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Lithospheric structure beneath the Archean Tanzania craton and adjacent regions, includ-
ing segments of the East African rift system (EARS) and the Proterozoic–early Paleozoic
orogenic belts between the EARS and the craton, is imaged by a joint inversion of receiver
functions and Rayleigh wave dispersion measurements derived from ambient seismic
noise for shorter periods and teleseismic data for longer periods. Our resulting crustal
thickness, crustal VP= VS measurements and 3D shear-wave velocity model for the upper
120 km show a clear spatial correspondence with major surficial geological features. The
new results suggest the presence of a mafic layer in the bottom of the crust of the entire
Archean craton, which is previously only identified beneath the southern portion of the
craton. High crustal VP= VS values measured in the Rungwe Volcanic Province and most
areas of the Kenya and Tanganyika rift segments can be attributed to a combined result
of basaltic sediments atop the crust, magmatic intrusion, and crustal partial melting. The
Kivu Volcanic Province and parts of the Kenya rift segment are characterized by localized
lower-than-normal crustalVP= VS values and shear velocities in the lower crust and upper-
most mantle, which, given the presence of large volume of CO2 from surficial observa-
tions, can be best interpreted by CO2-filled fractures or conduits. Lower-than-normal
shear velocities in the uppermost mantle are revealed beneath almost the entire study
regionwith the lowest values found in all the three volcanic provinces. The low velocities
are indicative of an underplated layer formed by mantle-derived magmatic materials
trapped below the Moho. The relatively low velocities beneath the volcanic provinces
might be caused by a higher degree of partial melting in the uppermost mantle.

Introduction
Situated in the central area of East Africa, the Tanzania craton
(TC) is nestled between the western and eastern branches
of the East African rift system (EARS). A number of
Proterozoic–early Paleozoic orogenic belts, including the
Ruwenzori, Karagwe–Ankole, Ubendian, Usagaran, and the
Mozambique belts, lie between the TC and the two branches
(Fig. 1). The Archean craton (∼2.5 Ga) mainly consists of gran-
ites, gneisses, and amphibolites, with some greenstone belts in
its northern portion (Cahen et al., 1984; Last et al., 1997).
Embedded in the center of the high-elevation East African pla-
teau, the TC is characterized by a mean elevation of ∼1260 m
(Nyblade and Robinson, 1994; Weeraratne et al., 2003), and
the onset time of the uplift has been suggested to be ∼40 Ma
(Smith, 1994; Spiegel et al., 2007).

The western branch mainly contains the Tanganyika rift seg-
ment (TRS) and Malawi rift segment (MRS) and accommodates
several isolated volcanic provinces, including the Virunga, Kivu,
and Rungwe volcanic provinces (Fig. 1). The TRS is bordered by
several northwest-trending, 80–100–km-long normal faults, cre-
ating broad asymmetric rift basins with fluviolacustrine sedi-
ments reaching up to 7 km in thickness (Morley, 1988).
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Initiated at ∼25 Ma, the north–
south-oriented MRS is one of
the youngest rift segments of
the western branch (Roberts
et al., 2012). Volcanisms in
the western branch date back
to ∼12 Ma in the Virunga
Volcanic Province, ∼8 Ma in
the Kivu Volcanic Province,
and ∼25 Ma in the Rungwe
Volcanic Province (Ebinger
et al., 1989; Kampunzu et al.,
1998; Roberts et al., 2012).
The Kenya rift segment
(KRS), developed along the
northeastern margin of the TC,
is the southernmost portion of
the volcanically active eastern
branch. Rifting-related volcan-
ism progressively migrated
southward along this branch,
starting at ∼30 Ma in northern
Kenya to ∼12 Ma in southern
Kenya (George et al., 1998).

