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GJI - Geodynamics and Tectonics
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inherited structures and magmatism on continental rifting
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Géosciences Montpellier, Montpellier University, France

Email: adeline.clutier@umontpellier.fr

Abbreviated title: High Resolution tomography for the North Tanzanian Divergence

Summary

While local earthquake tomography is typically used to image the crust, this techniqueé has restricted
depth penetration due to short receiver-source distances. Regional tomography however aims to
image the upper mantle from teleseismic events but suffers from poor resolution from 0 down to 40
km depth. We present here a hybrid method that combines the two,approaches taking advantage of
the short-wavelength resolution within the crust to better constrain the ray path at depth, and thus to
improve the lithospheric imaging. Using this new method enhances the continuity or disruption of
mantle anomalies towards the surface. Such hybrid tomographic images of crust-to-upper mantle
structures are then critical to understand the ‘relation and interplay between the thermal and
mechanical lithospheric processes.and'the role in the localisation of the deformation at the surface.
We apply our approach to the\North Tanzanian Divergence (NTD), where those processes interact
with a cold cratonic lithosphere. Our new tomographic images clearly demonstrate the impact of
deep-seated processes on”surface features. First, strong lateral velocity anomalies and clustered
seismicity in.the crust are consistent with the surface geology of the NTD (rifted basins, volcanoes
and berder faults). Then, at a lithospheric scale, the velocity distribution highlights the major role of
inherited structures in guiding the rift opening. In particular, our study suggests a strong influence
ofithe Masai cratonic block, south of the NTD, in the rift evolution. The transition from the North-

South axial valley into three diverging rift arms (Eyasi, Natron-Manyara and Pangani) is likely due
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to the change in rheology and to the presence of magma along inherited sutures between the craton

and the mobile belts.

Key words: Seismic Tomography, Crustal imaging, Dynamics of lithosphere and mantle, Africa,

Intra-plate processes

1. Introduction

Surface deformation in active continental rifts results from complex interactions between different
geodynamic processes from the surface (e.g. surface erosion and sedimentation - Burov.& Poliakov,
2003), the lithosphere (e.g. crustal thinning or thickening, delamination, metasomatism.=-Thybo &
Nielsen, 2009; Van Wijk et al., 2010; Wallner & Schmeling, 2011; Wang et‘a/. 2015; Brune 2016)
and the deep mantle (e.g. mantle flow, plume arrival - Huerta et al.;”2009;"Koptev et al., 2015;
Currie & Van Wijk, 2016; Njinju et al., 2019). A challenge in geodynamic research is to improve
our understanding of those processes and how they interact, in.particular the crust-mantle coupling
which is a key parameter for the rift dynamics (e.g. Tiberi et al., 2000; Brune 2016; Koptev et al.,
2016). Seismic tomography is now a well-known and-classical tool to investigate crust-to-upper
mantle velocity structure in order to firsthidentify the lithospheric structures and the related

processes, and second to determine theirrelationships.

Local and teleseismic body -wave inversions are two approaches commonly used to obtain 3D
velocity models for crustal and-mantle scales, respectively. In the local approach, both earthquakes
and seismic stations are located in the study area and absolute arrival-times of body waves are used
to simultaneously. determine hypocenter location and origin time, and 3D velocity structure (e.g.
Aki &Lee, 1976; Thurber, 1983; Zhao et al., 1992). The local tomography produces high-resolved
images. “Its resolution depends on the distribution of both the seismic network and the local
seismicity. For rifting areas, the rare occurrence of earthquakes beneath the Moho discontinuities

and the absence of Pn/Sn refracted phases in some cases, prevent the local tomography from
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imaging deeper lithospheric structures (Maggi et al., 2000; Déverchere et al., 2001; Scholz 2002).
In the teleseismic approach seismic stations are located in the study area, while earthquakes are
located more than 30° away from the network (e.g. Aki et al, 1977; Poupinet et al., 1997,
Waldhauser et al., 2002). In order to get rid of the mutual long wavelength anomalies from lower
mantle signal and to keep only the signal from the target volume, we work with relative arrival-time
residuals (Zhao et al., 1994). This also permits to remove errors in event origin time and location
(Aki et al., 1977; Evans & Achauer 1993). Theoretically, relative arrival-time residuals of
teleseismic events allow to investigate the crust and upper mantle structures. However, because of
the relatively low-frequency content of teleseismic events and the near-vertical sampling pattern, of
the related incoming rays near the surface, this technique fails to precisely determine the ‘crustal
structure (Zhao et al., 1996; Waldhauser et al., 2002). At greater depths, teleseismic images can
also be biased by crustal heterogeneity if an inadequate crustal model is used toreorrect for shallow
structure (Humphreys & Clayton, 1990; Waldhauser et al., 2002; Maztin etal., 2005; Rawlinson &
Urvoy, 2006; Lei & Zhao, 2007). Finally, due to those limitations; both methods used separately
only poorly resolve the crust-upper mantle boundary. Yet, thiS major discontinuity in terms of
composition as well as rheology is the location of complexprocesses, which control the coupling or
decoupling between mantle dynamics and crustal deformation. In active rifting areas, this includes
magmatic underplating (e.g. Thybo &.Asxtemieva, 2013), mantle delamination and metasomatism
(e.g. Wallner & Schmeling, 2011; Wang, et al. 2015), crustal thinning or thickening (e.g. Gao et al.
2003; Siler & Karson, 2009; Wang,& Currie, 2015). Detailed seismic images allow to shed light on
the contributions of centrolling factors such as temperature, fluid, composition which modifies the
rheological state of the lithosphere and are related to the surface deformation (e.g. Albaric et al.,
2009; Burov.2011; Brune 2016; Koptev et al., 2016; Sippel et al, 2017). Consequently, the
development of new models with much higher resolution around this transition is required to

inyestigate the contribution of those factors in a rifting process.
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In order to obtain better-resolved tomographic images at both crustal and uppermost mantle depths,
local and teleseismic data can be combined in joint inversion schemes (e.g. Roecker et al., 1993;
Zhao et al., 1994; Zhang et al., 2009; Nyamwandha et al., 2016). A 1D starting model from surface
to upper/lower mantle boundary is used in most cases (Zhao et al., 1994; Lei et al., 2009;
Nyamwandha et al., 2016), while Waldhauser et al. (2002) and Sandoval ef al. (2003) integrate an a
priori 3D crustal model in their starting model. Including local events usually allows to better
constrain the shallow velocity structure and to separate the travel-time contribution between the
crust and the mantle. In particular, Huang et al. (2014) point out that the joint inversion provides
less vertical smearing than inversions based solely on teleseismic data and also contribute-te better
constrain the velocity structures. However, combining local and teleseismic data’ in the” same
inversion procedure raises the question of a common parameterization. For example, the choice of
the grid system is important to accommodate different ray sampling and. related varied spatial
resolution between crust and mantle (Kuo-Chen et al, 2012; Huang et al, 2014). The joint
approach also requires weighting parameters in order to ponder the respective sensitivity of the
inversion to teleseismic and local data (Huang et al., 2015, Eberhart-Philipps & Fry, 2018). The aim
of this operation is to consider the impact of different amounts of observations and different source-
station configurations between teleseismic and local investigations. In practice, a high degree of

uncertainty in parametrization appears as‘a major challenge of the local-teleseismic joint inversion.

