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Stacking over 2300 P-to-S receiver functions recorded by 33 SAFARI (Seismic Arrays for African Rift Initiation)
broadband seismic stations that we installed in the vicinity of the Malawi and Luangwa rift zones (MRZ and
LRZ, respectively) reveals significant variations of crustal thickness (32.8–46.3 km) and Vp/Vs (1.69–1.85). The
resulting crustal stretching factor is about 1.05–1.08 for the MRZ, which is approximately 10–40% lower than
that observed in themature segments of the East African Rift System (EARS). The low stretching factor is consis-
tent with the general absence of volcanism in the MRZ, and the relatively high Vp/Vs (≥ 1.81) beneath the south-
ern MRZ, when combined with observations from previous studies, indicate the possible existence of crustal
partial melting, elevated temperatures or fluid-filled deep crustal faults that are likely associated with litho-
spheric stretching. In sharp contrast with the southern MRZ, low Vp/Vs measurements in the range of
1.69–1.72 are observed along the western boundary of the northern MRZ, which could be attributable to the in-
filtration ofmagma-derived CO2 into the crust. The LRZ shows negligible crustal thinning and a Vp/Vs that is com-
parable to the globally averaged value for continental crust, suggesting a complete post-rifting recovery of crustal
properties in terms of crustal thickness and VpVs.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

A typical continental rift is a fault-bounded narrow valley where the
entire lithosphere has been pulled apart under extension (Sengor and
Burke, 1978; Gregory, 1894). As an archetypal example of continental
rifts, the East Africa Rift System (EARS), which extends from the north-
ern Red Sea to the southern terminus of the Malawi rift zone (MRZ), is
an ideal natural laboratory for investigating rifting mechanisms and
the characteristics of continental rifts in various stages. Relative to
most of the other segments of the EARS, the Cenozoic MRZ of the
EARS and the nearby Paleozoic-Mesozoic Luangwa Rift Zone (LRZ;
Ebinger et al., 2017) have been less adequately investigated. Conse-
quently, themagnitude and extent of crustal deformation, the existence
of partial melting or mafic intrusion in the crust, and important charac-
teristics such as the depth penetration and possible CO2 infiltration
(Roecker et al., 2017) of the seismically active boundary faults, remain
enigmatic.
rine Geology, Tongji University,

a Research. Published by Elsevier B.
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 Vp/Vs values of
smaller than 1.76, between 1.76 and 1.81, and greater than 1.81, respec-
tively. The existence of crustal partial melting can lead to a higher Vp/Vs
due to a greater reduction of Vs than Vp (Greenfield et al., 2016). Simi-
larly, intensive intrusion of mantle materials into the crust can also in-
crease the bulk crustal Vp/Vs (Christensen, 1996). An increasing
number of mineral physical and observational studies have suggested
that CO2 released from the mantle through deep and steep lithospheric
faults can significantly reduce crustal Vp/Vs (Julian et al., 1998; Lee et al.,
2016; Parmigiani et al., 2016; Roecker et al., 2017). Specifically, it has
been suggested that CO2 can decrease Vp through its strong effect on
the pore-fluid compressibility of porous crustal rocks, and conse-
quently, reduce the crustal Vp/Vs (Ito et al., 1979; Mavko and Mukerji,
1995). Therefore, observations of Vp/Vs values that are below the normal
felsic rock value of 1.76 may suggest the presence of magma-derived
CO2, as well as the existence of lithospheric faults acting as conduits
for the CO2 (Lee et al., 2016).

In this study, we measure spatial variations of crustal thickness and
Vp/Vs using P-to-S receiver functions (RFs) recorded at 33 broadband
seismic stations (Gao et al., 2013), to unveil crustal characteristics and
V. All rights reserved.
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possible effects of CO2 infiltration and partial melting on crustal Vp/Vs

beneath the MRZ and LRZ and adjacent areas.

