Brun et al., 1994; Tirel et al.,
2006; Sokoutis et al., 2007) models have been used to study the
formation processes of MCCs in extensional tectonic settings,
the use of 3D numerical modelling (Le Pourhiet et al., 2012;
Rey et al, 2017) including pre-existing faults remains largely
unexplored.
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The emplacement of partially molten rocks into the upper
crust can be assisted by pre-existing and new-formed faults (Neves
et al,, 1996; Vigneresse and Tikoff, 1999). In the high-grade Bole-
Bulenga Terrane (BBT) of NW Ghana, three high-strain zones
separate high-grade rocks (amphibolite-migmatite facies) from
adjacent low-grade greenstone belts (Block et al., 2015, 2016;
Feng, 2016; Feng et al., 2016a). These high-strain zones are known
as the Bole-Nangodi shear zones, the Jirapa shear zone and the
Bulenga shear zone (Fig. 1). The BBT was mainly deformed by
two phases (D1 and D2). According to Block et al. (2015) and
Block (2015), the EW Bulenga shear zone (about 80 km length)
is a consequence of the D1 phase. The preliminary form of the
NE-SW Bole-Nangodi shear (about 300 km length) zones resulted
from the processes of bringing low- and high-grade rocks in
contact during the D1 phase. Some inherited structures of the
NS Jirapa shear zone (about 200 km length) also appeared in
this stage. During the D2 N-S extension stage, there faults were
reactivated in extension (West, 1993), a large amount of amphibolite-
migmatites exhumed along these fault zones between 2137 + 8 Ma
and 2127 + 7 Ma (Block et al., 2015).

In order to understand how pre-existing faults contribute and
influence the exhumation processes under extension, ten 3D
models (with differently oriented faults) related to the high-
grade BBT geometry have been constructed. The models were
constrained by the metamorphic rock record observed by Block
etal. (2015). This study may shed light on the effect of orientation
of pre-existing faults on the formation and development processes
of lower crust exhumation during extension.

2. GEOLOGY
2.1. The West African Craton (WAC)

The WAC consists of three major Archaean and Paleoproterozoic
blocks (Fig. 1a) namely, the Réguibat Shield to the north, the
Leo-Man shield to the south and the smaller central Kenieba
and Kayes Inliers (Jessell et al., 2016). The Leo-Man shield in the
south is characterized by sequences of volcano-sedimentary
and plutonic belts designated as parallel bands on a crustal scale.
This parallel band architecture is not observed in the Réguibat
Shield, suggesting probably a different geodynamic setting of
formation. The western halves of both the Reguibat and the
Leo-Man shield are marked by Archean rocks and the eastern
halves by Paleoproterozoic rocks. The Paleoproterozoic block of
the Leo-Man shield (also known as the Birimian domain or
Baoule-Mossi domain) is marked by a geodynamic setting suggestive
of immature volcanic arc (Dioh et al., 2006) or an oceanic plateau
(Boher et al., 1992).

https://doi.org/10.1007/s12303-019-0005-z
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2.2. The Leo-Man Shield

The Leo-Man shield (Fig. 1b) is bounded to the east and west
by Pan-African and Hercynian orogenic belts. It consists of the
Archaean age Kénema-Man domain to the west and the Proterozoic
Baoulé-Mossi domain to the east. The contact between the
Archean and Proterozoic domains is marked by the Sassandra
Fault (SF). The Baoulé-Mossi domain (also known as the Birimian
domain) is located to the north and east of the Kénema-Man
domain and characterized by extensively distributed N-S to NE-
SW trending greenstone belts (the maximum length: 600-700
km), intruded and separated by several generations of granitoids,
and/or by sedimentary basins. The Eburnean orogenic events,
which shaped the crustal architecture in the Leo-Man shield
operated from 2160 Ma to 1980 Ma (Davis et al., 1994; Feybesse
etal., 2006). The first deformational event (D1), which operated
between 2160 Ma and 2110 Ma (Baratoux et al., 2011; Ganne et
al., 2012) is characterized by a major crustal thickening (Allibone
et al,, 2002; Vidal et al.,, 2009). The D2 deformational event
continued up to 1980 Ma, where the initial D1 E-W compressional
regime was switched to a dominant strike-slip transpression.

