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Abstract

Recently, the continually increasing availability of seismic data has allowed high-resolution imaging of lithospheric structure

beneath the African cratons. In this study, S-wave seismic tomography are combined with high resolution satellite gravity data

in an integrated approach to investigate the structure of the cratonic lithosphere of Africa. A new model for the Moho depth

and data on the crustal density structure are employed along with global dynamic models to calculate residual topography

and mantle gravity residuals. Corrections for thermal effects of an initially juvenile mantle are estimated based on S-wave

tomography and mineral physics. Joint inversion of the residuals yields necessary compositional adjustments that allow to

recalculate the thermal effects. After several iterations, we obtain a consistent model of upper mantle temperature, thermal

and compositional density variations, and Mg# as a measure of depletion, as well as an improved crustal density model. Our

results show that thick and cold depleted lithosphere underlies West African, northern to central eastern Congo, and Zimbabwe

Cratons. However, for most of these regions, the areal extent of their depleted lithosphere differs from the respective exposed

Archean shields. Meanwhile, the lithosphere of Uganda, Tanzania, most of eastern and southern Congo, and the Kaapvaal

Craton is thinner, warmer, and shows little or no depletion. Furthermore, the results allow to infer that the lithosphere of

the exposed Archean shields of Congo and West African cratons was depleted before the single blocks were merged into their

respective cratons.
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Key Points:

• A new Moho map was constructed from available seismic data to improve
thermo-compositional modeling of the African cratonic lithosphere

• Lithosphere of the West African, central to northern Congo, and Zim-
babwe cratons is cold, up to 250 km thick, and chemically depleted

• Hot, thin (<200 km) and mostly undepleted lithosphere of Uganda, Tan-
zania, southern Congo and Kaapvaal cratons indicates refertilization

Abstract

Recently, the continually increasing availability of seismic data has allowed high-
resolution imaging of lithospheric structure beneath the African cratons. In this
study, S-wave seismic tomography are combined with high resolution satellite
gravity data in an integrated approach to investigate the structure of the cra-
tonic lithosphere of Africa. A new model for the Moho depth and data on
the crustal density structure are employed along with global dynamic models
to calculate residual topography and mantle gravity residuals. Corrections for
thermal effects of an initially juvenile mantle are estimated based on S-wave to-
mography and mineral physics. Joint inversion of the residuals yields necessary
compositional adjustments that allow to recalculate the thermal effects. After
several iterations, we obtain a consistent model of upper mantle temperature,
thermal and compositional density variations, and Mg# as a measure of deple-
tion, as well as an improved crustal density model. Our results show that thick
and cold depleted lithosphere underlies West African, northern to central east-
ern Congo, and Zimbabwe Cratons. However, for most of these regions, the areal
extent of their depleted lithosphere differs from the respective exposed Archean
shields. Meanwhile, the lithosphere of Uganda, Tanzania, most of eastern and
southern Congo, and the Kaapvaal Craton is thinner, warmer, and shows little
or no depletion. Furthermore, the results allow to infer that the lithosphere of
the exposed Archean shields of Congo and West African cratons was depleted
before the single blocks were merged into their respective cratons.

Plain Language Summary
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Cratons are the ancient cores of continents that, with few exceptions, are under-
lain by a cold, strong lithospheric root with a thickness of about 250 km. The
physical properties of lithospheric roots, principally temperature and composi-
tion, shed light on the origin and evolution of the most ancient portions of the
Earth’s lithosphere, the Precambrian cratons. We use an iterative method to
process S-wave seismic tomography and satellite gravity data to calculate the
thermal and compositional state of the lithosphere. Our results reveal great di-
versity in the thickness and physical properties of the African lithosphere. The
West African, northern Congo and Zimbabwe cratons are underlain by rela-
tively cold, thick and chemically depleted lithosphere. In contrast, the Uganda,
Tanzania, southern Congo and Kaapvaal cratons are warmer, thinner and have
a less depleted (or non-depleted) composition, indicating either re-fertilization
(metasomatism) or formation in a non-depleted state. These results document
the formation of the Africa continent during the past 3.7 Ga from a diverse
collection of cratons, each with a unique evolutionary history.

1. Introduction

Cratons are the ancient continental cores, around which continents
accrete and grow. They are stable for billions of years, and due to
their geologic evolution often provide an abundancy of resources, e.g.,
rare earth elements and diamonds. Cratons are usually underlain
by thick continental lithosphere, their so-called “roots”, which can
reach up to about 250 km into the Earth (e.g., Steinberger & Becker,
2018). With a few exceptions (Kaban et al., 2015), these roots re-
sist mantle convection, and thus deviate mantle flow. Therefore, a
better understanding of cratons, their evolution and dynamics may
provide further insight to large scale dynamic and tectonic processes.
Cratons appear to be buoyant with respect to the underlying mantle
despite the fact that their long-term cooling causes an increase in
density. A commonly cited explanation is the iso-pycnic hypothesis
(Jordan, 1978) that is based on the counter-balancing effect of chemi-
cal buoyancy. The density increase caused by reduced temperatures
is balanced by density decrease from depletion in heavy constituents,
mostly iron (Fe; Griffin et al., 2003). Depletion is commonly mea-
sured by means of Mg#, the percentage of Magnesium (Mg) in the
total amount of Mg and Fe (100*Mg/(Mg+Fe)) in mantle minerals.
Mg#s around 89 are common for fertile mantle rocks, while strongly
depleted samples exhibit values around 94 (Griffin, O’Reilly, Abe, et
al., 2003; McDonough & Sun, 1995). Still, despite being a long-time
focus of geoscientific studies, in a global perspective, various cratons
have been studied to very different extents and several aspects con-
cerning their physical properties are still under debate (e.g., Celli
et al., 2020; Mooney & Vidale, 2003). On the African continent,
a large body of geologic, geochemical and geophysical data and nu-
merous publications exist for the Kaapvaal and adjacent Zimbabwe
cratons, along with a large array of seismic stations (Globig et al.,
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2016). Yet, lithospheric thickness of these cratons is still a matter
of debate (White-Gaynor et al., 2021). Meanwhile, much fewer seis-
mic stations and other data are available for the significantly larger
Congo and West African cratons.