2. Tectonic setting

The Cenozoic MRZ is the southernmost segment of themagma-poor
western branch of the EARS. It separates the Nubian plate and the Ro-
vuma microplate (Fig. 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 the lowermantle. Broadband seismic studies
of theMRZ reveal a normalmantle transition zone thickness (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 (Yu et al., 2020). 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 et al., 2014, 2015). In contrast, a recent seismic anisot-
ropy study (Tepp et al., 2018) attributes the NE oriented azimuthal
anisotropy observed in the MRZ to horizontal mantle flow that is
Fig. 1. Topographic map of the study area showing the distribution of seismic stations (blue tr
cyan dots are ray-piercing points of P-to-S conversions at the depth of 41.5 km. The dashed line
theMwembeshi Shear Zone. Two red solid lines are the trajectories of theW-E and S-N profiles
study area. VP: Victoria Microplate; RP: Rovuma Microplate.
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enhanced by weak thermal upwelling from the lower mantle beneath
southern Africa. Similarly, the existence of an active mantle plume
from the lower mantle beneath southern Africa has been suggested by
seismic tomography (Ritsema et al., 1999; Mulibo and Nyblade, 2013)
and geodynamic modeling studies (Lithgow-Bertelloni and Silver,
1998; Gurnis et al., 2000).

Relative to the mantle, the crust beneath most part of the MRZ has
been inadequately studied. A recent RF 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, if it exists, must be highly focused beneath the center of the rifted
basin. Based on the vertical gradient of shear wave velocities, an ambi-
ent noise tomography (ANT) study suggests that the crustal thickness
beneath the MRZ ranges from 36 to 40 km (Wang et al., 2019).

Another major tectonic feature in East Africa is the Permo-Triassic
LRZ, which has been reactivated probably by the same stress field re-
sponsible for the formation of the Cenozoic EARS (Banks et al., 1995;
Fritz et al., 2013). The Luangwa rifting started in the earliest Permian
and ended in the Triassic (Daly et al., 1989; Banks et al., 1995; Fritz
et al., 2013). The southwestern segment of the LRZ follows the ENE-
trending Mwembeshi Shear Zone, which separates the Proterozoic
Irumide Belt and the South Irumide Belts (SIB), while its northeastern
portion is situated in the Irumide Belt (Fig. 1). Geochronological studies
by Johnson et al. (2005, 2006) indicate that different magmatic events
resulted in a significant distinction of crustal characteristics between
iangles) used in the study, volcanoes (red triangles) and major tectonic features. The light
s show the tectonic boundaries (Craig et al., 2011), amongwhich the purple dashed line is
, respectively. RVP: Rungwe Volcanic Province. The rectangle in the inset map indicates the

Image of Fig. 1


Fig. 2. Spatial distribution of earthquake source areas. Each dot represents a radius = 1°
circular area. The distance between neighboring circles is 1°. The colour of the dot
represents the number of used RFs originated from earthquakes in the circle. The radius
of the concentric dashed circles centered at the central part of the study area (star)
indicates the epicentral distance.
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these two neighboring orogenic belts. TheMwembeshi Shear Zone sep-
arates the lithosphere between the Irumide Belt and SIB, which is evi-
denced by the observation of an electrically conductive 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 in-
tegrated 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 (Daly
et al., 1989; Orpen et al., 1989; Banks et al., 1995).

3. Data and methods

The teleseismic (epicentral distance ranging from 30° to 100°) data
used in the study were recorded by 33 stations (Fig. 1) that we installed
in Malawi, Mozambique, and Zambia over a 2 year period (2012–2014)
as a component of the SAFARI (Seismic Arrays for African Rift Initiation;
Gao et al., 2013) project. One of these stations (Q05MS) is a combination
of two nearby stations Q05MJ and Q05ML. To balance the quality and
quantity of the selected data, a variable cut-off magnitude (Mc) was set
by Mc=5.2 + (Δ − Δmin)/(Δmax − Δmin) − D/Dmax where Δ and D are
the epicentral distance in degree and focal depth in kilometer, respec-
tively, Δmin=30 ° , Δmax=100°, and Dmax=700 km (Liu and Gao, 2010).
A four-pole, two-pass Butterworth bandpass filter with corner frequen-
cies of 0.04 and0.8Hzwas applied to the three-component seismograms,
which were windowed 20 s before and 50 s after the theoretical first P-
wave arrival based on the IASP91 Earth model (Kennett and 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 con-
verted into radial P-to-S RFs following the procedure of Ammon (1991)
with a water level value of 0.03. The S/N is obtained by max ∣As∣=∣An∣,
where max ∣ As∣ is the maximum absolute amplitude on the vertical seis-
mogram8 s before and17 s after the predicted IASP91 arrival time for the
first P-wave, and ∣An∣ is the average absolute amplitude in the time win-
dow of 10–20 s before the predicted P-wave arrival time (Liu and Gao,
2010). The resulting RFs for each of the stations were inspected visually
to reject the ones without a clear first P-wave arrival in the first 2 s win-
dow. A total of 2307 high-quality radial RFs from241 events (Fig. 2)were
selected for determining crustal thickness (H) and Vp/Vs (κ).