2.3. Summary of the BBT

The Paleoproterozoic BBT is in the eastern portion of the
Baoulé-Mossi domain (Fig. 1c). The BBT consists of the NE-
SW Bole-Nangodi shear zones, the N-S trending Wa-Lawra
belt, the NNW trending Jirapa and the adjacent Jang shear
zones, the E-W trending Julie belt, the northern Koudougou-
Tumu granitoid domain, the central BBT, the southern Abulembire
domain and the southeastern Maluwe basin (Fig. 1c, Block etal.,
2015). The E-W-oriented Julie belt separates the Koudougou-
Tumu granitoid domain from the BBT, and mostly consists of
basalt, volcano-sedimentary rocks and granitoids (Amponsah
et al,, 2015). To the west of the Julie belt is the NNW trending
Jirapa and its adjacent Jang shear zones, which separates the
Koudougou-Tumu granitoid domain from the Wa-Lawra belt.
The Jirapa shear zone merged with the southern portion of the
Bole-Nangodi shear zones during extension (Block et al., 2015).
The NE-SW Bole-Nangodi shear zones extend into the southern
portion of Burkina Faso for over 300 km (Naba et al,, 2004) and is
composed of volcanic rocks, greywackes, shales, gabbros and
deformed to undeformed granitoids with crystallization ages ranging
from 2195 Ma to 2119 Ma. These rocks have been metamorphosed
up to greenschist to amphibolite facies (De Kock et al., 2011).

Pressure-Temperature (PT) paths show a near-isothermal
decompression (Fig. 2) during the D2, which took place between
2137 + 8 Ma and 2127 + 7 Ma (U-Pb, Block et al., 2015). This
indicates an exhumation driven by extension on a magnitude
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Fig. 1. (a) Sketch map of the WAC after Peucat et al. (2005). (b) Main geological units in the Leo-Man Shield. (c) The high-grade BBT after Block
et al. (2015). Purple and red stars are used to show PT-paths in Figure 2.

order of cm/year (e.g., Rey et al,, 2009). The maximum pressures
calculated from paragneiss samples at the beginning of the D2

about 45 km).

decompression range 11-13 kbar (corresponding to a depth of

https://doi.org/10.1007/s12303-019-0005-2



964

P (kbar)
14 - D1 /
D2 )
12 L
==D3 | | BN47
10 - &
Nold
Y
8 I >
/ O
y o
6L . ok
4 - o -
e AOi(':’.W—‘—”
S
0 | ] ]
200 400
T(°C)

Fig. 2. PT-paths after Block et al. (2015). BN43 is a migmatitic parag-
neiss from the Bole-Nangodi shear zones. BN47 is a sample of parag-
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3. MODEL DESCRIPTION AND ASSUMPTIONS

The numerical models were designed to show how the three
pre-existing major shear zones involved in the BBT locally
control the exhumation of the lower crustal materials under
extension conditions, thus the probable conditions that existed
during the D2 extension phase in BBT. The numerical code
Underworld (bleeding edging version, 2015) utilized for the
modelling, employs a Lagrangian Particle in cell finite element
scheme (Moresi et al., 2003, 2007). The governing equations of
momentum, mass and energy using the Boussinesq approximation
are expressed as (De Smet et al., 1998; Moresi et al., 2003, 2007;
O’Neill et al., 2016);

Tii—Pi = fi (1)
Vii= 0, (2)
OT gy — gy H_Ih oM

a+V.VT—kv T+a) TR (3)

where 7 is the deviatoric stress tensor, p is the pressure, v is the

2 cm/year

Surface A ________ f\_ _______________ Q _ S .B_y ________ B.”. -. 0 km
Ya
A
UPPOrerust = —-ccdacccomaan codlon cocin cman o msiaimis msrmim e s aimisimime 35 km
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Fig. 3. Initial geometry and boundary conditions of the numerical model. The 3D model consists of three pre-existing faults in the upper
crustal domain (Table 1). The azimuth of faults A, B and C are fixed to 335°, 25° and 90°, respectively. To the east and west of faults, a 50 km
wide distance is employed to reduce the boundary effect. The angles 7y, 7 and yc are counted counterclockwise from surface to faults A,
B and C, indicated by the cross-sections A'-A’, B'-B” and C'-C". 420 passive particles are placed in the horizontal planes of Z =-35 and -40 km.

https://doi.org/10.1007/s12303-019-0005-z
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velocity, f; is a body force, representing gravity in the vertical
direction, kis the thermal diffusion, H is the radiogenic heat
production per mass unit, Cp is the heat capacity, Ih is the
latent heat and M is the melt fraction (Table 2).

