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The West-African craton is defined by a combination of Archean and Palaeoproterozoic rocks that stabilised at
~2 Ga towards the end of the Paleoproterozoic Eburnean Orogeny, and therefore may reflect the transition from
Archean to modern tectonic processes. Exploring its present lithospheric architecture aids further understanding
of not only the craton’s stability through its history but also its formation. We investigate the lithospheric

M totelluri . . .

3];1 g;ie(;;o:ncs structure of the craton through analysing and modelling magnetotelluric (MT) data from a 500-km-long east-west
Lithosphere profile in northern Ghana and southern Burkina Faso crossing part of the Baoulé-Mossi Domain and reaching the
Geotherm Volta Basin in the south-eastern part of the craton. Although the MT stations are along a 2D profile, due to the

complexity of the structures characterising the area, 3D resistivity modelling of the data is performed to obtain
insights on the thermal signature and composition of the subcontinental lithosphere beneath the area. The
thermal structure and water content estimates from different resistivity models highlight a strong dependence on
the starting model in the 3D inversions, but still enable us to put constraints on the deep structure of the craton.
The present-day thermal lithosphere-asthenosphere boundary (LAB) depth is estimated to be at least 250 km
beneath the Baoulé-Mossi domain. The area likely transitions from a cold and thick lithosphere with relatively
low water content into thinner, more fertile lithosphere below the Volta Basin. Although the inferred amount of
water could be explained by Paleoproterozoic subduction processes involved in the formation of the Baoulé-
Mossi domain, later enrichment of the lithosphere cannot be excluded

1. Introduction

The electrical resistivity structure of cratons has been studied
worldwide using deep-probing electromagnetic imaging with magne-
totellurics (MT), from the Slave (Jones et al., 2003), Superior (Ferguson
etal., 2005) and Rae (Spratt et al., 2014) cratons in Canada, the Dharwar
craton in India (Naganjaneyulu and Santosh, 2012), the Kaapvaal craton
in South Africa (Evans et al., 2011; Jones et al., 2009; Miensopust et al.,
2011; Muller et al., 2009), the Sao Francisco craton in Brazil (Bologna
et al., 2011; Garcia et al., 2019) to the Gawler (Curtis and Thiel, 2019;
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Thiel and Heinson, 2013) and Yilgarn (Dentith et al., 2018) cratons in
Australia. Magnetotelluric soundings over stable Archean and Protero-
zoic regions significantly inform us about the structure and evolution of
the subcontinental lithospheric mantle (SCLM). In the mantle, electrical
resistivity will exhibit first order sensitivity to temperature (Fullea et al.,
2011; Jones et al., 2013), and can therefore bring valuable insight on the
lithospheric thickness of stable regions. However, most MT studies will
show lateral resistivity contrasts revealing resistivity changes, not only
due to temperature but also mantle water content (Yoshino et al., 2009),
changes in composition (Fullea et al., 2011) as well as grain size (Jones,
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2016; ten Grotenhuis et al., 2004) or the presence of interconnected
sulphide minerals and graphite films along grain boundaries (Watson
et al., 2010; Zhang and Yoshino, 2017).

In West Africa, magnetotelluric data were collected in the 1980s
along profiles in Niger (Ritz, 1983), Senegal (Ritz and Robineau, 1988)
and Mauritania (Ritz et al., 1989), highlighting mantle resistivity con-
trasts between the West African Craton (WAC) and its margins. In
Senegal, deep MT soundings (up to 10,000 s) interpreted the presence of
a thick resistive lithosphere extending down to 250 km beneath the WAC
and transitioning into 175 km thick lithosphere under the Mauritanides
orogenic belt (Ritz and Robineau, 1988). Due to the sparsity of broad-
band seismic stations in West Africa and also the lack of local seismic
events, the main seismic information about the lithosphere has been
derived from continental-scale to global seismic tomography studies (e.
g., Fishwick, 2010; Pasyanos and Nyblade, 2007; Priestley et al., 2008;
Schaeffer and Lebedev, 2013). Although they might lack resolution, they
offer a broad understanding of the structure of the craton lithospheric
structure (Jessell et al., 2016), imaging fast and thick lithosphere
beneath the WAC to about 250 km on average, in agreement with the
1980’s resistivity models. More recently, Celli et al. (2020) confirmed
the two separate lithospheric units previously highlighted by Jessell
et al. (2016) beneath the Leo-Man and Reguibat Shields, with a high
velocity lithospheric root reaching at least 260 km in the southern part
of the WAC. Extraction of seismic group velocity from combined
earthquake and seismic ambient noise data has been investigated to
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improve seismic tomography resolution on the WAC, but is still a work
in progress (Ouattara et al., 2019).

Heat flow measurements on the WAC (Lesquer and Vasseur, 1992)
suggest differences in lithosphere thickness between the WAC and sur-
rounding mobile belts, with low heat flow density values of 33 +/- 8
mWm 2 for the southern part of the craton and values of 51 +/- 8
mWm™2 for the surrounding Pan-African belt. The Leo-Man Shield
(Fig. 1) is intruded by clusters of Neoproterozoic age and more abundant
Jurassic age kimberlites revealing a more depleted SCLM in Neo-
proterozoic time compared to the Jurassic (Skinner et al., 2004). The
Koidu kimberlite complex in Sierra Leone comprises the most studied
xenoliths, indicating a paleo-geotherm corresponding to a 38-40
mWm 2 surface heat flow for the Archean Man Shield (Fung and
Haggerty, 1995; Smit et al., 2016). Those values suggest the presence of
a thick lithospheric root (>200 km) at the time of the Koidu kimberlite
eruption (146 Ma). In the area, eclogitic alluvial diamond formations
were dated to the Neoproterozoic (~650 Ma) at the time of the assembly
of Gondwana (Smit et al., 2016). In Ghana, although not dated, deep
peridotitic diamonds from the alluvial deposits of Akwatia have been
associated to a paleo-geotherm corresponding to a 40-42 mWm ™2 sur-
face heat flow indicating also the presence of a thick lithospheric root
below the Proterozoic Baoulé-Mossi Domain at the time of their for-

mation (Stachel and Harris, 1997).
In this study we discuss deep present-day constraints provided by
magnetotellurics