Here, our aim is to develop a different approach to obtain the most adapted resolution with depth in
the tomographic images.<For ‘this purpose, we constrain the crustal structure from a local
tomographic inversion, that we further include into a teleseismic lithospheric inversion. We apply
this tomographic scheme on a real case that includes both tectonic and magmatic processes, and for
which recent\but distinct local and teleseismic studies have already been conducted: the North
Tanzania ‘Divergence, hereafter referred to NTD (Fig. 1) (Roecker ef al., 2017; Weinstein et al.,
2017; Tiberi et al., 2019). The NTD is located at the southern tip of the Eastern Branch of the East

African Rift, and its surface expression results from interactions between deep-mantle (mantle
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plume), lithospheric (inherited rheology and stratification, melting,...) and crustal (dykes, sills,
faults,...) processes (Weeraratne et al., 2003; Baer et al., 2008; Le Gall et al., 2008; Huerta ef al.,
2009; Albaric et al., 2010; Mulibo & Nyblade, 2013; Biggs et al., 2013; Muirhead et al., 2016;
Koptev et al., 2016; Ebinger ef al., 2017; Adams et al., 2018; Tepp et al., 2018; Oliva et al., 2019).
Recent geophysical (Calais et al., 2008; O’Donnell et al., 2013; Albaric et al., 2014; Selway et al.,
2014; Roecker et al., 2017; Weinstein et al., 2017; Tiberi et al., 2019; Plasman et al., 2017 & 2019)
and geochemical studies (Hui et al., 2015; Lee et al., 2016; Muirhead et al., 2016; Baudouin et al.,
2016) have demonstrated the role of fluids, thermal and compositional modifications at different
scales in this region. However, due to the different target structures imaged by each method and
their inherent resolution, the relative role of hydration, inherited rheology, suture zones, thermal
state and their interplay in the resulting surface deformation are difficult to assess."Ournew method
is here particularly suitable to investigate the lateral and vertical control “of the lithospheric

deformation, and how deep-seated processes impact surface features.

In this paper, we begin with a background section in whichswe 'summarize both the tectonic and
geodynamic framework of the NTD. We then present.the data, our hybrid tomographic approach,

some synthetic tests to assess the resolution of thestomogpaphic images and the tomographic results.

We first discuss the improvement of the=erust-to-upper-mantle tomographic images. We then
interpret our results in terms of geodynamical implications. In the crust, the velocity contrasts and
seismicity distribution highlightdithelogical units, faults, melt zones (storage or intrusion) and their
extension in depth. We theénuinvestigate the role of the mantle structural heterogeneities, magma and
rheology changes in ‘the rift opening and their contributions to the surface deformation. In
particular, we question the role of large-scale inherited structures on the location, nature and storage
of magmatic processes in the NTD. At the end, our images allow us to propose a scenario for the

riftéevelution.
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2. Geological setting

The North Tanzanian Divergence (NTD) is situated at the southern tip of the Eastern branch of the
East African Rift (EAR). This zone is the location of the rift initiation and is subdivided in 3 other
branches: Eyasi, Magadi-Natron-Manyara and Pangani (Fig. 1). The NTD is propagating from
North to South in a thick and strong lithosphere (Petit & Ebinger, 2000; Perez-Gussinye et al.,
2009; Albaric et al., 2009) along the Proterozoic Eastern orogenic belts (Sippel ef al., 2017) and
into the Archean Tanzanian Craton, whose limits are still debated (Ebinger et al., 1997; Le Gall et
al., 2008; Albaric et al., 2014). Magadi—Natron—-Manyara (MNM) rift zone lies between the Eyasi
rift in the Archaean craton to the west and the Pangani rift in the Neoproterozoic Mozambique-belt
lithosphere (Fritz et al. 2013) to the East (Fig. 1). The aseismic Masai block (Albariceet @l., 2010) is
located East to the Mbulu domain and its Northern border roughly coincides, with the West-East
transverse Ngorongoro-Kilimanjaro volcanic chain, i.e. perpendicular to‘the main rift axis. Even if
the Masai block has long been assimilated to a rigid lithospheric'block (Foster et al., 1997; Le Gall
et al., 2008; Isola et al., 2014), its geological origin (orogenic belt or craton fragment) still remains
ambiguous (e.g. Ebinger et al., 1997; Le Gall et als;2008;/Fritz et al., 2013, Tiberi et al., 2019).
Both the surface boundaries and the geometry ‘at depth of the Archean craton, the Proterozoic
orogenic belts and the Masai block are still badly’known while their role in driving mantle plume up

to the surface is strongly suspected{Koptey et al. 2016).

The NTD is characterized by seismically active faults and eruptive centres. In this area, the
seismicity is clustered (Fig. 1, upper right map). The seismicity is mainly restricted to the first 20
km depth in the Nosthern part near the Natron Lake (Weinstein et al., 2017), and part of it is
attributed torseismo-volcanic crisis (Calais et al., 2008) as well as fluid migration (Lee et al., 2016;
Weinsteines al., 2017; Oliva et al., 2019). On the contrary, the Manyara and Eyasi basins at the
Craton, boundary are characterized by deep earthquakes (~30 km depth), whose origin remains

debated (Nyblade & Robinson, 1994; Albaric et al. 2014).
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Figure 1: Map of the study area indicating the main ge features and the used seismic networks

(modified from Tiberi et al., 2019). Seismic st aye represented by yellow, white and blue
triangles. Presumed limits of the Tanzanian O@d

wbold and encircled by the dashed black lines (schematized

the Masai block are outlined by dashed white

lines. Main volcanic edifices are writte
by red triangles in the upper righ ajor normal faults are represented by continuous ticked
black lines: OOF — Ol Doinyo [, Fault; NBF - Natron Border Fault; EBF - Eyasi Border Fault;

MBF - Manyara Border FaultsPBF - Pangani Border Fault. Red dotted square delimits the spatial

extension of the [ lveX)zty model inserted in the teleseismic inversion. Volcanoes from inset: B —
Burko, Em - Em 0?’ — Essimingor, G — Gelai, H— Hanang, Ke - Kerimasi, Ket — Ketumbeine, Ki-
Kilimangar EE Kwahara, Le — Lenderut, Len — Ol Doinyo Lengai, Lo — Loolmasin, Me - Meru, M —
M

, Ngorongoro, O — Olmoti, S — Sadiman, Sh — Shombole, T — Tarosero.
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From North to South, volcanism is spatially sparser. Eruptive centres are distributed along two
principal magmatic axes: the main North-South rift axis and an East-West axis, which extends from
the Ngorongoro in the West to the Kilimanjaro in the East (e.g. Nonnotte, 2007; Mana et al. 2015;
Baudouin et al. 2016). The reliable ages available in the NTD volcanism indicate changes in the
locus of the volcanism over time, with earliest volcanism occurring in the South-West section of the
NTD and then a propagation towards both the North and the East. Ol Doinyo Lengai (Fig. 1) is
currently the only active volcano in this area. The magmatic activity in the NTD region is
characterized by episodic discrete events or large pulses. Two major pluses in magmatic activity are
identified, at c. 2.3 Ma and c. 1.2 Ma (Mana et al., 2015). Mana ef al. (2015) suggest that these two
pulses are linked to a main rifting event. In addition, many authors (Foster et al., 1997; Le Gall et
al., 2008; Weinstein et al., 2017) mention a possible interdependence of faulting and volcanic
activity in the spatial and temporal development of the NTD. The Ngorongore volcano had an
almost continuous activity between 3.7-1.83 Ma (Nonnotte, 2007). This event was then followed by
faulting episodes along the Ol Doinyo Ogol Fault (OOF) and the Eyasi Border Fault (EBF) (Gama,
2018). The two major magmatic pulses and the Meru“principal volcanic phase (2.0-1.5 Ma,
Wilkinson et al., 1986) preceded faulting episodestalong the Pangani Border Fault (PBF), Natron

Border Fault (NBF) and Manyara Border Fault (MBE) activation or reactivation (Gama 2018).

The NTD system is thus a complex geddynamic zone, involving magmatism and tectonic processes
which interact at different depths. In the crust, the evolution of the rift and its morphology is
strongly linked to inherited structures, particularly the Proterozoic belts and the craton boundaries
(Albaric et al., 2014;*Weinstein et al., 2017; Roecker et al., 2017; Plasman et al., 2017 & 2019;
Tiberi et al., 2019))\In the mantle, Archean and Proterozoic units interact with the mantle upwelling
implying thermal and compositional modifications in the mantle lithosphere (Ritsema et al., 1998;
Huerta et’al., 2009; Mulibo & Nyblade, 2013; Koptev et al., 2018; Tiberi et al., 2019, Muirhead et
al',.2020). Because of different resolutions and depth of investigation, the crust and the mantle are

mostly investigated separately. This masks the potential interconnections between mantle and
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crustal structures and prevents from being conclusive on the influence of thermal and mechanical
mantle processes on the location of the deformation at the surface. In this study, we propose a new
tomography strategy to investigate the NTD from the surface down to 200 km depth in order to

better constrain crustal-to-upper-mantle features.