A shear velocity model con-
structed by Julia et al. (2005)
manifests an approximately 2–
4–km-thick mafic layer at the
bottom of the crust underneath
the southern TC, which might
be formed by mafic rock
emplacement during a number
of magmatic events (Halls et al.,
1987). Because of the limitation
of data coverage, the lower
crustal velocity structure of
the northern TC has not been
adequately investigated. Low
crustal velocities are observed
beneath the southern terminus
of the KRS (Plasman et al.,
2017), when combined with
their relatively thin crust and
high VP=VS measurements
beneath the rift axis, a crustal
partial melting model, which
might be associated with the rift
extension, has been proposed
(Plasman et al., 2017). Low
crustal velocities caused by
rifting are also found in the
MRS and Rungwe Volcanic
Province to the northwest of
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Figure 1. Topographic map showing the distribution of the seismic stations used in the study (open
triangles) and major tectonic setting of the study area. The red pentagram in the azimuthal
equidistant projection map in the upper left corner indicates the center of the study area. The blue
open circles in the projection map represent the earthquakes used for receiver function (RF)
analysis, whereas the green open circles are for the teleseimic two-station (TS) surface-wave
dispersion analysis. The inset in the upper right corner shows the topography of East Africa, the
location of the East African Rift System (blue curves), and the study region (open red rectangle).
EARS, East African rift system; KRS, Kenya rift segment; KVP, Kivu Volcanic Province; MRS, Malawi
rift segment; RVP, Rungwe Volcanic Province; TC, Tanzania craton; TRS, Tanganyika rift segment;
VVP, Virunga Volcanic Province. The color version of this figure is available only in the electronic
edition.
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the MRS (Accardo et al., 2017, 2020). In contrast to the high
VP=VS values found beneath the rift axis of the KRS
(Plasman et al., 2017), the two boundaries of the southern KRS
are characterized by lower-than-normal VP=VS values, which
are attributed to gaseous CO2 associated with volcanic plumbing
probably originated from the lower crust and/or upper mantle
(Plasman et al., 2017; Roecker et al., 2017), a hypothesis that is
consistent with surficial observations of the existence of CO2 in
the vicinity of the area (Lee et al., 2016). As detailed sub-
sequently, our resulting crustal structure from the H-VP=VS

receiver function (RF) stacking analysis suggests that crustal par-
tial melting is also needed to interpret the observed high-VP=VS

values beneath these regions. Even for the TRS, which is widely
accepted as an amagmatic extension model (O’Donnell et al.,
2016), a certain percentage of crustal partial melting is required.

The uplifting mechanism of the East African plateau has
long been debated. Last et al. (1997) measure the crustal thick-
ness (H) values of the TC and calculate the thickness of the
Archean crust prior to the uplift under the assumption of
the Airy’s isostatic theory. The calculated H values of the
TC before it was elevated (∼22 km) are much smaller than
the global average value for Precambrian terrains (Last et al.,
1997), and thus they suggest that the high elevation of the East
African plateau is not caused by crustal thickening but might
be associated with low densities in the mantle. The conclusions
are supported by other seismological studies that report gen-
erally consistent H measurements (e.g., Dugda et al., 2005;
Tugume et al., 2012). Widespread low seismic velocities in
the uppermost mantle beneath the study region have been
revealed (Green et al., 1991; Achauer and The KRISP
Teleseismic Working Group, 1994; Fishwick, 2010; Hansen
et al., 2012; Accardo et al., 2020). A low velocity anomaly
beneath the TC extending from ∼140 to 350 km deep is inter-
preted as an upper mantle plume, and dynamic support of the
plume is proposed to be responsible for the uplift of the East
African Plateau by providing the required buoyancy
(Weeraratne et al., 2003). The origin of the plume is speculated
to be in the lower mantle on the basis of seismic tomography
(Hansen et al., 2012; Mulibo and Nyblade, 2013a;
Tsekhmistrenko et al., 2021), RF (Mulibo and Nyblade,
2013b), and seismic anisotropy (Bagley and Nyblade, 2013)
studies. In contrast, the lower mantle plume model is in dis-
agreement with observations from a more recent RF analysis,
which suggests that the thickness of the mantle transition zone
is ∼252 km beneath the TC, a value that is comparable to the
global average of∼250 km and thus is indicative of the present-
day absence of a thermal upwelling beneath the TC originating
from the lower mantle (Sun et al., 2017).

In this study, a nonlinear Bayesian Monte Carlo joint inver-
sion of RFs and Rayleigh-wave phase velocity dispersion is uti-
lized to produce a high-resolution 3D shear-wave velocity
model for the upper 120 km beneath the TC and adjacent
areas. The H-VP=VS RF stacking analysis (Zhu and

Kanamori, 2000) is applied to obtain crustal structures beneath
the study region and to provide constraints for better deter-
mining the Moho depth for the joint inversion. Rayleigh-wave
phase velocity dispersion measurements are extracted from
ambient noise data at short periods (6–24 s) to improve the
inversion resolution by utilizing higher frequency surface
waves (Ritzwoller et al., 2002; Shapiro and Campillo, 2004)
and from teleseismic data at longer periods (28–80 s). By tak-
ing advantages from RF and surface-wave dispersion, the
inverted shear velocity model provides additional constraints
and new insights into the lithospheric structure and evolution
of the Archean craton and Cenozoic rift segments.

