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Abstract P and S wave tomographic models have been developed for the northern Malawi rift and
adjacent Rungwe Volcanic Province (RVP) using data from the Study of Extension and maGmatism in
Malawi aNd Tanzania project and data from previous networks in the study area. The main features of the
models are a low-velocity zone (LVZ) with 6Vp = ~—1.5-2.0% and §Vs = ~—2-3% centered beneath the RVP, a
lower-amplitude LVZ (8Vp = ~—1.0-1.3% and 8Vs = ~—0.7-1%) to the southeast of the RVP beneath the
center and northeastern side of the northern Malawi rift, a shift of the lower-amplitude anomaly at ~—10° to
—11°to the west beneath the central basin and to the western side of the rift, and a fast anomaly at all depths
beneath the Bangweulu Craton. The LVZ widens further at depths >~150-200 km and extends to the
north beneath northwestern Malawi, wrapping around the fast anomaly beneath the craton. We attribute the
LVZ beneath the RVP and the northern Malawi rift to the flow of warm, superplume mantle from the
southwest, upwelling beneath and around the Bangweulu Craton lithosphere, consistent with high 3He/*He
values from the RVP. The LVZ under the RVP and northern Malawi rift strongly indicates that the rifted
lithosphere has been thermally perturbed. Given that volcanism in the RVP began about 10 million years
earlier than the rift faulting, thermal and/or magmatic weakening of the lithosphere may have begun prior to
the onset of rifting.

Plain Language Summary P and S wave tomographic models have been developed for the
northern Malawi rift and adjacent Rungwe Volcanic Province (RVP) using data from the Study of Extension
and maGmatism in Malawi aNd Tanzania project and data from previous networks in the study area. A
low-velocity anomaly is imaged under the RVP and northern Malawi rift. We attribute the low-velocity
anomaly to flow of warm mantle from the African superplume to the southwest of the study area, which has
migrated around the side of thick Bangweulu Craton lithosphere and upwelled beneath the thinner mobile
belt lithosphere to the east of the Bangweulu Craton. The observation that volcanism began in the RVP
prior to the onset of rifting suggests that the lithosphere beneath the Malawi rift may have been thermally
weakened prior to rifting.

1. Introduction

An outstanding challenge in continental dynamics is understanding how strong continental lithosphere
ruptures in the early stages of rifting (e.g., Buck, 2004, 2006). Continental rupture can be achieved with a
modest amount of tectonic stress if a weakening mechanism is present, for example, magmatism and/or
dike intrusions (e.g., Bialas et al., 2010) or widespread metasomatism (e.g., Foley & Fischer, 2017; Rooney
et al, 2014; Rosenthal et al., 2009), but is difficult to achieve in the absence of a weakening mechanism.
Analytical and numerical simulations of continental lithosphere (e.g., Bialas et al., 2010; Bott, 1991; Buck,
2004) and observational studies (e.g., Bastow & Keir, 2011; Kampunzu & Mohr, 1991; Morgan, 1971;
Sengor & Burke, 1978; White & McKenzie, 1989) have suggested that magmatism and hydration from
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upwelling mantle (metasomatism; e.g., Foley & Fischer, 2017; Rooney et al., 2017) can assist in the develop-
ment of early-stage rifts by thermally and compositionally altering the lithosphere and consequently redu-
cing its thickness and strength.

O’Donnell et al. (2016) calculated yield strength envelopes to estimate the strength of the lithosphere in non-
magmatic regions of the East African Rift System (EARS) and showed that extensional stresses in excess of
280 MPa would be needed to rift the East African lithosphere. A range of much lower extensional tectonic
stresses have been estimated for East Africa (10-22 MPa, Stamps et al., 2014; 35 MPa, O’Donnell et al.,
2016; 125 MPa, Craig et al., 2011), stresses that are clearly insufficient to initiate the rupture of >100 km thick,
strong lithosphere. Therefore, magma-assisted rifting has been often invoked to explain rifting in East Africa,
at least where Cenozoic volcanism is present (e.g., Ebinger & Sleep, 1998; Kendall et al., 2005).

The Malawi rift, situated near the southeastern end of the EARS (Figure 1), is a weakly extended continental
rift (<15%; Ebinger et al., 1993) developed within Proterozoic mobile belts, and there is no evidence for
volcanism within the rift itself. The Cenozoic Rungwe Volcanic Province (RVP), however, lies at the northern
end of the rift, and weakening of the rifted lithosphere may have occurred if alteration of the lithosphere
linked to the RVP volcanism is present to the south beneath the rift (Figure 1).

