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Abstract

The incipient Okavango rift zone (ORZ) in the southern end of the East African rift sys-
tem is one of the youngest rift zones on Earth. Knowledge of the lithospheric structure
of the ORZ is crucial to understanding the early-stage rifting processes of the rift system
and even the mechanisms leading to the breakup of ancient continents. In this study,
we construct a 3D lithospheric shear-wave velocity model beneath the ORZ by jointly
inverting Rayleigh-wave phase velocity dispersion and receiver functions using a non-
linear Bayesian Monte Carlo algorithm. The model exhibits velocity structure from the
surface to 160 km depth, and several lithospheric features associated with the
continental stretching are revealed. Within the crust, low velocities are found beneath
the ORZ, which could be caused by the presence of melts. We also observe four low-
velocity anomalies in the upper mantle. Two of these anomalies are located at the two
ends of the ORZ, probably related to decompression melting caused by the stretching of
the continent. The third one is observed directly beneath the rift, which starts from
~110 km depth and extends deeper. We postulate the anomaly is attributable to
the presence of a small volume of melts and/or high temperatures of the region that
may be caused by hot fluids from greater depths. These three anomalies may act as melt
reservoirs feeding the crust. Another low-velocity anomaly is imaged beneath the
boundary between the Limpopo belt and Kaapvaal craton. Unlike the others, this fea-
ture is likely related to the compositional changes due to the reduction of Mg# in the
lithospheric mantle associated the Precambrian magmatic events. As such, it may not
serve as a melt reservoir in the current tectonic setting.
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Introduction

Continental breakup, leading to a series of tectonic activities
such as the opening of oceans, spreading of mid-ocean ridges,
and subduction of oceanic plates, is an indispensable stage in
the Earth’s evolution. The Cenozoic East African Rift System
(EARS), as the largest continental rift system, is separating the
African plate into the Somalian plate to the east and the
Nubian plate to the west, and thus is arguably an ideal locale
to investigate continental breakup. The age span of the EARS
(~45 Ma to present, Ebinger and Sleep, 1998; Boone et al,
2019) provides us an ideal opportunity to better understand
the process of continental extension across different rift stages.
Although the mature rifts zones of the great rift system, such
as the Main Ethiopian rift and Kenya rift, have been more
comprehensively investigated over decades (Baker and
Wohlenberg, 1971; Woldegabriel et al., 1990; Mechie et al,
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1997; Wolfenden et al., 2004; Bonini et al., 2005; Dugda et al.,
2005; Mackenzie et al., 2005; Corti, 2009; Brune et al., 2017;
Hubert et al., 2018; Chiasera et al., 2021; Ogden et al., 2021;
Jia et al., 2023), knowledge of the early-stage rifts, such as the
late Pleistocene Okavango rift zone (ORZ), still remains
limited.
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Imagining the lithospheric structure beneath rifts allows us
to better understand the processes of continental extension and
breakup. However, structural features of the lithosphere of
mature rifts might have been deformed or reworked by sub-
sequent tectonic activities, hindering the understanding of
the early-stage lithospheric features that are associated with
the initiation of rifting. The ORZ (~120 to 40 Ka, Reeves,
1972; Kinabo et al., 2008) lying in the southern terminus of
the EARS is one of the youngest continental rifts in the world,
which provides an optimal opportunity to further unveil the
nature of early-stage continental extension.

The nascent ORZ developed within the northeast-south-
west-trending Mesoproterozoic-Early Paleozoic Damara and
Ghanzi-Chobe belts (Begg et al., 2009; Khoza et al., 2013;
Fig. 1). To the east of these belts lies another northeast-south-
west-trending belt, the Paleoproterozoic Magondi belt, which
marks the western margin of the Archean Zimbabwe craton
(Treloar, 1988; Majaule et al., 2001). The east-west-trending
late Archean Limpopo belt sutures the Zimbabwe craton to
the north and Kaapvaal craton to the south, forming the major
portion of the composite Kalahari craton (Begg et al., 2009).
The southwestern part of our study region is mostly occupied
by the Rehoboth Province, located along the boundary of
Botswana and Namibia, which is poorly documented due to
the coverage of Kalahari sands (Van Schijndel et al., 2014).