Data and Methods
Data
All the broadband seismic data used in the study were
requested from the Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC). The data
were recorded by 180 stations between May 1994 and
December 2018 with variable durations of recording, within
the area of 28° E–40° E, and 10° S–4° N (Fig. 1). To obtain
Rayleigh-wave phase velocity measurements from ambient
noise, we requested vertical-component broadband waveforms
with one-day length (86,400 s) from the IRIS-DMC, and uni-
formly resampled the seismograms to 5 Hz for cross-correla-
tion processing. For extracting Rayleigh-wave phase velocity
measurements from teleseismic events, broadband seismic data
in the epicentral distance range of 10°–130° were requested
from 1996 earthquakes (Mb ≥ 5:7) (Fig. 1), and the seismo-
grams were then uniformly resampled to 1 Hz.

For computing RFs, data were requested from 1310 teleseis-
mic events in the epicentral distance range of 30°–100° from the
IRIS-DMC.We used an empirical formula to calculate the cutoff
magnitude (Mc) that balances the quantity and quality of
the requested data, that is, Mc � 5:2� �Δ − Δmin�=
�180 − Δmin� − D=Dmax, in which Δ represents the epicentral
distance in degrees and D represents the focal depth in kilo-
meters, Δmin � 30° and Dmax � 700 km (Liu and Gao, 2010).
Finally, 5107 high-quality three-component seismograms met
the previous criteria of epicentral distance range and Mc. The
retained seismograms used to generate RFs are 60 s in length,
starting from 5 s prior to and 55 s after the theoretically calcu-
lated first P-wave arrival according to the IASP91 velocity model
(Kennett and Engdahl, 1991).

Methods
Short-period Rayleigh-wave data processing. Rayleigh-
wave phase velocity dispersion at short periods (6–24 s) was
extracted from ambient seismic noise data using the empirical
Green’s function (EGF) analysis with an interval of 2 s (Yao
et al., 2006). The procedure including five main steps closely
follows those in Yao et al. (2006) and Wang et al. (2019) and is
briefly introduced subsequently. First, data from every single
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station were preprocessed by removing the mean, linear trend,
and the instrumental response, and ambient seismic noise sig-
nals were obtained after applying a spectral whitening (Bensen
et al., 2007). Second, daily cross correlations were computed
between each of the station pairs in the frequency domain
to produce time series with positive and negative time coordi-
nates (Fig. 2), and the two-sided time series were compressed
to one-sided ones by averaging the positive and negative com-
ponents and were stacked to enhance the signal-to-noise ratio
(SNR) to obtain EGFs (Yao et al., 2006; Bensen et al., 2007).
Third, using a modified far-field approximation and an image
transformation technique (Yao et al., 2005), Rayleigh-wave
phase velocity dispersion curves were estimated from the
EGFs. Three criteria, including (1) the SNR is larger than 5,
(2) the distance between two stations is greater than three
times the longest wavelength, and (3) the phase velocity
dispersion measurements are in general agreement with global
models (i.e., Shapiro and Ritzwoller, 2002), were applied to
reject unreliable phase velocity dispersion curves estimated
from the stacked EGFs (e.g., Wang et al., 2019). Finally, using
the inversion procedures in Yao et al. (2010) and Montagner
(1986), 2D phase velocity maps at different periods were
inverted from the 673 selected 1D phase velocity dispersion
curves that were deemed as reliable.

Long-period Rayleigh-wave data processing. Long-
period (28–80 s) dispersion measurements were extracted from
teleseismic events using the teleseimic surface-wave two-station
(TS) analysis with an interval of 4 s (Yao et al., 2005). After sin-
gle-station preprocessing, cross-correlation amplitude images

were obtained from station pairs and were transformed into
phase velocity images using an image transformation technique
(Yao et al., 2005) for experience-based manual selection. A total
of 1475 reliable measurements were retained after the manual
selection. The selected Rayleigh-wave phase velocity dispersion
curves were inverted to create phase velocity distributions at dif-
ferent periods using the same technique as that applied to the
short-period ones. The grid dimension for all the periods for
both the ambient noise and teleseismic events is 0.25° ×
0.25° with a sampling step of 0.05°. To obtain reliable phase
velocities, only grids with at least one ray path were retained.