(MT) on the lithospheric structure of the
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Fig. 1. Study area and location of the MT profile (52 sites) with respect to the regional lithologies and tectonic features (map based on WAXI geological database).
GFBSZ = Greenville-Ferkessedougou-Bobo-Dioulasso shear zone, OFSZ = Ouango-Fitini shear zone, JSZ = Jirapa shear zone, BNSZ = Bole-Nangodi shear zone.
BBMT = broadband MT; LMT = long period MT. MT stations IDs can be found on Fig. 3.
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Neoproterozoic Baoulé-Mossi Domain located in the southern part of the
West African craton. The MT survey was carried out in 2013 as part of
Phase 2 of the West African Exploration Initiative (WAXI) project, and
comprises a single 500-km-long east-west profile crossing a variety of
complex shear zones and sutures from southern Burkina Faso to north-
ern Ghana (Fig. 1). This profile defines an extension of previously
published resistivity modelling in Burkina Faso (Le Pape et al., 2017)
including deeper soundings (>1000 s) and data from Ghana. After
performing data processing, 3D resistivity modelling and resolution
tests, we discuss the lateral changes in the model resistivity structure of
the SCLM beneath the area and how our results bring further insight into
the evolution of the Leo-Man lithosphere.

2. Tectonic and geological setting

The West-African craton is defined by a combination of Archean and
Paleoproterozoic rocks that stabilised at ~2 Ga towards the end of the
Eburnean Orogeny. Mainly covered by Neoproterozoic and younger
sedimentary sequences, the Archean and Birimian basements are only
exposed throughout the Reguibat shield in the north and Leo-Man shield
in the south (Barth et al., 2002; Boher et al., 1992; Ennih and Liégeois,
2008). The upper crustal limits of the craton are defined by the sur-
rounding Pan-African and Hercynian orogenic belts (Barth et al., 2002;
Lesquer et al., 1984; Villeneuve, 2008). Following the Eburnean orogeny
(2.21 - 2.07 Ga), the area was thought to have experienced very little
activity between 1.7 Ga and 1.0 Ga enabling the cratonisation and
development of a thick lithosphere (Ennih and Liégeois, 2008). How-
ever, this interpretation has been challenged recently as widespread
mafic intrusive events have been catalogued for the WAC ranging from
1.8 Ga to 200 Ma (Baratoux et al., 2019; Jessell et al., 2015), although
they do not represent significant strain. During the Neoproterozoic,
extensional events associated with continental breakup affected the
WAC. They were followed by the main Pan-African orogenic phase
(~600 Ma) that led to convergence on all the WAC boundaries,
including the Anti-Atlas in the north and the Trans-Saharan belt to the
east, and relocated other cratonic regions to the east of the WAC in the
Tuareg Shield (Ennih and Liégeois, 2008). In the Mesozoic (~200 Ma),
southern and western parts of the craton were affected by the Atlantic
rift and associated extensive volcanism (Baratoux et al., 2019; Marzoli
et al., 1999).

The Leo-Man and Reguibat Shields (Fig. 1) are separated by the vast
(>1 M km?) Taoudéni Basin that covers most of the western Sahara with
Mesoproterozoic to Paleozoic aged sedimentary rocks (Bronner et al.,
1980; Deynoux et al., 2006; Rooney et al., 2010). In the south-eastern
part of the WAC, the Volta Basin (Fig. 1) mainly consists of late Neo-
proterozoic sedimentary rocks unconformably overlying the Palae-
oproterozoic basement of the Leo-Man block (Kalsbeek et al., 2008). The
different sedimentary groups have been interpreted to originate from
either a passive margin deposition setting or foreland basin deposition in
association with the opening and closure of the Pan-African Ocean
(Deynoux et al., 2006; Kalsbeek et al., 2008). The Leo-Man Shield de-
fines the southern part of the West African craton (WAC). It is charac-
terized by an Archean nucleus (3.6-2.7 Ga) mainly exposed in Guinea,
Sierra Leone and Liberia, and bounded by the Paleoproterozoic (2.2-2
Ga) Baoulé-Mossi Domain exposed over most of the Ivory Coast and
Burkina Faso (Baratoux et al., 2011; Barth et al., 2002; Boher et al.,
1992). The Baoulé-Mossi Domain (Fig. 1), which is the main focus of this
study, exhibits Archean-like greenstone-granitoid assemblages consist-
ing of Birimian volcano-sedimentary belts separated either by extensive
intermediate-felsic intrusive igneous provinces associated with the
Eburnean orogeny or by flysch-like basins whose basement is unknown
(Baratoux et al., 2011; Block et al., 2016; Feybesse et al., 2006). The N-S
oriented greenstone belts and granitoid domains of the Baoulé-Mossi
Domain are associated with large scale N-S shear zones (Fig. 1), such as
the Greenville-Ferkessedougou-Bobo-Dioulasso shear zone (GFBSZ) and
the Ouango-Fitini shear zone (OFSZ), and likely extend throughout the
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crust and the lithospheric mantle of Burkina Faso (Baratoux et al., 2011;
Le Pape et al., 2017). To the east, in north-west Ghana, the N-S Jirapa
shear zone (JSZ) located east of the Wa-Lawra belt merges with the
southern extension of the NE-SW Bole-Nangodi shear zone (BNSZ)
(Block et al., 2015).