However, employing seismic tomography and satellite gravity data
allows an assessment of the thermal and compositional state of the
cratonic lithosphere, even for very remote oder not accessible areas
like Antarctica (e.g., Haeger et al., 2019). On the one hand, seismic
velocities provide a solid and widely used basis for temperature es-
timates of the lithosphere (Cammarano et al., 2003; Steinberger &
Becker, 2018) since they are governed by thermal variations (Goes
et al., 2000). In comparison, compositional variations have a rather
minor influence on seismic velocities (e.g., Schutt & Lesher, 2010).
Both thermal and compositional variations cause density variations,
which can be detected, but not separated by gravity measurements.
Thus, integrated modeling of gravity and seismic data profits from
their respective advantages while reducing the disadvantages. A re-
spective approach (Kaban et al., 2014; Tesauro et al., 2014a) was
recently used to assess the thermal and compositional state of cra-
tonic lithosphere of several continents, e.g., South America (Finger,
Kaban, Tesauro, Haeger, et al., 2021), Antarctica (Haeger et al.,
2019), and Australia (Tesauro et al., 2020). The method yields self-
consistent thermal and compositional results for the mantle litho-
sphere from the Moho down to about 325 km. Despite providing
sophisticated indications for the current state and depth extent of
cratonic lithosphere, the results can also be a basis for further stud-
ies. For example, results for Antarctica (Haeger et al., 2019) were
used to calculate decompositional gravity anomalies in an attempt to
determine thickness of sediments beneath the ice (Haeger & Kaban,
2019).

As mentioned above, the African continent comprises several cratons
(Figure 1) whose lithospheric thickness, physical state, and evolution
are still a matter of debate (Boyce et al., 2021; Celli et al., 2020; Hu
et al., 2018; Jessell et al., 2016; White-Gaynor et al., 2021). Here,
we image the cratons of Africa, and produce a new, purely seismic
model of depth to the Moho in the process, which enables calculation
of residual topography and mantle gravity. These are assessed for
thermal and compositional mantle density variations in an iterative
joint inversion scheme. Moreover, the method yields an improved
crustal density model and allows to assess to which extent depth to
the Moho affects the results of the integrated mantle model.
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Figure 1: Topography and bathymetry of Africa and surrounding area. Numbers
indicate elevation contours in km. This study is focused on the cratonic regions
denoted by the white polygon. Mostly exposed cratons are indicated by black
outlines, with Archean shields and microcontinents shaded grey (Begg et al.,
2009). WAC:West African craton, CC: Congo craton, UC: Uganda craton, TC:
Tanzania craton, Bw: Bangweulu block, ZC: Zimbabwe craton, Lp: Limpopo
belt, KC: Kaapvaal craton.
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1. Geology Overview

Begg et al. (2009) and references therein provide a detailed summary of the
main terranes, belts and basins of the African continent. Here, a simplified
overview based on their work is provided except where noted. The cratonic
part of Africa, on which this study focuses, consists of the West African craton,
the cratons from the central African Oubanguides belt southwards, and most
of their surrounding Proterozoic fold belts (white polygon in Figure 1). The
non-cratonic part is constituted by wide parts of the extensive “Saharan” do-
main, namely the West African mobile zone and the East Saharan metacraton,
as well as the East African orogenic zone down to the eastern border of the
Tanzania craton. While cratons are inferred to occupy a significant portion
of the cratonic region, only some of their areas are actually exposed Archean
shields, while most of their surface is covered by sedimentary basins. In case of
the West African craton, the northern Reguibat and southern Man-Leo shields
are separated by the Proterozoic Taoudeni basin covering the craton’s central
area. Recent S-wave tomography (Celli et al., 2020) indicates two separate
roots. The Congo Craton in central Afrika hosts four Archean shield areas,
parts of which are probably covered by the Congo basin: the Gabun-Cameroon
in the Northwest, Bomu-Kibali in the Northeast, Kasai in the central East, and
Angolan along the western border south of the Gabun-Cameroon. Begg et al.
(2009) infer different ages and a unique evolution of the four shields. However,
Congo craton lithosphere appeared as a single large block in tomographies (e.g.,
Fishwick, 2010; Schaeffer & Lebedev, 2013) until recent advances allowed to
image separate root structures (Celli et al., 2020). To the East, an emerging
plate boundary now separates the Congo craton from the 2.9 to 2.8 Ga old
Uganda and Tanzania cratons, which have been accreted to it during 1.8 Ga
paleo-Kibaran orogeny, together with the Bangweulu block, a Neoarchean mi-
crocontinent. Tomography (Celli et al., 2020) indicates that the Uganda and
Tanzania cratons both lack a deep root. For the Tanzania craton, an east-to-
west increase of lithosphere thickness (Boyce et al., 2021) and presence of about
30 Ma old kimberlites (Tappe et al., 2018) point to a geologically recent root
loss due to plume impingement that also initiated the East African rift system
(EARS). The Kaapvaal and Zimbabwe cratons collided 2.6 to 2.7 Ga, captur-
ing the Limpopo microcontinent between them and currently form the South
African craton. Several large igneous provinces (LIPs) were emplaced on top or
in the vicinity of the cratons: the Bushveld (around 2.05 Ga) and Karoo (180
Ma, Giuliani et al., 2014) on the Kaapvaal craton, Etendeka (135 Ma, Morgan,
1983) on the Angolan shield of the Congo craton, along with formation of the
EARS next to the Tanzania craton (30 Ma until today, Ebinger & Sleep, 1998),
and the Central Atlantic magmatic province (CAMP, 200 Ma, Wilson, 1997)
close to the West African craton. CAMP, Etendeka, and Karoo preceded or
accompanied the separation from South America and Antarctica, ending the
Pangean supercontinent. Emplacement of such LIPs is generally thought to be
caused by mantle plumes (e.g., Ebinger & Sleep, 1998), which are among the few
geologic processes able to significantly affect or even erode cratonic lithosphere
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(Lee et al., 2011).