Horizontal checkerboard resolution test. A synthetic
checkerboard resolution test was conducted to check the
robustness of the inverted phase velocities from all periods
(Fig. 3). The target model was synthesized with alternating
positive and negative velocity anomaly values of 0.2 km/s
and −0.2 km/s, respectively, representing a 5% perturbation
relative to the reference value of 4 km/s, in 2.5° × 2.5° grids
with a sampling step of 0.25° (Fig. 3c). The same inversion pro-
cedures as those used for the observed data were applied on the
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Figure 2. Cross-correlation results between station DODT (red
triangle) and other stations (black triangles). (a) Ray paths (white
lines) between station pairs. The background shows the variation
of the lithosphere–asthenosphere boundary (LAB) depth
(Pasyanos et al., 2014). The red pentagram represents station
AMBA mentioned in Figure 5. (b) 2–40 s band-pass filtered cross-
correlation functions. The color version of this figure is available
only in the electronic edition.
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Figure 3. Ray-path coverages and results of checkerboard reso-
lution test. (a) Ray paths for the empirical Green’s function (EGF)
analysis. Only the ones with reliable Rayleigh-wave phase velocity
dispersion curves are plotted. (b) Ray paths for the teleseismic TS
analysis. (c) Target checkerboard model. The color bar represents
input values with alternating positive and negative 5%

perturbations of the reference value of 4 km/s. (d–f) Recoveries
from the EGF analysis at the periods of 6, 12, and 24 s,
respectively. (g–i) Recoveries from the teleseismic TS analysis for
40, 60, and 80 s, respectively. The color version of this figure is
available only in the electronic edition.
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synthetic model for generating the recovered results at differ-
ent periods. Figure 3d–i displays the recoveries at the periods of
6, 12, 24, 40, 60, and 80 s. The reconstructed pattern of the
checkerboards and the magnitude of anomalies are acceptable
and indicate a reasonable resolution for most of the grids.

RF data processing. All original seismograms were filtered
by a four-pole, two-pass band-pass Bessel filter in the fre-
quency band between 0.06 and 1.2 Hz, and events with an
SNR equal to or smaller than four were rejected for computing
the RFs. The filtered seismograms were then converted into
radial RFs by applying a procedure of frequency-domain
water-level deconvolution (Clayton and Wiggins, 1976) with
a water level value of 0.03 (e.g., Kong et al., 2020). To deter-
mine the optimalH and VP=VS measurements beneath seismic
stations, the H-VP=VS RF stacking procedure (Zhu and
Kanamori, 2000) was used to search for the maximum stacking
amplitude of the PmS, PPmS, and PSmS phases (with weighting
factors of 0.5, 0.3, and 0.2, respectively, e.g., Nair et al., 2006).
The reference velocity for stacking (VP) is fixed to 6.1 km/s,
which is a typical value for continental crust.

A 10-iterations bootstrap resampling approach (Efron and
Tibshirani, 1986) was applied to compute the mean H and
crustal VP=VS values and to estimate the corresponding stan-
dard deviations. A total of 5107 high-quality RFs recorded by
164 out of 180 seismic stations were selected. Stations close to
each other (less than 1.0 km in distance) were combined
together, and the combined station was named as the same
as that recorded the greatest number of RFs. The number
of station sites after the combination was reduced from 164
to 156. RFs from approximately 73.1% (114 out of 156) of
the sites were found to lead to reliable H and crustal
VP=VS measurements.

Joint inversion data processing. RFs are widely used to
determine interfaces beneath the surface but are not ideal
for providing seismic velocity information between the inter-
faces or away from the stations. Surface-wave dispersion car-
ries velocity information along the ray paths of station pairs
and between different interfaces but is not sensitive to velocity
interfaces. Consequently, we jointly inverted the two data sets
using a nonlinear Bayesian Monte Carlo algorithm (Shen et al.,
2013), which relies on repeated random sampling in a broad
model space for data misfit under the constraint of the prob-
ability distribution of the model parameters based on the
observed data.