The initial geometry for the present study were restricted to a
3D Cartesian volume (Figs. 3 and S1 (Electronic supplementary
material)), with a 60 km maximum thickness (this thickness includes
the upper mantle according to the geophysical signatures by
Jessell et al.,, 2016), 310 km horizontal length (YY direction), 240 km
wide (XX direction) and a 35 km (ZZ direction) non-Newtonian
rheological layer (creep power law exponent can be found in
Table 3). A 10 km non-Newtonian lower crust is defined below
the upper crust. Beneath the lower crust, a 15 km non-Newtonian
upper mantle defines the base of the model. In the lower crust,
420 passive particles are placed at depths Z = -35 km and -40 km
to track displacements. This model is modelled as a visco-plastic
rheology. This version of Underworld did not allow the use of
elastic properties, some paper has contributed to explore the
role of viscoelasticity in modelling lithospheric instability (So et
al.,, 2012, 2014; Farrington et al., 2014), but in our paper its effect
on deformation does not significantly influence the results since
materials yield rapidly (Ellis et al., 2004; Buiter et al., 2007). The
effective viscosity varies with the temperature and stress is
calculated with a non-Newtonian power law (Ganne et al., 2014):

(4)

where A is the dislocation creep law pre-exponential factor, n

Mo = 0.25-(0.754) 7. gD exp @D,

is the dislocation creep law exponent, Q is the activation energy, €
is the strain rate.

The displacement boundary condition for extension is
programmed at a rate of 2 cm/year for each side in XX direction.
The upper mantle can flow in at a normal velocity (free slip in
horizontal direction) to balance the volume reduction per time
step (automatically calculated according the applied extensional
velocity) due to extension (Liao and Gerya, 2014). A depth dependent
Drucker-Prager yield criterion is employed to model the deformation
behaviour, which is expressed as follows (Sharples et al., 2015):

Table 1. 3D Experiments with different orientations

Experiment3D#  7,/(°)  3/(°)  /(°) Stretching Factor (SF)
3D-a 90 60 90 5.8%
3D-b 90 120 90 5.5%
3D-c 120 60 60 5.3%
3D-d 120 120 60 5.6%
3D-e 120 30 60 5.4%
3D-f 120 150 60 52%
3D-g 120 120 120 5.1%
3D-h 60 120 120 5.2%
3D-i 90 No fault 90 7.0%
3D-j 120  No fault 60 6.4%
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)

where t;; is the second invariant of the deviatoric stress
tensor, P is the local pressure and ¢ is the internal friction
angle. An initial cohesion and coefficient of friction of 15 MPa

7, =0, tP-tang,

and 0.44 respectively for the crust and mantle domain were
employed, whilst pre-existing faults are set to 10% of the initial
values. For the crust and mantle domains, a strain-weakening
principle (Gueydan et al,, 2014) is applied to model the effective
cohesion and coefficient of friction angle (drop to a maximum of
20%, Collettini et al., 2009). Shear heating was not considered
in brittle and ductile domains (e.g., Mulchrone and Mukherjee,
2015; Mukherjee, 2017; Mukherjee and Khonsari, 2017, 2018;
Mukherjee and Agarwal, 2018) that otherwise could have affected
the deformation/flow.