To illuminate crustal and upper mantle structure for investigating the process of early-stage rifting, the
SEGMeNT (Study of Extension and maGmatism in Malawi aNd Tanzania) project obtained a suite of data sets,
including active- and passive-source seismic, Global Positioning System, magnetotelluric, and geochemical in
and around the northern Malawi rift (Shillington et al., 2016; Figure 1). In this paper, we utilize teleseismic
earthquake data from the SEGMeNT project, as well as teleseismic data from previous networks in the study
area, to investigate upper mantle structure beneath the northern Malawi rift and RVP to determine if there is
seismic evidence for thermal and/or compositional alteration of the upper mantle that may have weakened
the lithosphere and thus helped to promote rifting.

2. Background

The study area is located at the southeastern end of the Western rift, one arm of the EARS (Figure 1). The EARS
is a divergent plate boundary over 4,000 km long, stretching from the Afar triple junction in the north to
Mozambique in the southeast, and to Botswana in the southwest. The rift system south of Ethiopia comprises
at least three branches, the Eastern, Western, and Southwestern rifts, which have mainly developed in
Proterozoic mobile belts surrounding Archean cratons.

The study area includes the RVP and the Precambrian terranes that underlay the RVP and surround the
northern portion of the Malawi rift (Figure 1a). The Malawi rift extends for ~800 km from the RVP in the north
to the Urema Graben in the south. The majority of the rift is occupied by the ~40-60-km-wide Lake Malawi
(Nyasa) and consists of several half-grabens bounded by long, large offset border faults (e.g., Ebinger et al.,
1989; Specht & Rosendahl, 1989) and filled with up to 7 km of Paleozoic-Recent sedimentary strata
(McCartney & Scholz, 2016). Rifting in parts of the Western rift may have initiated as early as 26 Ma
(Roberts et al,, 2012), and volcanism in the RVP initiated by ca. 17-18 Ma (Mesko et al., 2014; Rasskazov et al.,
2003). The RVP lies within a complex accommodation zone between the Rukwa, Malawi, and Usangu rifts and
includes three stratovolcanoes that have experienced Plinian and basaltic eruptions in the past 10 Ka
(Ebinger et al., 1989; Fontijn, Delvaux, et al., 2010; Fontijn, Ernst, et al., 2010; Fontijn et al., 2012). The most
common lavas within the RVP are basalts, trachytes, and phonolites (e.g., Fontijn, Delvaux, et al.,, 2010;
Fontijn, Ernst, et al., 2010).

The Precambrian tectonic framework of the study region includes the Archean Tanzania Craton, just to the
north of the RVP, the Bangweulu block, which lies to the southwest of the rift, and several Proterozoic mobile
(orogenic) belts beneath and surrounding the RVP and Malawii rift (Figure 1). Based on geochemical analysis
of sediments along the margins of the Bangweulu block, Andersen and Unrug (1984) argue that it is a
Paleoproterozoic terrane. However, citing whole-rock geochemistry and isotopic data, DeWaele et al.
(2006) contend that the Bangweulu block is an Archean craton, as originally proposed by Drysdall et al.
(1972). The 1.92- to 1.83-Ga Usagaran Belt consists predominantly of granitoids and orthogneisses that were
derived from reworking and recycling of the Tanzania Craton, while the Ubendian Belt consists mostly of
granulite and amphibolite facies gneisses and metasedimentary rocks that formed during two orogenic
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Figure 1. (a) Topographic map of eastern Africa showing the study area location. The red dashed line shows the outline of
the model area and the solid red line shows the outline of the area in Figures 4 and 5. Craton boundaries shows the exposed
margin of the cratons. (b) Geologic map of the area where Study of Extension and maGmatism in Malawi aNd Tanzania
stations are located. Geological terrane boundaries are from Le Gall et al. (2004) and Pinna et al. (2004).
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events between 2.03 and 1.86 Ga (Cahen et al.,, 1984; DeWaele et al., 2009; Lenoir et al., 1994; Schliter &
Hampton, 1997). The Irumide Belt consists of reworked Archean and Paleoproterozoic crust overlain by
~2-Ga rhyolites and sediments (Begg et al., 2009). During the Irumide orogeny ~1 Ga, the crust was strongly
deformed by isoclinal folding and thrusting, resulting in crustal thickening with some addition of juvenile
crust (DeWaele et al.,, 2006). The Mozambique Belt consists of gneisses and granulites and formed from
multiple collision events between 1200 and 450 Ma (Cahen et al., 1984; Fritz et al., 2013).