For each station, the optimal H and crustal VP=VS values
obtained from the RF analysis were used to construct a two-
layer initial model with the top layer representing the crystal-
line crust and the bottom layer representing the uppermost
mantle. Shear-wave velocities in the initial model from the sur-
face to the Moho (top layer) were acquired by interpolating
shear velocities in the IASP91 velocity model (Kennett and

Engdahl, 1991) using four B-spline coefficients. From the
Moho to 120 km deep (bottom layer), the reference shear-wave
velocities were obtained using five B-spline coefficients based
on the IASP91 model. The prior distribution was determined
by a random walk in the model space with two steps per-
formed. The first step is to initiate the random point following
the prior constraints proposed by Shen et al. (2013). If the ran-
dom point could not meet the constraints, it would be rejected
and replaced with a new one. The second step is to introduce a
random jump, which allows all parameters to perturb simul-
taneously by randomly choosing new values governed by a
Gaussian probability distribution adjacent to the previous
ones. The Gaussian width for the nine B-spline coefficients
and crustal thickness is set to be 0.05 km/s and 1.00 km, respec-
tively (e.g., Shen et al., 2013). If the produced model does not
obey the prior constraints or exceeds the accepted perturbation
magnitude, the model search would be reinitiated. The Monte
Carlo sampling was initiated at 10 independent random mod-
els to avoid being affected by the starting points, and the num-
ber of iterations is 3000. Models were accepted when they meet
the criterion by a combined root mean square misfit function
for the joint inversion (Shen et al., 2013).

Results
Rayleigh-wave phase velocities
At the period of 6 s (Fig. 4a), low phase velocities are observed
in the Mozambique Belt, the central part of the TC, and the
western and eastern branches of the EARS. Low velocities
beneath the two branches may reflect the presence of loose
sediments and water. Continuing downward to the periods
of 12 and 24 s (Fig. 4b,c), low velocities persist in the two
branches, and those beneath the Mozambique Belt gradually
diminish. Starting from the period of 40 s (Fig. 4d–f), the cen-
tral TC is dominated by high velocity anomalies, whereas the
two EARS branches are characterized by low velocity
anomalies.

Shear-wave velocity distribution
Shear-wave velocity curves from the surface to the depth of
120 km with an interval of 0.5 km were obtained from the joint
inversion. Figure 5 shows examples of inversion results at two
stations. Because for a given station, the initial inversion model
only has one interface (the Moho discontinuity), the fitting to
the stacked RF was attempted only for the time window con-
taining the PmS phase. Subsequently, the 1D shear-wave veloc-
ity curves observed at all the stations were interpolated to
obtain spatially continuous shear-wave velocity maps at differ-
ent depths (Fig. 6).

At the depth of 6 km (Fig. 6a), low shear velocities relative
to the IASP91 global model are observed beneath the three
volcanic provinces, northern TRS, southern KRS, and the
northern end of the MRS. The low shear velocities extend
to the midcrust (16 km) and become more distinct
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(Fig. 6b). At the depth of 30 km (Fig. 6c), the low velocities
beneath the western branch observed at shallower depths turn
to relatively higher velocities. From 60 to 120 km, the southern
KRS, Mozambique Belt, and the northern tip of the MRS are
characterized by low velocities, whereas the TC is characterized
by high velocities (Fig. 6d–f). In most cases, the boundaries
between the low and high velocities agree well with the boun-
daries of tectonic provinces observed at the surface, especially
for the southeastern portion of the study area (e.g., Fig. 6f).

Crustal thickness measurements
Crustal thickness results were obtained separately from the
H-VP=VS RF stacking (Fig. 7a) and joint inversion (Fig. 7b)
approaches. For H measurements from the joint inversion, we
searched for the largest velocity gradient in the 1D shear-wave
velocity curve for the depth range of 20–60 km beneath each of
the seismic stations. The resultingH distributions from the two

methods are comparable with each other (Fig. 7c), with a mean
difference of 1.2 ± 0.7 km and an absolute mean difference
value of 1.3 ± 0.6 km.

