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Abstract

Spatial and temporal evolution of the uppermost convecting mantle plays
an important role in determining histories of magmatism, uplift, subsidence,
erosion and deposition of sedimentary rock. Tomographic studies and mantle
flow models suggest that changes in lithospheric thickness can focus convec-
tion and destabilize plates. Geologic observations that constrain the pro-
cesses responsible for onset and evolution of shallow mantle convection are
sparse. We integrate seismic, well, gravity, magmatic and tomographic infor-
mation to determine the history of Neogene-Recent (< 23 Ma) upper mantle
convection from the Cape Verde swell to West Africa. Residual ocean-age
depths of +2 km and oceanic heat low anomalies of +164+4 mW m~2 are cen-
tered on Cape Verde. Residual depths decrease eastward to zero at the fringe
of the Mauritania basin. Backstripped wells and mapped seismic data show
that 0.4-0.8 km of water-loaded subsidence occurred in a ~ 500 x 500 km
region centered on the Mauritania basin during the last 23 Ma. Conversion
of shear wave velocities into temperature and simple isostatic calculations
indicate that asthenospheric temperatures determine bathymetry from Cape
Verde to West Africa. Calculated average excess temperatures beneath Cape
Verde are > +100°C providing ~ 10* m of support. Beneath the Mauritania
basin average excess temperatures are < 100°C drawing down the lithosphere
by ~ 10% to 10> m. Up- and downwelling mantle has generated a bathymetric
gradient of ~ 1/300 at a wavelength of ~ 10° km during the last ~ 23 Ma.
Our results suggest that asthenospheric flow away from upwelling mantle can
generate downwelling drips beneath continental margins.
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1. Introduction

Tomographic studies, magmatic histories and mantle flow models suggest
that variations in mantle temperature, lithospheric thickness and plate mo-
tion play an important role in generating shallow mantle convection (e.g.
Pekeris, 1935; McKenzie et al., 1974; King & Ritsema, 2000; Moucha and
Forte, 2011; Davies & Rawlinson, 2014; Barnett-Moore et al., 2017; Hoggard
et al., 2017; Miiller et al., 2017). Constraining scales and evolution of sub-
plate support and its expression at Earth’s surface, particularly at passive
margins, has important implications for interpretation of stratigraphy, heat
flow, glacio-eustasy and for parameterizing models of mantle convection (e.g.
Courtney & White, 1986; Hartley & Allen, 1994; Flament et al., 2013). We
combine seismic reflection and well data along the West African margin with
shear wave tomography and the uplift and magmatic history of the Cape
Verde Rise to constrain thermal, spatial and temporal scales of upper mantle
convection.

It is generally accepted that the mantle beneath the African plate sup-
ports short (~ 10® km) wavelength swells and basins (e.g. Holmes, 1965;
Nyblade and Robinson, 1994; Burke, 1996; Crosby & McKenzie, 2006; Burke
& Gunnell, 2008; Al-Hajri et al., 2009; Jones et al., 2012). Some swells are
magmatic (e.g. Afar, Hoggar, Tibesti, Cape Verde), others are amagmatic
(e.g. Bié, Fouta Djallon), most have positive free-air gravity anomalies, sit
atop slow upper mantle shear-wave velocity anomalies and those intersecting
oceanic lithosphere have residual bathymetry of up to +2 km (e.g. Courtney
& White, 1986; Lithgow-Bertelloni and Silver, 1998; Pim et al., 2008; Fish-
wick, 2010; Ramalho et al., 2010; Jones et al., 2012; Ritsema et al., 2012;
French et al., 2013; Priestley & McKenzie, 2013; Schaeffer & Lebedev, 2013;
Hoggard et al., 2017). Drainage networks splay radially from many domal
swells suggesting sub-plate support exerts an important control on geomor-
phology (Paul et al., 2014). In contrast, negative free-air gravity anomalies
and ocean-age depth residuals, subsidence patterns and anomalously fast
upper mantle shear-wave velocity anomalies indicate some parts of the con-
tinent (e.g. Congo basin) are convectively drawn down (e.g. Crosby et al.,
2010; Jones et al., 2012; Hoggard et al., 2017). These observations show that
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mantle convection plays an important role in determining vertical motions
of African lithosphere.