1. Methods

(a) Mantle Model

The method employed here is the same as in our recent study of the South
American cratonic regions (Finger, Kaban, Tesauro, Haeger, et al., 2021). A
sketch of the integrated iterative approach is given in Figure 2. In a first prepa-
ration step, an initially juvenile fertile mantle with Mg# 89 and respective bulk
composition of 58.5% Olivine, 11.5% Clinopyroxene, 15% Orthopyroxene, and
15% Garnet (Griffin, O’Reilly, Abe, et al., 2003) is assumed to estimate tem-
peratures and thermal density variations in the upper mantle based on S-wave
tomography AF2019 (Celli et al., 2020) and mineral physics (Cammarano et
al., 2003; Hyndman et al., 2009; Stixrude & Lithgow-Bertelloni, 2005). This is
done for six layers centered at 50 to 300 km depth with an interval of 50 km.
In a second step, depth to the Moho is estimated using the approach of Stolk et
al. (2013), utilizing topography (ETOPO1 Amante & Eakins, 2009), sediment
thickness and density (Crust1.0, Laske et al., 2013), and seismic data (Globig
et al., 2016; Mooney, 2015 with updates up to 2019). This allows to remove
crustal effects from the gravity data (EIGEN6-C4, Förste et al., 2014) and fur-
thermore calculate residual topography (Kaban & Mooney, 2001) as a measure
of compensation of density anomalies by the uppermost mantle. In addition,
the effects of lower mantle density anomalies (below 325 km) are removed from
the two fields by means of global dynamic models (Kaban et al., 2015) based on
tomography (S40RTS, Ritsema et al., 2011). Since these effects are only present
in the very long wavelengths (Kaban, El Khrepy, et al., 2016), they do not no-
tably affect the results. After these preparations, the iterative process begins
with removing the afore calculated thermal variations from the residual mantle
gravity and residual topography. The remaining anomalies are assumed to be
mainly of compositional origin. Thus, a joint inversion enables determination
of necessary compositional variations. Since gravity and residual topography
react differently to mass changes (Kaban & Mooney, 2001), it is possible to at
least partly overcome the ambiguity of simple gravity inversion. For said inver-
sion, grids are transformed to spherical harmonics. Moreover, a seventh layer
centered at 15 km is included in the inversion to cover density variations not
included in the initial crustal model. Where mantle density variations proposed
by the joint inversion are negative, Mg# and thus composition are adapted to-
wards an end-member of strong iron depletion (Mg# 94), consisting of 69.5%
Olivine, 4% Clinopyroxene, 21% Orthopyroxene and 5.5% Garnet (McDonough
& Sun, 1995). The next iteration starts by adjusting the thermal model to the
changes in composition. Convergence is reached when the maximum difference
in Mg# of two subsequent compositional models is 0.1 at any given point. This
is usually achieved after four iterations. The final mantle model yields six grids
of 1° lateral resolution at depths of 50, 100, 150, 200, 250, and 300 km for each
of temperature, thermal and compositional density variation, and Mg#. Each
grid represents the center of a 50 km thick layer, except the topmost one, for
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which the upper boundary and thus thickness is defined by the depth to the
Moho. Resulting density variations for the additional layer centered at 15 km
can be used to improve the crustal density model. For a more detailed descrip-
tion of the method, the interested reader is referred to Kaban et al. (2014) and
Tesauro et al. (2014a). An assessment of the influence of damping is given in
the supplemental material of Kaban et al. (2015).

Figure 2: Sketch of the integrated iterative approach (modified from Haeger et
al., 2019). To enable the iterative process, S-wave velocities are converted into
a thermal model. In addition, calculation of depth to the Moho (Chapter 2.2)
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allows to determine crustal effects, and thus residual mantle gravity and resid-
ual topography. Convergence is reached when the inversion does not indicate
changes of Mg#>0.1.

1. Depth to the Moho

An accurate as possible estimate of depth to the Moho is critical in this iterative
approach that yields the best-fitting upper mantle model. Various Moho depth
models have been presented for Africa over the past decades, either in a regional
(e.g., Globig et al., 2016; Pasyanos & Nyblade, 2006; Tugume et al., 2013) or
global context (e.g., Laske et al., 2013; Pasyanos et al., 2014) and based on dif-
ferent data and modeling techniques. However, a purely seismic determination
is desired for the approach applied here, but previous seismic models show large
differences (van der Meijde et al., 2015). Therefore, we calculate a new model
of depth to the Moho via the method of Stolk et al. (2013). It is based on
the reasonable assumption that measurements of crustal thickness (including
topography) or depth to the Moho (at sea-level) reflect isostatic topographic
effects. Subtracting these from data reduces their variance and thus variance of
the subsequent interpolation. Afterwards, effects can be restored to the interpo-
lated field. This way, interpolated depth to the Moho follows main topographic
features in areas of sparse data. Seismic measurements (Globig et al., 2016;
Mooney, 2015 with updates up to 2019) are binned to 1°x1° cells to reduce the
effects of outliers. Then, determination of isostatic effects starts with calculat-
ing adjusted topography which would be the residing topography if sediments
and water were compacted to the density of the upper crust (2.67 g/cm³). Due
to a lack of relevant data, it was not possible to create a sediment density model
like for South America (Finger et al., 2020; Finger et al., 2021). Instead, data
for the sedimentary layers from Crust1.0 (Laske et al., 2013) are used. The
type of isostacy assumed is not relevant, since the effects will be restored to the
interpolated field (Kaban, Stolk, et al., 2016; Stolk et al., 2013), and local Airy
Isostasy is assumed. After correcting the binned data, outliers are removed by
hold-one-out cross-correlation. Depth to the Moho is interpolated by means of
ordinary kriging as implemented in PyKrige (Murphy et al., 2020), treating the
binned measurements as exact. Finally, the isostatic correction is restored to
the interpolated field. Later, interpolation results in areas of scarce or no data
can be assessed using the results of the iterative scheme (Kaban, El Khrepy, et
al., 2016). Since the iterative approach requires global fields, results for depth
to Moho were merged into a global map consisting of Crust1.0 with updates
from previous studies for most continents (Finger, Kaban, Tesauro, Haeger, et
al., 2021; Kaban, Stolk, et al., 2016; Tesauro et al., 2014b)

1. Correction for Crust and Deep Mantle Effects

After construction of the crustal model, we compute its effects and remove
these from the observed topography and gravity field. The free air gravity
disturbances, which are used as the initial field, are taken from EIGEN-6C4
(Förste et al., 2014). Although the model is based on a combination of satellite
and ground/airborne determinations, for the resolution of this study (1°x1°) it
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is determined only from satellite data. Using these data, the initial field has
sufficient resolution for the whole study area.

We compute the effect of density deviations from a 1D reference model (Table 1)
following the method used in previous studies (e.g., Finger et al., 2021; Kaban,
Stolk, et al., 2016; Mooney & Kaban, 2010). Although choice of such a model
only causes a constant shift of the computed fields, which is not considered here
(Mooney & Kaban, 2010), using the same reference model provides a useful
opportunity for comparison with results obtained in previous studies for different
continents. The initial density of topography is 2.67 g/cm³. Later on, effects
of low-density sediments have also been considered. The ocean water density is
1.03 g/cm³.

