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SUMMARY

We present a joint analysis of newly acquired gravity and teleseismic data in the North
Tanzanian Divergence, where the lithospheric break-up is at its earliest stage. The impact of a
mantle upwelling in more mature branches of the East African Rift has been extensively studied
at a lithospheric scale. However, few studies have been completed that relate the deep-seated
mantle anomaly detected in broad regional seismic tomography with the surface deformation
observed in the thick Archaean Pan-African suture zone located in North Tanzania. Our joint
inversion closes the gap between local and regional geophysical studies, providing velocity
and density structures from the surface down to ca. 250 km depth with new details. Our results
support the idea of a broad mantle upwelling rising up to the lithosphere and creating a thermal
modification along its path. However, our study clearly presents an increasing amplitude of
the associated anomaly both in velocity and density above 200 km depth, which cannot be
solely explained by a temperature rise. We infer from our images the combined impact of
melt (2-3 per cent), composition and hydration that accompany the modification of a thick
heterogenous cratonic lithosphere are a response to the hot mantle rising. The detailed images
we obtained in density and velocity assert that Archaean and Proterozoic units interact with the
mantle upwelling to restrict the lithosphere modifications within the Magadi—Natron—Manyara
rift arm. The composition and hydration variations associated with those units equilibrate the
thermal erosion of the craton root and allow for its stability between 100 and 200 km depth.
Above 80km depth, the crustal part is strongly affected by intruding bodies (melt and gas)
which produces large negative anomalies in both velocity and density beneath the main
magmatic centres. In addition to the global impact of a superplume, the velocity and density
anomaly pattern suggests a 3-D distribution of the crust and mantle lithospheric stretching,
which is likely to be controlled by inherited fabrics and enhanced by lateral compositional and
hydration variations at the Tanzanian craton-orogenic belt boundary.

Key words: Gravity anomalies and Earth structure; Africa; Joint inversion; Seismic tomog-
raphy; Intra-plate processes.

rifting zones, volcanic and non-volcanic areas (e.g. Pik et al. 2006;
Fishwick & Bastow 2011). Geophysical data provides compelling
Over its 3000 km of faulted, extended and intruded lithosphere, the evidence for a single thermal anomaly rising from the core—mantle
East African Rift (EAR) alternates between mature and immature boundary beneath southern Africa, but data gaps and variations

1 INTRODUCTION

© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1693
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in lithospheric structure complicate interpretations of the African
Superplume through the transition zone (e.g. Hansen et al. 2012;
Mulibo & Nyblade 2013; Thompson et al. 2015; Sun et al. 2017).
The interaction between plume processes and the base of the het-
erogeneous continental lithosphere, and the importance of magma-
enhanced rifting, therefore, remains debated. Magmatic modifica-
tion of both crust and mantle lithosphere is well documented in the
15-20-Myr-old Main Ethiopian, Albertine and Kenya rift sectors
(e.g. Bastow & Keir 2011; Lindenfeld & Riimpker 2011; Muirhead
et al. 2015). Concerning the largely unstretched lithosphere at the
edge of thick Archaean Tanzanian Craton, where extension started
7 Ma, the magma source zones and pathways to the crust was only
weakly constrained by regional studies (e.g. Ritsema et al. 1998;
Weeraratne et al. 2003).

The 2013-2015 CRAFTI and CoLiBrEA experiment (https:
//doi.org/10.7914/SN/XJ_2013) brings new insight to the questions
of magmatic modification of the lithosphere during the initial stages
of rifting, and the impact of lithospheric heterogeneities with de-
tailed images of the North Tanzania Divergence (NTD). The NTD
encompasses 0—6 Ma volcanoes, including the active carbonatitic
Oldoinyo Lengai volcano, and many large offset border fault sys-
tems that formed in the past 3 Ma (e.g. Foster et al. 1997; Nonnotte
etal. 2008; Mana et al. 2015). In this part of the rift, active faults and
eruptive centres span the Archaean—Pan African suture and enable
us to evaluate the role of pre-existing heterogeneities in mantle litho-
spheric thickness and composition based on Palaeozoic to present
analyses of mantle xenoliths at the eruptive centres (e.g. Aulbach
et al. 2008; Baptiste et al. 2015).

In this study, we combine gravity data measurements with tele-
seismic P-wave first arrival times in a joint inversion scheme to
image the crustal and lithospheric structures in terms of coupled
density and velocity structures. The combination of those two com-
plementary data set will help to understand how inherited structures
and Miocene—present magmatism interact in this complex active
zone. Our results are interpreted in light of complementary crustal
imaging studies of Roecker et al. (2017) and Plasman et al. (2017).
Jointly inverting for density and seismic velocity brings new in-
sights into rift evolution at the edge of a deeply rooted craton. We
find evidence that the crust is extensively modified by magmatic
intrusion in the northern part, while the southern part (Manyara)
exhibits a contrasted high velocity but low density pattern which
could act as a barrier for the rift propagation. Our results provide
the appropriate scale to study how a deep seated mantle upwelling
modifies a thick cratonic lithosphere, while bringing compelling
evidence of lithospheric thinning, composition, hydration and tem-
perature modification.

2 BACKGROUND

2.1 Tectonic and geodynamic

The NTD is part of the Eastern rift, one arm of the >3000-km-
long East African rift system. Although no direct estimate of plate
velocities is yet available, models of geodetic data indicate approx-
imately E-W opening at rates less than 5 mm yr~! (e.g. Saria et al.
2013; Stamps et al. 2018). Rifting initiated in Pan-African (late
Proterozoic) and Archaean lithosphere, but the timing of the rift
initiation varies significantly along the rift. In the northern part of
the Eastern rift, magmatism and faulting initiated at ~30 and ~25
Ma, respectively, while magmatism in the NTD initiated at ~6 Ma

and faulting between ~4 and 2 Ma (Le Gall ez al. 2008; Mana et al.
2015; Baudouin et al. 2016).