With respect to thermal conditions (Mukherjee, 2017), the
model is subjected to a “hot” lithospheric extension conditions,
with a crust of 45 km (geophysical signatures from Jessell et al.,
2016) and a Moho temperature of about 900 °C (Tirel et al., 2008;
Wang et al,, 2015), assuming a geothermal gradient of 20 °C/km.
The temperatures at the surface and bottom are fixed to 20 °C
and 1220 °C respectively, similar to the temperature conditions
described by Ganne et al. (2014). Regarding the partial melting
for the crustal layers, rocks of the upper crust are characterized
by low rate of melt yield and hence starts melting at a relatively
high solidus temperature of T, = 836 °C (Ganne et al., 2014).
These conditions correspond to a buried depth of about 40 km
assuming a temperature gradient of 20 °C/km. In this study, the
thickness of upper crust is set to 35 km, with an extensional
boundary condition and based on this model setup as well as
thermodynamic assumptions, only the lower crust can melt.
The volumetric melt fraction for the lower crust is calculated
according to the procedures outlined by Gerya and Yuen, (2003).
The volumetric melting coefficient (X},) for calculating melt
fraction (M) is expressed as Equations (6) and (7):

Xy=0 atT<T,,
T_Tso
Xy = TT;Z at Toy < T<Tyy»
Xu=1 atT=T,, (6)

where T, and T, are the wet solidus and dry liquidus
temperatures of the lower crust, respectively. We assume that
the T, and Ty, temperatures do not change with pressure
(Gerya etal.,, 2008; Ganne et al., 2014; Feng et al.,, 2018a, 2018b).

In the present study, we generally followed the deductions
drawn by Gerya et al. (2008) and Ganne et al. (2014) that, when
the temperature is above the wet solidus temperature and below
the dry liquidus temperature the volumetric melt fraction (M)
increases linearly with temperature:

https://doi.org/10.1007/s12303-019-0005-z
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Table 2. Thermo-mechanical model parameters, symbol and value-units

Parameter Symbol Value-units
H,pper 35 km
Thickness Hiper 10 km
Hpantle 15 km
Pupper 3050 kg/m’
Density Plower 2700 kg/mz
Prmantle 3250 kg/m
Pfault 2800 kg/m’
Melting point of lower crust (Ganne et al., 2014) T Ty =636 °C (1%), Tj;g = 1200 °C (80%)
Heat capacity Cp 1000 J/kgK
Thermal diffusivity k 107° m*/s
thermal expansion coefficient a 3x10° K"
Latent heat Ih 300 KJ kg 'K
Gas constant R 8.314 ] mol ' K!
Gravitational acceleration g 9.81 m/s*
Friction angle for Drucker-Prager criterion o/f 3-25°
Cohesion for Drucker-Prager criterion S, 3-15MPa
Table 3. Rheological parameters for different layers (Ranalli, 1995 and references therein)

Layer Rock type A (MPa™/s) n Q (kJ/mol)
Upper crust Diabase 20x10™ 3.4 260
Lower crust Quartzodiorite 1.3x 107 24 219

Uppermost mantle Dry olivine 7% 10* 33 520

Fault 10*Pas

The effective viscosity is calculated with a non-Newtonian power law: 1y = 0.25 - (0.75A)1™ . @M. exp

M= XM : Mmax . (7)

When the temperature reaches the melting point of the lower
crust (T,,), a reducing factor is applied to model effective
viscosity (Pinkerton and Stevenson, 1992), which is function
of melt fraction M:

0.48;

Moy = 5% 1016-exp(2.5+(1—M)(% ) ) (8)

The effective density in the computational domain is calculated
according to the temperature and the thermal expansion coefficient
(o) of 3:10° K. A constant thermal diffusivity of 10° m*/s is
applied. To relate density to temperature, a linear relationship
for the non-meltable layers (upper crust, upper mantle and fault
domains) is expressed as:

Peir = p[1—a(T—-To)]. )

For lower crust, we follow the Underworld module
(LinearDensityMelt) to calculate the effective density. A more
detail model can be set up by considering the concept of
representative density (Mukherjee, 2017, 2018a, 2018b, 2018c),
but is avoided for the time being. In our model, it is a function of
temperature, melt fraction and pressure (similarly prescribed in
Rey etal., 2009):

https://doi.org/10.1007/s12303-019-0005-z

(Q/nRT)

Per = pl1—a(T—To)—mc- M+ B(P=Py)], (10)

where p,is the effective density, p is the original density, o is
the thermal expansion coefficient, T is the local temperature,
T, is the reference temperature at surface (20 °C), mc is the
coefficient of expansion related to phase change, S is the
compressibility coefficient (107" Pa™!, similar to Ganne et al.,
2014), Pis the local pressure and P, is the reference pressure.