3.1. H-κ stacking

Following the H-κ stacking procedure of Zhu and Kanamori (2000),
the selected RFs were moveout corrected and stacked to grid-search
for the optimal pair of the crustal thickness and Vp/Vs, which corre-
sponds to the maximum stacking amplitude. We search for the maxi-
mum amplitude in the depth range of 25–50 km with an interval of
0.1 km, and in the Vp/Vs range of 1.60–1.95 with an interval of 0.01.
The weighting factors used in this study are w1=0.5, w2=0.4 and
w3=0.1 for Pms, Ppms and Psms, respectively. In comparison,
Kachingwe et al. (2015) used two different sets of weighting factors
(w1=0.4,w2=0.3,w3=0.3 andw1=0.5,w2=0.5,w3=0.0) for different
stations. Two sets of weighting factors (w1=0.4, w2=0.3, w3=0.3, and
w1=0.6, w2=0.1, w3=0.3) were also used by Borrego et al. (2018).
For two (W07CR and Z06GL) of the 33 stations, which have two peaks
with comparable amplitudes on theH-κplot, the search rangeswere ad-
justed to select thepeak corresponding to anH-κpair that is comparable
to the neighboring stations. H-κ plots for all the 33 stations are shown in
Figs. S1-S33. In this study, a crustal average P-wave velocity of 6.1 km/s
was chosen for the H-κ stacking, which is consistent with the IASP91
Earth model. It is worth noting that the average crustal velocity as-
sumed has a positive correlation with the resulting crustal thickness,
and a negative correlation with the resulting Vp/Vs. Specifically, a 1% in-
crease of average crustal velocity assumed can lead to an ~0.46 km
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increase in the resulting crustal thickness and an ~0.0024 reduction in
the resulting Vp/Vs, respectively (Nair et al., 2006). Subsequently, fol-
lowing a bootstrap resampling procedure (Efron and Tibshirani,
1986), the average and standard deviation of the measurements for
each stationwere calculated using 10 iterations. For each bootstrap iter-
ation, 1–1/e=63% independent RFs were chosen randomly. About 60%
of the chosen ones were then duplicated so that the total number of the
new set of RFs is the same as that of the original set.

A delay time of approximately 0.5 s of the first arrival (Fig. S34)
and a large negative pulse after the first arrival in the RFs are ob-
served at one of the stations (Z06GL) located in the LRZ (Fig. 3a),
which is part of a strongly attenuative reverberation series most
likely caused by the presence of a low-velocity (relative to that of
the bedrock) sedimentary layer (Yu et al., 2015). Such reverbera-
tions could lead to erroneous crustal thickness and Vp/Vs measure-
ments (Yeck et al., 2013; Yu et al., 2015). For this station, we
determined the two-way travel time of the reverberations and de-
signed a sedimentary layer effect-removal filter in the frequency do-
main (Yu et al., 2015) to remove the reverberations and to isolate the
P-to-S converted phases from the Moho (Fig. 3).

Because results fromH-κ stackingwere obtained under the assump-
tion that the crust is an isotropic, horizontal single layer, they represent
vertically and azimuthally averaged values over the entire crust. While
crustal anisotropy and Moho tilting can lead to azimuthally dependent
H and κ measurements, the decent azimuthal coverage of the events
(Fig. 2) suggests that crustal anisotropy and Moho tilting may have in-
significant effects on the results. Another possible source of uncertainty
is that if an underplating magmatic layer with an impedance contrast
that is greater than that across theMoho exists, the crustal thickness de-
termined by the H-κ stacking method represents the depth from the
surface to the top of the underplating magmatic layer rather than the
true crustal thickness (Fontaine et al., 2015).