The Eastern rift (or Kenya rift) is 50-80 km wide, but widens in
northeastern Tanzania where faulting and magmatism occur across
a 300-km-wide zone (fig. 1; Dawson 1992; Ebinger et al. 1997;
Le Gall et al. 2008). Manyara—Natron—-Magadi (MNM) rift zone
lies between the Eyasi rift in Archaean craton to the west and the
Pangani rift in Mozambique-belt lithosphere to the east (Fig. 1).
The Masai block is a distinct crustal domain east of the Manyara
rift, and its northern border roughly coincides with the sub-E-W
Ngorongoro to Kilimanjaro volcanic chain. In this zone, volcanism
started around 6 Ma (Dawson 1992; Mana ef al. 2015), and shows a
crude eastward younging pattern along the transverse volcanic belt
between Ngorongoro and Kilimanjaro (Mana et al. 2015), which
also includes Monduli, Meru volcanoes and the still active Oldoynio
Lengai (Fig. 1). Basin subsidence and rift flank uplift had initiated
by 3 Ma in the Natron—Magadi area, but much of the present basin
structure was formed over the past 1 Ma (Foster et al. 1997; Le Gall
et al. 2008; McHenry et al. 2011). Two isolated edifices (Kwahara
and Hanang) can be found further south and southwest of Lake
Manyara, near the craton suture (Fig. 1).

Crust and mantle xenolith data indicate that Archaean mantle
lithosphere underlies thin-skinned thrusts of the Pan-African oro-
gen and that much of the Natron—Manyara rift zone formed above
Archaean mantle lithosphere (Vauchez et al. 2005; Aulbach et al.
2008; Baptiste ef al. 2015). Active deformation and volcanic erup-
tions in 2007-2008 provide compelling evidence for the participa-
tion of magma intrusion in strain accommodation, in addition to
slip on large offset faults in the early stage of rifting (Baer et al.
2008; Calais et al. 2008; Biggs et al. 2009; Albaric et al. 2010).
The Manyara rift segment, which lacks Holocene eruptive centres
in its central part, is the location of deep (>20km) and persistent
seismicity (Nyblade et al. 1996; Albaric ef al. 2010; Yang & Chen
2010). Deep seismicity also occurs in the central Natron and Magadi
basin segments, which are the sites of ongoing magmatic underplat-
ing and intrusion as indicated by crustal imaging and active CO,
degassing along major faults (Seht ef al. 2001; Lee et al. 2016;
Plasman et al. 2017; Roecker et al. 2017; Weinstein et al. 2017).

2.2 Previous geophysical work

Previous geophysical studies in Kenya and Tanzania have demon-
strated the presence of a low seismic velocity upper mantle beneath
the eastern branch extending to depths of at least 400—500 km
(Ritsema et al. 1998; Mulibo & Nyblade 2013). This low veloc-
ity pattern is consistent with a ca. 300 K thermal or composition
perturbation and is often associated with the African superplume in-
fluence. The broad uplift and corresponding negative free air gravity
anomaly, and the deep low-velocity zone are attributed to a deeply
sourced mantle plume (e.g. Ebinger & Sleep 1998; Huerta et al.
2009; Adams et al. 2012; Mulibo & Nyblade 2013). Large scale
gravity and seismic studies indicate that the cratonic lithosphere is
much stronger and thicker than the Pan-African lithosphere (e.g.
Petit & Ebinger 2000; Pérez-Gussinyé et al. 2009), and that the
entire region is underlain by a low velocity, low density mantle (e.g.
Weeraratne et al. 2003; Fishwick & Bastow 2011; O’Donnell et al.
2013). The coarse scale of those regional studies prevents the de-
termination of the shape of the craton/hot mantle boundary, even
if mantle tomographic images show a generally west dipping low
velocity body under the Tanzanian Craton (Ritsema et al. 1998;
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Figure 1. Location of the seismic network (2013-2015, white triangles) on the topographic (SRTM3) map of the study area. Main geological and volcanic
features are indicated and taken from Albaric et al. (2014). Presumed Tanzanian Craton and Masai block limits are outlined by dashed white line. Volcanic

edifices names are noted in bold, and main volcanic axes are surrounded by

Achauer & Masson 2002). The contrast between cratonic and mo-
bile belt lithosphere is also imaged in magnetotellutic studies, where
the electrical conductivity is used as a proxy for hydrogen content
(Selway et al. 2014; Selway 2015). From xenolith analyses, the Tan-
zanian Craton is one of the driest craton (Hui et al. 2015) but seems
to be H-richer (hence more resistive) compared to the mobile belt
at 100-160 km depth.

The resistive structure of the Kenya Rift appears to be highly
heterogeneous with a strong 3-D pattern linked to the interaction
between pre-existing lithospheric thickness and rheology variations
between the Archaean craton and thinner Mozambiquan orogenic
belt (Simpson 2000). Low resistant zones has been pointed out be-
neath the Chyulu Hills in the upper (<8 km) and middle (8-18
km) crust (fig. 1, Sakkas et al. 2002). They have been interpreted
as melt pockets derived from the main Kenya Rift valley, and pro-
mote potential lateral extension of a broader mantle upwelling.
Passive and active crustal imaging of the Natron—Manyara region
indicates a heterogeneous crust, with highly variable lower crustal
velocity and Vp/Vs ratio (Birt et al. 1997; Albaric et al. 2014;
Roecker et al. 2017). The Moho depth variation ranges from 27
to 40 km, and lower crust and upper mantle low velocity inter-
faces are interpreted to be the focus of either melt or localized
deformation zones (Birt et al. 1997; Plasman et al. 2017). Heat
flow is high but spatially variable within the Magadi Basin, sug-
gesting advective transfer by magmatism and hydrothermal fluids
(Nyblade et al. 1990; Wheildon et al. 1994). Active volatile de-
gassing along border faults which lower crustal projections are as-
sociated with deep earthquakes are consistent with active magma
intrusion into the lower crust (Lee et al. 2016; Weinstein et al.
2017).

black dashed lines. Ticked black lines indicate major faults.

Investigating the intermediate scale between local and regional
previous analyses in this magmatic segment of the EAR is a unique
opportunity to shade light on the processes involved into the defor-
mation in the early stage of continental rifting, and to explore the
link between mantle and crustal interactions.