Upper crustal layer Lower crustal layer Subcrustal layer
Depth (km) 0–15 15–40 40–75
Density (g/cm3) 2.7 2.94 3.32

Table 1: 1D reference model of the crust and uppermost mantle.

The gravity effects of all crustal layers were estimated by a 3D approach on the
sphere as described in previous studies (Finger, Kaban, Tesauro, Haeger, et al.,
2021; Kaban et al., 2015; Kaban, Stolk, et al., 2016). Comparison with other in-
dependent methods has shown that its accuracy is within few mGal (Root et al.,
2016), which is sufficient for the present study. Even remote structures, espe-
cially at large depths, can produce a significant gravity effect in the study area.
Therefore, the calculations were made for a global model (e.g., Mooney & Ka-
ban, 2010). Outside the study area, we employed Crust1.0 (Laske et al., 2013),
which was improved by several continental models with higher resolution (e.g.,
Finger et al., 2021; Kaban, Stolk, et al., 2016; Mooney & Kaban, 2010). Since
far-field effects depend only on large-scale structures, possible uncertainties of
the global model don’t affect the obtained results remarkably.

In addition to the residual mantle gravity field, the residual topography has
been also estimated based on the same data on crustal structure. The residual
topography is the part of topography that is not fully compensated by the
crustal heterogeneity. For the crust, the residual topography has been computed
by assuming local isostatic conditions (Kaban, Stolk, et al., 2016). For the
mantle, the effect on topography has been computed in a dynamic environment
by considering mantle viscosity as described in Kaban et al. (2016). As was
mentioned above, the use of both fields principally improves vertical resolution
of the inversion (Kaban, El Khrepy, et al., 2016).

1. Results

(a) Depth to the Moho
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Depth to the Moho (Figure 3) varies across the African continent and its pat-
terns partially depend on the distribution of available seismic data. In southern
Africa and along the EARS, measurement and/or station density are high and
mostly result in depths to the Moho ranging from 35 to 42 km. For most of
the Saharan areas, data are very scarce and results are mostly between 28 and
35 km. Similar differences are also found across cratons. While values in the
southern West African craton are greater than 35 km, estimates in its northern
part, where no data are available, range from 28 to 32 km. Comparably, depth
to the Moho is estimated to lie between 26 and 33 km for the Uganda craton and
northeastern to central-western data devoid area of the Congo craton. Mean-
while, interpolation results are above 35 km for the northwestern and southern
Congo craton. The well-covered Tanzania, Zimbabwe, and Kaapvaal cratons
mostly yield results from 35 to 42 km. A small minimum of 34 km is located in
the southern Kaapvaal craton. Overall minimal values on the continent are <25
km in the northern EARS, supported by data, and towards the Horn of Africa,
with no data. The latter are most probably an artifact from interpolation be-
tween thin oceanic crust in the East and >35 km thick crust at the EARS to
the West.

As expected based on the high data density, interpolation uncertainties south
of the equator are rather small, mostly ranging from 2.8 to 3.6 km, except for
the central Congo craton. From here, a band of uncertainties from 4 to some 5
km stretches roughly east and north towards the Horn of Africa, containing the
mostly data devoid areas in central Africa. North of the equator, low uncertain-
ties <3 km are present in the well-covered northwestern Congo craton, central
Sahara and west of the West African craton. Uncertainties in the West African
craton itself are around 4 km, with maxima of more than 5 km in its South and
Northeast. Highest values are >6 km and located at the Horn of Africa and the
central part of the Mediterranean coast.
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Figure 3: a) Location of seismic measurements and interpolated depth to the
Moho. Southern West African craton, northern Congo craton and most of
central to southern Africa show depths to the Moho above 35 km. In opposite
to expectations, rather thin crust is indicated by depth to Moho around 30 km
in northern West African craton and central Congo craton. b) Interpolation
uncertainty of the continental area. As expected, highest values occur in areas
of scarce data, like northern West African craton or Horn of Africa, and in the
EARS region, where measurements are heterogeneous.

1. Mantle Residuals

Residual mantle gravity and residual topography (assuming a reference density
of 2.67 g/cm³), corrected for deep mantle variations, are shown in Figure 4. As
expected, the two fields appear anticorrelated. West African and Congo cratons
are dominated by negative gravity residuals partially <-100 mGal with some
positive values mostly less than 100 mGal in southern West African craton
and northern and eastern Congo craton. Residual topography is lower than
2 km in the central regions and mostly below 3 km towards the respective
eastern and western cratonic borders. The same range of values is observed
for the Uganda and Tanzania cratons. Meanwhile, southern Zimbabwe craton
to northern Kaapvaal craton show positive gravity residuals up to some 200
mGal in northwestern Kaapvaal craton. These are accompanied by residual
topography ranging from <2 km to even negative values where highest gravity
residuals are observed. In contrast, negative gravity residuals down to -150
mGal and residual topography up to some 3 km are found at southern Kaapvaal
craton, while values at northern Zimbabwe craton are in the same range as in
the other cratons. At the Horn of Africa, large negative gravity residuals as low
as -340 mGal and high residual topography exceeding 5 km confirm that the

11



interpolated values for depth to the Moho in this region are too low.

Figure 4: Residual mantle gravity (a) and residual topography (b). Extreme
values at the Horn of Afrika are the result of too thin interpolated depth to
Moho due to a lack of data in the region.

1. Mantle

Final results for temperature, thermal and compositional density variations as
well as Mg# are presented in Figure 5. Although the modeling approach yields
results from the Moho to a depth of 325 km, presentation is limited to the
three layers centered at 100, 150, and 200 km depth. Results at shallow depths
are strongly affected by possible uncertainties depth to Moho, while no signifi-
cant compositional variations are expected at larger depths (Begg et al., 2009;
Tesauro et al., 2014a). Thus, temperatures and density variations at 50, 250,
and 300 km are omitted here. Density variations at 50 km are assessed later for
possible adaptation of depth to the Moho. Results at great depths are included
in the published data (Finger, Kaban, Tesauro, Mooney, et al., 2021).