Image of Fig. 2


Fig. 3. (a) Original RFs from Station Z06GL plotted against back azimuth (BAZ). The red trace is the result of simple time domain summation of the individual RFs. (b) Original RFs from
Station Z06GL plotted against epicentral distance. (c) H-κ stacking using the raw RFs shown in Fig. 3a. The dot denotes the maximum stacking amplitude. (d) Same as Fig. 3a but for RFs
after removing the reverberations using the approach of Yu et al. (2015). (e) Same as Fig. 3b but for RFs after removing the reverberations. (f) H-κ stacking using the filtered RFs shown in
Fig. 3d.
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3.2. RF migration

To create 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, for RFs with a distance between
the profile and the ray-piercing point (computed at 41.5 km depth)
less than 50 km (Reed et al., 2014). To produce the cross-sections,
the RF raypaths were computed using an assumed average crustal
Vp of 6.1 km/s and the optimal average crustal Vp/Vs value for each
station obtained from the H-κ 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 average amplitude of the
RFs with raypaths in each of the rectangular 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 (Figs. 4
and 5), enabling reliable determinations of crustal thickness and Vp/Vs

beneath the vast majority of the stations.
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4.1. Crustal thickness and Vp/Vs from H-κ stacking

The resulting crustal thicknesses vary from 32.8 km beneath the
northern part of the MRZ to 46.3 km beneath the Mozambique belt
with an average of 41.4 ± 2.7 km (Fig. 6), and the Vp/Vs values range
from 1.69 to 1.85 with an average value of 1.75 ± 0.04 (Fig. 7 and Ta-
ble S1). Along the rift-orthogonal profile, the crustal thickness in the
MRZ is 2–3 km thinner than the surrounding orogenic belts (Figs. 4
and 6). The Mozambique Belt has an average thickness of 41.9 ±
2.8 km and Vp/Vs of 1.78 ± 0.04. The average crustal thickness of the
SIB is 43.6 ± 0.8 km, while the Vp/Vs measurements have an average
value of 1.75 ± 0.02. H-κ stacking from 6 stations in the Irumide Belt
leads to an average crustal thickness of 41.0 ± 1.9 km and Vp/Vs of
1.73 ± 0.02. For the two stations situated in the LRZ, the crustal thick-
ness is 43.1 km at Z06GL and 44.9 km at Z08MF, and the Vp/Vs are 1.77
and 1.75, respectively.

Along the rift-parallel profile, the averaged crustal thickness is
39.4 ± 2.7 km (Fig. 6). The thinnest crust (32.8 km)was found beneath
Station W07CR at the northern end of the profile, while the thickest
crust (42.0 km) was observed at Station W12MB in the central part of
the MRZ (Fig. 6). The resulting Vp/Vs values observed beneath MRZ fall
within the range of 1.69–1.82 with an average of 1.74 ± 0.05 (Fig. 7).
Small Vp/Vs values were revealed at 5 stations (W07CR, W08KB,
W09TK, W10KP, and W11LW) in the northern half of the S-N profile,

Image of Fig. 3


Fig. 4. (a) Surface elevation, (b) Vp/Vsmeasurements, and (c)migrated RF profile along the
rift-orthogonal profile. The black dots in (c) indicate results from H-κ stacking, and the
vertical bars in (b) and (c) represesnt the standard deviation of the measurements. Note
that due to horizontal smoothing, some discrepancies (e.g., Station Z01TG) exist between
the results of H-κ stacking and RF migration shown in (c). IB: Irumide Belt; LRZ: Luangwa
Rift Zone; SIB: South Irumide Belt; MRZ: Malawi Rift Zone; MB: Mozambique Belt.

Fig. 5. Same as Fig. 4 but for the rift-parallel profile. Note that the narrow high-stacking-
amplitude band at the northern end of the profile is caused by the low amplitude of the
Pms phase (Fig. S7).

Fig. 6.Distribution of resulting crustal thickness. Station locations and names can be found
in Fig. 1.
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ranging from 1.69 to 1.72, with an average of 1.70± 0.01. The resulting
crustal thickness measurements beneath the southern half of the S-N
profile vary from 37.9 km to 42.0 km with an average of 40.1 ±
1.6 km, and the Vp/Vs values range from 1.75 to 1.82 with an average
of 1.79 ± 0.03.

The measurements of crustal thickness along two profiles in this
study are consistent with that from several neighboring stations in pre-
vious RF studies using H-κ stacking and joint inversion of RFs and
Rayleigh-wave dispersion (Kachingwe et al., 2015; Borrego et al.,
2018). Using data from 39 broadband seismic stations and an assumed
crustal Vp of 6.5 km/s, the crustal structure beneath southern Africa
was investigated using RFs (Kachingwe et al., 2015). Three of their sta-
tions were approximately along our profiles. A crustal thickness of
34.7 ± 0.7 km was reported at Station MZM, which was located be-
tween our stations W07CR and W08KB at which crustal thicknesses of
32.8±0.3 kmand 40.4± 0.4 kmwere obtained, respectively. However,
the Vp/Vs (1.81 ± 0.04) reported at Station MZM (Kachingwe et al.,
2015) is larger than those obtained at W07CR (1.70 ± 0.01) and
W08KB (1.69 ± 0.01). One of the possible causes of the disparity
might be related to the fact that MZM was located ~25 km west of the
MRZ boundary fault, while W07CR and W08KB were near the fault
and thus the small Vp/Vs may reflect CO2 infiltration, as discussed in
Section 5.2.