2.1. Previous Seismic Imaging Studies

Previous seismic imaging studies of upper mantle beneath the Malawi rift and surrounding region have been
restricted to a few regional-scale investigations (Adams et al., 2012; Mulibo & Nyblade, 2013a; O'Donnell et al.,
2013, 2016), which imaged a ~100 to 200-km-wide low-velocity anomaly centered under the RVP. In the sur-
face wave models of Adams et al. (2012) and O’Donnell et al. (2013), which have better depth resolution than
the body wave tomography model of Mulibo and Nyblade (2013a), the low-velocity anomaly under the RVP
extends to a depth of ~140-150 km, indicating that it is primarily a lithospheric scale feature. O’Donnell et al.
(2013) attribute the anomaly to a ~200-K thermal perturbation of the lithospheric mantle and also possibly to
the presence of partial melt. Body wave tomography models from Mulibo and Nyblade (2013a; Figure 2) and
the surface wave tomography models of Adams et al. (2012) and O'Donnell et al. (2013) show fast craton-like
upper mantle structure in northeastern Zambia in the vicinity of the Bangweulu Craton. O’'Donnell et al.
(2013) estimated the lithospheric thickness of the craton to be 150-200 km.

Limited resolution beneath the northern Malawi rift in these regional-scale studies leaves open the question
of whether or not thermally perturbed upper mantle beneath the RVP extends to the south beneath the
northern Malawi rift. Higher-resolution surface wave phase velocities from SEGMeNT suggest that low velo-
cities extend southward from the RVP into the northern rift, but the anomaly is not as strong as that observed
beneath the RVP (Accardo, Gaherty, et al., 2017). The Mulibo and Nyblade (2013a) body wave models (Pand S
waves) suggest that the low-velocity anomaly beneath the RVP may extend to the southeast under the rift
(Figure 2) and also that the anomaly under the RVP may connect to the much larger upper mantle anomaly
to the west, which Mulibo and Nyblade (2013a, 2013b) attributed to the African superplume (Figure 2).

In an interpretation of new shear wave splitting measurements in the study area, Tepp et al. (2018) found
S-to-N along-axis variations in the fast polarization directions from a regional NE direction possibly associated
with movement of African lithosphere with respect to a no-net rotation reference frame and enhanced by
flow of the superplume mantle (Bagley & Nyblade, 2013). Tepp et al. (2018) argue that the shift from NE
oriented fast polarization directions highly oblique to rift structure, to rift parallel from the RVP northward
could indicate stagnation point flow around the thick lithosphere of the Bangweulu Craton and to the north-
west beneath thinner lithosphere of the Ubendian Belt and Rukwa-Tanganyika rift zone.

3. Data and Modeling

Data used for this study were recorded between August 2013 and October 2015 by the SEGMeNT project
(Shillington et al., 2016) seismic network (Figure 1). The network consisted of 57 broadband seismometers
deployed across a 320 x 340-km region around northern Lake Malawi (YQ network code; https://doi.org/
10.7914/SN/YQ_2013; Figure 1). Each station was equipped with a broadband seismometer (Guralp
CMG3T, Streckeisen STS-2 or Nanometrics 120-s Trillium), a Reftek or Quanterra datalogger, and a Global
Positioning System clock. Data were recorded continuously at 50 or 100 samples per second. During the first
phase of deployment in August 2013, 14 stations were installed in and around the RVP (Figure 1). During the
second phase of the deployment in August 2014, 43 additional stations were deployed, including 17 in
Malawi and 26 in Tanzania. The station spacing in the network varied from 20 to 50 km. All stations recorded
data continuously through late October 2015.

In addition to the land stations, the SEGMeNT network included 26 lake bottom seismometers (LBS) in Lake
Malawi. Six of the LBS were broadband seismic stations operated from March 2015 to October 2015. Twenty
short-period seismic stations operated from February 2015 to April 2015 (Figure 1). The broadband LBS
stations were equipped with a broadband three-component Trillium 240 seismometer, as well as a differen-
tial pressure gauge. The short-period LBS stations were equipped with a three-component geophone and a
hydrophone (Shillington et al., 2016).

GRIJALVA ET AL.
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Figure 2. P wave tomography depth slices at 100-km (left) and 300-km (right) depths from Mulibo and Nyblade (2013a).
Areas with hit counts <3 are shaded black. Bang. = Bangweulu Craton; RVP = Rungwe Volcanic Province. Bold black lines
show major rift faults and outline of the Tanzania Craton. Small squares show seismic station locations.

Data from the SEGMeNT stations have been supplemented with data from the 2009-2011 AfricaArray
deployment of broadband seismic stations in southern Tanzania and northern Zambia (network code ZP;
https://doi.org/10.7914/SN/ZP_2007) and the permanent AfricaArray station in Mbeya, Tanzania (station
MBEY; Figure 1). There are five overlapping stations between these networks. Four of the SEGMeNT stations
(BAKO, CHML, MAKA, and CHIM) were collocated with stations deployed in 2009-2010 as part of the ZP net-
work. The fifth overlapping station is the permanent AfricaArray station in Mbeya, Tanzania (station MBEY).
The AfricaArray stations, when combined with the SEGMeNT stations, create a wider aperture network,
enabling the imaging of mantle structure more broadly surrounding the RVP and northern Malawi rift.
Additional station information is provided in Grijalva (2017).