3. Magnetotellurics
3.1. Data acquisition and processing

The MT time series data were collected between February and May
2013 using both broadband (BBMT) and long period (LMT) magneto-
telluric instruments. The LMT stations are separated by around 30 km on
average, and the BBMT instruments define an approximate 10 km
spacing along the profile. The WAXI MT profile (Fig. 1) is characterized
here by a total of 52 BBMT sites and 17 LMT stations. The BBMT data
were recorded over three days with broadband Phoenix Geophysics
(Toronto) MTU-5A systems with MTC-50H coils, and processed with the
standard robust processing of the commercial code from Phoenix
Geophysics based on Wight and Bostick (1980) cascade decimation plus
Jones and Jodicke (1984) robust algorithm, which is a Least Trimmed
Squares robust technique proposed independently by Rousseeuw
(1984). The LMT data were recorded for an average of 20 days using
LEMI-417 M (Lviv Centre of Institute for Space Research) instruments
with ring-core fluxgate magnetometers, and processed following the
processing method of Smirnov (2003). The LMT data were processed for
time series recorded only during the night-time due to the local source
effects of the equatorial electrojet (see next section). We used remote
referencing methods (Gamble et al., 1979) to reduce bias effects and
improve the quality of the estimated MT responses. At common loca-
tions, BBMT and LMT were merged for periods between 100 and 1,000s,
considering the broadband data as the shifting reference, i.e., the LMT
apparent resistivity curves were shifted to match the BBMT curves,
although overall the data overlap very well. For this study, mainly
focused on the lithosphere structure, we limit the periods of investiga-
tion from 0.1 s to 10,000 s.

3.2. Equatorial electrojet

Natural MT sources are defined by complex ionospheric and
magnetospheric current systems (Viljanen, 2012). At many locations on
the Earth and for most of the time the MT plane wave assumption is
valid, but the presence of localized current sources in the ionosphere,
intensified during enhanced magnetospheric activity, brings a non-
homogeneous characteristic in the MT source (Mareschal, 1986) that
can lead to erroneous data interpretation (e.g., Jones and Spratt, 2002).
The daytime equatorial electrojet (EEJ) occurs every day as a conse-
quence of the Solar Quiet day current systems, called Sq, that rotate
differentially in the northern and southern hemispheres leading to cur-
rent flow centred on the magnetic dip equator varying in width and
intensity with geographical location. During the northern hemisphere
Summer, the flow of the EEJ current is eastwards, and during the Winter
is westwards (Yamazaki and Maute, 2017). Its effects on MT responses at
longer periods collected in low latitude regions cannot be ignored
(Carrasquilla and Rijo, 1998). For instance, Padilha et al. (1997) showed
that EEJ source effects appear at shorter periods in resistive regions than
for conductive regions. For the WAXI MT data, EEJ effects are mainly
observed for periods above 1,000 s (Fig. 2), therefore during processing,
the BBMT data were considered unaffected and only the LMT sites were
processed taking the EEJ into account.

The EEJ being only a daytime event, the WAXI long period MT data
were reprocessed considering both nights-only (1800-0600 + 1 day
local time) and days-only (0600-1800 local time) time series in order to
compare the effects of the EEJ on both apparent resistivities and phases
(Fig. 2). Time series of the recorded magnetic induction show an
enhanced magnetic amplitude during the day that is very strong on the
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Fig. 2. Effects of the equatorial electrojet (EEJ) on the MT data. Those effects are illustrated on short windows of recorded magnetic induction time series (left panel),
and apparent resistivity and phase (right panel) for selected MT sites. All four impedance components are shown for both nights-only (N) and days-only (D) processed

data for periods from 10 s to 10,000 s.

N-S component (Bx) in response to the E-W orientation of the electric
currents (Ey) associated with the EEJ. As a result, on the processed MT
responses there is a consistent drop in the apparent resistivity for periods
over 1,000 s seen on the daytime (D) responses for stations located
throughout the whole profile. This effect is illustrated on Fig. 2 for two
sites located in different parts of the profile, showing how all compo-
nents are affected by the equatorial electrojet. As a result, we only
considered LMT data processed for time series recorded during the
night-time (N) in the data analysis and 3D modelling. It is worth
mentioning that although by considering night-time data we strongly
mitigate the EEJ effect on the data, some minor contributions might still
be present. Although Sq currents are expected to vanish during the
night, the night times considered do not fully exclude all Sq contribu-
tions. An alternative would be to properly model the EEJ source in order
to remove its effect directly from the data, but that would introduce
further uncertainties and also requires an existing global resistivity
model for the area. It was therefore considered beyond the scope of this
study.

3.3. Dimensionality and distortion of the MT data

Most sites appear fairly 3D, exhibiting high values of apparent re-
sistivity for all four components of the impedance tensor but also
showing repetitive out-of-quadrant phases for a number of sites
(Fig. 3a). The data reveal recurrent distortion signatures in the signal
highlighted by the V-shaped apparent resistivity curves associated with
extreme phases. Those effects can be seen for several neighbouring sites
and are more than likely not related to noise issues but to very strong
distortion at the regional scale. Although the observed anomalous
phases could be explained by the presence of anisotropy (Heise and
Pous, 2003), due to their repetitive behaviour across multiple sites
affecting all components, we assumed more likely an origin caused by
regional 3D features. In fact, relatively simple and realistic 3D models
have shown that, in the presence of high resistivity contrasts, reversed

current channelling in comparison to the regional flow direction can
lead to anomalous phases on the data: L-shaped conductor model
(Ichihara and Mogi, 2009) and 3D “folded” conductor (Autio and
Smirnov, 2020; Egbert, 1990). Real case studies over Archean-
Proterozoic terrains have also highlighted the presence of out-of-
quadrant phases and have shown that 3D inversion can deal with
those effects (Bologna et al., 2017; Pina-Varas and Dentith, 2018; Thiel
et al., 2020).