3 DATA AND METHODS

3.1 Gravity and seismic data sets

We gather gravity data from the Bureau Gravimetrique Interna-
tional (BGI) and 178 new data collected between 2013 and 2015 in
Natron—Manyara region in the framework of the CoLiBrEA project
(Fig. 2). The global data set, inverted for gravimetry, is composed of
14 745 points of Bouguer anomaly, calculated relative to the Inter-
national Association of Geodesy 1967 formula. The average den-
sity of 2.67 g cm ™3 is used to correct for topography. The complete
Bouguer correction was performed by applying a ground correction
derived from a 90 m resolution digital elevation model (SRTM90).
We apply a 5 km upward continuation to filter out the shortest
wavelengths related to crustal smallest anomalies. This increases
the coherency between gravity and seismic data sets (Fig. 2b). The
distribution of gravity data in the study area is strongly irregular due
to the lack of passable roads. The large width of uncovered zones
does not allow us to grid the Bouguer anomaly without including
artificial signal. We then invert the data at their real location to
preserve spatial information and data coverage.

For seismic data, we use traveltimes from teleseismic events
recorded by 45 temporary broad-band stations of CRAFTI-
CoLiBrEA networks deployed between January 2013 and May 2015
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Figure 2. (a) Complete measured Bouguer anomaly in the study area from BGI and from this study (black circled points). (b) Upward continuation of (a) by
5km in order to reduce the shortest wavelengths in the signal. The seismic stations are indicated by white triangles.

Figure 3. Azimuthal distribution of the 160 events used for the travel time
inversion. The red circles are epicentres for first P-wave arrival events and
the blue ones refer to the PP first arrival events. The projection is centred on
the network.

in the Magadi, Natron and Manyara rift segments (Figs 1 and 3).
The network was composed of Reftek recorders coupled with STS2,
CMG40 or Trillium sensors (Roecker et al. 2017). The ten stations
in the central and southern Manyara basin, which recorded for only 9
months, were composed of Osiris datalogger connected to short pe-
riod Neomax sensors. All stations were powered by batteries charged
with solar panels and the time was provided by GPS. We selected
160 earthquakes of M, > 6.0 with epicentral distances ranging [25—
90°] for P waves and [90—180°] for PP waves (Fig. 3) for the period

2014-2015. Events from 2013 were not used because of nearly
network-wide GPS clock failures between January and December,
2013, and the complexity of timing corrections (Roecker et al.
2017). We filtered waveforms with a two-pass Butterworth filter
with corner frequencies of 0.08 and 0.8 Hz and picked the P waves
on the vertical component seismograms. We used a cross-correlation
technique based on VanDecar & Crosson (1990) to compute the trav-
eltime residuals relative to IASP91 reference arrival time (Kennett
& Engdahl 1991; Tiberi et al. 2000). This semi-automatic method
estimates the picking uncertainty from the standard deviation of the
cross-correlation function, which in our case ranges between ca.
0.02 and 0.17s. In total we input 4047 residual times in our joint
inversion with a reasonably homogeneous azimuthal distribution.
Due to the natural distribution of seismicity, most of the events are
coming from the northeast quadrant (Fig. 3). However, PP events
complete the western part and improve the distribution. The mean
relative residuals range from —1.6 to 1.1 s, and underlie a very het-
erogeneous lithosphere with strong velocity contrasts (e.g. Evans &
Achauer 1993; Bastow et al. 2008; Mulibo & Nyblade 2013).

3.2 Joint inversion and parametrization

The method we used is based on the joint inversion scheme of
Zeyen & Achauer (1997) modified by Tiberi et al. (2001). This
Bayesian approach fully combines the two data sets and includes «
priori information by the way of initial input models of gravity and
seismic velocity, smoothing constraints, a priori model and data
standard errors. The inversion proceeds iteratively until the sum of
the difference between observed and calculated data reaches a given
threshold (set to 0.3) or when the maximum number of iterations is
reached (set here to 5). After testing different geometries, we set the
seismic and density models to be composed of seven common layers
(0-40-80-135-185-235-270 km depth), which optimize together
the ray coverage, the gravity frequency content and the resolution
with depth (e.g. Zeyen & Achauer 1997). Seismic velocities are
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assigned to nodes. Each layer contains 21x25 nodes in the EW and
NS directions, respectively. The velocity nodes spacing was cho-
sen to correspond to the average seismic station spacing, that is
25 km. The a priori velocity model is based on typical values in
a homogeneous lithosphere, which is derived from IASP91 model
(Kennett & Engdahl 1991). The gravity model is made of 23x25
rectangular blocks in each layer, in EW and NS direction, respec-
tively. A density contrast is assigned to each block, and the starting
model is based on typical homogeneous density values (Dziewon-
ski & Anderson 1981). To ensure the coherency between the two
models, each velocity node corresponds to a density block. Wider
density blocks are added in the EW and NS directions to absorb
the boundary effects. We link seismic velocity with density using
Birch’s law (Birch 1961):

AV, = B.Ap.

Even if it has been empirically determined, it is widely accepted as
a good approximation of a power law derived from lattice dynamics
over the density range [2500-4000 kg m~] within which our model
rocks vary (Chung 1972). In this approach B, is a parameter which
can be inverted (Tiberi et al. 2001). However, this consideration
makes the inversion non-linear and unstable. To reduce this, we
restrict the possible value for B into a reasonable range (Birch 1961;
Christensen & Mooney 1995) and use a small a priori standard
deviation for it (0.1km s~! g=! cm?).