Data used for this study come from teleseismic earthquakes with mb > 5.5 in the 30° to 90° distance range of
each station. P waves from 158 earthquakes and S waves from 130 earthquakes were recorded by the
SEGMeNT stations and were supplemented by P wave and S wave arrival time picks from events recorded
on the AfricaArray network (Figure 1). To remove high and low frequency energy prior to picking, a zero-
phase bandpass filter with corner frequencies of 0.5 and 2 Hz for P waves and 0.04 to 0.2 Hz for S waves
was applied to the data. The short-period LBS data were too noisy to pick S wave arrivals, limiting the S wave
data set to travel times from just the land stations and the broadband LBS. Combined, data from all the sta-
tions resulted in a data set containing 12,412 P wave arrival times and 5,593 S wave arrival times. Lists of
events used in the P and S wave tomography models can be found in Grijalva (2017). Figure 3 shows the
event distribution for P and S waves, illustrating good azimuthal coverage.

To determine the relative arrival times, the multichannel cross correlation method of VanDecar and Crosson
(1990), with arrival times from a minimum of five stations, was used for each event. Data windows of 3 s for P
and 12 s for S waves surrounding the initial manually picked phase arrival were used for the cross-correlations
(VanDecar & Crosson, 1990). All pairs of windowed traces for a given event were cross-correlated and relative
arrival-times, Atij, between pairs of stations i,j were obtained (VanDecar & Crosson, 1990). The relative arrival-
times for the stations were then obtained by a least squares minimization of the residual for all station pairs
(VanDecar & Crosson, 1990).

Before inverting the relative arrival time residuals for a three-dimensional velocity model, the residuals at the
overlapping stations were compared as a function of back azimuth and distance to see if there were any sys-
tematic offsets in the residuals between the SEGMeNT and older data sets. No systematic differences were
found (see example for station MBEY in supporting information Figure S4).

GRIJALVA ET AL.
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Figure 3. Teleseismic events used in this study. (a) P wave event locations. (b) S wave event locations.

VanDecar’s (1991) method, which employs a least squares inversion, was used to invert the relative arrival
time residuals for a three-dimensional velocity model. The model of the study region extends from 5 to
14°S to 29 to 38°E, and from the surface to 700 km depth. In this method, slowness is parameterized using
splines under tension constrained at a series of regular knots. The grid encompassing the study region has
24 radial knots, 37 in the latitude, and 37 in the longitude, for a total of 32,856 knots. The grid’s tightest
spacing, 0.25° horizontally and 25 km vertically, is between 32 to 37°E and 8 to 12°S. The horizontal knot spa-
cing increases to 1° outside this region. The radial nodes of the grid are spaced 25 km apart between 0- and
200-km depths, and 33 km between 200- and 700-km depths. The IASP91 global Earth model was used as a
starting model for the inversion (Kennett & Engdahl, 1991).

The inversion method simultaneously inverts for slowness perturbations, source terms, and station terms
(VanDecar, 1991). The source terms account for heterogeneous structure outside the model domain and
source mislocations. The station terms absorb travel time variations arising from shallow structure directly
beneath stations where the tomographic resolution is limited because of a lack of crossing rays. The inversion
is underdetermined, and therefore regularization parameters (smoothing and flattening) are used to obtain a
model with the least amount of structure that fits the data. The flattening parameter controls the anomaly
amplitudes while the smoothing parameter controls the sharpness of the anomaly boundaries. The effects
of the parameters are explored using trade-off curves (see Figure S2). The final P wave model, determined
by using a smoothing of 120,000 and flattening of 5,000, accounts for ~94% of the P wave root-mean-square
initial misfit (see Figure S1). The final S wave model, using identical smoothing and flattening parameters,
accounts for ~89% of the S wave root-mean-square initial misfit (see Figure S2).

The station terms for both the P and S wave models are ~0.5-1.0 s on average (see Figures S3 and S4). Within
the lake basin, the station terms are somewhat larger and can be explained by the presence of several kilo-
meters of sediments in the rift basin. A similar range of station term values have been reported by others in
East Africa using the VanDecar inversion method (Mulibo & Nyblade, 2013a; Park & Nyblade, 2006; Ritsema
et al, 1998).