3. Hybrid tomographic approach and application to the

NTD

In order to avoid the complexity of a full joint inversion and to enhance the depth/fesolution of
teleseismic tomography, we propose here a hybrid approach, which consists in teleéseiSmic inversion
with a strong crustal constraint. Our approach can be split into 3 major steps,, We first conduct a
local tomography study to constrain as precisely as possible the crustal part through the numerous
local seismic events (< 30 km depth). The resulting 3D local modelis then inserted within the initial
layered 1D regional model. Finally, we proceed to a.teleseismic tomographic inversion for
lithospheric structures (< 200 km depth) by using’this ‘mew set-up initial model. Following this
approach, we investigate the contributions of both a finer grid in the first 40 km and a 3D crustal

velocity structure in imaging the upper mantle structure.

3.1. Local Tomography

Local earthquake data

The seismic netwoOrk, is’ composed of 78 stations of the CRAFTI (2013-2014, 35 broad-band
sensors, 1 year)-(https://doi.org/10.7914/SN/XJ 2013), the CoLiBrEA (2014, 9 short-period sensors,
8 months). experiments with a sample rate of 50 Hz everywhere, and the SEISMO’TANZ
experiment (2007, 34 enlarged band or broad-band sensors with a sample rate of 125 Hz, 6 months)

(Fig. 1). We take advantage of this dense network to supply the largest compilation of body-wave
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data for the considered area. Because the local tomographic routine (Gautier ef al., 2006) only used
the direct crustal phases, Moho-refracted phases are not considered here, even if they were collected
by data analyses. P- and S-wave first arrival-times were hand-picked on Butterworth-filtered (1-2
Hz) vertical and transverse components, respectively. A quality factor was also manually assigned
to the different readings to account for uncertainties in arrival-time determination. See Weinstein et
al. (2017), Roecker et al. (2017), Albaric et al. (2010) for more details about stations, network
configuration and data processing. The initial database encompasses 4080 events relocated in the
1D velocity model proposed by Albaric et al. (2010). It results in 51 052 P-wave and 52 288/S-

wave arrival-times.

In order to obtain the most reliable and uniform dataset, we performed a selection using different
criteria (events located within the tomographic model boundaries, pick qualities_given by the
operator greater than 3 for P and 4 for S-waves, a minimum number of 8P and.4S records per event,
an azimuthal gap less than 180°) and we restricted our selection to 3432 local earthquakes with

M>1.0, 44671 P- and 40597 S-first arrival-times.

Initial model and grid parameterisation

The local tomographic inversion is applied over'a 390 x 300 km? area and is defined up to 60 km
depth in order to include both all\the, stations and all the ray paths (Fig. 1 and supplementary
material S2 for ray paths). Following synthetic tests and using the real event-station geometry, we
fix both the grid spacing and ‘the parametrization of the inversion to optimize the resolution. The
velocity model isteomposed of 27 X 21 x 14 nodes in West-East, South-North and vertical
directions, .respectively. The node spacing we used is 15 km in horizontal and 5 km in vertical

directions.

The 1D P-velocity starting model is from Albaric et al. (2010) and updated from Roecker et al.

(2017) in order to ensure a rapid convergence for the inversion (Kissling et al., 1994). In order to
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deduce the initial S-velocity starting model, we used a Vp/Vs ratio of 1.72 in accordance with the

final model proposed by Roecker et al. (2017).

Inversion process

We used a delayed-time tomography (Gautier et al., 2006; Priolo et al., 2012) which simultaneously
inverts for both the P- and S- velocity distributions and the hypocenter parameters (location and
origin time). Even if only the P-velocity model was used for the teleseismic inversion, we coupled
all these parameters in the local inversion in order to obtain the more reliable hypocenter-velocity
model (Thurber, 1992; Ryberg & Haberland, 2019). This method provides smooth*P-wand S-

velocity models estimated on a 3D, regularly spaced grid.

This approach is based on an iterative linearized tomographic scheme® First-arrival times are
computed by solving the Eikonal equation with a finite-difference algorithm (Podvin & Lecomte,
1991). Then a posteriori ray-tracing method based on time gradient is used to re-evaluate travel-
times and to estimate partial derivatives along each ray=path, ‘both for slowness and hypocenter
parameters. Normalization or scaling of the resulting, derivative matrix is performed for a better
reconstruction of the different parameters. Thisyoperation removes influences of the different
parameters and considers the sensitivity, of the’data to each class of parameters. A least-square
process using the LSQR method (Paige, & Saunders, 1982) is used for the inversion. The inversion
process is iterative and updates both the 3D velocity distributions and the earthquake hypocenter

parameters at each iteration.

In order to fix suitablesdamping values and scaling factors, we checked the good convergence and
result of the _inversion through the final RMS decrease for extensive regularisation tests (see
supplementary material S1). We first set the damping values to 0.7 and 0.35 for P and S waves,
respectively. The scaling factors were then set to 1 for P wave, 2 for S wave and 5 for both the

location and the origin time of earthquakes.
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Resolution tests

Because the spatial resolution of the estimated model is highly dependent on the ray coverage
within the target area, we test the resolving power of our dataset by using synthetic checkerboard
tests with the real events and stations distribution. The reference model is created by adding
alternating positive and negative velocity perturbations to the final tomographic model in a
checkerboard fashion (Fig. 2), protocol proposed in Gautier et al. (2006). This velocity perturbation
should be strong compared to the numerical noise level and yet small enough to avoid noticéable
disturbances in the ray coverage. In order to simulate errors in arrival times such as picking errors,
travel-times are then computed in the reference model and a noise term is added-to this.synthetic
data set from a uniform distribution between —0.05 and 0.05 s. The resulting.synthetic data are then
inverted using the same procedure and parametrization that were used“for-the real data. The final
tomographic model is used as the input in this inversion process« Therecovered velocity pattern is
then compared to this input model in order to assess the resolution'by looking at the smearing of the
velocity patterns. In particular, we estimate the model resolution for some parameters like the

amplitude, the location, the size and the shape ofithe reconstructed anomalies.

We performed several checkerboard tests foryinput anomalies (700 m.s™ for Vp and 400 m.s" for
Vs) of different sizes and locations. The resolution is better above 20 km depth and the smallest
well-reconstructed pattern anemaly in the crust corresponds to 30 x 30 x 20 km® that defines the
minimum anomaly size we are-able to resolve in local tomographic inversions. Fig. 2 shows the

input model and resolved,models in map views and cross-sections, respectively.

In the central-part,of the target area with enough ray crossing (See supplementary material S2 for
ray coverage)y both the shape and the amplitude of the input anomalies are correctly estimated for
both B- and S- velocity models down to 40 km depth. The recovery amplitude is reduced below 30
km’ depth but the geometry of the recovered pattern is still good. Not surprisingly the resolving

power gradually decreases towards the lateral edges of the model, in particular in the Southeastern
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and Northeastern parts of the model (south of 3.7°S and north of 2.6°S, respectively). Lateral NE-
SW smearing effects exist in the resolved checkers below 25 km depth and this effect is more
pronounced in the East. This is mainly due to uneven distribution of both earthquakes and stations
in this area, resulting in an uneven ray coverage within the crust. From the synthetic tests, we
conclude that the 3D velocity models are well-constrained between 35° and 36.8°E, except in the

Southeastern region where a lack of resolution is observed beyond 36°E.
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Figure 2: Representative results of #he“€hegkerboard tests for the P- and S- velocity models. The left-
hand panel indicates the true &héskerboard anomaly added to the 3D final velocity model (700 m.s”
for Vp and 400 m.s”" for Vs) ®adthe retrieved patterns after tomographic inversion in map views. The
checkers are shown alomg phree WE cross-sections on the right-hand side, for both P and S velocity
anomalies. Locatjon\of these sections are shown by dashed green lines in the first image of the Vp
model on“the left side. Geographical references mentioned in cross-sections are from W to E: EyB =
Eyasi\Basiy, Mb = Mbulu domain, Ngo = Ngorongoro crater, MaB = Manyara Basin, and Len =

Lenga?, Mon= Monduli, Me = Meru volcanoes.

