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Key Points:

« Crustal thickness and V,/V; in the vicinity of the Malawi and Luangwa rift zones
are measured using receiver functions

« Low V,,/V, measurements along the western edge of the northern Malawi rift are
attributable to infiltration of magma-derived COq

« Elevated V,/V; in southern Malawi rift suggests partial melting, and normal crustal

thickness and V,,/V; for Luangwa are observed
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Abstract

Stacking over 2500 P-to-S receiver functions recorded by 34 broadband seismic sta-
tions installed in the vicinity of the Malawi and Luangwa rift zones (MRZ and LRZ, re-
spectively) reveals significant variations of crustal thickness (33.4-46.1 km) and V,/V;
(1.69-1.84). The resulting crustal stretching factor is about 1.1 for the MRZ, which is
approximately 10 - 40% lower than that observed in the mature segments of the East
African rift system (EARS). The V,/V; ratio is high (> 1.81) beneath the southern MRZ,
indicating the possible existence of partial melting. Low V,,/V; values of 1.69-1.71 are
observed along the western boundary of the northern MRZ and are attributable to in-
filtration of magma-derived COs in the crust. The LRZ shows negligible crustal thin-
ning and a V,/V;, that is comparable to the globally averaged value for continental crust,

suggesting a complete recovery of crustal properties in terms of crustal thickness and V,,/ V5.

1 Introduction

A typical continental rift is a fault-bounded narrow valley where the entire litho-
sphere has been pulled apart under extension (Gregory, 1894; Sengor & Burke, 1978).
One of the most common features in continental rifts is basaltic volcanism, which orig-
inates from either partial melting in the lithosphere or plume upwelling from the sub-
lithospheric mantle (Sengor & Burke, 1978). A recent ambient noise tomographic (ANT)
study (Wang et al., 2019) suggests that, in continental rifts, the magnitude of crustal thin-
ning has a close relationship with the development of rift-related volcanisms. Different
from most of the mature segments of the East Africa Rift System (EARS) which have
been studied extensively using various techniques, the non-volcanic Cenozoic Malawi rift
and the Paleozoic-Mesozoic Luangwa rift (Ebinger et al., 2017) have been inadequately
investigated. Consequently, the magnitude and extent of crustal deformation, the exis-
tence of partial melting or mafic intrusion in the crust, and important characteristics such
as the depth penetration and possible COs infiltration of the seismically active bound-

ary faults, remain enigmatic.

Laboratory investigations of crustal rock samples (Holbrook et al., 1992) suggest
that under average crustal temperature and pressure conditions, felsic, intermediate, and
mafic rocks have V,/V; values of smaller than 1.76, between 1.76 and 1.81, and greater

than 1.81, respectively. The existence of crustal partial melting can lead to a higher V,,/V;
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due to a greater reduction of V; than V,, (Greenfield et al., 2016). Similarly, the inten-

sive intrusion of mantle materials into the crust can also increase the bulk crust V,/V;
(Christensen, 1996). Moreover, an increasing number of mineral physical and observa-
tional studies have suggested that CO5 released from the mantle through deep and steep
lithospheric faults (Lee et al., 2016) can significantly reduce crustal V,,/V; (Julian et al.,
1998; Parmigiani et al., 2016; Roecker et al., 2017). CO2 can decrease V), through its strong
effect on the pore-fluid compressibility of the crustal porous rock, and consequently, re-
duce the crustal V,,/Vs (Ito et al., 1979; Mavko & Mukerji, 1995). Therefore, observa-

tions of V,/V, values that are below the normal felsic rock value of 1.76 may suggest the
presence of magma-derived COq, and that of lithospheric faults acting as conduits for

the CO2 (Lee et al., 2016) .

In this study, we present measurements from a receiver function study using recently
recorded broadband seismic data that we collected as part of an interdisciplinary inves-
tigation (Gao et al., 2013) to unveil the crustal characteristics and impact of CO2 and
partial melting on V,,/V, beneath the Malawi and Luangwa rift zones (MRZ and LRZ,

respectively) and adjacent areas.