4. RESULTS

The outcome from the numerical solutions to the problem of
how the orientation of pre-existing faults influence exhumation
(decompression from 11-13 kbar to 6-7 kbar) of lower crustal
materials were tested using ten 3D models. All models were run
on the EOS cluster in Toulouse. We map the accumulation of
the second invariant (&) of the strain rate (EII shearing strain,
calculated by EIl = ZLSH - At ) and N-S (&,,) strain rate over time
(Exx extensional strain, calculated by Exx = 3 oExx - A) to show
the potential/preferential channels for further emplacement.

4.1. 3D Model for the Exhumation of the Lower Crust

For experiments 3D-a and 3D-b (Figs. 4a and b), faults A and



Pre-existing faults control the distribution of lower crust exhumation 967

Faults Partially molten lower crust Eil

a
S B S—— A A—_
v.= 90" Vo= 60 Vo= 90°
A C B

Fault position at Z= -14 km

Vertical projection of outcrop
of fault C

Fig. 4. Influence of the orientation of faults on exhumation of the partially molten lower crust. The faults and the upper surface of the par-
tially molten lower crust are plotted in the first column in yellow, the upper surface (outcrops) of the faults are indicated in red. The relief
of the upper surface of the partially molten lower crust alone is plotted in the second column. In the third column Ell is shown (sections in
columnt threeAat a depth of Z = -14 km), which is the accumulation of the second invariant of the strain rate (g;;) over time (calculated by
Ell =Yg - Al).

B were both set to vertical (y4 = 3 = 90° Fig. 3, Table 1), and the  along the pre-exiting faults A, B and C driven by density contrasts
dip of fault C was set to - = 60°/120°, respectively. Partially molten ~ and viscosity changes. Both experiments showcase the non-
rocks from the lower crust advance towards and concentrate identical nature of models with varying fault dips, pertaining to

https://www.springer.com/journal/12303 https://doi.org/10.1007/s12303-019-0005-2
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Fig. 4. (continued).

the distribution of molten rocks focused on the southern portions  the surge of partial molten material through fault C as the stretching
of each model with high concentration of molten rocks along factor increases due to continuous extension and permits the
the footwall of fault C. This phenomenon will allow and increase  emplacement of these molten materials at shallower depths of

https://doi.org/10.1007/s12303-019-0005-z https://www.springer.com/journal/12303
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the hanging wall.

Symmetrically inclining faults A and B at angles y, = 120° and
7= 60° and that of the dip of fault C at - = 60°/120° (Figs. 4c and
d) and 30°/150° (Figs. 4e and f) respectively, partially molten
rocks tend to focus along the footwalls of faults A, B and C during
extension. The concentration of partially molten lower crustal
materials is greater, when the dip of fault C is fixed at y = 60°/
120° than when fixed at y = 30°/150°. With regards to experiments
3D-e and 3D-f, the dips of fault A and B were fixed to = 60°/
120° and that of fault C is y-=30°/150° (Figs. 4e and f). The
results of this experiment demonstrate that, the exhumation of
lower crustal materials is more significant along the footwalls of
faults A and B than that along the footwall of fault C during
extension (Fig. 4). This indicates that, within a fault system, dip
angles of faults and their relative positions jointly control the
concentration and distribution of partially molten lower crustal
materials during extension.

4.2. 3D Model for the Finite Strain

The horizontal cross sections of finite strain at Z = -14 km
show the accumulations of shear (Fig. 4) and extensional (Fig.
S2 (Electronic supplementary material)) strains. Areas of extension
mainly focus at the fault C, that is because the strike of fault C is
perpendicular to the direction of extension, and therefore results
is a larger local extension and thinning of the upper crust. In
Figure 4, double bounded finite strain belts (the red color in the
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third column in Fig. 4) are observed in models 3D-a~3D-f. Thus,
an initial belt is evolved from a pre-existing fault whilst, the other
is newly formed during exhumation of lower crustal materials
along the boundaries of pre-existing faults.