At 100 km depth in the area of interest, temperatures below 1000 °C are present
in most cratonic areas except Uganda craton and parts of Tanzania craton close
to the EARS. Lowest values are found in the West African (<600 °C) and
northern to central Congo cratons (<700 °C). Here, temperatures are less than
1100 °C to a depth of 200 km. In respect, strong thermal density variations
up to more than 0.05 g/cm³ occur in these areas. Low temperatures occur as
well at 100 km depth beneath the southern cratons with a minimum of about
800 °C in the Zimbabwe craton. They rise with increasing depth, yielding
a minimum of about 1100 °C at 200 km depth and beyond 1300 °C at the
southern Kaapvaal craton. Thus, existing positive thermal density variations

12



are less high (up to 0.04 g/cm³), and accompanied by some negative values in
the high temperature areas at 200 km depth. The Saharan area not included in
the West African craton, the EARS, southern Congo craton, and western coast
south of it are marked by high temperatures through depths, partially exceeding
1300 °C at 100 km. At 150 km and below, temperatures above 1300 °C of the
EARS extend under the Uganda and Tanzania cratons. In consequence, thermal
density variations are negative in most of those areas at depths below 150 km.

High positive thermal density variations from low temperatures are compen-
sated by negative compositional density variations and thus an increase in Mg#.
These patterns are predominant in the West African, central to northern Congo,
and Zimbabwe cratons at all depths. In the first, said pattern extends further
northeast than one would expect based on the surface geology. In contrast, the
eastern and southern Congo, Uganda, and Tanzania cratons are dominated by
positive compositional variations, and no increase in Mg#. At Kaapvaal craton,
negative compositional variations and increased Mg# exist at 100 km depth but
retreat at larger depths, being mostly absent at 200 km.

13



14



Figure 5: Final results from the iterative approach for temperature (a-c), ther-
mal (d-f) and compositional (g-i) density variations, and Mg# (k-m) at depths
of 100, 150, and 200 km (columns from left to right). Deep depleted roots
are found under the West African, northern and central eastern Congo, and
Zimbabwe cratons. They are absent or have been reworked at southern and
easternmost Congo, Kaapvaal, Tanzania, and Uganda cratons. There is no ev-
idence that the Bangweulu Block ever developed such a cratonic root. To ease
comparison, the same colorbars are used for figures 7 and 9.

1. Improvement of the Average Crustal Density

As mentioned above, the topmost layer of the joint inversion is centered at 15 km
depth and thus reveals density variations not included in the initially assumed
average density of the crystalline crust taken from LITHO1.0 (Pasyanos et al.,
2014). Therefore, their sum yields an improved average crustal density (Figure
6). The initial field (Figure 6a) is very heterogeneous with strong gradients,
e.g., between the Tanzania craton and Bangweulu block and at northwestern
Kaapvaal craton. Furthermore, several regions in the Saharan domain and the
two regions just mentioned exhibit unlikely low average crustal densities less
than 2.7 g/cm³. In contrast, initial average density of the crust in most cratonic
areas is around 2.9 g/cm³, reaching 2.97 g/cm³. Values less than 2.85 g/cm³ are
seldom observed. The inverted density variations (Figure 6b) suggest density
decreases up to 0.05 g/cm³ for most cratonic areas. Density increases are sug-
gested for cratonic areas with densities around or below 2.85 g/cm³ in the initial
model. The modeling results further indicate density increases for low density
parts of the Saharan domain and EARS, especially where initial densities are
notably low. Therefore, the improved density model (Figure 6c) is smoother.
The cratonic regions are now dominated by densities of 2.85 to 2.92 g/cm³, with
some local minima down to 2.83 g/cm³. Anomalously low crustal densities in
other areas of the initial model were increased to densities at least >2.75 g/cm³.
Some high densities >2.9 g/cm³ of the initial model are confirmed for the cen-
tral and northern Sahara, north of the Bomu-Kibali shield, Madagascar, and
the eastern coast of Africa.
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Figure 6: Improvement of average crustal density. a) Initial average crustal
density from LITHO1.0 (Pasyanos et al., 2014). b) Density variations for the
crust from the joint inversion. c) Sum of a) and b), giving an improved average
crustal density. a) and c) use the same color scale. In general, adding the den-
sity variations leads to a smoother, less heterogeneous crystalline crust density
model.

1. Main sources of Uncertainties and their Effects on Modeling Results

As mentioned in the previous chapters, the modeling approach requires certain
assumptions that have some uncertainties. In the following, some main sources
of such uncertainties and their effects on modeling results are discussed.

1. Depth to the Moho

The uncertainty of depth to the Moho can have a significant effect on the in-
version results. For example, adding the uncertainty to the interpolated Moho
depth results in thicker crust which corresponds to less total mass than in the
reference model. This causes a smaller crustal gravity correction and higher
mantle residuals, respectively. Also, residual topography decreases. At the
same time, changing the Moho depth only has a minor effect on the thermal
model, since temperatures only change if the assumed composition is changed
during iterations. As a reference, Finger et al. (2021) only observed differences
up to 60 K between their initial and final models. Therefore, an increase in
depth to the Moho almost directly translates into higher compositional density
variations and lower Mg# in the uppermost mantle, usually balanced by the
opposite at greater depths. The described effects are reversed if the crust is
thinned, i.e., lower compositional variations and thus higher Mg# are expected
in the uppermost mantle.

Unfortunately, uncertainties of depth to Moho determinations are not always
available. Comparisons in previous works (e.g., Globig et al., 2016; Jessell et
al., 2016) show that most Moho depth models differ by less than 10% in areas
well-covered by seismic measurements, but differences as high as 25% can occur
in data devoid areas. It has to be considered that these are maximum differ-
ences between models which stem from the use of different methods and data.
Thus, possible uncertainties of the depth to Moho model presented here should
be considerably smaller. We use the interpolation uncertainty (Figure 3b) as a
basis to assess the effects of depth to Moho uncertainties on the mantle model.
In two test cases, the interpolation uncertainty is added to (M down, right column
in Figure 7) and subtracted from (M up, left column in Figure 7) interpolated
depth to the Moho (Mbase). Residual topography and residual mantle gravity
are corrected accordingly before the iterative scheme is applied. As expected,
the resulting temperature fields at 100 km depth are almost indistinguishable
(Figure 7a-c). Minor differences can be spotted in the southern West African
and northern Congo cratons by slight changes in the shape of the 700 °C iso-
line. The subtle changes to the mantle model by shifting the Moho are better
visible in the compositional density variations (Figure 7d-f), for example by a
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larger extent of negative values (blue colors) with thinner crust. Yet, absolute
differences to the final model are less than 0.01 g/cm³ for both test cases, re-
spectively. Thus, none of the model’s results are contradicted, rather confirmed.
The extent of depletion with Mg# > 89.5 in the West African craton is larger
than proposed based on surface geology, especially in its Northeast. Moreover,
the two separate areas with Mg# > 90.5 are present in its North and South in
both cases. Likewise, the Congo craton shows two areas of Mg# > 90 in the
Northwest and Northeast, which appear to be not connected by Mg# > 89.5
for Mdown. All other occurrences of increased Mg# are confirmed with slightly
larger extents and values for Mup and respectively smaller extents and values
for Mdown.
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Figure 7: Temperatures (a-c), compositional variations (d-f) and Mg# (g-i) at
100 km depth for three scenarios of depth to Moho. Left and right column
show results for depth to Moho shifted upwards (Mup) and downwards (Mdown),
respectively, by subtraction/addition of interpolation uncertainties (Figure 3b).
Model results from Figure 5 (left column) are given in the middle column for
comparison. Note increased extent and amplitude of negative compositional
variations and Mg# for Mup, and a corresponding decrease for Mdown. Colorbars
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are the same as in figures 5 and 9.