Despite an overall consistency in the statics between neighbour sites,
a few sites likely exhibit static shifts in the apparent resistivity curves (e.
g., large differences between the levels of the apparent resistivity xy and
yx curves). We can see that major splits on apparent resistivity curves
occur for stations at the vicinity of major tectonic shear zones: stations
around BUR022 (Supplementary Fig. S1) located near the OFSZ and
stations around gha003 (Supplementary Fig. S2) located near the JSZ.
Here, we decided to let the 3D inversion handle the static shift problem,
including conductive and resistive features near the surface of the model
grid (Patro and Egbert, 2011). It is not optimal, particularly with a
coarse grid but without a priori information and in this case highly
complex data, the static shift problem can be very tricky to determine.
For instance, at a single site not all curves may necessarily be affected
and sometimes just one or two components could be shifted up or down.

In order to investigate further the dimensionality of the data we
apply phase tensor analysis (Caldwell et al., 2004). We recognise that
phase tensors are unstable in the presence of noise or high distortion
(Jones, 2012), and due to the non-representation of error only used them
in a qualitative sense. The components of the phase tensor are usually
represented as an ellipse that has its axes parallel and perpendicular to
the strike direction in isotropic 2D cases. In 3D cases, the coordinate-
invariant skew angle defines the deviation of the phase tensor prin-
cipal axes from an equivalent symmetric configuration resulting from
the asymmetry of the phase responses produced by 3D structures (Heise
et al.,, 2006). For the WAXI MT data, the skew angles show values
outside the [—5°- 5°] interval for a significant number of periods at most
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Fig. 3. a) MT data for 6 selected stations along the profile. The full data plots can be

found in Supplementary Figures S1-S5. b) Phase tensor analysis for the full MT

profile highlighting the dimensionality of the data. Stations are listed from west to east and their locations can be found on Fig. 1. The phase tensor skew analysis was
performed using the MTpy package (Kirkby et al., 2019; Krieger and Peacock, 2014).

sites, exceeding the limits of 2D approximations for reasonable quality
MT data (Fig. 3b). In addition, in a 2D setting the orientation of the
ellipses would also be expected to remain consistent between site and
periods, this is not the case here. The complex 3D signatures of the phase
tensor ellipses previously observed for southern Burkina Faso (Le Pape
et al., 2017) extend to northern Ghana as well as at longer periods.
Although, the data show some 2D-like behaviour for clustered sites and
periods, as discussed above the consistent site-to-site and period-to-
period 3D signature is too broad and significant to be neglected.

3.4. 3D resistivity modelling

Having only a “single-profile” station layout we are aware this is not

an optimal approach for 3D inversion, although advantages in 3D
inversion of profile data have been shown (Siripunvaraporn, 2012).
Here, due to the significant 3D signatures of the responses for a broad
range of MT stations, we decided to use the parallel nonlinear conjugate
gradient (NLCG) 3D inversion code ModEM3DMT (Egbert and Kelbert,
2012; Kelbert et al., 2014). Inversion input files, mesh and starting
model were generated using the MTpy package (Kirkby et al., 2019;
Krieger and Peacock, 2014). The 3D mesh used in the inversions
(Fig. 4a) is defined by 49 x 154 x 75 cells, with a horizontal grid space
of 4 x 4 km around the stations. The starting a priori model used for the
inversion (Fig. 4a) comprises a 500 Qm layer down to 150 km with a
gradual decrease of resistivity with depth reaching 100 Qm at 300 km
and 10 Qm at 410 km. This model was built on the a priori information
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that the lithosphere beneath the study area is quite thick but also with
the goal to avoid too sharp contrasts between “a priori” layers. While
higher covariance values in the inversion will result in a smoother
model, lower covariance values will lead to rougher models including
more small-scale features (Robertson et al., 2020). Here, a covariance
value of 0.4 was used for both horizontal and vertical directions as it
showed a nice trade-off towards a relatively smooth model that fits the
data with an acceptable global Root Mean Square (RMS) misfit of 2.77.

The data were inverted simultaneously for all four impedance tensor
components using an error floor value of 0.05 * sqrt(|ZxyZyx|) for each
impedance tensor element. This is equivalent to a phase error floor of
2.8° and an apparent resistivity error floor of 10%. Since the vertical
component of the magnetic field was only recorded for the long period
stations and due to the strong effects from the EEJ on the long period
magnetic data, tipper data was not included in the inversion. Periods
ranging from 0.1 s to 10,000 s were modelled for both crustal and
lithospheric structures beneath the profile. The 3D inversion was per-
formed in multiple steps in order to progressively modify the starting
model:

(i) long period inversion only (10-10,000 s);

(i) all periods (0.1-10,000 s) inversion using the best model (low
RMS but no overfitting) obtained in step (i) as the starting model;

(iii) all periods (0.1-10,000 s) inversion using an intermediate model
(RMS = 3) from step (ii) as the starting model.