Continental uplift histories provide information about the timescale of
positive sub-plate support. For example, laterites and lateritic gravels indi-
cate that pre-Oligocene topographic gradients in West Africa were low (e.g.
Burke and Gunnell, 2008; Chardon et al., 2016). The broadly coeval growth
of carbonate reefs on deltas fringing the African continent imply low rates
of clastic efflux until ~ 23 Ma (e.g. Walford et al., 2005; Paul et al., 2014).
Uplifted marine terraces, over-compacted stratigraphy, sedimentary flux his-
tories and magmatism indicate post-Oligocene epeirogeny occurred in Africa
(e.g. Partridge and Maud, 1987; Walford et al., 2005; Al-Hajri et al., 2009;
Guiraud et al., 2010; Rouby et al., 2016). Uplift rate histories calculated by
inverting drainage networks indicate that post-35 Ma uplift of topographic
swells was diachronous and staged (Paul et al., 2014; Rudge et al., 2015).
This work suggests that the landscapes of the African continent are largely
Neogene in age and are a result of changing patterns of sub-plate support.
If upwelling mantle generated regional uplift we might expect downwelling
mantle to have generated broadly coeval regional subsidence patterns.

We examine the history of sub-plate support of the West African margin
where hitherto ambiguous Neogene subsidence histories contain important in-
formation about thermal and spatial scales of convective drawdown. We first
determine the structure of modern lithosphere and the upper mantle using a
new shear wave tomographic model and gravity data. We show that uplift
and magmatism of the Cape Verde Rise is broadly coeval with rapid Neogene
subsidence of the Mauritania margin constrained by well and seismic data.
These uplift and subsidence patterns are then combined with temperature
and simple isostatic calculations to constrain thermal and spatio-temporal
scales of upper mantle convection.

2. Data Processing and Methodology

2.1. Shear wave velocities

For the mantle structure, we use an updated version of the Rayleigh wave
African tomography model from Fishwick (2010), which is probably the high-
est resolution regional tomography model available. The shear-wave velocity
structure is derived in a two stage process. The first stage involves inverting
waveforms at periods between 50 and 120 s for the fundamental mode and
the first four overtones (where present above the noise). The second stage is a
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series of tomographic inversions to provide a velocity model defined at 25 km
depth intervals. The 2010 version of the model was updated to incorporate
data from recent deployments, which has more than doubled the path cov-
erage in Africa. For our region of interest, most significant are the inclusion
of data from Mid Atlantic Ridge events recorded on the PICASSO (Levan-
der et al., 2009) and Muenster-Morocco (Thomas, 2010) deployments. These
provide a significant improvement in density of path coverage in northwest
Africa (see Supplementary Figure A.11). Resolution tests show that veloc-
ity perturbations of a few percent at wavelengths ~ 300 km are resolvable
beneath Cape Verde and the Mauritania basin within the uppermost man-
tle (Supplementary Information). Figure 2 shows a slice at 125 km depth
through the velocity model for West Africa and its surroundings. Other
depth slices are given in Supplementary Figure A.12.

2.2. Temperature from shear wave velocities and isostasy

To estimate the thermal state of the mantle beneath West Africa and Cape
Verde the new shear wave model was converted into temperature. Look-up
charts showing temperature as a function of depth and shear wave veloc-
ity (V5) are shown in Figure 3 for Priestley & McKenzie (2006)’s empirical
parametrization and for Goes et al. (2012)’s mineral physics approach (see
Supplementary Information for detailed methodology). The difference be-
tween the two parametrizations is also shown. Calculated temperatures differ
by < 200°C for V, values in this study (i.e. within 0.3 km s=! of AK135: see
Figure 3C). Figure 3D-G shows temperature profiles calculated using the two
parametrizations beneath Mauritania and the Cape Verde Rise. Solutions to
the analytical expressions in Section 2 of Priestley & McKenzie (2013) yield
a similar lithospheric geotherm to their 2006 parametrization. The isostatic
support, U, generated by excess asthenospheric temperature, T, within a
layer of thickness h can be calculated using
haT

i W
where 7, is the background temperature, which we set to 1330°C, and «
is the thermal expansion coefficient (Rudge et al., 2008). Note that this
calculation is insensitive to assumed background temperature because o < 1.
For example, a 100°C change in background temperature changes calculated
uplift by ~ 1 m.
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2.3. Ocean age-depth residuals