Previous investigations suggest that the ORZ has a thinner
crust (<40 km) compared to the surrounding regions (Leseane
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Figure 1. (a) Topographic map of the study area showing the
distribution of seismic stations (filled circles). Station sites
enclosed by red circles represent the ones that provide high-
quality receiver functions (RFs) used for the joint inversion. The
blue-solid curves represent nation boundaries, and the black
dashed curves divide the major tectonic units, with the gray
shade representing the Okavango rift zone (ORZ). Different
experiments for the seismic stations used in this study: red:
AfricaArray (AF); black: Botswana Network of Autonomously
Recording Seismographys (BNARS) and Botswana Seismological
Network (BSN); white: Seismic Arrays for African Rift Initiation
(SAFARI). (b) Locations of the teleseismic events (167 blue dots)
used in the study are plotted in an azimuthal equidistant pro-
jection map. The red pentagram represents the center of our
study region.

et al., 2015; Yu, Liu, et al., 2015; Fadel et al., 2018; Wang et al,
2025), with the thinnest crust (<30 km) in the northeastern
portion of the rift (Leseane et al., 2015). The higher-than-nor-
mal crustal Vp/ Vg values of the ORZ (Yu, Liu, et al, 2015;
Fadel et al, 2018; Wang et al., 2025), along with the shallow
Curie depth point (Leseane et al., 2015), may suggest the pres-
ence of melts in the crust of the rift. A thermochemical model
suggests a lithospheric thickness of ~130 to 170 km beneath
the ORZ (Afonso et al., 2022), which is generally consistent
with a previous tomography study (~150 km, Yu et al, 2017)
and a magnetotelluric study (~160 km, Muller et al., 2009).
Compared with the thicker lithosphere of the Congo craton
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to its northwest (~250 km thick, Khoza et al., 2013; ~300 to
350 km thick, Yu et al, 2017) and of the Kaapvaal and
Zimbabwe cratons to its southeast (~220 to 300 km thick,
James et al, 2001; Muller et al, 2009; Miensopust et al.,
2011; Yu et al., 2017; Afonso et al., 2022), the ORZ is charac-
terized by an evident lithospheric thinning. An approximately
-1.0% low-velocity anomaly in the upper mantle of the ORZ
depicted by Yu et al. (2017), as also supported by other velocity
models of the region (Ortiz et al., 2019; Fadel et al., 2020), is
interpreted as the result of decompression melting associated
with the lithospheric thinning (Yu et al., 2017).

In this study, we attempt to enrich the knowledge of the
incipient ORZ by constructing a high-resolution 3D shear
velocity model through jointly inverting Rayleigh-wave phase
velocity dispersion and receiver functions (RFs). Surface-wave
dispersion can effectively provide velocity information at dif-
ferent depths but are not sensitive to the interfaces below the
surface (i.e., Moho discontinuity), whereas RFs are good at rec-
ognizing these interfaces and thus improve the vertical resolu-
tion of the inverted velocity model (Julia et al, 2000; Bodin
et al, 2012; Shen, Ritzwoller, and Schulte-Pelkum, 2013;
Shen, Ritzwoller, Schulte-Pelkum, and Lin, 2013). Our model
sheds new light on the features of the lithospheric structure and
the potential processes of the lithospheric deformation beneath
the young African rift.

Data
We use raw seismic data recorded by 41 broadband seismic sta-
tions distributed in the study region (Fig. 1). The 17 stations of
the Seismic Arrays for African Rift Initiation (SAFARL Gao
et al., 2012; see Data and Resources) experiment are deployed
along a 756-km-long northwest-southeast-trending profile tra-
versing the ORZ, during the period of May 2012 to June 2014
(white-solid circles in Fig. 1). The 21 stations of the Botswanan
Network of Autonomously Recording Seismographs (BNARS;
Utrecht University [UU Netherlands], 1983; see Data and
Resources) experiment during 2013-2018 and of the
Botswana Seismological Network (BSN; Botswana Geoscience
Institute, 2001; see Data and Resources) experiment between
2018 and 2021 are evenly distributed across Botswana (black-
solid circles in Fig. 1). In addition, there are three permanent
broadband seismic stations from the AfricaArray network
(AF; Penn State University, 2004; see Data and Resources),
locating in the Congo, Zimbabwe, and Kaapvaal cratons, respec-
tively (red-solid circles in Fig. 1).

Ambient seismic noise data are used to extract Rayleigh-wave
phase velocity dispersion measurements at relatively short peri-
ods. Only the vertical-component waveforms are requested from
the Seismological Facility for the Advancement of Geoscience
(SAGE) Data Management Center (DMC), as these waveforms
contain stronger Rayleigh-wave energy than the other compo-
nents. For longer periods, teleseismic data are used to extract
Rayleigh-wave phase velocity dispersion measurements. Three
Volume XX« Number XX
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main constraints are applied for requesting teleseismic events
from the SAGE-DMC (Yao et al.,, 2005): (1) the moment mag-
nitude (M,,) of the events should be greater than 5.0 and less
than 6.8; (2) the focal depth should be less than 100 km to ensure
clear signals; (3) the epicentral distance should range between
20° and 130° (the large blue dashed circles on the azimuthal
equidistant projection map, Fig. 1b) to avoid near-source effects
and interference from higher modes of Rayleigh wave and to
depict structures in greater depth with more high-quality signal
(Yao et al,, 2005). Under the constraints, 167 teleseismic events
were used for obtaining dispersion curves (blue dots in Fig. 1b).