0202 JequianoN €} uo 1senb Aq GzG1.65/8652eB6/6/601 0 1/10p/a[olHE-80UBAPE/IIB/W00"dNO"dILBPESE//:SARY WO} POPEOIUMOC



Application to the NTD

No significant residual variance reduction was achieved after 15 iterations for the crustal delay-time
inversion. The average of residuals decreases from 0.36 s to 0.185 s (51%), and more specifically

from 0.34 s to 0.17 s for P-travel-times and from 0.4 s and 0.2 s for the S-travel-times.

Combining three temporary seismological networks allows us to first enclose a broader area in the
NTD zone than previous crustal studies (Albaric et al., 2014; Roecker et al., 2017). Second, both
the 3D velocity models and the earthquakes distribution from our local tomography (Figs. 3, 4 and
5) largely agrees with previous tomographic surveys in the region (e.g. Albaric et al, 2014;
Roecker et al., 2017; Weinstein et al., 2017). Our Vp and Vs images point out that_the crust is

relatively complex with strong lateral velocity variations in the upper and mid crust:
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basins, border faults and volcanic z@ =0lmani Me=Meru, Mon=Monduli, Bk=Burko,
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Ngo=Ngorongoro volcanoes, =0l Doinyo Ogol Fault, NBF=Natron Border Fault, EBF=Eyasi
Border Fault, MBF=Manyar der Fault, BBF - Balangida Border Fault.

A%

In the shal t, the P and S wave velocity solutions are quite similar regarding the spatial

the anomalies but more contrasted magnitudes are observed in the S-wave model
g orth of latitude 2.8°S (Fig. 3 and Fig. 5, see ND label), we observe low velocities down
0&0—15 km depth below the Natron basin (Vs ~ 3.3 km.s"), which contrast with high velocities

below the rift flanks (Vs ~ 3.9 km.s™). Our results are similar to those found by Roecker et al.
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(2017) who related this velocity reduction within the rift valley to a thick sequence of sediments in
the upper 5 km (Birt et al., 1997; Ebinger et al., 1997) and active volcanism in the mid-crust
laterally delimited by deeply rooted rift border faults in the western side (Le Gall et al., 2008;
Weinstein et al.,, 2017). Low Vs anomalies, probably related to deep sedimentary or volcanic
sequences (Mana et al., 2015; Plasman et al., 2019), are also detected in the mid-crust below the
EW transverse volcanic belt, except below the Ngorongoro volcanic complex where a high-velocity
pattern is detected at 10 km depth (Figs. 3 and 5, see CD label). Finally, our crustal tomographic
images verify the presence of a low velocity zone down to 15 km depth beneath the northern partof
the Mbulu domain, as previously suggested by Albaric et al. (2014) with less resolution thanour

study (Fig. 3 and Fig. 5, see SD).

The seismicity is mainly clustered and is localized along basin border faults of Natronand Manyara
or below volcanic edifices (Le Gall et al., 2008) and zones of inferred dykes and sills intrusions
(Oliva et al. 2019) (Fig. 1, upper right map). Between 2.4°S and 3°S,, South of the Natron Lake, we
mainly observe upper crustal earthquakes (z > 17 km) aligned-alongra ~N45°E direction within the
rift valley (Figs. 1 and 3). This earthquake swarm is locatedin the central low velocity zone and is
parallel to the 2007 dyke intrusion within the upper crust(Calais ez al., 2008; Biggs et al., 2013). Its
direction also corresponds to the Gelai-Olmoti Volcanic axis, and evidences possible strain
accommodation by fault-magma interactions in continental rifting (e.g. Muirhead et al., 2015;
Weinstein et al., 2017). South_of 2:8°S] a significant part of the seismic events moves along a
~N120°E trend towards the Meru volcanic edifice. Because this cluster matches the Engaruka fault
trace and continues eastward at the base of the low Vs zone at 10-15 km depth under the transverse
volcanic chain(Fig, 5), our results support the presence of a transfer fault zone between the Natron-
Manyara.and\the Pangani rift sectors, as proposed by Le Gall et al. (2008) and Weinstein et al.
(2017). South of the Manyara lake (Figs. 1 and 3), earthquakes are distributed along an elongated
cluster in the lower crust (z > 20 km) with roughly the same N45°E orientation as the northern

Natron swarm (Albaric et al., 2014). This swarm coincides with a sharp S-wave velocity gradient at
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the contact between the Mbulu domain and the Masai Cratonic block (Fig. 5, SN section). Plasman
et al. (2019) combined resistivity cross-sections with Vp/Vs images obtained in the region to
discuss the presence of gas or melt at depth. In particular, they showed that the seismicity localized
at 30 km depth delimits the top of both a high conductive and high Vp/Vs ratio zone. Several
processes have been proposed to explain this lower crustal swarm such as magma upwelling
(Plasman et al., 2019), a shear zone at the boundary between two major tectonic units (Plasman et
al., 2019) and deep fluid pressure arising from melts (Albaric et al, 2014). Finally, little to no

seismicity is recorded North-East and South-East of the studied region.

Vertical cross-sections (Fig. 5) point out that velocity variations at around 40 km depth correlate
with the crustal thickness deduced from previous receiver function analyses (Plasman et aly,2017).
We took advantage of the local 3D velocity model to extract a continuous Moho tepography map of
the studied area (Fig. 4), choosing an isovelocity surface of 7.7 km.s_ as a representative Moho
proxy in this area (Birt et al., 1997). The most notable result of our localinversion is a thickening of
the crust, from North to South within the rift area and beneathithe EW volcanic chain (Figs. 3, 4 and
5). A maximum depth of about 42 km is reached in(the central domain, under the Ngorongoro
volcanic complex and the northern part of the Mbulu'domain in accordance with the results reported
by Plasman et al. (2017). Our study associates this thicker crust with low velocities from 30 km
down to 40 km depth. This low-velocity lower crust extends from the Eyasi border fault (EBF) and
the western boundary of the crater Highlands to the Manyara border fault (MBF) which underline
the limit between the Manyara basin and the Masai block (Fig. 3 and 5). Sparse low velocity zones
are also imaged eastward North of the EW volcanic chain (Fig. 3). Across the Natron basin, the P-
wave distribution points out a slight narrow crustal thinning of the crust within the rift valley (Fig.
3, see label ND). Variations of Moho geometry and lower crust structures in this area have been
imaged in previous geophysical studies (e.g. Tesha et al., 1997; Plasman et al., 2017 & 2019; Tiberi

etlal.,2019) and will be discussed in the following sections.
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3.2. Teleseismic tomography

Telesei earthquake data

Fd& seismic inversion, we used the dataset compiled by Tiberi et al. (2019) and derived from

0%513—2015 CRAFTI and CoLiBrEA experiments. This dataset is obtained from P- and PP-wave
arrivals for 160 earthquakes of Mb > 6.0 that were recorded by the 45 temporary seismic broad-
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band stations deployed in the Magadi, Natron and Manyara rift segments in 2013-2014 and 2015
(Fig. 1). The waveforms were filtered with a two-pass Butterworth filter with corner frequencies of
0.08 and 0.8 Hz. Travel-time residuals relative to IASP91 theoretical arrival-times (Kennett &
Engdahl, 1991) are computed thanks to a cross-correlation technique (VanDecar & Crosson, 1995).
In total, 4047 relative arrival-time residuals with a reasonably homogeneous azimuthal distribution
are used in the teleseismic inversion. The mean relative residuals range from -1.6 to 1.1 s

suggesting a very heterogeneous lithospheric structure.