The H measurements from the H-VP=VS RF stacking were
used for generating initial models for the inversion, and the H
values discussed subsequently were from the joint inversion. H
measurements range from 26.0 km at station KGMA located
within the western branch of the EARS to 46.0 km at station
CRTR to the north of the MRS, with an average value of 36.2 ±
3.2 km (Fig. 7b). The TC has a mean H of 37.0 ± 2.2 km, which
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Figure 4. Distributions of Rayleigh-wave phase velocities at dif-
ferent periods. (a–c) 6, 12, and 24 s, from the EGF analysis,
respectively. (d–f) 40, 60, and 80 s, from the TS analysis,
respectively. Vph, phase velocity. The color version of this figure is
available only in the electronic edition.
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is typical for cratons (e.g., Clitheroe et al., 2000; Nair et al.,
2006). Small H measurements are mainly found along the two
branches except for the southern TRS and northern MRS,
whereas large H values are measured beneath the orogenic
belts with a mean value of ∼40 km.

Crustal VP=VS measurements
The mean crustal VP=VS measurement from the H-VP=VS RF
stacking analysis is 1.81 ± 0.06 with the minimum value of 1.70
at station BOBN in the Kivu Volcanic Province and the maxi-
mum value of 1.97 at station NG56 in the southernmost tip of
the KRS (Fig. 7d). With the exception of the Kivu Volcanic
Province and a small portion of the rift shoulders of the
KRS, the western and eastern branches are characterized by
relatively high (>1.81) VP=VS measurements, especially for the
central and southern TRS and the Rungwe Volcanic Province,
where the mean crustal VP=VS value is greater than 1.85. The
Kivu Volcanic Province and parts of the southern KRS rift
shoulders possess the lowest (<1.73) VP=VS values in the entire
study region. Spatially continuous images for the resulting
velocities, H, and crustal VP=VS (Figs. 6–8) were produced
by utilizing a continuous curvature surface gridding algorithm
with a tension factor of 0.25 and an interval of 0.1° (Smith and
Wessel, 1990). Areas with a distance ≥0.5° from the nearest
station are masked.

Discussion
A mafic lower crustal layer beneath the TC
A high-velocity layer (∼2–4 km thick) beneath the southern
portion of the TC with VS up to ∼4.1 km/s was previously
revealed by a tomography study (Julia et al., 2005) and was
suggested to be associated with a mafic lower crustal layer

probably from emplacement of mantle-derived materials
(e.g., Halls et al., 1987; Kabete et al., 2012; Thomas et al.,
2016). This interpretation is supported by our velocity model,
which shows a mean shear-wave velocity of 3.86 ± 0.07 km/s in
the lower crust (Fig. 8b) at the eight stations in the southern
TC. The mean velocity is ∼2.9% higher than that in the IASP91
model (Kennett and Engdahl, 1991) for the same depth range.
Besides, our resulting mean crustal VP=VS value of 1.80 ± 0.04
calculated from all the eight stations within the southern TC
(Fig. 7d) also suggests a more mafic crust comparing with the
global averaged value of 1.78 (Christensen, 1996), providing
additional evidence for the presence of a mafic lower
crustal layer.

In addition to the southern TC, our results indicate that the
mafic lower crustal layer may also exist beneath the northern
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Figure 5. Joint inversion results for (a–c) station AMBA and (d–
f) station DODT. Locations for both stations are marked in
Figure 2a. (a) Model ensemble for station AMBA using the
Bayesian Monte Carlo joint inversion approach. The two black
curves enclose the full width of the ensemble, and the two light
gray curves enclose the 1σ width of the ensemble under the
assumption of Gaussian distribution. The red curve in the model
ensemble represents the average of all the accepted models. The
Moho beneath the station is marked by the blue dashed line by
searching the greatest velocity gradient. (b) Comparison between
the observed Rayleigh-wave phase velocity measurements (black
dots with 1σ error bars) and the prediction (red curve) from the
best fitting in (a). (c) Comparison between the stacked RF trace
(black curve with 1σ uncertainties) and the predicted RF trace (red
curve) from the best fitting in (a). (d–f) Description of the same
contents as those for (a–c) but for station DODT. The color
version of this figure is available only in the electronic edition.
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TC. The mean lower crustal shear velocity computed from the
four stations in the northern TC is 3.91 ± 0.08 km/s, which is
even higher than that of the southern TC and is ∼4.3% higher
than the IASP91 model, and the mean crustal VP=VS value of
1.80 ± 0.06 for the four stations is comparable to that in the
southern TC (Fig. 7d). The observations of higher-than-
normal lower crustal velocity and crustal VP=VS values of
the TC suggest that a lower crustal mafic layer exists beneath
the entire TC.