For RF data, approximately 990 teleseismic events are
requested for the recording period from January 2006 to
October 2021. A four-pole, two-pass Bessel band-pass filter
(0.08-0.8 Hz) is applied on the three-component seismograms
windowed to 20 s prior to and 50 s following the theoretical first
P-wave arrival based on the IASP91 Earth model (Kennett and
Engdahl, 1991). The processed seismograms are converted to
radial RFs using the procedure of Ammon (1991). Detail infor-
mation can be found in a recent investigation of Wang
et al. (2025).

Methods

Surface-wave dispersion data processing

To obtain Rayleigh-wave phase velocity dispersion curves from
ambient seismic noise data (3-30 s), we apply the empirical
Green’s function (EGF) analysis (Yao et al., 2006), which con-
sists of three main steps. First, data from each station are pre-
processed by removing the instrument response, eliminating
the mean and trend, applying a second-order Butterworth filter
(0.025-0.5 Hz), and using one-bit temporal normalization to
reduce effects on cross correlations from earthquakes and spec-
tral whitening to suppress interferences from persistent mono-
chromatic Second,
between one-day-long (86,400 s) waveforms of all station pairs
are computed temporally and stacked to enhance the signal-to-
noise ratio (SNR). The negative lags (i.e., “acausal” signals) of

sources. cross-correlation  functions

the stacked cross-correlation functions are reversed and aver-
aged with the positive lags (i.e., “causal” signals) to reduce the
deviation effects caused by the uneven distribution of the
ambient noise sources (Fig. 2b,c). Third, the EGFs are obtained
from the time derivatives of cross-correlation functions to
enhance the higher frequencies (Sabra et al., 2005a,b). A total
of 820 Rayleigh-wave phase velocity dispersion curves (n(n —
1)/2, in which 7 is the number of seismic stations used) with an
interval of 3 s (Fig. 2d) are extracted from the same amount of
EGFs using an image transformation analysis technique (Yao
et al., 2005). We manually select 391 reliable dispersion curves
under three main constraints (Yao et al., 2006; Bensen et al.,
2007; Wang et al., 2019), which are (1) the interstation spacing
should be at least three times of the wavelength (Bensen et al.,
2007; Yang et al., 2010), (2) the SNR for each dispersion meas-
urement should be greater than or equal to 5 (Yao et al., 2006;
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Wang et al, 2019), and (3) the selected dispersion curves
should generally agree with a global model (Shapiro and
Ritzwoller, 2002).

For periods from 30 to 120 s, Rayleigh-wave phase velocity
dispersion curves are extracted using the teleseismic surface
wave two-station (TS) analysis (Yao et al., 2005). The instru-
ment responses of each station are first removed, and the
multiple filter technique is employed (Dziewonski et al.,
1969). The processed seismograms are then filtered with a win-
dowed (Kaiser window) linear-phase finite impulse response
band-pass filter with 0.4-s band at each period of interest.
After processing the cross correlation, image transformation,
and manual selection constrained by a global model
(Shapiro and Ritzwoller, 2002), 675 Rayleigh-wave phase
velocity dispersion curves with an interval of 10 s are obtained
(Fig. 2e). Because a station pair can provide more than one
dispersion curve, we have obtained ~73% more dispersion
curves than the EGF analysis. The TS analysis assumes that
surface waves propagate along great circle paths, which means
the angle between the paths of a teleseismic event and any sta-
tion pair should be less than 2° (Yao et al., 2005). The selected
phase velocity dispersion curves from both the EGF and TS

4 Seismological Research Letters

Figure 2. (a) Ray paths of cross correlation between station BO2LT
(red triangle) and 29 other stations (yellow triangles) of the
empirical Green’s function (EGF) analysis. (b) Cross-correlation
functions of the 29 station pairs. (c) Cross-correlation functions
after reversing the negative lags and averaging with the positive
lags. (d) Manually selected Rayleigh-wave phase velocity
dispersion curves using the EGF analysis. The open circles and the
black curve represent the mean values of all the selected mea-
surements at corresponding periods. (e) Similar to panel (d), but
for dispersion curves from the two-station (TS) analysis.

analyses are inverted to horizontal phase velocity maps
(Montagner, 1986; Yao et al., 2010) at all periods with a grid
dimension of 0.3° x 0.3° and a sampling of 0.1° (Fig. 3).