We obtained the most suitable parametrization for our region
after testing various combinations for the inversion process fac-
tors (smoothing, size of the grids, initial model standard deviation,
number of iterations, data covariance) Theoretically, our inverse
problem contains 8547 parameters to estimate. However, because
we will only consider velocity nodes with three rays in their vicin-
ity to be inverted, this number is reduced to 5759. We estimate
the success of the inversion through the rms decrease between ob-
served and calculated data, and the final standard deviation of the
parameters and the calculated data. Results harmonizing significant
RMS decrease with realistic calculated data and parameter standard
deviations are obtained for a smoothness constraint of 0.8 and 0.1
for density and velocity, respectively. In the final stage, we pro-
ceeded to 5 iterations, after which we obtained a RMS decrease
of 96.8 per cent for the gravity data (37.98-1.21 mGal) and 41.2
percent for the delaytimes data (0.28-0.16 s, Fig. 4). The stan-
dard deviations of calculated data are 37.95 mGal and 0.23 s for
gravity and delaytimes, respectively. Those values are highly com-
parable to the observed one and reflect an overall similar distribution
(37.98 mGal and 0.28 s). The rms decrease is smaller in seismic
than in gravity, as usually observed in those joint inversions (e.g.
O’Donnell er al. 2013). First, gravity inversion is more linear than
the seismic process, and thus converges more efficiently to a stable
solution. Second, our obtained seismic rms decrease is very similar
to the ones retrieved in other seismic or joint inversions and seems
to be in a typical range of values (e.g. Gautier et al. 2006; Roecker
et al. 2017). The gravity data are retrieved within 1 or 2 mGals
except for a few local values (Fig. 4a).

4 RESULTS

Before presenting our results, we estimate the capability of our in-
version to correctly restore the lithospheric velocity and density
distribution. We first use the azimuthal distribution of the seismic
events as a proxy for the resolving power of the inversion, because

Lithospheric rifting in the Tanzanian Rift 1697

it controls the ray coverage within the velocity model. The resolu-
tion of our velocity model is better in the northeast compared to
the southwest, because a majority of arrivals are from the northeast
direction causing an uneven distribution of seismic events (Fig. 3).
When studying the piercing points distribution through the specific
layers of our model, this azimuthal bias expands as we go deeper,
inducing a decreased resolution beneath the central part of our net-
work below 200 km depth (Fig. 5). We thus expect to underestimate
velocity contrasts for the central part of the model from this depth
and below. The addition of gravity data in the inversion scheme
counteracts the lack of seismic rays in some regions. Particularly in
the southernmost part of the model, where the amount of seismic
data has been reduced due to the shortened recording period, the
gravity data coverage enhances the resolution power at lithospheric
depth. Lastly, the diagonal terms of the resolution matrix shows rea-
sonable values until 235 km (layer 6), with maximum terms shifted
to the NE as we go deeper (Fig. 5). It simply reflects the uneven ray
distribution.

4.1 Resolution tests

We test the resolution our models can achieve through different
synthetic tests.

A well-known artefact in the teleseismic inversion is the smear-
ing of the information along the quasi-vertical rays. The velocity
anomalies are spread over the layers and the amplitude can be sig-
nificantly decreased within each of them (e.g. Bastow et al. 2008).
As a standard estimate for this effect, we first perform checkerboard
tests in different layers. The input anomalies are +5 per cent in ve-
locity and density compared to the background values. They are 2x2
nodes or blocks, that is 50 km by 50 km wide. The output models
clearly show that the checker pattern, is retrieved both in ampli-
tude and place for density and velocity, while the smearing effect is
the largest in the layers above and below the input anomaly depth
(Figs 6 and 7). Those tests further illustrate the interplay between
velocity and density inversions. While the density resolution is not
restricted to the central part of the network as the data coverage
is wider, the velocity reconstruction greatly helps to localize the
density anomalies at the correct depth (Fig. 8). Note that the lateral
smearing effect coming from the seismic ray path distribution prop-
agates within the density model, where we expect a better lateral
resolution (Fig. 9). Conversely, the depth smearing is considerably
reduced for the density model in the first layer compared to the
velocity (Figs 8 and 9).

Checkerboard tests are not representative of real structures in
the lithosphere, and to this point may not completely reflect the
resolving power of our inversion for real anomalies. We conducted
spike tests with two separate but close anomalies for layers 2 and 5
(40 and 185 km depth). They are 5 per cent slower and less dense
than the surrounding velocity and density, respectively. They are 50
km wide and separated by only one node/block (i.e. 25 km), the
smallest distance we can model. Similarly to the checkerboard, the
outputs evidence blurring velocity and density variations within the
adjacent layers, with a smaller amplitude in density for the first layer
and a widening effect with depth (Figs S1 and S2). However, the
maximum amplitude is located at the correct depth, and the separa-
tion between the two bodies is also accurately recovered. The shape
of the two adjacent anomalies is remarkably restored, which is usu-
ally problematic for negative anomalies (Steck & Prothero 1991).
The results of those tests demonstrate that if negative anomalies
are present, even in the deepest part of our model, they could be
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Figure 4. (a) Difference between gravity data and the recovered ones from the inversion (Observed - calculated) (b) rms decrease for gravity (red) and
delaytimes data (blue). (c) B-coefficient evolution through the inversion iterations. The final correlation coefficient is indicated with the colour corresponding

to the layer at the end of the curves. Ln indicates the layer number.

efficiently resolved in shape and amplitude by the joint inversion.
Vertical blurring effects are present but seems to be limited in the
contiguous layers. Thus, we are confident that any structure larger
than 50 km can be resolved independently from adjacent structures.

4.2 Velocity—density relationship

The obtained density and velocity values from our joint inver-
sion range between reasonable values for such geodynamic region
(£0.6 g cm? for density and £5 per cent for velocity, Figs 10and 11).

The B values we obtained for layers at 0 and 40 km depth (2.9
and 3.0ms~! g~!' cm?, respectively) are similar to agreed estimates
in the crust and uppermost mantle (e.g. Birch 1961; Christensen
& Mooney 1995). For depths greater than 80 km, B exceeds 4 m
s™'g7'em?, a critical value for which the linear approximation
made in Birch’s law may not be valid (Chung 1972).

The correlation between velocity and density through each layer
can be checked (Fig. 4c). The correlation is poor for the shallowest
layers (<50km) and reaches 75 percent at 30 km depth. This re-
flects a strong disparity between velocity and density in the crustal
part of the models (Figs 12 and 13). This is not surprising given
that the strongest compositional variations are largely restricted to
the crust, inducing strong deviations in the velocity—density rela-
tionship (Chung 1972). For a crustal image of density and velocity
variations, one can refer to Roecker ef al. (2017). They coupled the
gravity and arrival time inversions using two general and crustal
rocks derived relationships for the whole model down to 40 km
(Roecker et al. 2004). Their study serves as a calibration with our
results, which have marginal resolution in the upper 40 km. For the
deepest layers (from 30 to 300 km), the correlation increases rapidly
to reach more than 95 per cent (Fig. 4) and is transcribed by a more
coherent and long wavelength feature in the two models (Figs 10
and 11). This strong coherency a posteriori legitimises the use of a
single simple Birch’s law over the lithosphere—asthenosphere den-
sity range [2.5-4.0 g.cm~>]. It consolidates the idea that even if the

physics behind it is not yet understood, this linear relationship be-
tween density and velocity approximates power law resulting from
lattice dynamics over a given density range (Chung 1972).