2 Tectonic Setting

The Cenozoic MRZ is the southernmost segment of the magma-poor western branch
of the EARS. It separates the Nubian plate and the Rovuma microplate (Figure 1) and
originated approximately 25 Ma (Roberts et al., 2012). The Rungwe Volcanic Province
located at the northern tip of the rift zone is the only volcanic province within the MRZ
(Ebinger et al., 1993). Kinematic GPS studies (Saria et al., 2014; Stamps et al., 2018)
indicated that the spreading rate between the Nubian plate and the Rovuma microplate
decreases gradually from the northern tip (2.2 mm/yr) to the southern tip (1.5 mm/yr)
of the MRZ. One of the most controversial issues beneath the MRZ is the existence of
thermal upwelling from lower mantle. Broadband seismic studies using the same data
set used by this study have shown that there is a normal mantle transition zone thick-
ness (Reed et al., 2016) and a NE-SW oriented seismic azimuthal anisotropy (Reed et
al., 2017) under the rift, suggesting that there is no significant rift-related mantle flow
and detectable influence of an active plume in the vicinity of the mantle transition zone.
Some geodynamic modeling studies also inferred a lack of observable thermal upwelling

from the lower mantle beneath the MRZ, and favor an upper mantle origin of rifting (Stamps
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et al., 2014; 2015). In contrary, a recent seismic anisotropy study (Tepp et al., 2018) at-
tributed the NE oriented azimuthal anisotropy observed in the MRZ to horizontal man-
tle flow that is enhanced by weak thermal upwelling from the lower mantle beneath south-
ern Africa. Similarly, the existence of an active mantle plume from the lower mantle be-
neath southern Africa was suggested by seismic tomography (Mulibo & Nyblade, 2013;
Ritsema et al., 1999) and geodynamic modeling studies (Gurnis et al., 2000; Lithgow-
Bertelloni & Silver, 1998). Relative to the mantle, the crust beneath most part of the
MRZ has been inadequately studied. A recent receiver function study for the northern
MRZ and the Rungwe Volcanic Province (Borrego et al., 2018) suggests a bulk felsic to
intermediate crustal composition and small variation of crustal thickness, and concludes
that crustal thinning in the northern MRZ is highly focused beneath the center of the

rifted basin.

Another major tectonic feature in East Africa is the Permo-Triassic LRZ, which
has been reactivated probably by the same stress field responsible for the formation of
the Cenozoic EARS (Banks et al., 1995; Fritz et al., 2013). The Luangwa rifting started
in earliest Permian times and ended in the Triassic (Banks et al., 1995; Daly et al., 1989;
Fritz et al., 2013). The southwestern segment of the LRZ follows the ENE-trending Mwem-
beshi Shear Zone, which separates the Proterozoic Irumide Belt and the South Irumide
Belts (SIB), while its northeastern portion is situated in the Irumide Belt (Figure 1). Geochrono-
logical studies by Johnson et al. (2005; 2006) indicate that different magmatic events re-
sulted in a significant distinction of the crustal characteristics between these two neigh-
boring orogenic belts. The Mwembeshi Shear Zone separates the lithosphere between the
Irumide Belt and SIB, which is evidenced by the observation of an electrically conduc-
tive discontinuity in the mantle (Sarafian et al., 2018). This conductive discontinuity might
represent a suture zone which is a result of collision between two lithospheric fragments
after subduction of an oceanic slab beneath the Irumide Belt (Johnson et al., 2007; Sarafian
et al., 2018). Previous integrated studies consider that the left lateral movement on the
Mwembeshi Shear Zone dominated the development of the LRZ, while subsequent right
lateral movement resulted in rifting inversions (Banks et al., 1995; Daly et al., 1989; Or-

pen et al., 1989).
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3 Data and Methods