As mention above the data are quite complex and for some sites the
model cannot fit perfectly all components (Fig. 4b-c and Supplementary
Fig. S1-S5), particularly at shorter periods for a few stations in the
middle of the profile. However, the overall fit to apparent resistivity and
phase at each period and for each component remains acceptable. In
addition, it is reassuring to see that some of the most distorted sites
exhibiting extreme phases (e.g. BUR034) can be properly handled by the
3D inversion (Supplementary Fig. S2). Depth slices from 10 km to 100
km, as well as a vertical cross-section through the final 3D resistivity
model, are shown on Fig. 5. The different observed features for the crust
and upper lithospheric mantle but also sensitivity to deeper structures
(>100 km) and resolution of the deep lithosphere are discussed in the
following section.
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4. Interpretation of the 3D resistivity model
4.1. Crust and upper mantle structure

The resistivity structure of the crust of southern Burkina Faso is
discussed in detail in Le Pape et al. (2017). Here our main focus is on
crustal features that extend into the upper mantle and also on the lith-
ospheric differences between southern Burkina Faso and northern
Ghana. There is clear difference in the overall resistivity of the crust and
upper mantle between the western (~10,000 Qm at 50 km) and eastern
(~1,000 Qm at 50 km) halves of the profile, which becomes significant
at depths more than 30 km (Fig. 5). The resistivity contrast is apparent
already in the data, namely on the apparent resistivity pseudo-sections
(Fig. 4c).

The Wa-Lawra belt and associated Jirapa shear zone (JSZ) correlates
with the resistivity transition in the lower crust and upper mantle. In
addition to the JSZ, the main shear zones in the area, defined by the
Greenville-Ferkessedougou-Bobo-Dioulasso shear zone (GFBSZ) and the
Ouango-Fitini shear zone (OFSZ), are likely extending in the upper
mantle, as their surficial traces coincide with more conductive material
separating highly resistive blocks (Fig. 5). It is worth noting that the
main conductive anomalies are located in the crust and in the vicinity of
the main shear zones, defined as steeply east dipping (Baratoux et al.,
2011). Furthermore, in the upper mantle (~100 km) on the eastern side
of the profile, the NE-SW resistivity contrast matches the orientation of
the Bole-Nangodi shear zone (BNSZ). The orientation is reasonably well-
defined given that the station locations in this part of the profile follow
the trace of the BNSZ. This is an interesting observation since the shal-
lower structures in the crust of northern Ghana seem to follow a N-S
orientation similarly to southern Burkina Faso (Fig. 5).

On Fig. 6, in order to highlight differences in resistivity between the
west and east of the profile, only resistive blocks above 5,000 Qm and
conductive blocks below 30 Qm are shown. Based on the lateral changes
in the resistivity beneath the profile, two zones are defined: the Baoulé-
Mossi Domain and East Baoulé-Mossi/Volta Basin (Fig. 6). They will be
discussed in detail in the following section. The 3D view of Fig. 6 clearly
shows the connection of the GFBSZ, the OFSZ and the JSZ with the upper
mantle. Estimation of the electrical Moho depth remains inconclusive
due to the high resistivity of the crust and lithospheric mantle, partic-
ularly on the western side of the profile, but the highly resistive blocks of
northern Ghana, east of the JSZ, seem to be mainly located in the crust.

The lithospheric mantle resistive block delimited by the surficial
signature of large scale shear zones (Fig. 6) could be interpreted as the
remnant nappe stacking formations of the Baoulé-Mossi during the
Eburnean orogeny (Baratoux et al., 2011; Block et al., 2015). The most
significant conductive anomaly is observed in the crust of Ghana, on the
eastern end of the profile (Figs. 5 and 6). In a geologically old area such
as West Africa, the known candidates for conductive anomalies are
mostly related to the presence of graphite located in shear zones or
carbon films interconnected along grain boundaries, stable and
conductive above the graphite-diamond stability depth of around 150
km in a present-day cratonic geotherm (Selway, 2014). Sulphide min-
erals deposited from past metasomatism and magmatic events are also
potential candidates. The Bouguer gravity anomaly along the profile was
discussed in Le Pape et al. (2017); the trends in the gravity anomaly
follow the trends in greenstone belts and granitoid domains of southern
Burkina Faso, an observation likely also valid for northern Ghana with
the Baoulé-Mossi Domain extending under the Volta Basin. However, it
is worth noting that the largest positive peak anomaly in Bouguer
gravity along the whole profile seems to coincide with the dominant
conductive anomaly in the crust beneath the Volta Basin. Although no
clear conclusions can be drawn, the presence of such dense conductive
material in the crust could favour an interpretation towards the presence
of magmatic sulphide deposits.
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4.2. Resolution of the deep lithosphere

In this section we investigate the limits in the model resolution at
depth and also the impact of using different a priori information in the
3D inversion for the deeper resistivity structure of the model. Do to so,
we consider four alternate inversion models, each of them obtained from
a different starting model. For each starting a priori model, the resistivity
of the upper 100 km is fixed and directly taken from our reference 3D
model discussed above (Fig. 5), but differs for the deep lithosphere
(>100 km). By modifying the initial inversion model below 100 km, we
can determine how the deep lithosphere structure can be recovered from
inversion and how the results actually strongly depend on the starting/a
priori resistivities (Fig. 7). For example, whereas the results clearly show
in all four cases that resistive material is required at depth by the
inversion, the changing deep structures of each model clearly highlight
the non-uniqueness of the inversion process. It is also worth noting that
the RMS misfit at each station for each inversion is very close to the
original model misfit, if not slightly improving it. This provides some
comfort that the models sensitivity at depth is relatively robust and
confirms the presence of a thick resistive lithosphere beneath the
Baoulé-Mossi domain. In addition, the presence of the conductive
anomaly in the crust of northern Ghana is likely limiting the resolution
to further depths in this section of the profile. However, despite different
starting models, the inversions consistently recover a thinner more
conductive lithosphere in the easternmost part of the profile associated
with improved RMS misfit. It might be difficult to constrain the deep
lithosphere resistivity in this part of the profile, but there is a clear
difference in the mantle structure compared to the western part that is
recurrent on all four inversions.