The crustal thickness and Vp/Vs determined at Station ZOMB are
38.3 ± 0.7 km and 1.79 ± 0.03 (Kachingwe et al., 2015), respectively,
172
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Fig. 7. Distribution of resulting Vp/Vs measurements.

Fig. 8. The ratio between the R values calculated by RFs from the east (Re) and those from
the west (Rw).
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while our results are 37.9 ± 0.2 km and 1.82 ± 0.01 at Station W14MC
whichwas co-sitedwith ZOMB. The crustal thickness andVp/Vs reported
by Kachingwe et al. (2015) beneath Station SERJ are 45.2 ± 1.6 km and
1.70 ± 0.03, which are similar to the 42.4 ± 0.4 km and 1.74 ± 0.01
values reported at a nearby station (Station Z03CK) in this study. Crustal
thicknesses from jointly inverting P-wave RFs and surface wave disper-
sion curves at stations MZM, ZOMB and SERJ are 40, 38, and 43 km, re-
spectively (Kachingwe et al., 2015).

The RF study of Borrego et al. (2018), which focused on the northern
MRZ and the Rungwe Volcanic Province, had two stations near our sta-
tions. When an average crustal Vp of 6.5 km/s was used, the crustal
thickness at LIVA is 37.3 ± 1.3 km, which is about 4 km larger than
the crustal thickness of 32.8±0.27 kmobserved by our adjacent Station
W07CR, and the Vp/Vs at Station LIVA (1.71 ± 0.05) is comparable with
that obtained by Station W07CR (1.70 ± 0.01). Similarly, for Station
THAN, the reported crustal thickness is 43.8 ± 4.9 km, which is also
about 4 km larger than the crustal thickness of 40.4 km that we ob-
served at neighboring Station W08KB. The Vp/Vs values between the
two stations are comparable (1.67 ± 0.07 at THAN and 1.69 ± 0.01 at
W08KB). Note that Borrego et al. (2018) used three average crustal Vp
of 6.3 km/s, 6.5 km/s and 6.8 km/s in their RF study, which are higher
than the value of 6.1 km/s that we used. As mentioned in Section 3.1,
a larger Vp leads to a greater crustal thickness (Nair et al., 2006).

4.2. Moho depth variation from migrated RFs

The spatial variation of crustal thickness and its correspondence
with surface elevation is visible on themigrated and laterally smoothed
RF profiles (Figs. 4 and 5). Along the rift-orthogonal profile (Fig. 4), the
western boundary of the LRZ separates the LRZ with a thick crust and
the Irumide Belt with relatively thin crust. Contrasting to the commonly
observed correspondence between thicker crust and higher elevations,
the Irumide Belt, which has a thinner crust, is characterized by an eleva-
tion 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 eleva-
tion 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
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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 mi-
grated RFs (Fig. 5). 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 for stations north of 14°S, the stations were located on the
western edge of the MRZ, while the rest of the stations along the S-N
profile were approximately in the axial area (Fig. 1). Therefore, if the
area with the maximum crustal thinning is limited underneath the sur-
face expression of the rift, the observed 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 W05SL, which, similar to the northern stations, was on
the rift shoulder, and Station W06SB, which was approximately in the
axial area, is less than 2 km.

4.3. Spatial variation of stacking amplitudes

The R value, which is the maximum stacking amplitude on the H-κ
plot relative to the stacking amplitude of the direct P-wave, is ameasure
of the sharpness of the Moho and can also be affected by a number of
other parameters including the velocity contrast across the Moho
(e.g., Nair et al., 2006; Liu and Gao, 2010). For the entire study area,
the average R value is 0.12 ± 0.04, which is close to the average value
of 0.14 measured in southern Africa (Nair et al., 2006). To quantify pos-
sible changes in crustal properties between the rift and outside the rift,
we estimate the R value along the S-N profile for RFs with an eastward
back azimuth (BAZ) that traversing theMRZ (Re) and thosewith awest-
ward BAZ traversing the western rift flank (Rw). Fig. 8 suggests that at
the three stations located in the northern and a station (W06SB) in
the middle parts of the profile, the R values calculated by RFs from the
east are significantly lower than that from the west, while comparable
Re and Rw values are observed for most of the other stations.