The teleseismic (epicentral distance ranging from 30° to 180°) data used in the study
were recorded by 34 stations (Figure 1) that we installed in Malawi, Mozambique, and
Zambia over a 2 year period (2012 - 2014) as a component of the SAFARI (Seismic Ar-
rays for African Rift Initiation; Gao et al., 2013) project. To balance the quality and quan-
tity of the selected data, a variable cut-off magnitude (M,) was set by M, = 5.2+(A—
30.0)/(180.0 — 30.0) — D/700.0 where A and D are the epicentral distance in degree
and focal depth in kilometer, respectively (Liu & Gao, 2010). A band-pass filter with
a frequency range between 0.04 - 0.8 Hz was applied to the seismograms, which were win-
dowed 20 s before and 260 s after the theoretical first P-wave arrival based on the IASP91
Earth model (Kennett & Engdahl, 1991). If the signal to noise ratio (S/N) of the first
arrival on the vertical component was greater than 4.0, the filtered seismograms were
selected to generate P-to-S receiver functions (RFs) following the procedure of Ammon
(1991) with a water level value of 0.03. The resulting P-to-S RFs for each of the sta-
tions were inspected visually to reject the ones without a clear first P-arrival in the first
2 second window. A total of 2504 high-quality radial RFs from 311 events were selected

for determining crustal thickness (H) and V,/V; (k).

3.1 H-k Stacking

Following the H-x stacking procedure of Zhu & Kanamori (2000), the selected RFs
were moveout corrected and stacked to grid-search for the optimal pair of the crustal thick-
ness and V},/Vs, which corresponds to the maximum stacking amplitude. We search for
the maximum amplitude in the depth range of 25-50 km with an interval of 0.1 km, and
in the V,,/V; range of 1.60-1.95 with an interval of 0.01. For two (WO7CR and Z06GL)
of the 34 stations, the search ranges are adjusted to select the peak corresponding to an
H-k pair that is comparable to the neighboring stations. H-x plots for all the 34 stations
can be found in Figures S1-S34. In this study, a crustal mean P-wave velocity of 6.1 km/s
was chosen for the H-x stacking, which is consistent with the IASP91 Earth model. It
is worth noting that the mean crustal velocity assumed has a positive correlation with
the resulting crustal thickness, and a negative correlation with the resulting V},/V; ra-
tio. Specifically, a 1% increase of mean crustal velocity assumed can lead to an ~0.46
km increase in the resulting crustal thickness and an ~0.0024 reduction in the result-

ing V,,/V; ratio, respectively (Nair et al., 2006). Subsequently, following a bootstrap re-
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sampling procedure (Efron & Tibshirani, 1986), the mean and standard deviation of the

measurements for each station were calculated.

A delay time of approximately 0.4 s of the first arrivals and strong multiple reflec-
tions in the RFs are observed at one of the stations (Z06GL) located in the LRZ, which
is caused by the presence of a low-velocity (relative to that of the bedrock) sedimentary
layer (Yu et al., 2015). Such strong reverberations can mask the P-to-S converted phases
from the Moho. For this station, we determined the two-way travel time of the rever-
berations and designed a resonance-removal filter in the frequency domain to remove the

reverberations and to isolate the P-to-S converted phases from the Moho (Yu et al., 2015).

3.2 RF Migration

To produce a spatially continuous image of the Moho, we migrated the RFs and
projected them into a rift orthogonal (W-E) and a rift parallel (S-N) profile, respectively.
To produce the cross-sections, the RF raypaths were computed using an assumed mean
crustal V,, of 6.1 km/s and the optimal mean crustal V,,/V; value for each station obtained
from H-x stacking. We then divided the 25-55 km depth range of the Earth along the
profile into rectangular blocks of 1° (longitude for the W-E profile, and latitude for the
S-N profile) by 1 km (vertical) with a horizontal and vertical moving step of 0.1° and
0.1 km, respectively. The mean amplitude of the RFs with raypaths in each of the rect-
angular blocks was calculated and the stacked RFs were normalized by the maximum

amplitude in the 25-55 km depth range.