4. Model Results and Resolution

In the P wave model, the most prominent feature is a roughly circular low-velocity anomaly (low-velocity
zone, LVZ) of 6Vp = ~—1.5-2.0% that is largely confined to the region underlying the RVP (Figure 4). The
LVZ spans ~100-200 km horizontally and extends from 50 to ~250 km depth (Figure 4). The LVZ also extends
to the southeast of the RVP beneath the center and northeastern side of the northern Malawi rift in the ~50-
to 150-km depth interval (Figure 4). However, the amplitude (~1%) is smaller than the amplitude of the LVZ
centered beneath the RVP. At about —10.5°, this anomaly shifts to the southwest under the central basin
(Figure 1) and over to the western side of the rift. The anomaly widens further at depths >~200 km and
extends to the north under northwestern Malawi, wrapping around a fast anomaly found at all depths in
northeastern Zambia that correlates spatially with the location of the northeastern portion of the
Bangweulu Craton.

GRIJALVA ET AL.
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Figure 4. Depth slices through the P wave model. Seismic stations on land are shown with white triangles. Broadband lake
bottom seismometers are shown with gray squares and short-period lake bottom seismometers with white squares. The
outline of the Rungwe Volcanic Province is shown with a bold black line, and political boundaries are shown with a thin

black line. The boundary of the Tanzania Craton (thin dashed line) and Bangweulu Craton (thick dashed line) and major rift
faults are the same as in Figure 1a. This figure is available in colour online at wileyonlinelibrary.com/journal/ggge

The S wave model is similar to the P wave model. A prominent LVZ of §Vs = ~—2-3% is found beneath the RVP
at depths between 50 and ~300 km (Figure 5). As in the P wave model, a LVZ can be seen continuing from the
RVP to the southeast underneath the center and northeastern side of the Malawi rift in the 50- to 150-km
depth interval (Figure 5). A broader anomaly centered at about —11° is located beneath the central basin
and the western side of the rift.

GRIJALVA ET AL. 7
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Figure 5. Depth slices through the S wave model. Seismic stations on land are shown with white triangles. Broadband lake bottom seismometers are shown with
gray squares and short-period lake bottom seismometers with white squares. The outline of the Rungwe Volcanic Province is shown with a bold black line, and
political boundaries are shown with a thin black line. The boundary of the Tanzania Craton (thin dashed line) and Bangweulu Craton (thick dashed line) and major rift
faults are the same as in Figure 1a.

To evaluate model resolution, standard checkerboard tests composed of alternating positive and negative
spherical (£5%) velocity anomalies were performed. Synthetic travel time data for the input models were
generated using the actual ray paths, and 0.04-s random noise was added to the synthetic travel times for

GRIJALVA ET AL. 8
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the P wave data and 0.05 s for the S wave data. The synthetic travel times were inverted for velocity structure
using the same model parameterization and inversion regularization as used in the inversion with the
observed data.

The P wave checkerboard models consisting of 100-km-diameter Gaussian tapered spheres with peak ampli-
tudes of £5% are fairly well imaged, illustrating that structures on the order of 100 km wide can be resolved
(Figure 6). The S wave model checkerboard results show checkers that are resolved spatially at the same level
as for the P wave model, but with diminished amplitudes (Figure 6), indicating that the P wave model has
better overall resolution than the S wave model. This result is expected given the travel time data set used
for the P model is twice as large as the data set used for the S model. The results of checkerboard tests con-
sisting of 50-km diameter checkers indicate very limited resolution at spatial scales of ~50 km for both the P
and S wave models (Grijalva, 2017). Vertical slices through the 100-km wide recovered checkers indicates lim-
ited vertical resolution, with >100 km of vertical smearing (Figure 6).

5. Discussion

To summarize, the main features of the P and S wave models are (1) a LVZ with éVp = ~—1.5-2.0% and
Vs = ~—2-3% centered beneath the RVP, (2) a lower-amplitude LVZ (8Vp = ~—1.0-1.3% and &Vs = ~—0.7-
1%) to the southeast of the RVP beneath the center and northeastern side of the northern Malawi rift, (3) a
shift of the lower-amplitude anomaly at ~—10° to —11° to the west beneath the central basin and to the wes-
tern side of the rift, (4) a fast anomaly at all depths beneath the Bangweulu Craton in northeastern Zambia.
The LVZ widens further at depths >~150-200 km and extends to the north beneath northwestern Malawi,
wrapping around the fast anomaly beneath the Bangweulu Craton. These features are more clearly seen in
the P wave model than the S wave model because the P wave model has better resolution.

The velocity reductions in our models could be caused by several factors, such as temperature, composition,
grain size, partial melt, and anisotropy (e.g., Faul & Jackson, 2005; Goes et al., 2000; Jackson & Faul, 2010;
Karato & Karki, 2001; Sobolev et al., 1996; Yamauchi & Takei, 2016). For interpreting the anomalies, we use
the results of Goes et al. (2000), in which the sensitivities of Vp and Vs to temperature, anelasticity, and com-
position in the ~50- to 250-km depth range are reported in units of % velocity anomaly/100 K. In this study,
several representative upper mantle compositions are considered (e.g., average continental garnet/spinel
lherzolite, Archean subcontinental lithospheric mantle, Proterozoic subcontinental lithospheric mantle,
tectonic subcontinental lithospheric mantle) that can be used to estimate upper bounds on lateral changes
in seismic velocities caused by compositional variations.