RF data processing
The RF data used are provided by Wang et al. (2025), and the
procedure of data processing is briefly introduced here.
Considering the presence of unconsolidated sediments within
the study area (Pretorius, 1984; Ringrose et al., 2005), a reso-
nance removal filter (Yu, Song, et al., 2015) is applied to sup-
press the reverberations on the RF time series caused by the
Volume XX« Number XX
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sediments (Wang et al., 2025), which would mask the P-to-S
conversions from the Moho (Pms) and the corresponding mul-
tiples (PPms and PSms) and lead to unreliable crustal thickness
(H) and Vp/Vy ratio estimates (Langston, 2011; Cunningham
and Lekic, 2019). A conventional H — x stacking procedure
(Zhu and Kanamori, 2000) is applied for RFs moveout correc-
tions and stacking with weighting factors of 0.6, 0.3, and 0.1 for
the Pms, PPms, and PSms phases (e.g., Nair et al., 2006; Fadel
et al., 2018), respectively, to enhance the maximum stacking
amplitude and to determine the optimal H-Vp/Vy pairs
through grid searching (Fig. S1b, available in the supplemental
material to this article).

Inversion for shear-wave velocities

A nonlinear Bayesian Monte Carlo algorithm is applied to
invert for shear-wave velocity structures following the proce-
dures of Shen, Ritzwoller, and Schulte-Pelkum (2013) and
Shen, Ritzwoller, Schulte-Pelkum, and Lin (2013). Based on
the quality of RFs, the stations are categorized into two groups.
The first group consists of 27 stations (station sites enclosed by
red-open circles in Fig. 1) with high-quality RF data, charac-
terized by a clear Pms in the stacked RF along with clear esti-
mates of the optimal H and Vj/Vy ratio. We jointly invert
surface-wave dispersion curves with the stacked RFs during
the inversion using a 0.3 weight for the RF data (Fig. 4a-f).
Our tests show that the weighting factor of 0.3 can correctly
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Figure 3. (a) Ray-path coverage for the EGF analysis. (b—d) Rayleigh-
wave phase velocity maps at 3, 12, and 27 s obtained from the
EGF analysis. (e) Ray-path coverage for the two-station (TS)
analysis. (f-h) Rayleigh-wave phase velocity maps at 50, 80, and
120 s obtained from the TS analysis. KC, Kaapvaal craton; LB,
Limpopo belt; ORZ, Okavango rift zone; RP, Rehoboth Province;
Vph, phase velocity; and ZC, Zimbabwe craton.

identify the interfaces beneath the surface from RF time series
while allowing a larger weighting factor to dispersion data for
acquiring shear-wave velocity information (Text S1). The 27
stacked RFs used for the joint inversion are provided by
Wang et al. (2025) and shown in Figure Slc. The second group
includes stations with RFs showing ambiguous Pms arrivals in
the RFs and/or unclear optimal H-Vp/V pair. For these sta-
tions, to avoid unreliable inversion results caused by the RFs,
only surface-wave dispersion is used for the shear velocity
inversion (Fig. 4g-j).

We parametrize our model using a three-layer initial inver-
sion model for each station (black-solid curve in Fig. 4a). The
upper layer represents low-velocity sediments. This layer is
described by the thickness of the layer (i.e., Pretorius, 1984;
Fadel et al., 2020) and linear gradient shear velocities defined
by the values at the top and bottom of the layer (Shen,
Ritzwoller, Schulte-Pelkum, and Lin, 2013). The middle layer
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Figure 4. Examples of joint inversion results for stations (a—

¢) BOONK and (d—f) NE208 and surface-wave inversion results for
stations (g—h) NE205 and (i—j) B14MH. (a) The black-solid curve
represents the initial inversion model for station BO9NK. The red
curve is the inverted shear velocities, and the gray shade rep-
resents the one standard deviation (1¢) of the red curve. The
horizontal blue dashed curve represents the Moho under the
assumption that the Moho is a sharp velocity gradient (Shen,
Ritzwoller, Schulte-Pelkum, and Lin, 2013). The two horizontal
black dashed lines show the searching range, which is + 25%
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perturbation of the H value for the initial model. (b) The observed
phase velocities (black open circles with 1o error bars) and
predicted phase velocities (red curve) from the best fitting in
panel (a). (c) The stacked RF (black curve) with the estimated 1o
uncertainty (gray shade) related to the stacking of the azimuthally
independent RFs and the predicted RF (red curve) from the best
fitting in panel (a). (d—f) Similar to panels (a—c), but for station
NE208. (g,h) and (i,j) Similar to (a,b), but for surface-wave
inversion at stations NE205 and B14MH, respectively.