4 Results

Robust P-to-S arrivals are obtained from the migrated RFs (Figure 2), enabling
reliable determinations of crustal thickness and V,,/V;s beneath the vast majority of the

stations.

4.1 Crustal Thickness and V,,/V; From H-x Stacking

The resulting crustal thicknesses vary from 33.4 km beneath the northern part of
the MRZ to 46.1 km beneath the Mozambique belt with an average of 41.5 + 2.7 km
(Figure 3a), and the V,,/V; values range from 1.69 to 1.84 with a mean value of 1.75 +

0.04 (Figure 3b). Along the rift-orthogonal profile, the crustal thickness in the MRZ is
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2 - 3 km thinner than the surrounding orogenic belts (Figure 2a and 3a). The Mozam-
bique Belt has an average thickness of 42.3 £ 2.7 km and V,,/V; of 1.78 £ 0.04. The mean
crustal thickness of the SIB is 43.6 + 0.6 km, while the V},/V; measurements have a mean
value of 1.75 4+ 0.01. H-x stacking from 6 stations in the Irumide Belt leads to a mean
crustal thickness of 41.1 £+ 1.9 km and V},/V; of 1.73 £ 0.03. For the two stations sit-
uated in the LRZ, the crustal thickness is 43.3 km at Z06GL and 44.6 km at Z0OSMF,

and the V,/V, is 1.75 at both stations.

Along the rift-parallel profile, the averaged crustal thickness is 39.6 £+ 2.6 km (Fig-
ure 3a). The thinnest crust (33.4 km) was found beneath Station W07CR at the north-
ern end of the profile, while the thickest crust (43.2 km) was observed at Station Z03 in
the central part of the MRZ (Figure 3a). The resulting V,,/V, values observed beneath
MRZ fall within the range of 1.69 - 1.84 with an average of 1.74 + 0.05 (Figure 3b). Small
V,»/ Vs values were revealed at 6 stations (WO7TCR, WO08KB, W09TK, W05SL, W11KP,
and W10LW) in the northern half of the S-N profile, ranging from 1.69 to 1.71, with a
mean of 1.70 £ 0.01.

The measurements of crustal thickness along two profiles in this study are consis-
tent with that from several neighboring stations in previous RF studies (Borrego et al.,
2018; Kachingwe et al., 2015). Using data from 39 broadband seismic stations, the crustal
structure beneath southern Africa was investigated using receiver functions (Kachingwe
et al., 2015). Three of their stations were approximately along our profiles. A crustal thick-
ness of 34.7 km was reported at Station MZM, which was located between our stations
WO7CR and WO8KB at which crustal thicknesses of 33.4 £+ 0.25 km and 39.9 £+ 0.49 km
were obtained, respectively. However, the V,,/V; (1.81) reported at Station MZM (Kach-
ingwe et al., 2015) is larger than those from WO07CR (1.69 + 0.01) and W08KB (1.70
+ 0.01). The crustal thickness and V,/V; determined at Station ZOMB are 38.3 km and
1.78 (Kachingwe et al., 2015), respectively, while our results are 37.8 4+ 0.30 km and 1.83
at Station W14MC which was co-sited with ZOMB. Similarly, the crustal thickness and
Vp/Vs reported by Kachingwe et al. (2015) beneath Station SERJ are 45.2 km and 1.71,
which are similar to the 43.2 £ 0.72 km and 1.73 4 0.01 values reported at a nearby sta-

tion (Station Z03CK) in this study.

Another receiver function study (Borrego et al., 2018), which focused on the north-

ern MRZ and the Rungwe Volcanic Province, had two stations near our stations. The
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crustal thickness at LIVA is 36.0 km, which is about 2 km larger than the crustal thick-
ness of 33.4 + 0.25 km observed by our adjacent station WO7CR, and the V,,/V at Sta-
tion LIVA (1.72) is comparable with that obtained by Station WO7CR (1.69). Similarly,

for station THAN, the reported crustal thickness is 42.5 km, which is slightly larger than
the crustal thickness of 39.9 km that we observed at neighboring station WOS8KB. The

Vp/ Vs values between the two stations are comparable (1.67 at THAN and 1.70 at WOSKB).
Note that Borrego et al. (2018) used a mean crustal V, of 6.3 km/s which is greater than
the 6.1 km/s that we used which may have led to a crustal thickness that is about 2 km

greater for the former (Nair et al., 2006).