Initial model and grid parameterization

The main value of our approach is the use of a complex velocity model as an.input in the
teleseismic tomography procedure (Waldhauser et al., 2002; Martin et al.,.2005, Rawlinson ef al.,
2014). The initial background P-wave velocity model is composed of the TASP91 model (Kennett &
Engdahl, 1991). We include in this 1D structure the 3D local ‘modé¢l obtained through our local
inversion for crustal depths (Fig. 6¢). To ensure a smooth transition between these two initial
models, we proceed to some regularizations. We only ‘consider the well-resolved part of the 3D
local model, i.e. from the surface down to 40 kmy(Fig,?2). Because the horizontal extension of this
well-resolved part is smaller than the regional'welocity model (Figs. 1 and 6a), we smooth its lateral
edges using Albaric et al. (2010 &2014),I'D model. Finally, we also introduce a vertical smooth
transition at intermediate depths.(40 and 80 km) to avoid an abrupt boundary between the local

heterogencous model and IASPI1 (Fig. S3).
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a) Model’s grid in map view b) Model’s grid in cross section
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Figure 6: Configuration of the grid net in the horizontal (a).and veptical planes (b) for the constrained
teleseismic inversion. The red boxes correspond to théNimits of the local velocity model. The velocity
values and the velocity standard deviation (for TFGLB, $ée text for explanations) corresponding to the
grid’s nodes are listed in the Table (c). Vgltiieindicated for -5 to 40 km are only the 1D model. (For

comparison, the teleseismic T grid netds in Stpplementary Material §4.)

The grid configuration is shownFig. 6 and consists of a 3D non-regular grid of nodes. In order to
account for the complexity of the velocity structure in the crust, the initial model was parameterized
with a dense distribution of nodes down to 40 km depth and a coarser one below. Grid nodes at
depth are‘located at -5, 5, 10, 15, 20, 25, 30, 35, 40, 80, 135, 185, 235, 270 and 400 km (Fig. 6¢).
The velocity model is composed of 28 and 30 nodes in x and y directions respectively,
corresponding to a surface coverage of 780 x 1450 km?. The interval between horizontal nodes is 20

km regular in the central part alike the local tomographic model, but in contrast to the local
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tomography model, it progressively widens in the periphery (intervals from 20 to 350 km). We
choose this grid configuration in accordance with the resolution of the velocity structure and the ray

coverage of each tomographic procedure. P-wave velocity is assigned to each node.

Inversion process

Our teleseismic inversion is based on Zeyen & Achauer (1997) and Tiberi ef al. (2003) and use the
Steck & Prothero (1991) raytracing. This iterative method is well-adapted for a regional network
and allows for an adaptive crustal 3D heterogencous model (Tiberi et al., 2003). A standard
deviation value Sv is assigned to each node of the model, and controls the maximum vatiation from
the velocity initial value through iterations. This approach also includes smoothing constraints and
a priori data standard deviation (Sd) to stabilize the inversion. The inversion proceeds until the sum
of the differences between observed and calculated data reaches a given threshold or when the
maximum number of iterations is reached. At the end, we evaluate the efficiency of the inversion
through the root mean square (RMS) decrease and the final\distribution of the calculated data,

which should be close to the observed one.

The optimal values of the smoothing parameter, the number of maximal iterations, threshold and
the a priori data standard deviation were, fixed by Tiberi et al. (2019) through various tests for the
inversion process factors. The best.values' for these are 0.1 for the smoothing and 0.001s for the
time difference threshold. The\data standard error was divided into four ranges, depending on the
very good (Sd=0.05 s), good(Sd=0.10 s), moderate (Sd=0.15 s) and bad (Sd=0.2 s) delay-times
quality. The numberof iterations is set to 5, as no significant changes in the RMS decrease is noted

after. We usesthe.same set of parameters in all of our inversions.

Hereafterywe investigate the effect of this complex starting velocity model in the NTD lithospheric
structure in comparison with the results obtained by Tiberi et al. (2019). In particular, we study two

cases: a Teleseismic Finer Grid Local model (1abelled TFGL), and a Teleseismic Finer Grid Local
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model with Blocked surface (labelled TFGLB). In the TFGL case, we introduce the 3D crustal
model and allow it to vary during the inversion (smoothing = 0.1, a priori velocity standard
deviation = 0.02 km.s™) for the whole model. In the TEGLB case, we freeze the crustal velocities to
their initial values deduced from the 3D local tomography. In order to avoid any deviation for the
input crustal velocity model, we assign the crustal nodes a lower a priori standard deviation
compared to mantle ones (0.001 km.s™ vs 0.02 km.s'1 respectively, Fig. 6¢). The crustal standard
deviation progressively increases to avoid fabricated abrupt velocity changes between the crust and
the mantle (Fig. 6¢). We will refer to Tiberi et al. (2019) parametrization and results as™a

benchmark (labelled Teleseismic T).

Resolution tests

In order to evaluate the resolution of the teleseismic images related to the. different starting models,
we perform checkerboard tests (Figs. 7 and 8) using the real source/receiver configurations.
Contrary to what is usually done in teleseismic studies (e.g. Bastow et al., 2005; Tiberi et al., 2019),
we follow the same protocol described above in the*local tomography part (Gautier et al., 2006).
The checkerboard tests are carried out assigning »Small velocity perturbations to the final
tomographic model. We consider the/final tomographic model to evaluate the individual

contributions of the 3D crustal structure’and'the shallower grid on the teleseismic resolution.

To construct the checkerboard;we.add alternative positive and negative perturbations of 5% in one
given layer of the final tomographic model. The input velocity anomalies are 2 x 2 or 3 x 3 nodes
(i.e. 40 x 40 km* wide in the local part and 50 x 50 km? in the regional part; 60 x 60 km? in the local
part and 75%75.km” in the regional part, respectively). We construct synthetic residual delay times
by computing-the difference of travel-times between rays that propagate in the final tomographic
model and the same rays passing through the checkerboard model. Finally, we invert these synthetic
data by using the same inversion process and parameters (velocity standard deviation of 0.02 km.s™,

smoothing of 0.1, no random noise) as Tiberi et al. (2019). We perform checkerboard tests in
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different layers located at crustal depth (25 km), mantle depths (80 and 135 km), as well as at

intermediate depth (40 km) to tackle the resolution close to the Moho discontinuity.

Figs. 7 and 8 show the checkerboard tests in horizontal map views and vertical cross-sections,
respectively. The checkerboard pattern is well retrieved from 40 km depth down to 135 km for most
of the study area. This means that the addition of the local a priori constraints in the initial 1D
model does not damage the resolution of the inversion at mantle depth, compared to the initial
parametrization of Tiberi ef al. (2019). This also validates the parameterization we used in terms of

smoothing and covariance factors, derived from Tiberi et al. (2019).

Concerning the crustal resolution of our new teleseismic inversion procedure (25 km depth-test-for
TFGL and TFGLB cases), the location of the velocity anomalies is correctly retrieved, while we
reconstruct less than 50% of their initial amplitude. This result is independent of the crustal velocity
model, demonstrating that the first layers remain poorly resolved even-in“the-case of strong crustal
constraints. As expected, the crustal part cannot be improved by:teleseismic inversions when only
considering teleseismic data. It then fully justifies to keep the*3D local tomography as the most
relevant model for the shallowest part in teleseismic strategy on real data. We therefore choose to

maintain the crustal velocity distribution unchanged during the inversion (i.e. TFGLB case).

For the mantle layers (40, 80 and 135 _Km),,TFGL and TFGLB cases are both able to retrieve
smaller size anomalies than the teleseismic case from Tiberi ef al. (2019) (40 x 40 km? vs 50 x 50
km? at 40 km depth respectively, Fig. 7 and S5). Both TFGLB and TFGL 2 x 2 nodes checkers
produce similar results in terms of geometry and amplitudes (Figs. 7 and 8). The recovered
amplitude ranges between<10 and +10%. The amplitudes are overestimated by £1-2% at 40 km and
are up to + 5% at 80km depth. At 40 and 80 km depth, the finest resolution matches 40 x 40 km?
bodies while, at'135 km depth, the smallest well-reconstructed anomalies coincide with the 60 x 60
km*bodies (3 x 3 nodes). These anomaly sizes define the minimum anomaly size that is expected to

be resolved in our tomographic inversions at the different depths.