4.3 Velocity and density structure

From a crustal point of view (<40km), our resulting anomalies
display smaller amplitudes than the recent local crustal tomography
studies (Albaric ef al. 2014; Roecker et al. 2017). We relate this
observation first to the smearing effect, which is responsible for a
decay of values the deeper we image. Second, we regularize the
inversion with a damping factor, which counteracts the strongest
anomalies occurring within the crust. For depth less than 30 km,
where strong lateral anomalies are imaged (Roecker et al. 2017),
the use of a damping factor helps us avoid mapping those het-
erogeneities to deeper layers. Within the crust, low velocity and
density zones dominate the centre part of the models with a strong
3-D distribution (Figs 10 and 11), similar to recent local tomog-
raphy (Roecker et al. 2017). Those negative anomalies align with
the location of volcanic edifices, such as Ngorongoro Crater High-
lands, Lengai and Meru (Fig. 1). These low density and velocity
areas broaden northward, whereas they are bounded south, east and
west by strong positive bodies at 40 and 80 km depth.

Below 80 km depth, those negative areas merge to form a large
and unique low velocity and density zone. Its maximum amplitude
is located at ca. 100-200 km depth and reaches —5 percent in
velocity and —0.06 g cm™ in density (Figs 10 and 11). Down to
150 km, this anomaly is very narrow in the EW direction (ca. 100
km), and steep-sided by two denser (+-0.06 g cm™>) and faster (+4—
Spercent) bodies located beneath the Tanzanian Craton and the
Mobile Belt (Fig. 12). Below 200 km depth, the Pangani region is
associated with an eastward continuation of this low velocity and
density body (-3 per cent in velocity and —0.04 g cm™ for density,
Figs 10 and 11). This is consistent with a local low velocity zone
detected beneath station KOMO (Julia et al. 2005). Our results
demonstrate a broadening of this anomaly. The Pangani Branch, of
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Figure 5. Resolution map for the velocity model. The gray scale represent the diagonal term of the resolution matrix (max=1), and the red points display the
piercing points of the teleseismic rays at the associated layer depth. The thick blue line represents 0.5 value contour in resolution matrix diagonal terms. White

areas are zones where nodes are not inverted due to a lack of ray crossing.

the NTD, is associated to an asthenospheric anomaly of small extent,
which can explain the limited amount of magmatism and faulting
in this zone (Mulibo & Nyblade 2016; Weinstein ez al. 2017).
Synthetic tests indicate that the best lateral resolution of our mod-
els is between 50 and 200 km, including negative bodies (Figs S1
and S2). We are confident that both amplitude and lateral location
of these anomalous bodies are correctly reproduced within those
depths. We also estimated the effect of a negative anomaly located
outside our model depth limit. The supporting information, Fig. S3,
shows that such a body will only partially spread upward (max.
—2 percent retrieved at 185 km for an initial =5 per cent velocity
anomaly at 300 km). Its effect is thus added to the already existing

anomalies, while the amplitude at 270 km is underestimated by a
factor of 2 or 3 (Fig. S3). Therefore, we cannot assess the continu-
ity at depth for the negative central anomaly modelled. The signal
imaged at 270 km is either the artificial downward propagation
of a low density and velocity body stopping at 250 km (vertical
smearing), or the partial image of a continuous anomaly from the
lithosphere down to the transition zone.

Our models clearly associate the Tanzanian Craton and Mobile
Belt major units with strong positive density (up to +-0.06 g cm™3)
and velocity anomalies (4+4-5 per cent) from 40 km down to ca.
200 km depth (Fig. 12). A similar positive anomaly, though less
intense (+2 per cent in velocity and +0.03 g cm™3), is observed
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Figure 6. Result from checkerboard test with £5 per cent anomalies in layer 2 (40 km depth), for (a) the density contrast and (b) the velocity anomaly. The

transparency mask in (a) indicates zones not constrained by seismic rays.

southeast of the network, beneath the Masai block from ca. 80
down to 185km (Figs 10 and 11). The crust beneath the Man-
yara rift exhibits a clear and well resolved negative density but
positive velocity anomaly (Fig. 13), while previous magnetotel-
luric studies evidence a slightly more conductive pattern (Selway
2015). This contrasted geophysical signature enlightens the exis-
tence of a distinct unit separating the Tanzanian Craton and the
Masai block. This particular domain is referred to as the Mbulu
domain in Albaric et al. (2014) and corresponds to highly de-
formed Proterozoic structures (Le Gall ef al. 2008). Its heteroge-
neous structure may have favoured the location of surface deforma-
tion and participate to the location and propagation of the Manyara
rift Branch in the MNM area (Ebinger et al. 1997; Le Gall et al.
2008).

5 DISCUSSION

Large scale tomographic studies enable us to draw a mantle scenario
and propose a mantle plume impingement to explain the observa-
tions in the Eastern Branch of East African Rift (e.g. Ritsema et al.
1999; Huerta et al. 2009). However, the thermal and compositional
variations in lithospheric structure related to this mantle upwelling,
the thermal state and the composition modification of the first 100s
of'km are still largely speculative, considering the sparse data cover-
age. By imaging the lithosphere and asthenosphere structures down
to 300 km, our combined density and velocity models close the
gap between local crustal and regional mantle studies. Our study
allows us to identify the combination of factors, primarily temper-
ature, hydration and composition, that control the deformation of
this stretched and thick cratonic lithosphere.
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Figure 7. Result from checkerboard test with 5 per cent anomalies in layer 4 (135 km depth), for (a) the density contrast and (b) the velocity anomaly. The

transparency mask in (a) indicates zones not constrained by seismic rays.