4.2 Moho Depth Variation From Migrated RFs

The spatial variation of crustal thickness and its correspondence with surface el-
evation is visible on the migrated and laterally smoothed RF profiles (Figure 2). Along
the rift-orthogonal profile (Figures 2a and 2c), the western boundary of the LRZ sep-
arates the LRZ with a thick crust and the Irumide Belt with relatively thin crust. Con-
trasting to the commonly observed correspondence between thicker crust and higher el-
evations, the Irumide Belt, which has a thinner crust, is characterized by an elevation
that is more than 1 km higher than the LRZ. Additionally, although the Irumide Belt

and the SIB have similar elevations, the crust beneath the latter is a few km thicker.

A different relationship between crustal thickness and surface elevation is revealed
in the eastern half of the rift-orthogonal profile, where a thicker crust corresponds to a
higher elevation. For instance, the MRZ, which has the lowest elevation in the study area,
corresponds to a crustal thinning of a few kilometers relative to the adjacent SIB, and
the high elevation area on the Mozambique Belt adjacent to the MRZ is characterized
by a thick crust. A sudden thinning of the crust further east corresponds to a significant

elevation reduction.

The along-rift variation of crustal thickness is delineated by the migrated RFs (Fig-
ure 2d). The major features include a crustal thickening at the high-elevation southern
terminus of the MRZ, as well as a sudden crustal thinning beneath the northern end of
the profile. Caution must be taken that for stations northern of 14°S, the stations were
located on the western edge of the MRZ, while the rest of the stations along the NS pro-

file were approximately in the axial area (Figure 1). Therefore, if the area with the max-
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imum crustal thinning is limited underneath the surface expression of the rift, the ob-
served crustal thickness beneath the northern stations might be larger than the axial area.
However, it is worth to realize that the difference in the resulting crustal thickness be-
tween Station WO5SL, which, similar to the rest of the northern stations, was on the rift
shoulder, and Station W06SB, which was approximately in the axial area, is less than

3 km.

5 Discussion

5.1 Constraints on Crustal Magmatic Intrusion and Partial Melting Be-

neath the MRZ

Borrego et al. (2018) observed negligible crustal thinning beneath the shoulder of
the northern MRZ, suggesting that crustal thinning in the northern MRZ must be highly
focused beneath the centers of rift basin segments. In this study, a relatively flat Moho
(39.6 £ 2.6 km) was found under most stations in the MRZ including the central and
southern parts of the MRZ. The average crustal thickness observed beneath the Mozam-
bique Belt and SIB are 42.3 4+ 2.7 km and 43.6 £ 0.6 km, respectively, which are con-
sistent with the > 40 km results from a recent ANT study (Wang et al., 2019). There-
fore, along the rift-orthogonal profile, the crustal thickness in the MRZ is 2 - 3 km thin-
ner than the surrounding orogenic belts (Figure 2a and 3a), leading to a stretching fac-
tor (8) factor of about 1.1, which is about 10 - 40% lower than that observed in the ma-
ture segments of the EARS (Plasman et al., 2017; Reed et al., 2014; Stuart et al., 2006).
Here, the stretching factor is defined as the ratio between the initial crustal thickness
and the final crustal thickness (Park, 1997). This stretching factor seems to indicate that,
relative to other parts of the EARS, crustal thinning within the MRZ is relatively mi-
nor even within the central portion of the MRZ. This relatively low magnitude crustal
thinning beneath the MRZ is consistent with the absence of volcanism on the surface

except for the Rungwe Volcanic Province.