020z JeqwanoN ¢ uo 1senb Aq GzG1/6G/8c5eeb6/116/c60 101 /10p/2[01e-80UBApPE/I[B/W09°dnodlWwspede//:sdpy woly papeojumoq



TFGLB TFGLB
TFGL (2 nodes) (3 nodes)

Initial
Checkerboard

Checkerboard
at 25 km

Checkerboard
at 40 km

Checkerboard
at 80 km

Checkerboard
at 135 km

5 -4 3 -2 -1 0 1 2 3 4 5
Velocity variations (%)

Y

Figure 7: Checkerboard retrieved pafterus W’ map view after P-waves tomographic inversions. The
first row shows the true checke omaly added to the 3D final velocity model. The left panel

shows the results of the ma@u ing the 3D local velocity structure (TFGL). The central and right
columns present the vésults of the model with local velocity structure and blocked surface (TFGLB)
with 40 x 40 kp’ x 60 km’ checkerboard size respectively. The rectangle delimits the local

initial mo éocontoum mark the -5, -3, 0, 3, and 5% velocity variations. The AA’ red dashed

line isfthe s section track of Figure §.

&
>

020z JequianoN €1 uo 1senb Aq GzG1/65/865eeBB/1IB/E60 1L 01 /10p/BloNE-00UBADE/IB/WOS"dNO dlWepEDE/:SA)Y WOl PapEojuMoq



When the local velocity structure is inserted in the first 40 km (both TFGL and TFGLB cases vs
TFG, see Fig. S6), the overall mantle resolution is improved as horizontal and vertical smearing is
restricted. By fixing the starting crustal model during the inversion, the artefacts are not totally
suppressed in the upper mantle but they are greatly reduced (see VSA label in Fig.8). These
artefacts are located between 100 and 200 km for TFGL but they are restricted to 100-150 km depth
for TFGLB. The amplitude of the artefacts is also reduced by about 2% in TFGLB compared to
TFGL (see VSA label by example, Fig. 8). Eastward, the remaining artefact VSA could result from
an inhomogeneous azimuthal source distribution, with the largest number of events coming from
South-East Asia (Tiberi et al., 2019), combined with the poor resolution of the local velocity, model

in this area (Fig. 2).

From the synthetic tests, we conclude that the use of an a priori 3D crustal structure reduces the
vertical smearing effect and allows to image smaller structures than a classic teleseismic case for
intermediate depths (Tiberi er al, 2019). Because we use a hybridymethod with a teleseismic
inversion (nearly vertical rays) instead of a joint inversion, (teleseismic and local travel-time
simultaneously inverted), we still have a lack of crustal resolution. In order to take into account
these different aspects, we propose a hybrid teleseismic approach considering a strong crustal
constrain, i.e. the TFGLB case with a crustalimodel which stays unchanged during the inversion
(Fig. 6¢). The crustal part will then only be constrained from the local inversion and will give the
best result for the corresponding depths (Fig. 2). The mantle part on the other hand will benefit from

the constrained crust with réduced smearing effects and a better structure delimitation.
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Figure 8: P-waves checkerboa esults in a West-East cross-section (latitude -2.8°S, AA’ in

Fig.7). Left: starting modelNincluling the local velocity structure (TFGL). Centre and right: starting

model with local velo@ity stkucture and blocked surface (TFGLB), with 40 x 40 km’ and 60 x 60 km’

checkerboard gpo respectively. The red dotted line delimits the local initial model. The grey
dashed i the input velocity anomalies depth. Green dashed circles highlight the velocity
smearfing (VSA) discussed in the text. The isocontours mark the -5, -3, 0, 3, and 5% velocity

iations. Ketum. abbreviation stands for Ketumbeine volcano.

020z JequianoN €1 uo 1senb Aq GzG1/65/865eeBB/1IB/E60 1L 01 /10p/BloNE-00UBADE/IB/WOS"dNO dlWepEDE/:SA)Y WOl PapEojuMoq



Application to the NTD

Our hybrid teleseismic inversion (TFGLB) produces satisfying RMS decrease through iterations
(31.65%), though slightly lowered compared to the classical teleseismic (T) procedure (41.22%)
(Figs. 9b and 9d respectively). The lower reduction in misfit value for the TFGLB inversion is due
to the strong imposed crustal constraints, that restricts the fit of the delay-times for the crustal part.
This is noticeable through the 41.59% of RMS reduction in the TFGL case (Fig. S7), where the
crustal part is not fixed. However, the good data variance recovery (72.20% for TFGLB and
83.39% for TFGL) associated with the checkerboard tests suggests that TFGLB inversion gives an

overall good fit for the mantle.

First, the resulting TFGLB images are consistent with the results obtained by Tiberi‘et a/., (2019)
for the long wavelength, with a main low velocity zone (Figs. 9d for T case and 9b for TFGLB,
labelled LV1) located in the central part of the model, that extends-from=the bottom up to the
surface of the velocity model. This low velocity central partqs flanked by two high velocity
anomalies, annotated HV1 and HV?2, that are restricted to the fizst 100-120 km depth. It is worth
noticing that the crustal part and the mantle part, obtained from an independent dataset inversion
(local vs teleseismic), are very coherent in shap¢ and,amplitude and display continuous structures

on both sides of the Moho interface.
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Figure 9: West-East (a to orth-South (e) cross sections through the P-wave classical

teleseismic (T) and hybrid telesei§mic (TFGLB) models. The cross-section tracks are localized Fig. 5.
HYV stands for High Vwanomaly and LV for Low Velocity anomaly referred to in the text. The red
dotted line d ipvbase of the fixed local model, which is frozen in the hybrid teleseismic
inversionSIThes thin subhorizontal black line represents Moho depth from Plasman et al. (2017).
Vol @@ ices: Kili. - Kilimanjaro; Kt. - Ketumbeine; Ngo. - Ngorongoro, OL — Ol Doinyo Lengai.

ts)(vertical exaggeration): OOF,; Ol Doinyo Ogol Fault; NBF Natron Basin Fault. Inferred partial

Qnelting zones from Mana et al. (2015) and Mattsson et al. 2013.
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Despite the same regional mantle structure, substantial changes happen for short wavelengths when
the hybrid procedure is used. In particular, the continuity of mantle structures within the crust is
modified. The connection of the central low velocity with the surface is clearly sharpened, and
appears with enhanced details. This results in a transfer of the amplitude to the upper mantle, where
low anomalies between 50 and 100 km depth are amplified by 3% on average (Figs. 9d and 9b).
The shape, and in particular the boundaries, of the central low velocity zone are also modified and
present a strong 3D pattern, as first suggested in Tiberi et al. (2019). Our results expand this
observation and allow us to discuss the geometry of the velocity anomalies from the upper mantle

upward the surface.

In the upper mantle, the main change is the restriction of the low velocity zone up to 150 km' depth,
and its widening as we follow it southward. In particular, its west-dipping tip, that.is' present in T
case between 200 km and 250 km depth, disappears when considering a 3D local a priori model for
the crust (Figs. 9d and 9b). Our tomographic results also make the 3Dsstructure of the central low
velocity zone clearer for intermediate depths. This anomalyssthat is“centred beneath the axial rift
valley with a rough N-S direction at 135 km depth, splits in two distinctive anomalies (LV1 and
LV2, Fig. 10), with NE-SW strikes from 80 km depth. Close to the Moho boundary, the two low-
velocity zones LV1 and LV2 correlate with the”Ngorongoro and Meru volcanic complexes,
respectively. In particular, LV2 is perfeetly restricted to the Meru-Monduli-Burko-Essemingor
volcanic complex, with a maximum amplitude (-8%) beneath the Meru edifice. LV1 extends below
the Ngorongoro complex antil the Gelai and Ketumbeine edifices boundary. We notice that the
amplitude (from -4%-n the, rift axis to -12% below the Ngorongoro crater) and the maximum depth
of these two low-velocity anomalies agree with petrological and geochemical constraints and partial
melt depth (Mana et al., 2015; Mattsson et al, 2013) (Fig. 9c). This emphasizes that our
tomographic images can be used to characterize the geometry of melt zones at a lithospheric scale,
even in areas with no current volcanism. Moreover, our images point out that the top of these two

low-velocity anomalies coincides with the Moho interface, which was determined with an
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independent receiver function method (Plasman ef al, 2017). This correlation implies a strong
lithological control on the vertical extension of these low-velocity anomalies towards the surface
(i.e. magma ascending), probably related to a significant strength of the crust down to lower crustal

layers (Albaric et al., 2010).