5. Discussion

5.1. Constraints on crustal magmatic intrusion and partial melting beneath
the MRZ

In this study, a relatively flatMoho (39.4±2.7 km)was foundunder
most stations in theMRZ including the central and southern parts of the
MRZ. The average crustal thickness observed beneath the Mozambique
Belt and SIB are 41.9 ± 2.8 km and 43.6 ± 0.8 km, respectively, which
are consistent with the ≥40 km results from a recent ANT study
(Wang et al., 2019). Therefore, along the rift-orthogonal profile, the
crustal thickness in the MRZ is 2–3 km thinner than the surrounding
orogenic belts (Figs. 4 and 6), leading to a stretching factor (β) factor
of about 1.05–1.08, which is about 10–40% lower than that observed
in the mature segments of the EARS (Stuart et al., 2006; Reed et al.,
2014; Plasman et al., 2017). Here, the stretching factor is defined as
the ratio between the initial crustal thickness and the final crustal

Image of Fig. 7
Image of Fig. 8
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thickness (Park, 1997). This stretching factor seems to indicate that, rel-
ative to other parts of the EARS, crustal thinning within the MRZ is rel-
ativelyminor evenwithin the central portion of theMRZ. This relatively
lowmagnitude crustal thinning beneath theMRZ is consistent with the
absence of volcanism on the surface except for the Rungwe Volcanic
Province.

It must be mentioned that stations on the northern half of the S-N
profile are mostly located on the western shoulder of the MRZ, and
thus the crust beneath the rift axis is likely thinner than the H values ob-
served at those stations. Similarly, Borrego et al. (2018) observed negli-
gible crustal thinning beneath the uplifted flanks of the northern MRZ,
suggesting that crustal thinning in the northern MRZ, if it exists, must
be highly focused beneath the rift axis.

In contrast to the small variations of crustal thickness along the axis
of the MRZ, the resulting Vp/Vs values observed within the MRZ vary
greatly from 1.69 at the northernmost part to 1.84 in the central part
of the MRZ (Fig. 7), implying significant along-rift variations of crustal
composition, degree of partial melting, or temperature. The high Vp/Vs

(≥ 1.81) determined at stations Q01MP, W06SB, and W14MC (Fig. 7),
which are situated in the central and southern parts of theMRZ, implies
the possible existence of magmatic intrusion in the lower crust, partial
melting, elevated temperature or fluid-filled deep faults in the crust be-
neath some areas of the MRZ. Higher-than-normal Vs in the crust is ex-
pected, if the high Vp/Vs is caused by magmatic intrusion in the crust
from themantle. However, the recent ANT study (Wang et al., 2019) re-
vealed lower-than-normal Vs in the crust beneath these areas. All these
observations, when combined with the evidence of the absence of
crustal thickening from magmatic addition observed in this study
(Fig. 4), are inconsistent with the possibility of the presence of mag-
matic intrusion of high-density mantle material into the crust beneath
the central and southern parts of the MRZ.

A RF study (Reed et al., 2016) using the SAFARI data suggests a nor-
mal mantle transition zone thickness, indicating the absence of the
present-day influence of hot mantle upwelling from the lower mantle
which would result in a thinner than normal MTZ due to the positive
and negative Clapeyron slopes of the 410 and 660 km discontinuities,
respectively. Additionally, shear wave splitting studies (Silver et al.,
2001; Reed et al., 2017) observed overall NE-SW fast orientations in
the vicinity of the MRZ, which is consistent with the absolute plate mo-
tion, suggesting the absence of a rift-parallel or rift-orthogonal small-
scale flow system which has been suggested in some other continental
rifts such as the Baikal Rift Zone (Gao et al., 1994, 1997). The lack of ex-
pected reduction on the splitting times observed at stations in the MRZ
also suggests the absence of strong mantle upwelling beneath the MRZ
(Reed et al., 2017). These observations suggest that the highVp/Vs values
could be related to partial melting, elevated temperatures or fluid-filled
deep faults induced by lithospheric stretching rather than ascending
magma from an active mantle plume rising from the lower mantle.