Due to the absence of Moho determinations in wide parts of West African and
Congo cratons, it can be assumed that a significant portion of the uppermost
mantle density variations (the layer centered at 50 km) is actually caused by
unmapped undulations of the Moho discontinuity. Thus, simply multiplying
the compositional density variations with the quotient of layer thickness (50
km) and difference of average crustal and subcrustal densities (i.e., -0.47 g/cm³)
gives an estimate how the Moho depth would need to be modified to accommo-
date those density variations (Figure 8). It has to be noted, however, that this
assumption is only valid in areas not sufficiently covered by seismic measure-
ments. Otherwise, effects of Moho undulations should be minor compared to
actual density variations. Therefore, points with less than two measurements
within a radius of two degrees are blanked. For wide parts of West African
and Congo cratons, increases (red colors) of depth to the Moho up to some
3.5 km are indicated. Values vary between -1 and 1 km in the southern West
African craton. Some negative values also occur at the southwestern and east-
ern rims of Congo craton. This strongly indicates that interpolated depth to
the Moho is too shallow for most of the two cratons. It has to be considered
that proposed increments of depth to the Moho are related to negative density
variations, which are generally expected in cratonic areas. Thus, the proposed
increments of up to 3.5 km may provide an overestimate. Since they are mostly
smaller than the interpolation uncertainty (Figure 3b), the scenarios Mdown and
Mup give a realistic range of possible uncertainties related to the Moho depth
interpolation. Due to the increase of depth to the Moho in most of the West
African and Congo cratons, Mdown constitutes a more likely scenario than Mup
for these cratons.
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Figure 8: Indicated change of depth to the Moho, if all non-thermal density
variations in the uppermost mantle were attributed to incorrect placement of
the Moho discontinuity. Areas outside continental Africa and in vicinity of
sufficient amount of stations (see text) are blanked. As indicated by the red
colors, interpolated depth to the Moho is probably too low in wide parts of the
Congo and West African cratons. High values at the Horn of Africa confirm
that interpolated depth to Moho is too shallow in the area.

1. Tomography and its Conversion to Temperature

The mineral physics approach used for conversion of S-wave velocities to temper-
atures are influenced by various uncertainties, as described in previous studies
(Finger, Kaban, Tesauro, Haeger, et al., 2021; Haeger et al., 2019; Tesauro et
al., 2014a). First, the exact mantle composition is unknown since in-situ mea-
surements are impossible. The use of an incorrect composition can induce errors
up to 200 °C in highly depleted cratonic areas (Lee, 2003). In this study, un-
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certainties should be around 100 °C, since only medium depletion is observed.
Furthermore, the iteratively adjusted compositional model allows to mitigate
this effect. In regions of temperatures above 900 °C, attenuation can cause er-
rors around 100 °C (Jackson et al., 2002). Therefore, the attenuation models
Q3 and Q4 from Cammarano et al. (2003) are applied to the “dry” cratonic
(white polygon in Figure 1) and “wet”, rather hot and juvenile (northern Africa
except West African craton, and EARS) parts of Africa, respectively. In addi-
tion, uncertainties of about 70 °C are related to the elastic parameters and their
temperature derivatives (Tesauro et al., 2014a). Finally, the underlying S-wave
tomography bears its own uncertainties that could cause substantial changes to
the resulting temperature model. For example, 50 m/s velocity change, which
is, depending on depth, about 1.1 % of the reference S-wave velocity, can cause
temperature changes of about 100 °C (Finger, Kaban, Tesauro, Haeger, et al.,
2021). Unfortunately, most tomographic studies do not provide uncertainties
for their results. Instead, authors commonly use spike-tests, checkerboard-tests,
or synthetic models to test the resolution capacities of their models. Deviation
from reference Vs seldomly exceeds -8 to +8 % in the tomography used here
(Celli et al., 2020). Thus, a variation of 50 m/s already constitutes close to 7
% of the observed velocity range. Consequently, uncertainties induced by the
tomographic model should be smaller than 200 °C as long as its own uncer-
tainty remains below 14 % of the observed Vs range. In summary, assuming
that some of the named error sources are mitigated by the model parametriza-
tion as described above, or may counteract each other, resulting temperature
uncertainties should generally be less than 200 °C.

1. Discussion

The models presented here only reflect the current state of the mantle litho-
sphere. They do not allow to directly determine how or when cratonic roots
have been modified, refertilized, destroyed, or if thick lithosphere previously ex-
isted. Luckily, diamondiferous kimberlites can work as proxies for the state of
the lithosphere at specific times. Conveniently, sub-cratonic mantle provides
the necessary temperature and pressure conditions as well as sufficiently thick
lithosphere for the formation of diamondiferous kimbertites. Such kimberlites
are discovered and have been analyzed on most African cratons (Begg et al.,
2009; Tappe et al., 2018; De Wit et al., 2016).