Residual ocean-age depth measurements help identify regions supported by
sub-plate processes and can test results obtained using Equation 1 (e.g.
Richards et al., 2016). The longest seismic line in our inventory extends
> 400 km from the West African margin onto the Cape Verde Rise (Figure
4A). The seabed, sediment-basement interface and oceanic Moho are easily
identified (Figure 4B). We interpret the prominent intra-crustal impedance
contrasts as igneous sills. We use Hoggard et al. (2017)’s sediment and
crustal thickness corrections, which incorporate a large amount of seismic
data from the Atlantic Ocean, to calculate residual depths from their plate
cooling model. Residual depths were measured at the points marked on
Figure 4B and are plotted in Figure 1A along with Hoggard et al. (2017)’s
compilation. These values are compared to estimates of dynamic topography
calculated using long wavelength (800-2500 km) components of the EIGEN6¢c
GOCE gravity field and an admittance of 35410 mGal km~! (Figure 1; Forste
et al., 2014; Hoggard et al., 2017).

2.4. Subsidence history

Stratigraphy

To determine the history of sub-plate support we map stratigraphy using an
inventory of 8 commercial wells, 1 IODP well and 38 two-dimensional seismic
lines on a 10 x 5 km grid with record lengths of 8-10 seconds two-way time.
The wells are located in the north, center and south of the Mauritanian basin
(Figure 1B). They provide biostratigraphic age constraints and standard N
and CN schemes have been used to calibrate the planktonic foraminiferal
and calcareous nannoplankton assemblages, respectively. Seven prominent
horizons (seabed, 5.6 Ma, 23.8 Ma, 58.4 Ma, 70.4 Ma, 89.4 Ma and basement)
have been identified using well and seismic data. Figure 4C-D shows the
eastern portion of the longest line with a stratigraphic interpretation based
on the well and seismic data.

Backstripping for subsidence histories

The subsidence history of the Mauritania basin was calculated by backstrip-
ping the eight wells in our inventory. First, check-shot data from each well
were used to determine compaction of sediment as a function of depth, z
(Figure 5). Porosity, ¢ , was parameterized using Athy’s (1930) formulation,

6= goexp (—5). (2)
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The initial porosity, ¢,, and compaction wavelength, A, were constrained
using a simple empirical relationship between velocity as a function of depth,
v(z), and compaction, such that

L _ o) 1-0()

v(2) Usg

(3)

where v, is pore fluid velocity and vy, is solid grain velocity (Wyllie et al.,
1956). For seawater, v, = 1.5 km s~'. We assume that Vg = 5.5 £ 0.5 km
s, which is appropriate for a mixture of sand and clay (Christensen, 1982).
Since two-way time, ¢ = 2 [ dz/v(z), we can combine Equations (1) and (2)

to obtain
t z 1 1 z
(- ()
2wy +é (fvw 'Ugg) &Xp A (4)

We seck minimum root-mean-squared (rms) misfit between observed and
theoretical time-depth values by varying ¢, and A (Figures 5 & 6). We
remove the effects of loading (i.e. decompact) by calculating thickness of
sedimentary layer z;zo when deposited at the surface, 23z, . At the surface
z3 = 0. As the solid component must remain constant during compaction we
can integrate

/ 122(1 - oz = [ - (5)

to obtain

24 = 29 — 21 + P\ [exp (—%) + exp (—%) +1—exp (—ﬁ)] : (6)
zy is solved by the Newton-Raphson method. We calculate water-loaded
subsidence assuming a fixed sea level for each well using a simple isostatic
calculation,

a pﬂ)

Sw=sg(p“p5)+wd, (7)

where water loaded subsidence, S, is expressed as a function of sediment-
loaded subsidence, S, (Sclater & Christe, 1980). Asthenospheric density,
pa = 3200 kg m™?, sediment density, p, = 2400 kg m~—3, and density of
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water, p, = 1000 kg m™. We apply paleo-water depth corrections, Wy,

based on benthonic biofacies (e.g foraminifera assemblages) documented in
well reports. Table 1 summarizes the paleo-water depth corrections, which
are consistent with Vear (2005). Water-loaded subsidence and chronostratig-
raphy for all wells are shown in Figure 7.