5.2. Infiltration of magma-derived CO2 in the crust beneath the northern
MRZ

Anomalously low Vp/Vs values ranging from 1.69 to 1.72 with an av-
erage value of 1.70 ± 0.01 were determined at five stations (W07CR,
W08KB, W09TK, W10LW, and W11KP) along the western boundary of
the MRZ. The most commonly cited cause for such low Vp/Vs 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 Vp/Vs is
magma-derived CO2 in the crustal porous rock (Roecker et al., 2017).
CO2 can decrease Vp through its strong effect on the pore-fluid com-
pressibility of the crustal porous rock, and consequently, reduce the
crustal Vp/Vs, an observation that is supported by both elasticity theory
(Mavko and Mukerji, 1995) and experiments (Ito et al., 1979). Based
on the observation that the Vp/Vs in the area with massive CO2

outgassing beneath Mammoth Mountain (California) is about 9%
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lower than surrounding rocks, Julian et al. (1998) also suggested that
the anomaly low Vp/Vs could be a diagnostic feature of magma-
derived CO2 degassing.

Magma-derived CO2 can be released from the sub-continental litho-
sphere through deeply penetrating extensional fault systems
(e.g., Julian et al., 1998; Parmigiani et al., 2016; Foley and Fischer,
2017; Roecker et al., 2017), whichpotentiallymakes the EARS an impor-
tant source area in the Earth deep carbon cycle (Burton et al., 2013).
Parmigiani 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 density bubbles at the
roof of the crystal-poor magma reservoir. Therefore, the deep boarder
and intra-rift faults beneath the rift zones, if they connect to the
magma reservoir in the sub-continental lithosphere, could be infiltrated
by themagma-derived volatiles (Foley and 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 conduits
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 ob-
servations of low Vp/Vs 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 Vp/Vs observed in the
northern part of the MRZ is caused by the infiltration of magma-
derived CO2 in the crust.

5.3. Post-rifting recovery of crustal thickness and Vp/Vs 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 recog-
nized that regional compression can lead to cessation of rifting. If the
compressional stress persists for a longer time, it can result in recovery
of the original crustal thickness (Stein et al., 2018), leading to rift inver-
sion. Additionally, reduction in rifting-related high temperature anom-
alies and disappearance of crustal partial melting may cause the
reduction of the Vp/Vs 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 continental collision along the Mwembeshi
Shear Zone formed the LRZ in earliest Permian times, while later right
lateral movements, which changed regional stress pattern from exten-
sion to compression in the vicinity of the LRZ, led to post-rifting inver-
sion (Banks et al., 1995). The observed negligible crustal thinning and
insignificant variation of Vp/Vs beneath the LRZ relative to the surround-
ing area suggest that post-rifting recovery of the LRZ has possibly com-
pleted since the cessation of the rifting event. Finally, it is worth
mentioning that the ANT study of Wang et al. (2019) observed a possi-
ble crustal thinning of a few kilometers beneath the LRZ. This minor dis-
parity is possibly caused by the limited number and spatial distribution
of the stations in the LRZ and the fact that the two stations near the LRZ
were not located in the center of the rift. Additional investigations, pref-
erably using data from a 2-D broadband seismic network, are needed to
determine the degree of post-rifting recovery of the crust in the LRZ.

6. Conclusions

Crustal thickness and Vp/Vs beneath 33 SAFARI stations located along
two profiles in the vicinity of theMRZ and LRZwere imaged by stacking
2307 high-quality RFs. The crustal thickness measurements are gener-
ally consistent with sparsely spaced previous 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
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Vp/Vs of 1.81 or greater, which, when combined with the observations
from other broadband seismic studies, may indicate the existence of
partial melting, elevated temperatures or fluid-filled deep crustal faults
probably associatedwith lithospheric stretching. One of themost signif-
icant observations from this study is the spatially consistent low Vp/Vs

measurements in the range of 1.69–1.72 along the western edge of
the northern MRZ, which could be interpreted by the infiltration of
magma-derived CO2 into the crust. Based on the negligible crustal thin-
ning and insignificant variation of Vp/Vs beneath the LRZ relative to the
surrounding area, we propose that the post-rifting inversion of the
LRZ has possibly completed, and the recent reactivation of tectonic ac-
tivities in the failed rift represents localization of regional strain along
preexisting zones of mechanical weakness in the rifted crust.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2020.08.015.
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