1. West African Craton

Our model indicates temperatures below 1300 °C to a depth of 200 km beneath
the geologically-defined West African craton. Moreover, results showing con-
siderable depletion and temperatures less than 1100 °C indicate a larger and
different subsurface extent of the West African craton than predicted based
on surface geology (Figure 9 AA’ and BB’; Begg et al., 2009; Ennih & Lié-
geois, 2008). They also confirm hypothesized lithospheric thickness considerably
higher than 200 km (Steinberger & Becker, 2018). The inference of a larger ex-
tent is further confirmed by the wide area of negative compositional density
variations and respectively increased Mg#. These values indicate that depleted
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cratonic lithosphere is present north of the Reguibat shield (Begg et al., 2009),
but does not reach the Anti Atlas, the northern limit of the West African craton
proposed by Ennih & Liégeois (2008). To the Northeast, results confirm that
depleted cratonic lithosphere extends up to the Mediterranean Sea (Figure 9
BB’; Celli et al., 2020). Thus, the northern limit of cratonic lithosphere par-
allels the Atlas Mountains, significantly exceeding the areal extent previously
proposed from surface observations (Begg et al., 2009; Ennih & Liégeois, 2008).
Despite temperatures still below 1300 °C at a depth of 200 km, depletion is
negligible below 100 km depth in the most northeastern part. Thus, this part
of the cratonic root was widely metasomatized. At its eastern boundary, nega-
tive compositional anomalies and increased Mg# terminate against the Tuareg
and Nigeria Blocks, in agreement with the results of Jessell et al. (2016). In
the West and South, low temperatures, negative compositional anomalies and
increased Mg# are observed up to the Atlantic coast, supporting the hypothesis
of a previously larger extent of the West African craton in these directions than
at present (Jessell et al., 2016).

At the westernmost parts of the shields, our results differ from those of Celli et
al. (2020), who argue for an absence of cratonic roots. Yet, this is no direct
contradiction since their assessment is solely based on seismic velocities, whose
variations are mostly caused by temperatures and the presence of melts or fluids
(Goes et al., 2000). In fact, the amplitude of observed values, especially compo-
sitional variations and Mg#, decreases towards the coast. Thus, we argue that
the cratonic lithosphere was in parts reworked, metasomatized and probably
thinned, but is still about 200 km thick and depleted.

Finally, previous work did not find evidence for a connection of the northern
Reguibat and southern Man-Leo shields at depth (Celli et al., 2020; Jessell et al.,
2016). Two distinct local temperature minima under them with slightly higher
temperatures in between indicate two separate roots for the West African craton
(Figure 9 AA’). This pattern occurs as well in the density variations (thermal
and compositional) and Mg# down to 150 km depth. At 200 km, a distinction
of two bodies may only be made by means of Mg#. Thus, we conclude that
the present-day West African craton originates from the amalgamation of two
cratonic bodies, whose separate root structures are preserved.
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Figure 9: 2D profiles through the final mantle models of temperature, thermal
density variations, compositional density variations, and Mg# (top to bottom,
respectively). For location see inset topography map. Along the horizontal axis,
profile km 0 marks point of orthogonal intersection of profiles AA’ and BB’, CC’
and DD’, as well as EE’ and FF’. Colorbars are the same as in figures 5 and 7.

1. Congo Craton
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Temperatures less than 1300 °C down to 200 km in the North and towards the
central East of the Congo craton confirm the presence of thick lithosphere (Celli
et al., 2020). In the East, towards the Tanzania craton, temperatures are up
to 400 °C higher than at or close to the northwestern Gabon-Cameroon, north-
eastern Bomu-Kibali and central eastern Kasai shields and exceed 1300 °C at
200 km depth. This indicates heating from the East, probably related to the
southern end of the EARS. Four local minima of compositional variations and
increased Mg# of which those under or at the Gabon-Cameroon, Bomu-Kibali,
and Kasai shields persist through depths, confirm the origin of the Congo craton
by the amalgamation of separate cratonic terranes (Begg et al., 2009 and ref-
erences therein). Further, compositional variations and Mg# indicate that the
lithosphere of the Gabon-Cameroon and Bomu-Kibali shields was merged into
a single block of cold lithosphere during Congo craton formation, but previous
root structures were preserved, comparable to the West African craton (Figure
9 AA’ and DD’). Modest negative compositional variations also lead to slightly
increased Mg# between the Gabon-Cameroon and Kasai shields (Figure 9 CC’),
but are absent between the latter and the Bomu-Kibali shield. Thus, we argue
that during formation of the Congo craton both the Kasai and Bomu-Kibali
shields and their roots accreated to the northwestern Gabon-Cameroon shield
followed by cooling and thickening of the lithosphere between them. Later, rift-
ing between the Bomu-Kibali and Kasai shields caused the formation of the
Congo basin (Delvaux et al., 2021). Subsequent asthenospheric upwelling could
have contributed to metasomatization of their lithospheric roots (Maddaloni et
al., 2021) and thus extended the area between them where depletion is absent.
However, depletion of the roots of the Congo craton shields must have taken
place before craton formation. The obtained results also indicate different ex-
tents and evolution of the cratonic lithosphere of the Archean shields of the
Congo Craton. For the Gabon-Cameroon shield, minimal temperatures are lo-
cated at its southeastern end, strongly increasing to the Northwest, where they
reach up to 1300 °C at all depths. In addition, depletion is absent in its north-
western half, although previous presence of thick cratonic lithosphere can be
inferred from 2.8 Ga old kimberlites (Tappe et al., 2018). Since its formation,
the northern part of the Gabon-Cameroon shield has been subjected to several
tectonic processes, possibly including subduction of its northernmost part and
subsequent slab detachment (Goussi Ngalamo et al., 2017) that could explain
the absence of depletion. Areas of depletion and negative compositional den-
sity variations denote a large ovoid NNW-SSE cratonic root under the Gabon-
Cameroon shield, stretching along the northern Angola shield, encompassing
only its northern tip. Thus, it appears that a depleted cratonic root was already
absent under the northern Angola shield at Congo craton formation. Further-
more, the part of the Congo craton related to the Gabun-Cameroon shield is
significantly larger than one would expect from its exposed surface. Variations
related to the Bomu-Kibali shield also imply an ovoid depleted root, stretching
from beyond its northeastern boundary to the central northern Congo craton.
Interestingly, the temperature minimum located closest to the area of strongest
depletion of the root is found several hundred km to the West. Minor negative
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compositional density variations in the East and the abovementioned heating
from the EARS indicate reworking of the easternmost Bomu-Kibali lithosphere.
To the South, mantle under the Kasai shield appears to be mostly reworked
based on up to 200° higher temperatures, along with less negative composi-
tional density variations and thus lower Mg# that are mostly confined to the
shield’s surface extent. Below the central Angolan shield, temperatures above
1300 °C are found at 100 km depth and dominate the southern Congo craton
at a depth of 200 km from the Kasai shield to the Atlantic. Here, depletion is
limited to a small area at 100 km depth of southernmost Congo craton (Figure 9
FF’). This is probably a remnant of a depleted cratonic root that was completely
removed by the Tristan da Cunha plume (Celli et al., 2020), which is the likely
cause of the 135 Ma Paranà-Etendeka flood basalts (Morgan, 1983). Removal
of the cratonic root at an earlier time is unlikely, since thick lithosphere was
required up to this time based on kimberlite ages of 124 to 135 Ma (Celli et
al., 2020; Tappe et al., 2018). The Etendeka flood basalts located in this area
are the counterpart to the South American Parana flood basalts. Thick and
depleted lithosphere was found at the Paranapanema craton (Finger, Kaban,
Tesauro, Haeger, et al., 2021), where abundant basalts have been erupted. This
demonstrates that the eruption and emplacement of large quantities of basaltic
magma are not sufficient per se to fully remove a cratonic root. Yet, a strong
and long-lasting heat source is able to partially melt such a cratonic root and
recycle it into the convecting mantle.