Legend

— Major faults
(3 Volcanic complex
A\ Volcanic edifice

Velocity variations (%)

Figure 10: P-waves inversion mapAvieds 9f the Teleseismic with a Finer Grid, the Local data and
Blocked velocity (TFGLB) model.NLhe black box delimits the horizontal extension of the local model at
the surface. HV stands for High Velocity anomaly and LV for Low Velocity anomaly, referred to in the

text.

LV1 and LV2 zones are separated by a positive anomaly (HV3) centred below Manyara basin and
that'extends from the surface down to 70 km depth (Figs. 9¢ and 10). HV3 is consistent with a 50
km-thick well resolved electrically resistive unit (Plasman et al., 2019) and correlates with the

surface expression of the northern edge of the Masai block. The depth resolution of our 3D velocity
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model assesses a clearer velocity contrast, delimiting a more precise thickness of this lithological
unit. Moreover, this massive high-velocity anomaly confirms that the Masai block corresponds to a
strong, and probably cratonic, lithological unit (Albaric ef al., 2010 & 2014), which seems to act as
a barrier between the two low-velocity zones. Considering the lithospheric images and this massive
high-velocity zone, we rather relate the lower-crustal earthquake swarm south of Manyara lake (Fig.
5) to fluid pressures coming from deeply rooted magmatism along pre-existing fabrics, as first

proposed by Albaric et al. (2014).

In addition to the imaging of the melt zones, one other notable result of our inversion is the well-
resolved geometry of the accreted Panafrican lithological units, and in particular the related
boundaries between the Tanzanian craton (HV1), the Mobile Belts (HV2) and the rift zone (LV1).
Indeed, the contact between the central low-velocity anomaly (LV1) displays an‘eastern dip, which
becomes more pronounced going southwards (from 0° to 65°E) (Figs. 9a, 9b,"9¢). Our images point
out that the geometry of LV1 at depth matches some main tectonic structure at the surface, and in
particular the location, the dip and the orientation of the Ol Deinyo Ogol (OOF) and Natron Border
(NBF) (Le Gall et al., 2008; Fritz et al., 2013) (Figs. 9a'to 9c). This suggests that the surface
expression of the mechanical deformation related ‘to the rift development is strongly related to
inherited structural heterogeneities of the basement. Finally, at intermediate depth, the eastern edge
of HV1 show strong lateral variatiofis from north to south, denoting an initial heterogeneous
geometry of the Tanzanian craton unit when it collided during Panafrican orogenies, or a possible

post-Panafrican collision erosion\of this inherited structure (Currie & Van Wijk, 2016).

4. Discussion

In-thissstudy, we present a hybrid approach to invert teleseismic travel-times by integrating strong
crustal constraints. This new method allows us to enhance depth resolution in teleseismic images, in

particular at the Moho discontinuity. This is mandatory to investigate crustal and mantle processes,
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their continuity and their relationships or interactions. Tested on a complex geodynamic area, the
NTD area, the resulting model offers a continuous and coherent view of anomalous velocity zones

or structures at crust-to-upper mantle depths.

5.1. Effect of 3D crustal structure in teleseismic images

Zhao et al. (1994) and Roecker et al. (1993) realized joint inversions of local and teleseismic data
sets with a 1D a priori model. It allowed them to increase the ray coverage and to obtain clearer
images of the upper mantle. Contrary to these studies, we performed a constrained teleseismic¢
inversion using independently use the local and teleseismic data sets in a hybrid approach.:\We
insert a 3D well-resolved crustal velocity structure in the initial lithospheric model and theén only
invert the teleseismic travel-times to image the upper mantle. Our ray coverage ‘is'not broadened,
but the addition of the 3D fixed structure improves the resolution in ‘the upper mantle while
maintaining a well-defined crustal velocity structure. This shows,that“our hybrid tomographic

approach benefits from both datasets without deprecating their respective resolution.

Our synthetic tests and inversions on real data demonstrate that both finer shallower grid and crustal
velocity structure have strong effects on teleseismic images. Fixing the crustal part during the
inversion diminishes the vertical downward smearing and reduces the artefacts in the crust. We also
sharpen anomaly boundaries and increase their amplitude. This is consistent with the results
obtained by Waldhauser et al. (2002) and Sandoval ef al. (2003) who constructed a 3D crustal
starting model based on previous’studies (Moho topography, sedimentary basin, known crustal
structures), applied a<time correction for crustal effects and blocked the crustal part during their
inversion. They underlined a reduction of the artefacts and a better location of the velocity
anomalies  in-the upper mantle. On the contrary, our conclusions differ from Martin et al. (2005),
who mention an important leakage within the mantle part of their model, that we do not have in our
study. Our study points out that similar and convincing tomographic results can be obtained without

complex crustal time correction. By restricting the number of crustal corrections, our approach
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limits the contamination of inappropriate signals within the mantle and avoids interpretation of

artefact or fake crustal signal.

5.2. Role of magmatism and inherited structure in the NTD

Our hybrid inversion offers a good resolution at both crustal and lithospheric depths, and new
constraints close to the Moho boundary. The continuous and well-resolved images for the NTD
region allow the investigation of melt zones, their relation with deep seated processes, mantle
dynamic and inherited structures. We hereafter question the role of inherited structures on the
location of the deformation at the surface, the interplay between faults and magmatic intrusion,xand

the depth location of melt.

Lateral control from inherited structures

Our results shed light on the similarity between major fault directions’(OOF, NBF), main volcanic
features at the surface (Ngorongoro, Meru, dyke intrusion, Calais“et al., 2008) and the lithospheric
anomaly orientations at intermediate depth (i.e. nearthe Moho, at 40-80 km depth) (Fig. 9). This
observation illustrates the impact of ancient and inhetited structures on the location of crustal
deformation. Recent analogue experiments showythat pre-existing weakness zone in the lithosphere
will accommodate the regional stress‘through localized brittle deformation in the upper crust, while
the absence of pre-existing structure” results in a more distributed deformation at the surface
(Santimano & Pysklywec, '2020). These pre-existing structures can either be ancient sutures
between units, or have deyeloped during past orogenic events (Vauchez et al., 1998). In our case,
Neoproterozoic eollisional events that have formed the Mozambique Belt (Shackleton, 1986; Key et
al., 1989) mayalso have produced a lithospheric coherent fabric, which could remain frozen in the
mantlew.Fhis N-NE trending pervasive fabric is coherent with the sparse SKS splitting
measurements available in the region (Gao et al., 1997; Barruol & Ben Ismail, 2001; Walker ef al.,

2004; Albaric et al., 2014) However, the anisotropy recorded through the SKS analysis
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encompasses combined effect of the pre-existing structures of the lithospheric mantle as well as
melt pockets alinement and asthenospheric flow. These three processes are highly probable in the
region (Vauchez et al., 2000). Only a thorough and detailed analysis of new SKS data would help to

discern those effects.