At the base of the lithosphere and transition into the asthenosphere,
the resistivity of dry peridotite is expected to modulate around 100 Q.m,
a value that can be used as a resistivity proxy for the mantle adiabat
(Evans et al., 2011). Lower resistivity (higher conductivity) values
suggest the presence of melt or high hydrogen content (Selway et al.,
2019), which, as seen on Fig. 7, is beyond the constraints of our 3D
inversions. Since we are only targeting a lower bound on the thermal
signature and water content of the lithosphere, in the following section
we discard the most conductive model A, but compare further the
mantle resistivity structure of the reference model, model B, model C
and model D in order to characterize further the SCLM structure beneath
the profile.

4.3. SCLM thermal signature and water content

Having only modelled one profile in 3D, we understand and appre-
ciate the lateral resolution issues and therefore interpretation limita-
tions of our approach. However, we believe that conclusions can still be
drawn and discussed from the WAXI MT experiment in terms of the
SCLM composition (enriched vs. depleted) and also on the water content
of the lithospheric mantle. We do not aim here to perform a full petro-
logical modelling of the area, but to at least discriminate between dry
depleted lithosphere or more enriched lithosphere with a lower bound
on water content. To do so, we need an approximate geotherm for the
area as well as a mantle composition model for interpreting the observed
mantle conductivity values. The mantle resistivity derived from MT can
provide a reasonable approximation of the present-day geotherm in the
area of interest (Muller et al., 2009). Based on heat flow density values of
33 +/- 8 mWm 2 for the Leo-Man shield (Lesquer and Vasseur, 1992),
and a Jurassic heat flow value of 38 mWm 2 for the Koidu Kimberlite
derived from clinopyroxene xenocrysts (Smit et al., 2016), we consider
here the geotherm models from Hasterok and Chapman (2011) associ-
ated with a heat flow value of 40 mWm 2, defined as a reference for
Precambrian regions by the same authors, and a heat flow value of 35
mWm 2 (Fig. 8a).

For modelling the bulk mantle resistivity (inverse of conductivity),
we use the Hashin-Shtrikman (HS) bounds for multi-phase materials
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(Berryman, 1995) that have been previously used for modelling litho-
spheric mantle conductivities (Fullea et al., 2011; Jones et al., 2012).
The lower bound oy, which assumes a resistive matrix with no inter-
connected conductive inclusions, is defined as:

Xk

-1
N
0, = E _ — 26,1+
HS < kzl(ik + 26min> min

with N representing the number of mineral phases, ox each phase
conductivity, x; the mineral phase proportion and 6,,;, the minimum
phase conductivity. The higher bound o} is defined by the same
equation replacing o6,,;; by the maximum conductivity oq. Further-
more, we use the general equation from Fullea et al. (2011) to estimate
the conductivity oy of each mantle mineral phase defined as:

—AH (Xg., P) —AH,;
Oy = Gpexp T + opiexp k,,—T + 0,

(€8]

(2)

In Eq. (2), the first term represents the small polaron conduction (i.e.,
electrons hopping between Fe3* and Fe?* ions) with dependency on the
iron number Xge, the second term defines the contribution of ionic
conduction by Mg vacancies at high temperatures and the last term o,
describes proton conduction associated with the presence of water.
Here, for the proton conductivity op,, we use the olivine conductivity
model from Jones et al. (2012) which was calibrated by field geophys-
ical observations, the model of Dai et al. (2009a) for both orthopyroxene
and clinopyroxene, and the garnet model from Dai et al. (2009b).
Various xenoliths and laboratory studies usually exhibit a wide range of
values for water partition coefficients between each mineral phase
(Fullea, 2017). Here we decided to consider a global average for each
coefficient based on peridotite xenoliths from cratons (Peslier, 2010),
leading to water partition values of 1:2.7:4.7:0.2 (Ol:Opx:Cpx:Grt). The
SCLM composition we considered is based on Griffin et al. (2009), where
the proportions of each mineral phase have been estimated using garnet
xenocrysts and xenolith suites from various representative samples of
the SCLM worldwide. For discussion we consider the composition of an
Archean mantle (“Primitive Archon” as in Griffin et al. (2009)): Olivine
87.8%/Orthopyroxene 10.7%/Clinopyroxene 0.3%/Garnet 1.2%/Mg#
93.1, and the composition of a Proterozoic mantle (“Preferred proton™ as
in Griffin et al. (2009)): Olivine 67.9%/Orthopyroxene 20.3%,/Clino-
pyroxene 5%/Garnet 6.8%/Mg# 90.6. As seen on Fig. 8b, the difference
in conductivity between Archon and Proton compositions is not strong,
as we know that conductivity is weakly dependent on mineralogy (Jones
et al., 2013). Therefore, from now on we will only consider the Proton
composition due to the tectonic history of the region. Furthermore, since

10

the upper and lower bounds of the associated mantle conductivity are so
close, we will also only use the lower bound o.

As discussed in the previous section, due to the non-uniqueness of the
inversion process we consider four models for the SCLM: reference
model, model B, model C and model D (Figs. 5 and 7). Since those
models exhibit a similar fit to the data, we decided to investigate the
thermal structure and water content of the SCLM beneath the profile for
all four models (Fig. 9). As mentioned above, based on the lateral
changes in the resistivity beneath the profile, two different zones are
considered: the Baoulé-Mossi Domain and East Baoulé-Mossi/Volta
Basin (Fig. 6). The zone defined as the Baoulé-Mossi Domain includes
stations bur011 to gha004 and the zone labelled East Baoulé-Mossi/
Volta Basin includes stations gha005 to gha031 (Fig. 3b). Each zone is
separated by the Jirapa shear zone, which appears as a significant SCLM
discontinuity revealed by the 3D modelling (Figs. 5 and 6). Beneath each
station of each zone, a 1D vertical resistivity profile was extracted in
order to build an average resistivity profile and associated standard
deviation characteristic of each area. It is worth noting that although the
standard deviation is smaller in the deeper part of the profiles, it does
not imply a better constraint on deeper resistivity values. It only reflects
the fact the model does not vary as much at greater depth due to
diminishing sensitivity combined with the inversion regularization.