1. Kaapvaal and Zimbabwe cratons

Although the isopycnic hypothesis might not be valid for the Kaapvaal craton
(Schutt & Lesher, 2010), our obtained results fit well to previous findings. It
is evident from several studies (e.g., Brey & Shu, 2018; Griffin, O’Reilly, Nat-
apov, et al., 2003; Lazarov et al., 2009; Weiss et al., 2021) that the present-day
Kaapvaal craton is the result of several depletion episodes followed by a range of
metasomatic refertilizations. Thus, values of Mg# up to 90.5 at 100 km depth
probably mark remnants of the depleted cratonic root (Figure 9 EE’). Since
kimberlite compositions confirm the presence of a thick depleted lithosphere
up to about 80 Ma (Griffin, O’Reilly, Natapov, et al., 2003), its widespread
refertilization must have occurred afterwards (Celli et al., 2020). Lithospheric
thickness is still debated (e.g., Sodoudi et al., 2013; White-Gaynor et al., 2021),
with estimates ranging from up to 300 km (James et al., 2001) to 170 km (Priest-
ley et al., 2008). Concordant with the latter estimate, temperatures close to or
above 1300 °C deeper than 150 km beneath most parts of the Kaapvaal craton
indicate lithosphere thicknesses between 150 and 200 km. At the Zimbabwe
craton, depleted cratonic lithosphere appears thick and intact, with tempera-
tures less than 1300 °C down to 200 km of depth and Mg# up to 90. However,
the imaged area of depletion appears smaller than the cratons surface extent,
indicating that the Zimbabwe craton also underwent reworking.

1. Uganda and Tanzania craton

Temperatures exceed 1300 °C at a depth of 150 km beneath the Uganda and
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Tanzania cratons. Along with an absence of depletion at all depths this points to
complete loss of any previously existing root and a thinned lithosphere (Figure
9 EE’). Yet, temperatures below 1000 °C at 100 km depth imply that at least
the Tanzania craton was underlain by thick depleted lithosphere until about
30 Ma, close to the time of plume impingement (Rooney, 2017), as confirmed
by the age and composition of kimberlites (Gibson et al., 2013; Tappe et al.,
2018). The existence of strong cratonic lithosphere at this time would also pro-
vide an explanation for the new plate boundary running between the Congo and
Tanzania cratons instead of breaking apart the cratonic root of the Tanzania
craton. Ongoing lithosphere erosion may be present due to the nearby mantle
plume that is responsible for the existence of the EARS. This isindicated by
the west-east increasing gradients of temperature and lithospheric thickness es-
timated in other studies (Boyce et al., 2021; Celli et al., 2020). The Archean
Bangweulu microcontinent located southwest of the Tanzania craton appears
to exhibit somewhat thicker lithosphere than Uganda and Tanzania cratons as
evidenced by temperatures less than 1300 °C to a depth of 150 km. Yet, nei-
ther estimates of lithospheric depletion nor kimberlites provide evidence that a
cratonic root ever existed. If it did, it was eroded completely without presently
detectable remnants. Such erosion appears possible in view of the fact that
the microcontinent was heavily deformed by the surrounding Proterozoic belts
(Begg et al., 2009).

1. Conclusions

In this work, recent S-wave tomography was combined with satellite gravity
and crustal data to obtain self-consistent models of temperatures, thermal and
compositional density variations, and Mg# for the African upper mantle down
to 325 km, focusing on its cratonic parts. In addition, a new, purely seismic
model of depth to the Moho was calculated and an improved model of average
crustal densities obtained. Depth to the Moho is in the range of 35-42 km in
most cratonic regions, except the central to northeastern Congo and northern
West African cratons. For these regions, mantle modeling results indicated that
depths to the Moho, in parts as low as 28 km, are underestimated due to a
lack of sufficient seismic measurements. Average crystalline crust densities of
the cratonic areas are 2.85 to 2.92 g/cm³ in most cratonic areas. Lower values
(around 2.83 g/cm³) occur at the Reguibat (northern West African craton) and
Kasai (eastern Congo craton) shields as well as western Kaapvaal craton. An
assessment of the effects of uncertainties in the depth to Moho and the velocity-
temperature conversion showed that they do not qualitatively affect the primary
results presented here concerning the physical state of the African cratonic roots.

Deep depleted lithospheric roots were found under the Reguibat and Man-Leo
shields of the West African craton, the Gabon-Cameroon, Bomu-Kibali, and
Kasai shields of the Congo craton, and Zimbabwe craton. In these regions,
temperatures range from less than 700 °C at 100 km depth to less than 1200
°C at 200 km depth, accompanied by compositional variations between -0.01
and -0.035 g/cm³, which indicate values of Mg# from 89.5 to 91.4, respectively.
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The identification of separate cratonic roots under the Archean shields of the
Congo and West African cratons provides strong evidence that depletion of these
roots occurred before they were amalgamated into the larger cratons. Some
depletion was imaged at the southernmost Angolan shield of the Congo craton
and at Kaapvaal craton, but vanishes with temperatures exceeding 1300 °C at
or below 150 km of depth, and is absent beneath the Uganda and Tanzania
cratons. Previously existing cratonic roots in these areas were largely reworked
or completely removed, the most likely cause being mantle plumes, as evidenced
by active volcanism or flood basalts.
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