is for the crystalline crust. The thickness of this layer is deter-
mined as the difference between the thickness of the crust (Yu,
Liu, et al., 2015; Fadel et al., 2018; Wang et al., 2025) and the
corresponding sediments. Four B-spline coefficients are used

6 Seismological Research Letters

to describe structures within this layer by converting them
to shear velocities as a function of depth, and the initial shear
velocity information for the coefficients is provided by the
IASPI1 velocity model (Kennett and Engdahl, 1991). The
Volume XX« Number XX
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lower layer represents the lithospheric mantle. The thickness of
this layer is between the bottom of the crystalline crust and
160 km depth, which is about one-third of the maximum wave-
length of our surface waves, so that to invert for reliable shear
velocities (Yang et al., 2010). Five B-spline coefficients for
shear velocities are applied in this layer with initial values from
the IASP91 model. A damping is not required during the inver-
sion since the smoothness of the model is imposed by the para-
metrization (Shen, Ritzwoller, Schulte-Pelkum, and Lin, 2013).

The crustal Vp/Vg values used for the initial models are
mainly from our previous RF work of Wang et al (2025;
for 33 initial models), with 8 of them from other RF investi-
gations (Yu, Liu, et al, 2015; Fadel et al., 2018). For density,
following Shen, Ritzwoller, and Schulte-Pelkum (2013) and
Shen, Ritzwoller, Schulte-Pelkum, and Lin (2013), we apply the
scaling relation that has been influenced by Brocher (2005) and
Christensen and Mooney (1995) in the upper and middle
layers and by Karato (1993) in the lower layer. A physical
dispersion correction (Kanamori and Anderson, 1977) with
Q values from the preliminary reference Earth global model
(Dziewonski and Anderson, 1981) is used. Finally, the same
constraints as those of Shen, Ritzwoller, and Schulte-Pelkum
(2013) and Shen, Ritzwoller, Schulte-Pelkum,
(2013) are applied to determine the prior and posterior distri-
bution (Text S2).

One limitation for the three-layer discretization is that some
sublayers within the three layers could be ignored. This may
not affect our inverted model because there is little evidence
suggesting the existence of such sublayers in this region.
Another limitation is that the algorithm is not designed to
accommodate RF signals other than those related to the sedi-

and Lin

ment-basement crust and Moho discontinuities to prevent
increasing uncertainties and overinterpreting data (Shen,
Ritzwoller, Schulte-Pelkum, and Lin, 2013). In addition, the
shortest period of surface-wave dispersion measurements used
for the inversion is 3 s, and thus our inverted model has limited
constraints on structures shallower than ~3 km, which is about
one-third of the maximum wavelength at the period of 3 s
(Yang et al., 2010). Given that, we do not discuss shallow struc-
tures in the study, including the layer of unconsolidated
sediments.

Results
Phase velocities and resolution test

At periods of 3 and 12 s, the ORZ, Rehoboth Province, and the
western portion of the Limpopo belt exhibit low phase veloc-
ities, whereas the eastern portion of the Limpopo belt and most
of the Kaapvaal and Zimbabwe cratons show high phase veloc-
ities (Fig. 3b,c). At the longer periods of 50 and 80 s, one could
observe low phase velocities lying in the ORZ and the sur-
rounding belts and along the boundary of the Limpopo belt
and Kaapvaal craton (Fig. 3f,g). At the longest period of
120 s, the most notable low phase velocities are found within
Volume XX« Number XX
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the ORZ, whereas high phase velocities are predominantly
found in the cratonic regions (Fig. 3h).

To assess the robustness of the inverted phase velocities, we
apply a standard checkerboard resolution test at different peri-
ods (Fig. 5). The correlation length (L) is used to balance the
smoothness of the inverted results and resolving power (Yao
et al., 2005, 2006). We apply different correlation lengths for
different period ranges (60 km for 3-27 s and 80 km for 30-
120 s) after testing (Text S3). The synthetic target model is gen-
erated with alternate red and blue 1.5° checker representing the
velocities of 3.8 and 4.2 km/s, respectively. After applying the
same procedures as those for real data, the recovery results
indicate that our data and procedures can resolve anomalies
with scales of 1.5° in the central part of the study region, where
the resolution is understandably better than that near the mar-
ginal areas (Fig. 5a-f). Although anomalies with scales smaller
than 1.5° could still appear, given that the inversion grid size is
0.3° they are not well resolved and thus are not discussed.