In contrast to the small variations of crustal thickness along the axis of the MRZ,
the resulting V,,/V; values observed within the MTZ varies greatly from 1.69 at the north-
ernmost part to 1.84 in the central part of the MRZ (Figure 3b), implying significant along-
rift variations of crustal composition, degree of partial melting, or temperature. The high

Vo /Vs (> 1.81) determined at stations QO1MP, W06SB, and W14MC (Figure 3b), which



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

are situated in the central and southern parts of the MRZ, implies the possible existence
of magmatic intrusion in the lower crust or partial melting in the crust beneath some
areas of the MRZ. Higher-than-normal V in the crust is expected, if the high V,/V is
caused by magmatic intrusion in the crust from mantle. However, the recent ANT study
(Wang et al., 2019) revealed lower-than-normal V beneath these areas. All these obser-
vations, when combined with the evidence of the absence of crustal thickening from mag-
matic addition observed in this study (Figure 2b), are inconsistent with the possibility
of the presence of magmatic intrusion of high-density mantle material into the crust be-

neath the central and southern parts of the MRZ.

Broadband seismic studies have observed a normal mantle transition zone thick-
ness (Reed et al., 2016) and NE-SW oriented seismic azimuthal anisotropy which is sim-
ilar to that observed across the rest of southern Africa (Reed et al., 2017; Silver et al.,
2001), suggesting that absence of rifting-related mantle flow beneath the MRZ. These
observations suggest that the high V,/V; values could be related to partial melting and
elevated temperatures induced by lithospheric stretching decompression rather than as-

cending magma from an active mantle plume.

5.2 Infiltration of Magma-Derived CO5 in the Crust beneath the North-
ern MRZ

Anomalously low V,,/V, values ranging from 1.69 to 1.71 with a mean value of 1.70
+ 0.01 were determined at six stations (W05, W07, W08, W09, W10, and W11) along
the western boundary of the MRZ. The most commonly cited cause for such low V,/V
values is the presence of rocks with a high silicon content (Christensen, 1996), which, to
our knowledge, is not found by previous studies in the study area. A recently proposed

alternate mechanism for low V,/V; is magma-derived CO3 in the crustal porous rock.

CO; can decrease V, through its strong effect on the pore-fluid compressibility of the crustal

porous rock, and consequently, reduce the crustal V,,/Vs, an observation that is supported
by both elasticity theory (Mavko & Mukerji, 1995) and experiments (Ito et al., 1979).
Based on the observation that the V,,/V; in the area with massive CO2 outgassing be-
neath Mammoth Mountain (California) is about 9% lower than surrounding rocks, Ju-
lian et al. (1998) also suggested that the anomaly low V,/V; could be a diagnostic fea-

ture of magma-derived CO4y degassing.

~10—
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Magma-derived CO2 can be released from the sub-continental lithosphere through
deeply penetrating extensional fault systems (e.g., Foly & Fischer, 2017; Julian et al.,
1998; Parmigiani et al., 2016; Roecker et al., 2017), which potentially makes the EARS
an important source area in the Earth deep carbon cycle (Burton et al., 2013). Parmi-
giani et al. (2016) suggest that a magmatic volatile phase is prone to migrate from the
crystal-rich regions to the crystal-poor parts, and accumulate large volumes of low den-
sity bubbles at the roof of the crystal-poor magma reservoir. Therefore, the deep boarder
and intra-rift faults beneath the the rift zones, if they connect to the magma reservoir
in the sub-continental lithosphere, could be infiltrated by the magma-derived volatiles
(Foly & Fischer, 2017; Roecker et al., 2017). The high CO2 flux data in the fault zones
reveals that the deep lithospheric fault system in the EARS does act as permeable con-

duits for transporting magma-derived CO2 (Lee et al., 2016).

Considering the enormous quantity of recently recognized CO2 outgassing along
the faults in the EARS (Lee et al., 2016) and similar observations of low V,,/V, values
along the edges of the EARS in northern Tanzania and southern Kenya (Roecker et al.,
2017), we speculate that a viable explanation for the anomalously low V,,/V; observed
in the northern part of the MRZ is caused by the infiltration of magma-derived CO3 in

the crust.