5.1 Connection with a broad mantle upwelling

Larger tomographic studies in the Eastern Branch suggest a broad
low velocity zone rising from the core mantle boundary (Ritsema
et al. 1998; Huerta et al. 2009; Mulibo & Nyblade 2013b; French
& Romanowicz 2015; Garnero ef al. 2016), and most interpreta-
tions relate the uplift and deformation observed at the surface to the
impingement of a mantle upwelling, like other regions of the East
African Rift (Benoit et al. 2006; Fishwick 2010). We image a sim-
ilar low velocity and density region just below the MNM rift zone,
but with a higher amplitude than those obtained for more regional
models (Ritsema ef al. 1998; Mulibo & Nyblade 2013). Its strong
amplitude (-5 per cent and -0.06 g.cm™") and narrow geometry are
clear from 40 km down to 180 km, where the resolving power of
our inversion is the best. However, below 200 km, the amplitudes
of density and velocity anomalies decrease while the ray coverage
scatters (Figs 10 and 11). This pattern can be produced by a down-
ward smearing from a body limited to the first 180 km, as shown in

our synthetic test (Fig. S2). We can then question the continuity of
this body deeper in the mantle, and its connection with a regional
mantle upwelling. We could consider that the central low veloc-
ity and density anomaly we image in our models extends deeper,
but is not correctly recovered by our inversion between 180 and
270 km due to the decreased resolving power with depth. However,
synthetic tests displayed in supplementary materials (Figs S4 and
S5) shows that a -5 per cent anomalous and continuous body from a
depth of 80 km down to 300 km creates even more scattered ray dis-
tribution, together with a higher amplitude recovery, contradictory
to what we actually observed. The modelling results indicate that
the continuation of this central anomaly below 200 km is subject to
a reduction in amplitude, which agrees with mantle velocity values
of other mantle tomography studies for depth greater than 100 km
(max +1.5 per cent, Mulibo & Nyblade (2013)). It also implies that
multiple factors are then responsible for the increase of amplitude
in ours models above 200 km.
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5.2 Temperature, melt, hydration and composition

Most of the interpretations of the mantle velocity anomaly be-
neath the East African Rift are only performed in terms of tem-
perature variations, coherent with moderate velocity variations in
large-scale tomographic studies below 100 km depth (Huerta et al.
2009; Mulibo & Nyblade 2013; Civiero ef al. 2016). A tempera-
ture increase of 100°C can results in a decrease of 0.5-2 per cent in
P-wave velocity (Goes et al. 2000). Our moderate velocity varia-
tions for depths greater than 180 km can be explained by thermal

effect only. We propose here that the higher amplitude of the central
negative anomaly we image between 40 and 180 km is too strong
to be caused only by a temperature effect. If seismic velocities are
strongly sensitive to temperature, the density is more sensitive to
other parameters, and melt, hydration and composition modification
also impact the variations we observed in both parameters (Adams
et al. 2012). Additional support for thermal and melt contributions
to velocity and density variations comes from the sharp edges of
the negative central anomaly we image from 80 down to 150 km
depth, that coincides with the neighbouring craton and Mobile Belt
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Figure 10. Density contrasts from the joint inversion. The transparency mask indicates zones not constrained by seismic rays. Profiles AA’ and BB’ for
cross-sections are indicated on the last slice. The main volcanic edifices are indicated with white circles in the crustal layers (Lengai, Ngorongoro, Monduli).
The presumed Tanzanian Craton, Masai block and Pangani limits are delimited with dotted lines as indicatory.

limits. We interpret the cause of this feature as a combination of and the adjacent Archaean mantle beneath Tanzania (Ritsema et al.
compositional, lateral thickness variations and inherited fabrics. 1998; Weeraratne er al. 2003). Tomographic images of other Ar-
The depleted nature of the mantle may contribute to the highly chaean cratons surrounded by younger mantle lithosphere delineate

contrasted velocity/density imaged between the Pan-African orogen smaller velocity contrasts, presuming that melt is a good candidate
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Figure 11. Velocity anomalies from the joint inversion for the seven layers of the model. Profiles AA” and BB’ for cross-sections are indicated on the last
slice. The main volcanic edifices are indicated with white circles in the crustal layers (Lengai, Ngorongoro, Monduli). The presumed Tanzanian Craton, Masai

block and Pangani limits are delimited with dotted lines as indicatory.

to increase the velocity and density contrast observed in the NTD
region (Bastow ef al. 2005; Begg et al. 2009,e.g.). Melt has al-
ready been proposed to participate with temperature increase to the
low velocity low density feature beneath Kenya rift (Green et al.
1991; Achauer & the KRISP Teleseismic Working Group 1994;

Achauer & Masson 2002). With similar velocity and density varia-
tions (ca. -4 per cent in velocity and -0.05 g.cm ™~ in density between
80 and 135 km), Ravat et al. (1999) predicted a temperature rise of
ca. 200°C and partial melt content up to 2.5 per cent. With ongoing
seismicity, gas emissions, eruptions and intrusions pointing out the
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Figure 12. East-west cross-section through the density (left-hand panel) and velocity (right-hand panel) models output from the joint inversion. The profile
runs along the AA’ line in Fig. 10 at 2.7°S latitude. The upper panel shows the topography (vertical exageration) with the volcanic area of the North Tanzanian
Divergence (NTD) and the junction with the BB’ profile. On the bottom panel, dashed black line displays the interpreted Tanzanian Craton edge on the cross-
section. Approximative low velocity zone (LVZ) boundary from mantle tomography of (Mulibo & Nyblade 2013) is marked in thick red line for information.
Moho variation from receiver function is emphasized by the continuous black line in the first 50 km (Plasman et al. 2017).
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Figure 13. North—south cross-section through the density (left-hand panel) and velocity (right-hand panel) models output from the joint inversion. The profile
runs along the BB’ line in Fig. 10. The upper panel shows the topography (vertical exageration) with the volcanic area of the North Tanzanian Divergence (NTD)
and the junction with the AA” profile. On the bottom panel, Manyara and Kenya rift location are indicated. Approximative low velocity zone (LVZ) boundary
from mantle tomography of (Mulibo & Nyblade 2013) is marked in thick red line for information. Moho variation from receiver function is emphasized by the
continuous black line in the first 50 km (Plasman et al. 2017).
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presence of fluids within the crust (Plasman et al. 2017; Roecker
et al. 2017), melt is undoubtedly present within the MNM rift zone.
Previous petrological studies in this area shows that the melt frac-
tion should be greater beneath the rift axis than beneath its flanks,
coherent with the decrease of density and velocity signal sideways
(Latin e al. 1993; Foley & Fischer 2017). P-wave velocity can be re-
duced by 2 per cent to 9 per cent within the lithosphere (70-150 km)
for melt fraction between 1 per cent to 5 per cent (Ravat et al. 1999;
Goes et al. 2000; Clark & Lesher 2017). The amount of velocity
reduction also depends on melt geometry, shape and pressure (e.g.
Mainprice 1997; Takei 2002; Clark & Lesher 2017). These values
represent an upper bound limit as melt is not the only parameter
altering velocity and density values. Besides, taking into account
the partial recovery of amplitude in our models (smearing effect,
smoothing factor, ...), we estimate that 2 per cent or 3 per cent is the
maximum percentage of melt present in the upper mantle beneath
the MNM Branch.