Using the relationships in Goes et al. (2000), we interpret the anomalies taking into consideration the ampli-
tude recovery in our resolution tests. Because of the regularization used in the inversion, the velocity anomaly
magnitudes are underestimated. In the 100- to 200-km depth interval, the checkerboard resolution tests
show amplitude recovery in the RVP area of ~30% for Vp and ~25% for Vs. Scaling up the imaged Vp
and Vs anomaly magnitudes (—1.5-2.0% and —2-3%, respectively) yields RVP anomaly magnitudes of
Vp = ~—5-6.5% and Vs = ~—8-12%. According to Goes et al. (2000), the %Vp and %Vs velocity variations that
would be expected in transitioning from a baseline average continental garnet Iherzolite to subcontinental
lithosphere below tectonic regions are <0.05% Vp and <—0.6% Vs for depths of 50 to 200 km. This composi-
tional signature increases slightly if transitioning from a baseline average continental garnet lherzolite to
Archean subcontinental lithospheric mantle, but it never exceeds 1% for either Vp or Vs (Goes et al., 2000).
Therefore, placing an upper limit of 1% on compositional variations leaves RVP anomalies of at least
Vp = ~—4-5.5% and Vs = ~—7-11% that must be explained by some combination of temperature, melt, or
other fluids.

Regarding temperature, Goes et al. (2000) predict that a 100-K increase in temperature is associated with a
decrease in Vp of 0.5-2% and in Vs of 0.7-4.5%. Using this, the up-scaled RVP anomalies (Vp = ~—4-5.5%,
Vs = ~—7-11%) would translate to temperature anomalies of 200-1100 and 155-1570 K, respectively. The
combined lower limit (155-200 K) serves as a low temperature bound for the RVP anomaly, which is consis-
tent with the temperature anomaly of ~200 K predicted by O'Donnell et al. (2013) using an S wave model
derived from surface wave tomography. The upper limits are implausibly high unless the presence of melt
or other fluids is invoked. However, estimating the amount of melt is difficult because it depends not only
on the amount of melt, but also on the melt geometry. Nevertheless, following Goes et al. (2000), who
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Figure 6. Checkerboard resolution tests for 100-km-wide checkers. (a) Recovered checkers at depths of 100, 200, and 300 km for the P wave model. (b)
Recovered checkers at depths of 100, 200, and 300 km for the S wave model. (c) Recovered checkers for vertical slices A-A’ in P model and B-B' in S
model. Seismic stations on land are shown with white triangles. Broadband lake bottom seismometers are shown with gray squares and short-period lake
bottom seismometers with white squares. The outline of the Rungwe Volcanic Province is shown with a bold black line, and political boundaries are shown with
a thin black line. The boundary of the Tanzania Craton (thin dashed line) and Bangweulu Craton (thick dashed line) and major rift faults are the same as in
Figure 1a.
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show that aspect ratios between 1 and 0.01 predict a 0.5-3.5% decrease of Vp per % melt, and 0.7-8.5%
decrease of Vs per % melt, the presence of melt could account for a significant amount of the RVP Vp and
Vs anomalies. Applying the same lines of reasoning to the Vp and Vs anomalies to the south of the RVP
beneath the center and northeastern side of the northern Malawi rift indicate a lower limit on the thermal
anomaly there of ~50-100 K.

The lower bound on the RVP temperature anomaly of 155-200 K is consistent with an alternative approach
estimating the temperature anomaly using the shear wave velocity temperature derivative of 8 x 10™* km/s/K
reported by Faul and Jackson (2005), which is based on assuming an average grain size of 10 mm and
temperature of 1300° C for the upper mantle. In this case, the S wave velocity anomaly of ~—2-3% yields a
temperature anomaly of ~200 K, and a much larger temperature anomaly if the upscaled Vs anomaly is used.
Faul and Jackson (2005) predict that the effect of changing grain size by a factor of 10 (i.e, from 1 mm to
1 cm) corresponds to about a 0.5-1% change in velocity, and therefore, even if the 10-mm average grain size
assumption is incorrect for the RVP, the presence of melt or other fluids is still required to explain the upscaled
Vs anomaly.