Crustal partial melting beneath the EARS
High crustal VP=VS measurements are obtained beneath the
southern KRS (1.83 ± 0.08 from 11 stations within the region;
open circles in Fig. 7d), the central and southern parts of the
TRS (1.86 ± 0.04 from five stations; open diamonds in Fig. 7d),
and the Rungwe Volcanic Province (1.87 ± 0.04 from 12 sta-
tions; open squares in Fig. 7d). Comparing with the mean value

of 1.78 for continental crust (Christensen, 1996), our crustal
VP=VS measurements for these three regions are elevated
by ∼2.8%, ∼5.0%, and ∼4.5%, respectively. Several factors
may contribute to the higher-than-normal crustal VP=VS val-
ues. First, the existence of basaltic sediments atop the crust
might increase the crustal VP=VS values. The KRS, one of
the most volcanically prolific Phanerozoic continental rifts
on Earth, has a total volume of ∼230; 000 km3 volcanic rocks
(King, 1978). Sitting between the TRS and MRS, the Rungwe
Volcanic Province has erupted in the past 10 Ka and contin-
uously accumulates basaltic sediments (Ebinger et al., 1989).
The contribution of the surface basaltic layer to the observed
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Figure 6. Shear velocity slices at different depths. (a) 6, (b) 16,
(c) 30, (d) 60, (e) 90, and (f) 120 km. The color version of this
figure is available only in the electronic edition.
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high crustal VP=VS values is limited, however. If we assume
that the VP=VS value for solid basalts is 1.84 (Christensen,
1996), the crustal VP=VS would only be elevated to ∼1.79 from
1.78 for a 35-km-thick crust (e.g., Kennett and Engdahl, 1991)
with a 7-km-thick basalt layer (e.g., Morley, 1988).

The second possible factor
that contributes to the elevated
crustal VP=VS measurements
observed in the two branches
of the EARS is magmatic
intrusion from the mantle.
Besides the volcanically active
KRS and Rungwe Volcanic
Province, magmatic intrusion
is also proposed beneath the
nonvolcanic TRS (Hodgson
et al., 2017). The observed mean
crustal VP=VS values for these
segments are between 1.83 and
1.87, which are either compa-
rable to or higher than the value
of 1.84 for solid basalts
(Christensen, 1996), suggesting
that basaltic intrusion cannot
fully account for the anoma-
lously high crustal VP=VS mea-
surements, even for the unlikely
scenario when most or all of the
original crustal material was
replaced by basaltic intrusions.
Other processes such as crustal
partial melting are required to
explain the high crustal
VP=VS measurements. It has
been proposed that crustal
VP=VS is a continuous function
of melt fraction (Watanabe,
1993). For silicates in the crust,
VP=VS is 1.82 for 0% melt, and
it increases to 1.90 for 5% melt
and 2.05 for 10% melt
(Watanabe, 1993). Therefore, a
few percent of crustal melting
is required to account for the
observed high crustal VP=VS

in various segments of
the EARS.

CO2-filled fractures
beneath segments of
the EARS
Lower-than-normal crustal
VP=VS and shear velocity val-

ues are observed at many of the stations in the southern
terminus area of the KRS (Figs. 7d and 8a,b). At approximately
the same location, Roecker et al. (2017) report low VP=VS val-
ues in the upper crust based on seismic tomography inversions,
and they attribute both the low VP=VS values and low
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velocities in the upper crust to volcanic plumbing suffused by
CO2. Within the rift valley, we observed an extremely low
crustal VP=VS value of 1.73 at station LL23 (Fig. 7d). The
observation agrees with results of Roecker et al. (2017), which
show low VP=VS values through the upper and mid crust at the
station with the exception for the depth of 10 km. Roecker et al.
(2017) indicate that the lowest VP=VS values are along both the
western and eastern boundaries of the rift zone, whereas our
lowest crustal VP=VS measurement of 1.72 is observed at

station PR64 near the western
boundary of the rift zone
(Fig. 7d). The RF study by
Plasman et al. (2017) also
shows relatively low crustal
VP=VS values at stations
LL23 (1.71) and PR64 (1.67),
and their results are generally
in agreement with our result-
ing crustal VP=VS distribution
in this region (Fig. 7d).