In model 3D-h, faults A and B are symmetrically inclined at
74 = 60°, 73 = 120°. The experiment only exhibits a high-strain
belt with tips reaching the eastern and western boarders of the
models. For the asymmetric system (Fig. 4g), one of the tips of
high-strain belt reaches the eastern border of the model. This is
due to the fact that partially molten rocks in models 3D-h and
3D-g concentrate preferentially along the external boundaries
of faults A and B (along the footwalls of faults A and B). The
travel distance for partially molten crustal materials to the eastern
and western borders of the model is decreased so that the
boundary effect is probably amplified.

5. DISCUSSION
5.1. Distribution of Lower Crustal Materials

The orientation of pre-existing faults, geothermal gradient
and thickness of the lithosphere (Wang et al., 2015) all play
important roles in influencing the evolution and distribution of
lower crust exhumation during extension. With respect to an
over-thickened continental crust in extension, Rey et al. (2009)
numerically modelled a normal fault with a specific dip angle
(45°) in the homogeneous upper crust. In their models, the domes

P
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Fig. 5. The tracks and exhumation of passive particles in the lower crust. SF represents the N-S Stretching Factor (Table 1). The color bar rep-

resents the uplifted height of particles during extension.
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of partially melting low crust always remain at the footwall of
the normal fault for different rates of extension. In the analogue
models of Brun et al. (1994) and Sokoutis et al. (2007), the role of
location and orientation of weak heterogeneities in the extension
of sandbox models were tested and correlated well with the wide
rifting mode of extension found in numerical modelling (Rey et
al., 2009, 2011). Wang et al. (2015) explored the conditions of
MCC:s formation in a non-over-thickened continent crust (35 km
thick). They demonstrated that a high local geothermal gradient,
a weak ductile lower crust and a slow extension rate can also
result in the formation of MCCs. Rey et al. (2017) show a set of
3D experiments mapping the flow of the lower crust in a pull-
apart region bounded by two verticals strike-slip faults.

To quantify the effect of buoyancy in the upward flow of
partially molten lower crustal materials, we plot the paths of two
groups of passive particles (Z = -35 km and -45 km) at different
stretching factors (Fig. 5) for model 3D-a. The exhumation of
lower crust occurs at a relatively low rate prior to SF = 4.2%, and
the major exhumation takes place later as extension continues.
The reason for the lag is probably due to the resistance to deformation
and the effect of strain weakening (Wang et al., 2015; Feng et al.,
2016b). This also can be explained by the findings of Huismans
and Beaumont (2002): their results show that the lithospheric
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extension commonly has a two-phase spatial-temporal development
over a wide range of extension rates (from 0.3 to 30 cm/year). The
first one is mainly controlled by frictional behaviour and the
second phase is controlled by ductile rheology.

In upper and middle planes of lower crust, density and viscosity
contrasts resulting from increasing temperature, viscosity and
melting fraction (Ganne et al., 2014) and the role of extension
rate significantly influence the path of particle flow. The shallower
passive particles (Fig. 5) are less sensitive to extension as they are
mechanically constrained by the competent upper crust and
relatively lower ambient temperature, without considering wet
quartzite law for crustal behaviour. The deeper passive particles
tend to move towards the center of the model (up to 20 km,
indicated by the blue arrows), which is associated with significant
exhumation between the nearly-intersecting-zones (dextral opening
zipper) of the pre-existing faults (Platt and Passchier, 2016;
Passchier and Platt, 2017).

5.2. Distribution of Finite Strain
High-strain zones play an important role in the emplacement

of partially molten rocks (e.g., Neves et al., 2000; Weinberg et al.,
2009). In order to examine the contribution of lower crust exhumation

En

¥p=60°
B
--------------- 35 km

Fig. 6. Model domain consists of two pre-existing faults. The faults and the upper surface of the lower crust are plotted in the first column
in yellow, the upper surface (outcrops) of the faults are indicated in red. The relief of the upper surface of the partially molten lower crust
alone is plotted in the second column. Yellow lines are used to indicate the newly produced high-strain belt during N-S extension (at a depth