The Tanzanian Craton and Pan-African Mobile Belt are both as-
sociated with high density and velocity bodies, as reported in most
of the mantle tomographic studies in the region (e.g. Ritsema et al.
1998; O’Donnell et al. 2013). The Mobile Belt clearly exhibits the
highest positive contrast in our models (Fig. 12), where previous
magnetotelluric studies also reveal high resistivity within the litho-
sphere (Selway 2015). We interpret this feature in terms of hydrogen
content variation, as an hydrogen enrichment will decrease the den-
sity, velocity and resistivity signal (e.g. Karato 1990, 1995; Mavko
et al. 2009). The Tanzanian Craton appears then more hydrous than
the Mobile Belt. Enriched hydrogen content is classically related
to the reduction of plate strength and is often used to explain the
location of lithospheric deformation and rift propagation (Kushiro
et al. 1968; Peslier et al. 2010). This however contradicts the fact
that the MNM rift arm has preferentially developed within the less
hydrous Pan-African lithosphere (Fig. 1). Our results then reinforce
the idea that high hydrogen content does not systematically reduce
plate strength as first thought. Alternatively, localized shear zones
with reduced grain size by earlier deformation and localized fluid
migration at the craton boundary may make the mobile belt a better
candidate for rifting location (Tommasi & Vauchez 2001; Selway
2015). It emphasizes the role of composition and inherited struc-
tures in the localisation of the deformation in the Eastern Branch of
the rift.

5.3 Geodynamic implications

Present-day topography, gravity anomalies, magmatism and surface
uplift observed in East Africa has been previously related to the in-
teraction of asthenospheric upwelling with continental lithosphere
(e.g. Ebinger & Sleep 1998; Fishwick & Bastow 2011). Yet in the
MNM rift zone, the role of a thick cratonic lithosphere overlying
Archaean mantle in the localization of the strain and the mag-
matism distribution remains an outstanding question (e.g. King &
Ritsema 2000; Priestley et al. 2008; Albaric et al. 2014; Currie &
van Wijk 2016). Based on thermal modelling (Priestley & McKen-
zie 2006) and shear wave tomographic models (Fishwick 2010), the
lithospheric thickness variation has been estimated beneath African
continent at a regional scale and clearly shows a thinning beneath
the Eastern rift in Tanzania (Priestley et al. 2008; Fishwick 2010).
Temporal, spatial and compositional analyses of different eruptive
rocks in the Eastern Branch of the EAR also support the concept of
a convecting asthenospheric upwelling and a lithospheric thinning
in Kenya and North Tanzania, with decreasing depths of origin of

magma with time (Wendlandt & Morgan 1982; Latin ef al. 1993;
Foley & Fischer 2017). Two difficulties arise in our case to estimate
spatial variations in the 1300°C isotherm, and hence lithospheric
thickness variations beneath the MNM rift zone. First, the use of
relative delay times in our methodology rules out the estimate of
an absolute seismic velocity. Second, thermal modification of the
lithosphere is not the only factor to cause variations in velocity and
density we observed, as demonstrated above. We can hardly pro-
pose a constrained lithospheric thickness beneath the MNM rift arm
based on our velocity density contrasts alone. We can, however, use
the crustal stretching estimate of 20-30 per cent made by Plasman
et al. (2017) beneath the Natron Basin as a minimum bound for the
amount of lithospheric thinning that has occurred since rift onset.
This would translate to about 60 km of mantle lithospheric thinning,
assuming that an initial 200 km thick Archaean lithosphere underlay
the MNM rift prior to rifting. A resulting lithospheric thickness of
140 km beneath the MNM is coherent with the xenoliths analysis
in this area (Vauchez et al. 2005; Baptiste et al. 2015). It means
that the MNM rift Branch could be considered as a less mature
and evolved stage compared with the Main Ethiopian Rift (MER),
where the mantle lithosphere was fundamentally altered and ther-
mally thinned by a plume head impingement prior to rifting (e.g.
Ayalew & Gibson 2009). The Main Ethiopian Rift presents an older
(~18Ma, e.g. Ebinger et al. (1993)) and higher stretching history
(70 per cent, e.g. Dugda ef al. (2007)) as well as thick underplating
layers (e.g. Mackenzie et al. 2005). However, the crucial contribu-
tions of composition, structural and thermal variations which seem
to drive the MNM rift evolution can’t be directly transposed to the
Main Ethiopian Rift, even if previous interpretations in this more
evolved branch have suggested the influence of lithospheric struc-
tural inheritances (Bastow et al. 2008, 2011).