Theoretical thermal subsidence
We compare measured subsidence patterns to theoretical post-rift (i.e. ther-
mal) subsidence. The thermal subsidence curves, S;(¢) in Figure 7 were

produced using
12
Sy = Eor {1 — exp (——)} , (8)
T

Ap,,aT g . (Tl’)
E,=———7-—, r=—sin|-=|. 9
Wg(pm - pm) T ﬁ ( )

Parameters and their values are as follows, ¢ = time, 7 = thermal time con-
stant = [? /72 k, where [ = lithospheric thickness (125 km), thermal diffusivity,
k = 105 m? s~ 1. Mantle density, p,, = 3300 kg m 3, a = 3.3 x 1073/°C, and
temperature of the asthenosphere = 1330°C (Fowler, 2006). We assumed
that the end of rifting (i.e. ¢ = 0) occurred at 170 Ma (Vear, 2005). The
best-fitting stretching factors, (3, are annotated in Figure 7.

where

Solid sediment thickness

We examined the spatial distribution of sedimentary rock across the Maurita-
nia margin using our inventory of reflection seismic lines. First, sedimentary
horizons were mapped in two-way time, ¢. Secondly, check shot data from
all wells were stacked and averaged to determine the best-fitting regional ve-
locity model: z(t) = 0.0017t* + 0.9t — 34 where ¢t = two-way travel time in
ms. This model was used to calculate the depth of each horizon and solid
sediment thickness, Ty, between seismic horizons (e.g. seabed, 5.6 Ma, 23.8
Ma; Figure 4) was calculated using

Toot = 22 — 21 + QoA [CXI) (*%) — €xXp (*%)] ) (10)

which corrects for the effects of compaction. We used the compaction param-
eters, ¢, = 0.75 £ 0.1, A = 2.66 + 1.2 km, that best-fit the mean time-depth

7
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pairs of all check shot data in our inventory (Figure 5). z; and 2, are depth
of the top and bottom of a seismic interval, respectively (e.g. Walford et al.,
2005). Solid sediment thickness of Neogene rock is shown in Figure 8.

3. Results

3.1. Tomography

The Mauritania margin sits between the Cape Verde swell and the West
African Craton. The Cape Verde swell is underlain by slow mantle (V, < 4.4
km s7') between 75 and 200 km depth (Figure 2 & Supplementary Figure
A.12). A protuberance of fast velocities (V, > 4.4 km s™') extends from the
West African Craton beneath the Mauritania margin between ~ 100 and
150 km depth (see Supplementary Information). This protuberance extends
beneath the stretched lithosphere of the West African margin, and is located
beneath the central portion of the Mauritania basin (the region covered by
the wells in our inventory). Two receiver function studies from Cape Verde
have shear wave velocities that differ by > 0.5 km s ! at depths < 100 km,
which makes them difficult to interpret (cf. Lodge & Helfrich 2006; Vinnik
et al., 2012). Vinnik et al. (2012)’s study indicates that shear wave velocities
are up to 0.4 km s! slower than AK135 at depths of 100—200 km, which is
broadly similar to the velocity structure in our regional tomographic model.

3.2. Temperature from shear wave velocities

The 1330°C isotherm calculated using Priestley & McKenzie (2006)’s and
Goes et al. (2012)’s parametrizations is at a depth of 90-105 km beneath
Cape Verde and 145-175 km beneath the Mauritania basin (Figure 9c).
Conversion of shear wave velocities into temperature yield average values
of 1486 & 26°C and 1248 + 34°C for a 100200 km deep layer beneath the
Cape Verde Rise and Mauritania basin, respectively. The uncertainties in
calculated temperatures encapsulate the range of values determined from
the Priestley & McKenzie (2006) and Goes et al. (2012) parametrizations.
Uncertainties in temperatures from V, based on uncertainties in experimen-
tal elastic and anelastic parameter values have been estimated to be about
50°C (Cammarano et al. 2003). Using a simple isostatic relationship be-
tween excess temperature of the layer and uplift yields +643 + 88 m for the
Cape Verde Rise and —180 = 114 m for the Mauritania basin (Equation 1).
Calculated temperature (and isostatic support) depends strongly on the data
distribution and inversion method used to derive the shear velocity model.
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