5.3 Post-Rifting Recovery of Crustal Thickness and V,,/V; of the LRZ

Unlike the tectonically active MRZ, the resulting crustal thickness beneath the Paleozoic-

Mesozoic LRZ, the southern part of which was developed in the Mwembeshi Shear Zone,
is not significantly thinner than that beneath the adjacent orogenic belts. It has been
widely recognized that regional compression can lead to cessation of rifting and if the
compressional stress persists for a longer time, to recovery of the original crustal thick-
ness (Stein et al., 2018), leading to rift inversion. Additionally, reduction in rifting-related
high temperature anomalies and disappearance of crustal partial melting may cause the

reduction of the V,,/V, anomaly associated with rifting.

The formation of the LRZ and its subsequent inversion can be related to strike slip
movements along the Mwembeshi Shear Zone. Left lateral movement associated with con-
tinental collision along the Mwembeshi Shear Zone formed the LRZ in earliest Permian

times, while later right lateral movements, which changed regional stress pattern from

—11-—
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extension to compression in the vicinity of the LRZ, led to post-rifting inversion (Banks
et al., 1995). In spite of the currently higher level of tectonic activity relative to the sur-
rounding areas and the speculation that the LRZ has been reactivated (Banks et al., 1995;
Daly et al., 1989; Orpen et al., 1989), the observed negligible crustal thinning and in-

significant variation of V,/V; beneath the LRZ relative to the surrounding area suggest
that post-rifting inversion of the LRZ has possibly completed since the cessation of the

rifting event.

6 Conclusions

Crustal thickness and V,,/V; beneath 34 SAFARI stations located along two pro-
files in the vicinity of the MRZ and LRZ were imaged by stacking 2504 high-quality RFs.
The crustal thickness measurements are generally consistent with sparsely spaced pre-
vious measurements. The new observations show that relative to the adjacent orogenic
belts, the crust beneath the MRZ is thinned by about 3 km. This low magnitude crustal
stretching is consistent with the absence of volcanisms in the main portions of the MRZ.
Some areas in the MRZ show a high crustal V,/V; of 1.81 or greater, which, when com-
bined with the observations from other broadband seismic studies may indicate the ex-
istence of partial melting probably associated with lithospheric stretching decompres-
sion. One of the most significant observations from this study is the spatially consistent
low V,,/Vs measurements in the range of 1.69 - 1.71 along the western edge of the north-
ern MRZ, which could be interpreted by the infiltration of magma-derived CO5 into the
crust. Based on the negligible crustal thinning and insignificant variation of V,,/V; be-
neath the LRZ relative to the surrounding area, we propose that the post-rifting inver-
sion of the LRZ has possibly completed, and the recent reactivation of tectonic activ-
ities in the failed rift represents localization of regional strain along preexisting zones of

mechanical weakness in the rifted crust.
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Figure 1. Topographic map of the study area showing the distribution of seismic stations

(blue triangles) used in the study and major tectonic features. The green dots are ray-piercing
points of P-to-S conversions at the depth of 41.5 km. The dashed lines show the tectonic bound-

aries, among which the purple dashed line is the Mwembeshi Shear Zone. The rectangle in the

inset map indicates the study area.
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Figure 2. Spatial distribution of earthquake source areas. Each dot represents a radius =
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557 Figure 3. Surface elevation (top panel) and migrated receiver function profile (bottom panel)

558 along rift-orthogonal profile. The black dots indicate results from H-x stacking.
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562 Figure 7. (a) Original RFs from station HENM plotted against back azimuth (BAZ). The red

563 trace is the result of simple time domain summation of the individual RFs and demonstrates the
564 strong decaying periodic arrivals of the reverberations. (b) H-k stacking using the raw RFs shown
565 in Figure 7a. The dot denotes the maximum stacking amplitude. (c) Same as Figure 7a but for

566 RFs after removing the reverberations using the approach of Yu et al. (2015). (d) H-x stacking

567 using the filtered RF's shown in Figure 7c.
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