Invoking melt or other fluids within the upper mantle, in addition to elevated temperatures, to explain the
RVP is supported by other evidence. Petrological data from the RVP indicate a hydrated, CO,-rich magma
source zone, there is evidence for extensive He in the shallow crust beneath the RVP, and at least one volcano
is actively degassing large volumes of CO, (Barry et al., 2013; Furman, 1995; Mesko et al., 2014). In addition,
Rooney et al. (2012), based on geochemical analyses of 53 primitive magmas throughout East Africa, con-
cluded that regionally extensive low-velocity anomalies beneath the EARS could not be attributed entirely
to elevated mantle temperatures. They suggested that CO,-assisted melt production in the African super-
plume could be one factor contributing to the low seismic velocities beneath the EARS. The Vp and Vs anoma-
lies in our models therefore likely reflect a combination of locally elevated temperature, small volume melt
production, and local volatile concentrations.

Because the P wave model is better resolved than the S wave model, we base the geodynamic interpretation
of our results primarily on the P wave model. As mentioned above, the LVZ appears to wrap around the fast
lithosphere of the Bangweulu Craton, indicating that the location of the anomaly is strongly influenced by the
presence of the cratonic lithosphere. To explain shear wave splitting patterns in the study area, Tepp et al.
(2018) proposed that warm mantle material from the larger African superplume structure to the west and
south enhances the shear induced by NE directed African plate motion (see Figure 10 in Tepp et al., 2018).
As the enhanced flow encounters the edge of the thick Bangweulu Craton lithosphere and rises beneath thin-
ner orogenic belt lithosphere, a small upward-directed counterflow is generated, potentially explaining the
melt generation at the craton-orogenic belt intersection.

Figure 7 illustrates that our results are consistent with an interpretation invoking warm mantle flowing
beneath and around the Bangweulu Craton lithosphere. The boundary between the LVZ and the fast struc-
ture of the Bangweulu Craton in profiles B-B’, C-C’, and D-D' in Figure 7 is fairly sharp, as would be expected
for warm, perhaps compositionally distinct, mantle material upwelling along the edge of thick, cold cratonic
lithosphere. Because of the vertical smearing of structures common to body wave tomography, imaging the
warm mantle flow beneath the Bangweulu Craton is a challenge (i.e., the fast structure of the cratonic litho-
sphere smears downward to >300-km depth). Nonetheless, profiles B-B/, C-C’, and D-D’ in Figure 7 suggest
low-velocity mantle beneath the fast structure of the Bangweulu Craton lithosphere. We thus argue for an
interpretation, similar to Tepp et al. (2018), invoking the flow of warm, superplume mantle giving rise to
the LVZ seen on our model beneath both the RVP and the northern Malawi rift. This interpretation is also con-
sistent with the larger scale tomographic models of Mulibo and Nyblade (2013a; Figure 2), which show in the
100- to 300-km depth interval a LVZ wrapping around the eastern, northern, and western sides of the
Bangweulu Craton, as well as with high *He/*He values from the RVP indicating melt contributions from a
deeply sourced upwelling (Barry et al., 2013; Halldorsson et al., 2014; Hilton et al.,, 2011).

The presence of an LVZ extending under the RVP and much of the northern Malawi rift indicates that the
rifted lithosphere has been thermally perturbed and that the location of the thermal perturbation is influ-
enced to a large degree by the presence of the Bangweulu Craton. Although there is no volcanism within
the Malawi rift to suggest thermal weakening of the lithosphere, it is apparent from our results that the litho-
sphere beneath the rift has been thermally perturbed. We are not able to place any constraints on the timing
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Figure 7. Vertical slices through P wave model showing the fast structure of the B.C. and the slow structure under the northern Malawi rift to the east of the craton
(B-B', C-C’, and D-D') and under the Rungwe Volcanic Province (A-A’). The locations of the vertical slices are shown on the map (100-km depth slice from Figure 4) in

lower left.

of the thermal perturbation, but given there is evidence for rift volcanism in the region starting as early as
26 Ma (Roberts et al, 2012), and that volcanism in the RVP began ca. 17-18 Ma (Mesko et al., 2014;
Rasskazov et al., 2003), whereas much of the rift morphology developed in the past 10 Ma (Ebinger et al,,
1989; McCartney & Scholz, 2016; Specht & Rosendahl, 1989), thermal and magmatic (metasomatism, local
heating) weakening of the lithosphere could have begun prior to the onset of rifting, as noted by Mesko
etal. (2014).