There is not one model for the area but there are consistencies in our
approach than can be used to draw some conclusions. Different defini-
tions for the lithosphere asthenosphere boundary (LAB) are discussed in
detail by Eaton et al. (2009). Here we are interested in resolving the
electrical lithosphere-asthenosphere boundary, or eLAB. Most models
agree that the lithosphere is likely cooler than the Koidu paleo-geotherm
and has a thick root below the Baoulé-Mossi Domain down to at least
250 km. However, as seen for example with model C, a model associated
with a shallower eLAB cannot be fully excluded. In the 3D mesh, the
vertical cell dimension is about 25 km at 200-300 km depths, therefore
any eLAB estimation reflect only a precision of + 25 km. In addition, all
models consistently highlight that the presence of water, well within the
mantle water storage capacity at depths above 50 km (Demouchy and
Bolfan-Casanova, 2016), is needed in the lithosphere to model the
observed mantle resistivities. Model D of Fig. 7 shows that a model
similar to the Kaapvaal with a dehydrated layer at the base of the lith-
osphere (Fullea et al., 2011; Peslier et al., 2010) cannot be excluded
here. Whereas it is more difficult to draw conclusions about the water
content, all models agree that the East Baoulé-Mossi/Volta Basin reveals
a thinner and more enriched lithosphere. However, as seen on model D a
thick lithosphere cannot be excluded, but the SCLM remains enriched in
more conductive materials that temperature and water alone cannot
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Fig. 9. Interpretation of the thermal structure and water content of the SCLM. The zone defined as the Baoulé-Mossi Domain includes stations bur011 to gha004 and
the zone labelled East Baoulé-Mossi/ Volta Basin includes stations gha005 to gha031 (Fig. 6). Each zone is separated by the Jirapa shear zone. The 1D representative
resistivity profiles for the Baoulé-Mossi (purple) and East Baoulé-Mossi/Volta Basin (green) are derived for the reference model (Fig. 5), model B, C and D. All models
agree on a lithosphere with relatively low water content beneath the Baoulé-Mossi Domain and a potentially more enriched lithosphere beneath East Baoulé-Mossi/

Volta Basin.

11



F. Le Pape et al.

explain.

It has been shown that grain boundaries can host incompatible ele-
ments in the mantle (Hiraga et al., 2004). Therefore, the electrically
conductive impurities on olivine grain boundaries could explain the
observed higher conductivities for the mantle. The presence of graphite
films on mantle grain boundaries have been previously proposed as a
good candidate to explain high conductivity values in stable regions
(Bologna et al., 2011; Jones et al., 2003), however recent findings
questioned the interconnection stability of graphite films along olivine
grain boundary in upper mantle conditions necessary to enhance con-
ductivity (Zhang and Yoshino, 2017). In addition, Watson et al. (2010)
discussed that in comparison to carbon films, a relatively low abundance
of iron sulphides on some grain boundaries significantly enhance con-
ductivity in the upper mantle by more than one order of magnitude. As a
matter of fact, the presence of sulphide mineral films in the upper mantle
beneath the Volta Basin would show a good connection with the
conductor located in the crust of northern Ghana (Fig. 6) if interpreted
as sulphide deposits.

A decrease in grain sizes has also been proposed to account for
conductive anomalies in the deep lithosphere (ten Grotenhuis et al.,
2004) as the faster grain boundary diffusion begins to dominate over
lattice diffusion for very fine grain sizes (Demouchy, 2010). The
resulting effect on proton conduction was shown by Jones (2016).
However, in their experiment ten Grotenhuis et al. (2004) used samples
with grain sizes below 5 ym, meaning an extended conductive region in
the deep lithosphere would need to be explained by the widespread
presence of highly deformed mantle rocks or shear zones at depth where
coarser grain sizes (mostly > 100 um) would be normally expected
(Demouchy, 2010; Yang and Heidelbach, 2012). Although taking into
account grain boundary diffusion seems to reconcile the discrepancies in
laboratory studies on proton conduction in olivine, it does not neces-
sarily explain field observations with grain sizes still expected to be
relatively coarse in the deep lithosphere, except for localized mylonized
veins (Jones, 2016). Alternatively, as pyroxenites can hold two to four
times more water than olivine, and as they are often observed in mantle
xenoliths in veins, it is possible that wet but also Fe-rich pyroxenites
dykes related to widespread enrichment of the deep lithosphere from
past tectonic events provide the necessary conducting pathways (Yang
and Heidelbach, 2012).

5. Discussion

The Baoulé-Mossi Domain resistivity structure fits relatively well
with a low temperature geotherm (~35 mWm2), in agreement with the
low heat flow values suggested by Lesquer and Vasseur (1992). In
addition, the region is highly resistive throughout the whole lithosphere
without any major anomalies in conductivity, a feature likely assisting
its stability through time. Our interpretation of the eLAB reaching at
least 250 km is also in agreement with the seismic LAB from global
seismic tomography studies (Celli et al., 2020; Schaeffer and Lebedev,
2013), revealing a deep lithospheric root beneath the Leo-Man shield
area, similarly to the Congo craton (Khoza et al., 2013), Kaapvaal craton
(Evans et al., 2011; Muller et al., 2009) and parts of the Slave Craton and
Superior Craton (Jones et al., 2003). Based on the paleo-geotherm (146
Ma) of the Koidu kimberlite showing a relatively thick lithosphere
(>200 km), Smit et al. (2016) concluded that the breakup of Pangea and
associated ~200 Ma Central Atlantic Magmatic Province (CAMP)
(Marzoli et al., 1999) did not lead to significant lithospheric thinning or
diamond destruction in the Man shield lithosphere. In addition,
assuming the Koidu paleo-geotherm is representative of the south WAC
at the time, the present day SCLM beneath the Leo-Man shield is likely
cooler and thicker, revealing that no major events affected this part of
the craton since at least the eruptions of the Jurassic kimberlites. For
instance, extensive thermal perturbation from large igneous provinces
(LIPs) with magma rising through the lithosphere would generate a
thermal signature remaining in the lithosphere for>200 My (Jaupart
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and Mareschal, 2015).