Our results further demonstrate the clear interaction between
mantle upwelling and inherited fabrics like the Tanzanian Craton
and the Mobile Belt. The contact between the craton and the MNM
rift zone signature is overall west dipping in all broader mantle
tomographic studies for depths deeper than 100 km (Ritsema et al.
1998; O’Donnell et al. 2013; Mulibo & Nyblade 2013). This leads
some researchers to propose a unique deep mantle super plume
that impinges the craton and circumvent it to create opening and
divergence at the cratonic edge (e.g. Huerta et al. 2009; Koptev et al.
2016). However, our models, for the first time, reveal the sub-vertical
geometry of the craton-orogenic belt boundary for the uppermost
150 km, where the lateral resolution for our inversion is the best.
The extreme narrowness of the central negative anomaly beneath
the MNM rift Branch clearly indicates that its lateral extension is
limited by the inherited lithospheric fabrics like cratonic keel and
mobile belt. The geometry of the anomaly is very similar to what
is imaged beneath the Rio Grande rift (Gao et al. 2004; West et al.
2004). We infer from these observations that thermal erosion and
lithospheric thinning are present and active beneath the MNM rift
Branch. Asthenospheric upwelling may be reinforced by small-scale
convection caused by compositional variations and lithospheric step
between cratonic edges and neighbouring units (van Wijk et al.
2008). To maintain the craton root stability, though, its hydration
should track only modern metasomatism and cratonic root removal
(Currie & van Wijk 2016). The small Tanzanian Craton is thinner
than the Kaapvaal and Congo Cratons, and kimberlite compositions
show progressive thinning and hydration (e.g. Vauchez et al. 2005).
This is consistent with progressive lateral erosion over time (Sleep
et al. 2002; Currie & van Wijk 2016). Local lateral changes in
composition may also help to preserve cratonic roots and control
the mantle upwelling extension towards the surface. It can be the
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Figure 14. Interpretative scheme for upper mantle processes involved in the Eastern Branch of the East African Rift. The regional mantle upwelling observed
in large scale tomographic studies correspond to 1 or 2 per cent of seismic velocity decrease (e.g. Ritsema et al. 1998), whereas composition variation and melt
presence both supplement the rift centred negative signature above 200 km. Lithospheric thinning can reach 60 km for an initially 200 km thick lithosphere
(LAB: Lithosphere Asthenosphere Boundary) consistent with the xenolith signature within the rift axis and near the craton margin (coloured rectangle boxes,
Vauchez et al. 2005; Baptiste et al. 2015). The hydrated nature of the Tanzanian Craton (H+) is compatible with lateral advection of cratonic root and a
metasomatized mantle (black frame), as indicated through geophysical observations (Selway 2015) and petrophysics analyses (Rudnick ez al. 1993; Vauchez
et al. 2005). The crust though moderately stretched is consequently modified with melt inclusions (Roecker et al. 2017), underplating (Plasman ez al. 2017),

CO, degasing (Lee ef al. 2016) and brittle deformation (Weinstein ez al. 2017).

case for the Manyara rift Branch, where we interpret the diverging
density and velocity signature within the crust as the transition
from Pan-African to Archaean units favouring the rift propagation.
The Masai cratonic block limits the eastern extension of mantle
upwelling within the lithosphere.

6 CONCLUSION

We combine gravity and P-wave travel times from a two year-long
experiment to obtain density and velocity variations from the sur-
face down to ca. 270 km beneath the North Tanzanian Divergence.
Our results are dominated by a clear and strong low density low
velocity anomaly restricted to the MNM rift Branch. We propose
that this anomaly is connected to the broad mantle LVZ imaged
in global tomographic studies. Its stronger amplitude in the litho-
sphere reflects melt, hydration and composition variations in ad-
dition to thermal effect, due to the interaction between a mantle
upwelling and the highly heterogeneous thick cratonic lithosphere
of the Eastern Branch of the East African Rift (Fig. 14).

We estimate that 2-3 per cent of melt is necessary to complete the
thermal effect of a mantle upwelling in our models. First restricted
to the main magmatic centres within the crust, the location of melt
is widening with depth to concern the whole MNM rift Branch at
150 km depth (Fig. 14).

Additional lateral changes of composition locally create even
more contrasted anomaly within the first 100 km. They are also
required to explain the sharp and rather vertical boundaries of the

central low velocity low density anomaly beneath the MNM rift
zone, as well as the stability of the cratonic root. The Masai block
is separated from the Tanzanian Craton by a crustal terrane that ex-
hibits a counter density velocity signature we interpret as a change
in composition controlling the propagation of the deformation (seis-
micity and magmatism distribution) as well as the melt extent south
of Manyara. The presence of Archaean and Proterozoic units im-
aged by strong positive bodies drives the lithospheric low velocity
low density zone, and restricts its lateral extension within the MNM
zone. Southeastward propagation of asthenospheric low velocity
low density material beneath Pangani rift arm is possible but con-
fined below 200 km depth. XXX

Our results support the idea of a 3-D distribution of the crust and
mantle lithospheric stretching, which was probably enhanced by
lateral compositional and hydration variations at the craton-orogenic
belt boundary. Combined with the inherited structural fabrics, this
lateral heterogeneity appears to have guided strain and magmatism
localisation at the onset of rifting in this sector of the Eastern rift.
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Figure S1. Result from synthetic test with two localized —5 per cent
anomalies in layer 2 (40 km depth), for (a) the density contrast and
(b) the velocity anomaly. The input anomaly location and shape are
marked by the thin black rectangles. The transparency mask in (a)
indicates zones not constrained by seismic rays.

Figure S2. Result from synthetic test with two localized —5 per cent
anomalies in layer 5 (185 km depth), for (a) the density contrast and
(b) the velocity. The input anomaly location and shape are marked
by the thin black rectangles. The transparency mask in (a) indicates
zones not constrained by seismic rays.

Figure S3. Result from synthetic test with two localized —5 per cent
anomalies at 300 km depth, deeper than our model limits. The input
anomaly location and shape are marked by the thin black rectangles
and reported on the last layer. (a) Results for the density contrast,
with a transparency to indicate zones not constrained by seismic
rays. (b) Results for the velocity anomaly.

Figure S4. Output density model from synthetic test with a sin-
gle —5 percent anomalies from 80 to 300 km depth. The input
anomaly location and shape are marked by the thin black line. The
transparency mask indicates zones not constrained by seismic rays.
Figure S5. Output velocity model from synthetic test with a single
—5 per cent anomalies from 80 to 300 km depth. The input anomaly
location and shape are marked by the thin black line.
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