Three-dimensional shear velocity model

Inverted shear-wave velocity curves are obtained at all the seis-
mic stations, from either the joint inversion of Rayleigh-wave
phase velocity dispersion and RFs or solely the surface-wave
inversion where reliable RFs are unavailable. Each of the
inverted shear velocity curves shows a sediment-basement
crust discontinuity and a Moho discontinuity defined by the
sharp velocity contrasts. In addition, the inverted shear veloc-
ities vary with depth with a step of 0.5 km through the sedi-
ments, crystalline crust, and the upper mantle. Figure 4a—f
shows two examples of the joint inversion results at station
BO9NK within the ORZ and station NE208 outside the rift,
whereas Figure 4g-j shows two examples of the surface-wave
inversion results at station NE205 within the rift and station
B14MH outside the rift, respectively.

The inverted shear velocity curves are assembled and lin-
early interpolated to construct a 3D shear velocity model.
Patterns of the high- and low-seismic velocities from the hori-
zontal shear velocity slices (Fig. 6) are similar to those of the
phase velocity maps at corresponding periods. In the upper
crust (5 km, Fig. 6a), relatively low velocities are found within
the ORZ and adjacent regions, compared to the average veloc-
ity values at depth. The low velocities underneath the ORZ per-
sist to 25 km depth but with a shrunken covering area, whereas
high velocities are found in the Zimbabwe and Kaapvaal cra-
tons (Fig. 6b). At 50 and 80 km depth, the low velocities within
the ORZ vanish and split into two low-velocity anomalies at
the two ends of the rift (LVAI and LVA2 in Fig. 6c,d).
Starting from 120 km depth, low velocities appear within the
ORZ again (LVA3 in Fig. 6e), and another low-velocity
anomaly is found beneath the boundary of the Limpopo belt
and Kaapvaal craton (LVA4 in Fig. 6e). LVA3 and LVA4 per-
sist at the depth of 160 km, whereas LVA1 and LVA2 fade
away (Fig. 6f).
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We also exhibit vertical shear velocity cross sections along
two profiles (Fig. 7), with one generally being parallel to the rift
axis (profile AA" marked in Fig. 6f) and the other transecting
the ORZ (profile BB’ marked in Fig. 6f). The distribution of the
velocity anomalies can be better observed from the vertical
cross sections and will be discussed in the following section.

Discussion

Evidence for the existence of melts in the crust
beneath the ORZ

Low velocities are observed in the crystalline crust beneath the
ORZ compared to the surrounding regions (5 and 25 km,
Figs. 6a,b, and 7), as also revealed by a previous shear velocity
model of the region (Fadel et al., 2020). At 5 km depth (Fig. 6a),
the observed low velocities within the rift from our model
(~3.45 km/s) are slightly higher than those from the previous
model (~3.35 km/s). This may be due to the fact that we inde-
pendently set an upper layer for the low-velocity sediments in
each initial model, so that velocities of structures deeper than
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Figure 5. Standard checkerboard resolution test with grid scale of
1.5°x 1.5°at() 3, (b) 12, (c) 27, (d) 50, (e) 80, and (f) 120's. The
coverage for the recovery maps between 3 and 27 s is defined by
the ray-path coverage for the EGF analysis (Fig. 3a), and the
coverage for the recovery maps between 50 and 120 s is defined
by the ray-path coverage for the TS analysis (Fig. 3e). Ve,
recovery velocity.

the sediments are less influenced by the unconsolidated sedi-
ments. Low-velocity values within the rift from the two models
become closer at a greater depth of 25 km (~3.65 km/s,
Fig. 6b). The low velocities could be attributed to the melts
or magma in the rifted crust as proposed previously
(Leseane et al, 2015; Fadel et al, 2020). The high-crustal
Vp/Vs values within the ORZ, reaching up to 1.91 (Yu,
Liu, et al., 2015; Wang et al., 2025), are consistent with the
inference of the presence of melts in the crust, with a melt frac-
tion of ~10% (Feng et al., 2023). Our velocity model shows that
Volume XX« Number XX
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at a depth of 25 km, the inverted shear-wave velocities beneath
the ORZ can be as low as ~3.65 km/s (Fig. 6b), which is ~2.7%
lower than the global averaged values of 3.75 km/s (Kennett
and Engdahl, 1991), further supporting the presence of melts
in the crust.