An additional question is why the amplitude of the RVP LVZ is so large compared to the amplitude of the LVZ
under the northern Malawi rift, and why is it located north of the rift? One possibility for the larger anomaly
amplitude, as discussed already, is the presence of larger amounts of melt or other fluids beneath the RVP, as
would be expected given the volcanic history of the RVP. Long-lived (18 Myr) magma intrusion into the RVP
lithosphere may have resulted in local heating, enhanced thinning, and more decompression melting than
beneath the stretched lithosphere to the NW and SSE, at least in part explaining the localized nature of
the pronounced LVZ under the RVP. Another possibility, suggested by Tepp et al. (2018), is that preexisting
lithospheric thickness variations between orogenic belts and cratons (Tanzania, Bangweulu) causes diver-
gence of the flow into several streams (stagnation point flow). And a third possibility is that the amplitude
and location of the RVP anomaly could arise in part from warm mantle pooling on the underside of locally
thinned lithosphere. The RVP is located beneath the intersection of Mesozoic and Cenozoic rift zones (e.g.,
Ebinger et al, 1989). There is some evidence for rift volcanism in the region starting as early as 26 Ma
(Roberts et al., 2012) and older sediments beneath the northernmost part of Lake Malawi likely deposited
during previous rifting episodes (Accardo, Shillington, et al., 2017). If lithospheric extension in the RVP area
during the very initial stages of Cenozoic rifting was greater than in the rift branches to the northwest
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(Rukwa rift), northeast (Usangui rift), and south (Malawi rift; Figure 1), and if that extension was superimposed
on already thinned lithosphere from Mesozoic rifting, then a small region of thinned lithosphere may have
existed where upwelling material could have ponded. Such warm, ponded material could contribute to
the strong RVP velocity anomaly, as well as to the development of the RVP itself. The Mesozoic through
Cenozoic rift history of the region is not well understood, particularly because much of the region is covered
by the Rungwe volcanics, and therefore quantifying the amount of lithospheric thinning caused by Mesozoic
and/or Cenozoic extension is difficult. Nevertheless, given the RVP's location at the intersection of three
previously and presently active rifts, the lithosphere there likely has experienced more extensive thinning
compared to the regions surrounding it.

6. Summary and Conclusions

New P and S wave tomographic models have been developed for the northern Malawi rift and adjacent RVP.
The main features of the models are (1) a LVZ with 8Vp = ~—1.5-2.0% and 3Vs = ~—2-3% centered beneath
the RVP, (2) a lower-amplitude LVZ (8Vp = ~—1.0-1.3% and 8Vs = ~—0.7-1%) to the southeast of the RVP
beneath the center and northeastern side of the northern Malawi rift, (3) a shift of the lower-amplitude anom-
aly at ~—10° to —11° to the west beneath the central basin and to the western side of the rift, and (4) a fast
anomaly at all depths beneath the Bangweulu Craton in northeastern Zambia. The LVZ widens further at
depths >~150-200 km and extends to the north beneath northwestern Malawi, wrapping around the fast
anomaly beneath the Bangweulu Craton. The P and S wave anomalies under the RVP indicated a temperature
anomaly of at least 155-200 K, while the anomalies beneath the center and northeastern side of the northern
Malawi rift indicate a lower limit on the thermal anomaly there of ~50-100 K.

We attribute the LVZ beneath both the RVP and the northern Malawi rift to the flow of warm, superplume
mantle, moving from the southwest to the northeast, upwelling beneath and around the Bangweulu
Craton lithosphere. In this interpretation, as the flow encounters the edge of the thick Bangweulu Craton
lithosphere, it rises beneath thinner orogenic belt lithosphere to the east, creating the low-velocity anomalies
that we image. The boundary between the LVZ and the fast structure of the Bangweulu Craton in our models
is fairly sharp, which is consistent with warm, perhaps compositionally distinct, mantle material upwelling
along the edge of thick, cold cratonic lithosphere. This interpretation is also consistent with high *He/*He
values from the RVP, which indicate melt contributions from a deeply sourced upwelling.

The presence of an LVZ extending under the RVP and much of the northern Malawi rift strongly indicates that
the rifted lithosphere has been thermally perturbed. Although we are not able to place constraints on the
timing of the thermal perturbation, given that volcanism in the RVP began earlier than much of the rift fault-
ing, thermal and magmatic (metasomatism, local heating) weakening of the lithosphere could have begun
prior to the onset of rifting.

One possibility for the larger anomaly amplitude localized beneath the RVP is the presence of larger amounts
of melt or other fluids beneath the RVP, as would be expected given the volcanic history of the RVP.
Long-lived (18 Myr) magma intrusion into the RVP lithosphere may have resulted in local heating, enhanced
thinning, and more decompression melting than beneath the stretched lithosphere to the NW and SSE, at
least in part explaining the pronounced LVZ. It is also possible that the amplitude and location of the RVP
LVZ may arise, at least in part, from warm mantle pooling on the underside of locally thinned lithosphere.
The RVP is located beneath the intersection of Mesozoic and Cenozoic rift zones, and if lithospheric extension
in the RVP area during the very initial stages of rifting was greater than in neighboring rift branches, then a
small region of thinned lithosphere may have formed where upwelling material could have ponded. Such
warm, ponded material could contribute to the strong RVP velocity anomaly, as well as to the development
of the RVP itself.
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