The same mechanism may
also be applicable to the Kivu
Volcanic Province in the
western branch, where an
extremely low crustal VP=VS

value of ∼1.70 (the lowest value
within the entire study area) is
observed at station BOBN
(Fig. 7d). We speculate that
the low velocities in the lower
crust and/or uppermost mantle
(Fig. 8b,c) are caused by molten
rock repository, which releases
gaseous CO2 leading to the
low crustal VP=VS value in
the region. Such a hypothesis
is consistent with the large vol-
ume of CO2 observed on the
surface in the vicinity of that
region (Balagizi et al., 2015).
CO2-related low velocities and
VP=VS values are also suggested
beneath other volcanic zones in
the world (e.g., Lin et al., 2014
for the Kilauea Volcano and
Sun et al., 2021 for the MRS
south of the study area).

Low shear velocities in
the uppermost mantle
beneath the region
Our velocity model suggests
the presence of low shear

velocities beneath the Moho of the study region, with the low-
est velocities of ∼4.10 km/s found beneath the Kivu, Rungwe,
and Virunga volcanic provinces in the western branch
(Fig. 8c). These low velocities are in general agreement with
results from other surface-wave tomography studies
(O’Donnell et al., 2013; Accardo et al., 2017; Adams et al.,
2018). We similarly interpret the low velocities in the upper-
most mantle beneath the three volcanic provinces as reflecting
magmatic upwelling associated with the volcanisms. The
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effective elastic thickness (Te) of the African lithosphere mea-
sured by Perez-Gussinye et al. (2009) shows that the volcanic
provinces possess low-Te values, indicating the possible pres-
ence of conduits in the lithosphere that provide hot materials
from the asthenosphere (Perez-Gussinye et al., 2009).

The low velocities beneath the other parts of the region can
be explained by the pervasive existence of underplating, a proc-
ess that produces a layer of mantle-derived magma trapped
and spread horizontally below the Moho (e.g., Cox, 1993).
The average elevation of the East African plateau is ∼1000 m
(Nyblade and Robinson, 1994; Mulibo and Nyblade, 2013a),
and that of the TC, which is located in the central part of
the plateau, is 1260 m (Weeraratne et al., 2003). A previous
RF and surface-wave tomography study speculates that low
densities in the mantle, if present, are responsible for the iso-
static uplift of the East African plateau (Last et al., 1997). The
hypothesis is supported by a gravity modeling study of the
eastern TC and parts of the eastern branch (Fletcher et al.,
2018) and by tomography studies imaging a low velocity zone
in the upper mantle beneath the TC (Weeraratne et al., 2003;
Sebai et al., 2006). Dynamic topography associated with a man-
tle plume beneath the East African plateau has also been
invoked to explain the uplift and rifting in the region (e.g.,
Simiyu and Keller, 1997; Ebinger and Sleep, 1998). Weeraratne
et al. (2003) image a relatively reduced seismic velocity zone in
the uppermost mantle beneath the East African plateau,
although the actual velocities are still higher than global aver-
age values and our inverted results. The TX2019slab velocity
model (Lu et al., 2019) suggests that the northern portion of
the Archean craton is characterized by lower-than-normal
shear velocities in the uppermost mantle, whereas the velocities
in the southern portion are mostly higher than normal.
Although controversies among the studies might be the results
of the different techniques and the initial models used by the
studies, the low velocity and presumably low-density layer in
the uppermost mantle revealed from this study may contribute
to the uplift of the TC.

Conclusions
A 3D shear-wave velocity model for the upper 120 km beneath
the TC and adjacent orogenic belts and the eastern and western
branches of the EARS is constructed using a nonlinear
Bayesian Monte Carlo joint inversion of RFs and Rayleigh-
wave phase velocity dispersion. The observations provide con-
straints to a number of significant geological problems regard-
ing continental lithospheric structure and evolution. The
previously proposed lower crustal mafic layer in the southern
portion of the TC is confirmed by our results, and our new
results suggest that this mafic layer also exists beneath the
northern portion of the craton. Beneath the western and
eastern branches of the EARS, the observed high crustal
VP=VS can be interpreted as a combination of a basaltic layer
atop the crust, magmatic intrusion from the mantle, and the

existence of crustal partial melting. Low seismic velocities and
crustal VP=VS measurements observed beneath the Kivu
Volcanic Province and the southern KRS can be attributed
to CO2-filled magma conduits or fractures. Low velocities
are imaged in the uppermost mantle beneath almost the entire
study region, which can be interpreted by the existence of mag-
matic underplating beneath the region and may contribute to
the uplift of the TC.
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