The melts could be generated in the crust through partial
melting associated with continental extension during the rift-
ing. Alternatively, they may be intruded from the underlying
mantle, as observed beneath other continental rifts of the EARS
(Ebinger and Sleep, 1998; Rychert et al, 2012; Mulibo and
Nyblade, 2013; Emry et al., 2019) and elsewhere around the
world (Coleman and McGuire, 1988; Baldridge et al., 1991;
Fu and Li, 2014; Grauch et al., 2017). Previous investigations
have proposed that the melts in the crust are intruded from a
low-velocity anomaly in the upper mantle directly beneath the
ORZ (Ortiz et al., 2019; Yu et al., 2017; Fadel et al., 2020).
Based on the shallow Curie depth and a 2D structural model
from gravity data (Leseane et al, 2015), the low-velocity
anomaly in the upper mantle may indicate hot fluids or melts
Number XX« —2026 -
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Figure 6. Horizontal shear-wave velocity slices at different depths.
(@) 5, (b) 25, (¢) 50, (d) 80, (e) 120, and (f) 160 km. Avg. Vs,
average shear velocity; DB, Darama belt; GCB, Ghanzi—-Chobe
belt; KC, Kaapvaal craton; LB, Limpopo belt; MB, Magondi belt;
ORZ, Okavango rift zone; and ZC, Zimbabwe craton.

sourced from the asthenosphere (Leseane et al., 2015; Fadel
et al., 2020). This anomaly is also identified in our velocity
model starting from approximately 110 km deep (LVA3 in
Figs. 6 and 7), which is generally consistent with other velocity
models (~130 km deep, Fadel et al., 2020; ~100 km deep, Yu
et al., 2017). It has been imaged that LVA3 extends to the man-
tle transition zone (~400 to 500 km deep, Ortiz ef al., 2019; Yu
et al, 2017), whereas our results could only exhibit the
anomaly to ~160 km deep due to the limit of the depth of our
model. In addition, we found three other low-velocity anoma-
lies in the upper mantle, and some of them may also serve as
potential melt reservoirs for intrusions into the rifted crust.
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Figure 7. Vertical cross sections along the two profiles marked in
Figure 6f. (a) Along profile AA’ paralleling to the rift axis. The
upper panel is the elevation variation along the profile. The
middle panel shows the shear velocity distribution from the
surface to 50 km depth, with the gray dashed curve representing
the Moho variation from a previous RF study (Wang et al., 2025).
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The lower panel shows the shear velocity distribution from 30 to
160 km depth. (b) Similar to panel (a), but for profile BB’ tran-
secting the rift. DB, Damara belt; GCB, Ghanzi—Chobe belt; KC,
Kaapvaal craton; LB, Limpopo Belt; MB, Magondi belt; and ORZ,
Okavango rift zone.
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Two of the anomalies are located near the ends of the ORZ,
within the surrounding orogenic belts (LVAI and LVA2 in
Figs. 6 and 7). The third one is situated in the boundary
between the Limpopo belt and Kaapvaal craton (LVA4 in
Figs. 6 and 7), likely caused by compositional refertilization
associated with Precambrian magmatic events.

Characterizing low-velocity anomalies in the
lithospheric mantle

The most distinct low-velocity anomalies observed in the litho-
spheric mantle are those around both ends of the ORZ (LVA1
and LVA2 in Figs. 6¢,d, and 7). LVALI is found in the Magondi
and Ghanzi-Chobe belts near the northern end of the ORZ,
whereas LVA2 is in the Damara and Ghanzi-Chobe belts near
the southern end of the rift. These Paleoproterozoic-Early
Paleozoic belts (Treloar, 1988; Schwartz et al, 1996; Modie,
20005 Li et al., 2008; Foster et al., 2015), which are considered
as pre-existing weak zones (Begg et al, 2009), are currently
undergoing extension associated with the rifting. Continental
stretching facilitates lithospheric thinning (James et al., 2001;
Muller et al., 2009; Khoza et al, 2013; Yu et al., 2017; Afonso
et al., 2022), which reduces the pressure and elevates the tem-
perature in the lithosphere, creating an appropriate condition
for the rocks to be molten (e.g., Rychert et al., 2012; Feng et al.,
2023). The lithospheric stretching factor, a ratio between the
stretched and initial lithospheric thickness (McKenzie, 1978;
Chen, 2014), for these two low-velocity areas is ~1.7
(Afonso et al., 2022; Wang et al., 2025), suggesting the occur-
rence of decompression melting (White and McKenzie, 1989).
Our vertical profiles clearly exhibit that the mean shear veloc-
ities for the two anomalies are below 4.4 km/s at ~100 km
depth and diminish around 120 km (Fig. 7a), which suggests
a high possibility of the presence of melts in the uppermost
mantle (Hua et al., 2023) and are hindered by the more rigid
lithosphere at greater depths. The two anomalies are connected
to the rifted crust (Fig. 7a) and appear to channel melts toward
the rift axis (Fig. 8).