Z=-14 km).
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from different faults, and to further explore the influence of pre-
existing faults pertaining to the evolution and formation of
high-strain zones, the 3D model is simplified by discarding fault
C (Fig. 6). Double finite strain belts similar to experiments 3D-
a~3D-f are observed. Generally, pre-existing faults requires a
lateral velocity discontinuity and operates as a localization factor
for deformation (Le Pourhiet et al., 2004). During extension,
pre-existing faults are easily reactivated (Dasgupta and Mukherjee,
2017) and tend to concentrate high-strain. This is due to the
varying rheological heterogeneity and mechanical anisotropy of
the strained materials compared to their surrounding rocks. The
processes of concentrating strain into pre-existing faults developing
one of the two finite strain belts (the zone not bounded by a
yellow solid line in Fig. 6).

Along the internal boundaries of the high-strain belt, a new
high-strain belt is formed (bounded by yellow solid lines in Fig.
6). This second belt is conjugated of the first belt and initiates at
the line of contact between the base of the pre-existing fault and
the lower crust. During extension, partially molten materials
from the lower crust tend to be exhumed along the footwalls of
pre-existing faults. The upward flow of partially molten rocks
weakens and reduces the strength of the overlying rocks due to
an increment ambient temperature gradient. Therefore, the probable
mechanisms associated with the formation of such high-strain
belts (bounded by yellow lines in Fig. 6) are from the combination
of deformation and localized upwelling partially molten rocks
along the footwalls of pre-existing faults during extension.

Comparing the newly formed belts in experiments 3D-i and
3D-j, the width of the belts segment located in the intersection
of faults is wider in experiment 3D-i (Fig. 6i). This indicates the

Inherited faults

NEW structures
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dips of fault play a significant role in influencing the relative
position of the formation of these high-strain belts. According
to the spatial relationship and distribution of partially molten
lower crustal materials and high-strain belts (Figs. 4 and 6), the
exhumation of partially molten rocks is almost bounded by the
two high-strain belts, resulting in the formation of high-grade
rocks corridors in the models (trapezoid-shape in Fig. 6).

When the fault system does not include fault C (Fig. 6), the
concentration of partially molten lower crust at the southern
nearly-intersecting region of the pre-existing faults is still observed
(red ellipses). This is due to the increasing concentration of partially
molten lower crust along pre-existing faults as the space between
faults A and B narrows from north to south.

5.3. Model Implications for the BBT

Identifying and exploring the spatial distribution and relationship
of structures helps in constraining the evolution of deformation
and exhumation of lower crust in the BBT during the Eburnean
orogeny. The sketch in Figure 7a shows the probable evolutionary
history of main structures in the BBT based on this work. During
the D2 N-S extension, newly-formed high-strain belt bounded
by faults A and B overlaps with the inherited fault C. The
mechanisms for the formation of these new high-strain belts are
probably from a combined contribution of mechanical deformation
of pre-existing faults and emplacement of upwelling partially
molten rocks along faults.

The high-strain corridors (designated by black ellipses in Fig.
7a) are defined by the inherited and newly formed structures
which aids in the channelization process of partially molten
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Fig. 7. (a) Sketch showing the evolution of main structures (Z = =14 km, pressure is about 4-5 kbar, corresponding to the pressure at the
end of D3 stage, Fig. 2). Faults A, B and C are thought to be inherited structures. During the N-S extension, a new high-strain belt (red solid
line in Fig. 7a) will be produced and bounded by pre-existing faults A and B. Fault C provides initial weak sites for concentrating strain, and
as a result, the newly formed high-strain belt would overlap with fault C. (b) Metamorphic map after Block et al. (2015).
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materials. This process is supported and evidenced by the elevated
concentration of partial molten rocks along pre-existing faults
(Fig. 4) and the exhumation of partially molten rocks from lower
crustal sources into upper crust along high strain zones (Neves
et al,, 1996, 2000; Weinberg et al., 2009).