Our models support the idea of such an interplay between major old suture zones and
asthenospheric material (Fig. 11). The Ngorongoro area is the result of the interaction between the
old craton/mobile belt suture and the mantle plume. The lithological discontinuity between the
Tanzanian craton and the Mozambique Belt may have played the role of such a weakness\zone.‘As
mantle upwelling preferentially migrate and break through the weaker part of“the_lithosphere
(Koptev et al., 2016), this past suture has strongly influenced the location<of uppetr mantle slow
velocity anomalies and shaped its volume. Ultimately, this deep pre-existing-suture orientation has
been transmitted towards the surface and guides the brittle deformation in the upper crust. The
emplacement of first magmatic expressions (Sadiman and Essimingor volcanic edifices, Mana et
al., 2012 & 2015) was focused on the region where cratonic units (Tanzanian Craton, Masai block)

meet the mobile belt (Corti et al., 2007).
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Figure 11: Schematic illustration of our geodynamic scenario. The plume ascent, blocked beloW the
craton, bypasses the cratonic rigid lithosphere on its eastern side. The rise of tgmpexature at the
craton base induces a dehydration of the keel, and thus a viscosity (7)) incréase and a density (p)
decrease. The craton becomes more stable against mantle erosion while its=wpper part of the cratonic
lithosphere remains hydrated. In the first 100 km, the melt overtakes temperature effect (Tiberi et al.,
2019, Soltanmohammadi et al., 2018) and migrates in pre-@uistingYheterogeneities, explaining the

highly 3D images in tomography. The cross-section tracks areVocalized Fig. 5.

Rheological vertical control

Even though pre-existing mantle-lithospheric heterogeneities participate, the vertical stratified
rheology of lithosphere remains an important factor in the location of the deformation (Ziegler &
Cloetingh, 2004; Burov 201 1), The thermo-mechanical structure of the lithosphere affects both the
geometry of the crustal deformation and the vertical dynamic of upper mantle processes (Buck,
1991; Gueydan eryal., 2008). The Moho plays an important role in this stratification and rheology
control, as a major compositional and thermal boundary (Burov & Diament, 1995; Cloetingh et al.,
2013)./The mechanical strength of the lithosphere is also influenced by its age, composition and

thickness (Burov & Diament, 1995).
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In our case, the old and thick African cratonic lithosphere has been for long associated with stronger
and rigid rheology (Ebinger et al., 1997; Albaric et al., 2009). It is therefore more prone to sustain
distributed deformation rather than localized one (Corti et al., 2013). Where the cratonic lithosphere
is still intact, our models show a homogeneous high velocity and a rather flat and deep Moho. This
is particularly the case in the region of the Masai block, strongly contrasting with low velocity
lithospheric zones north of latitude 3.2°S (Fig. 9, EE’). The stiff Masai block creates a
heterogeneity in the rheology of the lithosphere and modifies the way the crust is deforming. South
of 3.2°S, it results in a widening of the rift associated with a deep clustered seismicity in_the
Manyara Basin (Albaric et al., 2010, Figs. 3 and 5), and very recent (0.4-0.9 Ma), sporadic-and‘less
volumetric volcanic episodes (Baudouin 2016; Baudouin & Parat, 2020). Rather than reflecting a
weak mantle rheology (Gueydan et al., 2008), the distributed deformation and poor magmatic style
of the Manyara Branch alternatively comes from a local change in the lithospheric strength. Our
results beneath the Masai block, together with previous geophysicalustudies (Albaric et al., 2010;
Plasman et al., 2019) advocate for a rheological resistant mafi¢ lewer crust and a more viscous
lithosphere (Selway, 2015; Perez-Gussinye et al., 2009),/blocking the southward propagation of the

rift and the ascent of melt to the surface.

Dynamic mantle processes

The heterogeneity of the lithosphere combined with its rigid rheology distributes the surface
deformation. The cornerstone of-this:concept is the Masai Block, which obstructs the southward
propagation of the Kenyan rift (opening the Manyara and Pangani rift segments on both side of the
Masai Block), and constrains the magmatic material to ascend along the suture of the Masai block
and Tanzanian Craton. As a consequence, the earliest and major volcanic complexes have emerged
on its edges: the Ngorongoro and the Essemingor-Meru volcanic centres. The Masai lithospheric
unit also acts as a strong rheological barrier, preventing from a localised rift opening and resulting
il a“scattering surface deformation in 3 branches (Eyasi, Manyara and Pangani from West to East

respectively). The magmatic intrusions that developed at the Western and Northern Masai block
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edges weaken the strong cratonic lithosphere and allow for faults to propagate (Buck, 2006). The
faults orientations are influenced by ancient and deeper lithospheric structures, explaining the
similarity of their N-S and NE-SW strikes with the main upper mantle low velocity bodies
geometry (Fig. 9, 40 to 150 km depth). This clearly demonstrates the impact of deep-seated

processes on surface features.

The high contrast between positive and negative seismic anomalies we image beneath the NTD at
lithospheric depth (50-150 km) advocates for chemical and compositional modifications of the
lithosphere in addition to thermal alteration. The presence of melt in the lithosphere (Vp = 10% in
Figs. 9 and 10, as proposed by Soltanmohammadi et al., 2018) is favoured by the<hydration
(Baptiste et al., 2015) and carbonation of the lithosphere in this region (Muirhead ez al., 2019), both
decreasing the solidus (Foley 2008). The presence of a metasomatized mantle may-have promoted
the production of carbonated melt (Rudnick et al., 1993; Soltanmohammadi et al., 2018). This
thermochemical erosion eases the process of lithospheric thinning and’ean’ explain its higher value
(~60 km) compared to crustal thinning (~10 km) in theeease of the NTD (Fishwick, 2010;
O’Donnell et al., 2013; Plasman et al., 2017; Tiberi et’al., 2019; Accardo et al., 2020). Given the
sharp and clear 3D geometry of our low velocity/anemalies beneath the NTD, the alteration of the
lithosphere is not uniform. It clearly indicates a mantle dynamic control in the region, or pre-
existing heterogeneities to localize the“erosion. An abrupt change in lithospheric thickness such as
observed at craton edge can trigger edge-driven convection, which in turn can erode the lithosphere
or modify its pattern (Hardebol\ef al., 2012, Liu & Chen, 2019). In the case of the Tanzanian
Craton, its hydration}, buoyancy and composition inhibit a mantle downward flow and rather
advocate for an upward advection of the Archean mantle (Currie & Van Wijk, 2016; Liu & Chen,
2019). This explain the preserved high velocity anomaly associated to the Archean craton (Fig. 11).
In the NTD case, the ascending material from the plume locally modifies the hydration state of the
cratonic lithosphere, making it more or less resistant to mantle erosion (Selway et al. 2014; Currie

& van Wijk 2016). In the first 100 km, melt associated to metasomatized mantle overtakes the
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temperature effect (Tiberi et al. 2019, Soltanmohammadi et al., 2018). Pre-existing structural and

compositional heterogeneities localize the melt and control the occurrence of surface volcanism.

In this proposed frame, Manyara is then the expression of the ultimate control of inherited
lithospheric structure and thermochemical process. The rigid Masai unit combined with a thick,
probably mafic, crust completely prevents from the development of surface volcanism in this rifting
onset context. It results in a deep-seated magmatism and clustered seismicity due to fluids
overpressures in the lower crust. The lithosphere has still kept here its original strength and it

explains the contrasted geophysical signature of this region compared to the Natron-Magadi branch;

5. Conclusion

We developed a new hybrid tomographic method by inserting an a priori 3D local model in a 1D
layered lithospheric model and by fixing the crust during the teleseismic inversion. We then
obtained new tomographic images with enhanced resolution for intermediate depth (40-80 km) and

better-defined anomaly boundaries.

The strong horizontal gradient between the central negative and the lateral positive velocity
anomalies marks the lithological contacts between the Tanzanian Craton, the Masai Block and the
Proterozoic Belts. These sutures between ‘inherited units act as weakness zones that guide mantle
upwelling and localize the volcanism”and the brittle surface deformation along preferential

directions (major normal faults like' OOF, NBF, MBF, PBF).

Meanwhile, the inherited structures contribute to the divergence of the deformation South of
Natron-Magadi rift{branch by changing the rheology of the lithosphere. The rigid Masai Block
inhibits_.the southward rift propagation and compels the deformation to circumvent it. Its stiff
rheology prevents the magmatism from reaching the surface, which results in a deep-seated

magmatism associated with clustered seismicity in Manyara rift Branch.
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The Moho is seen as a major rheological interface, which strongly limits the mantle ascending
material. Major magmatic bodies are mostly confined to the upper mantle and laterally extend
below the Moho. This results in a thermomechanical alteration of the lithosphere, which has been

unevenly distributed and framed according to pre-existing heterogeneities.
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