Another low-velocity anomaly in our model is the one
located directly beneath the ORZ (LVA3 in Figs. 6e,f, and 7),
which is consistent with the proposed regional thermal model
(Leseane et al., 2015) and body-wave-based velocity models of
the upper mantle (Yu et al., 2017; Ortiz et al., 2019). Vertical
profile BB’ suggests that LVA3 is constrained below ~110 km
depth and shows a weaker velocity reduction compared to
LVA1 and LVA2 (Fig. 7). The mean shear-wave velocity value
of LVA3 at 120 km depth is greater than 4.5 km/s (Figs. 6e and
7), suggesting either a quite small volume or even the absence
of melts (Hua et al., 2023). If a small volume of melts is present,
since we observe little indication of low velocities in the upper-
most mantle above LVA3 (50 and 80 km, Fig. 6¢.d), the melts
may migrate into the rifted crust through some narrow cracks
(Fig. 8). Otherwise, LVA3 could also be associated with the
elevated temperature of the region. The ORZ is characterized
Volume XX« Number XX
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by a higher-than-normal heat flow value of ~70 mWm™ com-
pared to the surrounding areas (Leseane et al., 2015), possibly
associated with the hot fluids at greater depths (Yu et al., 2017;
Ortiz et al, 2019). Therefore, we postulate that LVA3 possibly
represents either a small volume of melts feeding the rifted
crust or a region with elevated temperatures or a combined
result of both (Fig. 8).

We also notice that there’s a low-velocity anomaly located
beneath the boundary of the Limpopo belt and Kaapvaal
craton, extending to at least 160 km depth (LVA4 in
Figs. 6e,f, and 7b). The anomaly was previously identified
by a continental-scale tomography investigation as well
(Ortiz et al., 2019). Although LVA4 seems to be connected
with LVA1 feeding the rifted crust (Fig. 7b), the lower-
than-normal heat flow value of less than 50 mWm™
(Davies, 2013) and the absence of Phanerozoic tectonism in
the region (Begg et al., 2009) make it unlikely that the anomaly
results from the presence of hot fluids or melts. The potential
connection between LVA1 and LVA4 could be attributed to
the limitation of model resolution. LVA4 may be attributed
to compositional differences in the mantle, a common factor
influencing seismic velocity anomalies. Our shear-wave veloc-
ity distribution in the upper mantle (120 and 160 km, Fig. 6e,f)
is generally consistent with the compositional variation in the
lithospheric mantle, in terms of the average Mg# (Mg/(Mg +
Fe?™)) (Afonso et al, 2022). High Mg# values (>92) in the
Zimbabwe and Kaapvaal cratons suggest a depleted litho-
spheric mantle, whereas low Mg# values (<91) in the
Limpopo belt are indicative of refertilized compositions. This
refertilized compositions may be associated with Precambrian
magmatic events, such as the Bushveld (~2.05 Ga) and/or
Umkondo (~1.1 Ga; Hoal, 2003; Fouch et al, 2004; Ortiz
et al., 2019). It has been suggested that refertilized mantle
materials can exhibit seismic velocity reductions of ~1%
(Jordan, 1979), since the proportion of the heavier Fe is
elevated relatively (Tesauro et al., 2014). Therefore, LVA4
may reflect the reduction of Mg# in the lithospheric mantle
beneath the boundary of the Limpopo belt and Kaapvaal
craton (Fig. 8).

Conclusions

We propose a 3D shear-wave velocity model beneath the
incipient ORZ and adjacent regions. The velocity model, rang-
ing from the surface to 160 km depth, is constructed using a
nonlinear Bayesian Monte Carlo joint inversion of surface-
wave dispersion and RFs analysis. Several structural features
of the lithosphere are revealed by the new model. The observed
velocity variations in both the crust and upper mantle suggest a
certain degree of lithospheric deformation beneath the nascent
rift zone. Within the rifted crust, the low velocities from our
model support the previous inferences of the presence of melts.
Our model also depicts four low-velocity anomalies in the
lithospheric mantle. Two of them are located in the two
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Figure 8. A conceptual sketch illustrating the lithospheric structure beneath the ORZ and adjacent

regions. T, temperature.

NE (1) all the 27 stacked receiver func-
tions (RFs) used for the joint inver-
sion in this study (Fig. S1), (2) the
selection of weighting factors for
the joint inversion (Text S1 and
Fig. S2), (3) the determination of
the prior and posterior distribution
(Text S2), (4) the selection of cor-
relation length (Text S3 and Fig.
S3), and (5) the Moho variation
of the study region (Fig. S4).
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