In NW Ghana, high-strain zones (represented by red and blue
lines in Fig. 7b) separate high-grade rocks (up to amphibolite to
migmatite facies) from adjacent lower grade greenstone belts. In
the eastern and western parts of the high-grade rock corridors
(black ellipses in Fig. 7b), the high-grade rocks exhumed from
the lower into middle crustal levels (possibly to the upper crust)
would be facilitated by these km-scale high-strain corridors
(designated by black ellipses in Fig. 7a). In the central part of the
BBT (black box in Fig. 7b), the high-grade rocks are exhumed under
a coupling assistance related to the main structures. Therefore:

(1) Increasing exhumation of partially molten rocks with the
narrowing space from north to south between the Jirapa and
Bole-Nangodi faults (faults A and B in Fig. 7a)

(2) Inherited orthogonal (E-W) structures (fault C in Fig. 7a)
would significantly increase the exhumation of lower partially
molten rocks in the central part (Fig. 4), otherwise partially molten
rocks would have been difficultly exhumed and have hardly
formed such high concentration of exhumation (Fig. 7) in the
study area in the center of the BBT.

Extensional processes that predated the D3 event significantly
contributed to exhumation of deep partially molten rocks in the
BBT. The numerical results indicate that the processes of exhumation
involve fast movements (kyr-scale) under the assistance of pre-
existing shear zones, that is three magnitude orders lower compared
to the Myr-scale encompassing the Eburnean events (2.15 to
2.10 Ga).

5.4, Limitations and Perspectives

Although we have stated that the elastic deformation does not
significantly influence the results, since the materials yield at
small strains (Ellis et al., 2004; Buiter et al., 2007), it would be
useful to exploit this when elastic modulus responsible for this is
added to Underworld (So et al,, 2012, 2014; Farrington et al, 2014).
Since we focus here on discussing the influence of orientation of
faults in exhumation of the lower crust, only the upper part of
the lithosphere is modelled (60 km), the whole lithospheric scale
modelling is not thought to substantially influence the result but
could be included in the future. Further geophysical (Jessell et
al.,, 2016) and geochemical (Ganne et al., 2016; Ganne and Feng,
2017, 2018) constraints (Moho depth, geochronological data,
viscosity of rocks, stretching rate) could be included to optimize
the setup of the model. In this study, we only model an episodic
N-S extensional process (D2) by assuming the thickened thickness
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of crust at the end of D1. It will be significant to model a continuous
deformation process by including crustal thickening during D1
and subsequent D2 extension. In addition, in our model we employed
constant solidus and liquidus temperatures for the partially melting
lower crust, it may cause abnormally larger amount of melt and
obtain a low viscosity when the pressure difference is huge, it would
be great to relate pressure to the temperatures for obtaining
realistic solidus and liquidus temperatures.

With respect to the investigated development of the late
exhumation of the Tauern Window (dominated by strike-slip
and extensive regimes within the Tauern Window and along its
borders), Eastern Alps, they propose a two-stage deformation history
in order to explain the different types of structures (Bertrand et
al.,, 2015). In the first stage, the Tauern Window was dominated
by N-S shortening and compression, after that, the main stage
responsible for exhumation was marked by normal faulting at
the borders of the dome and strike-slip faulting in the core.

6. CONCLUSIONS

We built ten 3D thermo-mechanical models to explore the
influence of pre-existing faults on the lower crust exhumation in
extension in the explicit context of BBT in NW Ghana. The
exhumation of lower crust occurs at a relatively low rate prior to
SF = 4.2%, and the major exhumation takes place later. The partially
molten lower crust rocks tend to move towards the center of the
model (up to 20 km) and focus exhumation around the near-
intersection-zones of pre-existing faults.

The high-strain corridors observed in the numerical models
can be used to explain the loci of exhumation of the lower crust
in NW Ghana during the D2 N-§ extension. In the eastern and
western parts of the corridors in NW Ghana, high-grade rocks
exhumed from the lower to middle crustal level (possibly to
upper crust) would be facilitated by these km-scale high-strain
corridors. In the central part of the BBT, the high-grade rocks are
exhumed resulting from a coupling between: (1) The exhumation
of partially molten rocks between the faults Jirapa and Bole-
Nangodi would increase due to the reduction in space from
north to south. (2) Inherited orthogonal (E-W) structures would
significantly increase the quantity of partially molten rocks, as
otherwise partially molten rocks would have been hard to exhume
in the center of the BBT.
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