It is worth noting here that the 3D inversion modelling is able to
expose relative trends or lateral changes in resistivity but the high
dependence on the starting/a priori model, as discussed by Robertson
et al. (2020), leads to difficulties to make very fine interpretation on the
deep mantle composition. However, we are still able to conclude that
with a bulk water content of at least 20 ppm the mantle is not completely
dry and even a content as high as 50 ppm cannot be totally excluded.
Around the world, although the Archean Superior craton might be well
described by dry olivine conductivity in the depth range of 150-250 km
(Hirth et al., 2000), relatively high hydrogen content has been observed
or deduced in different cratonic regions, for example in the Kaapvaal
Craton (Fullea et al., 2011; Jones et al., 2012; Peslier et al., 2010). High
amounts of water have been documented in the Tanzanian craton (Sel-
way, 2015; Selway et al., 2014) and the Siberian craton (Doucet et al.,
2014), suggesting that high hydrogen content does not systematically
reduce plate strength but may also reflect on the role mobile belts might
play in preserving the cratonic lithosphere (King, 2005; Lenardic et al.,
2003). The hydrogen content in the lithosphere of the Baoulé-Mossi
Domain will have been modulated through time with alternance of
depletion and re-fertilization events. The Baoulé-Mossi assemblage
during the Eburnean orogeny was described to have occurred in a
Paleoproterozoic plate tectonics setting as a transition between Archean
and Phanerozoic orogens (Baratoux et al., 2011; Block et al., 2015). This
would create the hydrous environment that could explain the amount of
water present in the SCLM. Furthermore, eclogitic diamond ages of
~650 Ma reported for the Leo-Man shield coincide with the Neo-
proterozoic assembly of Gondwana and likely originated from subduc-
tion fluids (or melts) introduced into the West African lithosphere
during the supercontinent assembly (Smit et al., 2016). On the other
hand, peridotitic diamonds reported from Guinea and Ghana highlight
chemical depletion of the lithosphere followed by re-enrichment (Sta-
chel et al., 2000; Stachel and Harris, 1997). In fact, since the Eburnean
orogeny, eight individual dyke swarms associated with magmatic
events, including the CAMP, fulfilling the size requirements for LIPs,
might have affected the WAC lithosphere between 1.8 Ga and 200 Ma
(Baratoux et al., 2019). The presence of a more depleted SCLM observed
on the Neoproterozoic kimberlite samples compared to the Jurassic
kimberlites (Skinner et al., 2004), suggests lithospheric re-enrichment
might have followed the Neoproterozoic kimberlite eruption.

The East Baoulé-Mossi/Volta Basin area is likely characterised by a
thinner and more enriched lithosphere, defining a transition in the
lithosphere of the craton. This trend was similarly observed on the
previous MT results on the WAC boundaries (Ritz and Robineau, 1988).
As discussed above there are a variety of events through the craton
history that can account for lithospheric thinning and re-fertilisation.
However, the fact that the lithospheric transition observed on the re-
sistivity model occurs at the proximity of the Jirapa shear zone might
also imply the presence of two Eburnean domains (Jessell et al., 2016)
extending into the deep mantle. This difference would follow the hy-
pothesis of two independent cratonic blocks that might have collided
during the Eburnean orogeny (Block et al., 2016). In addition, this part
of the profile being relatively close to the eastern WAC boundary, lith-
osphere thinning and re-fertilization beneath the East Baoulé-Mossi/
Volta Basin might also be explained by subduction-related meta-
somatism during the Pan-African orogeny. Finally, thinner lithosphere
has also been recently imaged beneath the Taoudéni basin (Celli et al.,
2020), highlighting a separation between the Leo-Man and Reguibat
shields that could be linked to the Taoudéni sub-craton as proposed by
Begg et al. (2009). This is probably extending too far in the interpreta-
tion of our model but could there be a link further in depth between the
lithosphere structure of both Taoudéni and Volta Basins?

6. Conclusions

The main shear zones of the Baoulé-Mossi Domain appear as large-
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scale tectonic features extending deep into the upper mantle that define
the remnant signatures of the Baoulé-Mossi Domain assemblage. There
is a clear lateral difference in the resistivity structure of the Baoulé-Mossi
and Eastern Baoulé-Mossi/Volta Basin for both the crust and mantle that
seems to be controlled by the Jirapa shear zone. To its west, the Baoulé-
Mossi Domain is characterized by deep resistive roots covering the crust
and most of the upper mantle. To its east, the eastern part of the domain
and the Volta Basin present a more conductive crust as well as upper
mantle likely revealing a change in the lithosphere composition.
Although the 3D inversions performed highlight the non-uniqueness of
our interpretation, due to a high dependence on the starting a priori
model, we conclude that the lithosphere beneath the Baoulé-Mossi
Domain is not dry, reflecting either the tectonic setting of the craton
formation or alternance between enrichment/depletion from past tec-
tonic events. Whereas the main domain is defined by a highly resistive,
thick and cool lithosphere, its eastern edge and the Volta Basin might
define a transition into a thinner and more enriched lithosphere that
might have been more affected by past tectonic events.
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