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Continental rifting is the first step in continental breakup and 
the formation of new ocean basins. Rifted margins that line 
these basins demonstrate that breakup occurs under a range 

of conditions with varying amounts of magmatism. Yet how does 
intact continental lithosphere rift if lithospheric yield strengths may 
be an order of magnitude higher than the available tectonic forces1,2? 
Magmatism may weaken the lithosphere by increasing buoyancy, 
heat and metasomatism, and thereby reduce the required forces2. 
Pre-existing structures are suggested to control rift location3, 
although substantial localized weakening would still be needed to 
account for the force discrepancy. Alternatively, large-scale conduc-
tive warming, weakening and perhaps removal of the lithosphere 
would reduce the required forcing without melt4,5. Each of these 
end-member mechanisms produce different responses in the crust, 
lithospheric mantle and asthenosphere. Therefore, to test these 
models, we must image each of these components.

The 3,000-km-long seismically and volcanically active East 
African Rift System (Fig. 1a) is the classic example of an active con-
tinental rift associated with a plume6,7. Voluminous magmatism 
is associated with much of the East African Rift, particularly the 
Eastern Branch8,9. In contrast, the Western Branch magmatism is 
limited to isolated volcanic centres7, with a lava geochemistry that 
indicates lithospheric metasomatism and a plume influence in at 
least the youngest lavas6,7. The lithosphere is generally old10 and 
strong11,12, with a seismically fast13–15, resistive16 lithosphere up to 
200 km in thickness imaged just off axis.

Most observations of localized lithospheric thinning in active 
continental rifts come from highly magmatic rifts, such as the Main 
Ethiopian Rift8, in which voluminous magmatism and/or high  

mantle temperatures provide a clear explanation for lithospheric- 
mantle removal and/or modification over an area up to a width of 
500 km (refs 8,17). However, constraints on lithospheric thinning 
from the magma-poor Western Rift are sparse.

Here we focus on the Malawi Rift in the southern Western Branch 
(Fig. 1b), an early-stage rift in a strong continental lithosphere with 
limited volcanism and a typical upper-crustal morphology—seismi-
cally active, deep asymmetric half-grabens consistent with a strong 
lithosphere. Crustal extension initiated at least 8.6 million years ago 
(Ma) (ref. 18), perhaps 25 Ma (ref. 19), albeit at slow rates (1–4 mm yr–1)20  
and with ≤7 km (ref. 21) cumulative crustal extension. The recent 
SEGMeNT (Study of Extension and Magmatism in Malawi and 
Tanzania) experiment22 in and around Lake Malawi (Nyasa) allows 
unprecedented resolution of the crust and upper mantle here.

We present new common-conversion-point stacked S-to-P (Sp) 
and P-to-S (Ps) converted-wave imaging of the lithosphere from 
events recorded on 74 stations, which include 59 SEGMeNT sta-
tions, 5 of which were deployed on the floor of Lake Malawi (Fig. 1b).  
In our images, positive velocity gradients (PVGs) with increas-
ing depth are red and negative velocity gradients (NVGs) are blue  
(Fig. 2). We discuss the crust–mantle boundary (Moho), a PVG, and 
the lithosphere–asthenosphere boundary (LAB), an NVG. The LAB 
is a rheological boundary that separates conductive lithosphere from 
convective asthenosphere, associated with a seismic velocity drop23. 
In our study area, the rheological LAB may be a boundary between 
an unmodified shallow lithosphere with high seismic velocities and 
a seismically slower, pervasively altered, previously lithospheric 
mantle that is rheologically now asthenosphere (as suggested for the 
Albert–Edward Rift24), rather than upwelled asthenosphere.
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The forces required to initiate rifting in cratonic plates far exceed the available tectonic forces. High temperatures and resul-
tant melts can weaken the lithosphere, but these factors do not readily explain the extension of old and strong lithosphere in 
magma-poor rifts, such as the Malawi Rift. Here, new seismic converted-wave imaging shows that even in this magma-poor 
rift, upper-crustal rift basins are associated with localized preferential thinning of the lithospheric mantle. We calculated 
the beta factor, the ratio between current and prerift thickness, beneath the rift axis and found crustal beta of 1.7 ± 0.3 and 
lithospheric-mantle beta of 3.8 ± 1.7. Purely mechanical stretching cannot explain the preferential lithospheric mantle thin-
ning—instead, thinning of the rheological lithosphere was probably augmented by thermochemical rejuvenation and erosion. 
Although local surface-wave-derived shear-wave velocities preclude a substantially elevated temperature and partial melt 
today, fusible materials preserved in the lower lithosphere that underlie the Ubendian Belt and its bounding subduction-related 
sutures in which the Malawi Rift nucleated may have provided an early supply of melt that enabled localized lithospheric altera-
tion and/or removal. A plume-related or other asthenospheric perturbation would preferentially melt the more fusible litho-
spheric materials and the rising melts would heat and weaken progressively shallower parts of the lithosphere, which spatially 
localizes weakening (hence the lithospheric-mantle thinning) and enables the onset of rifting.
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Fig. 1 | Maps of the study region. a, Overview map of the East African Rift System. Circles, earthquakes, coloured by depth; triangles, Holocene volcanism; 
greyscale shading, topography and bathymetry; black box locates panel b. b, Geological summary map14. Red lines show major Cenozoic normal faults 
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A′a

c

0

50

100

150

D
ep

th
 (

km
)

SW NE

0

50

100

150

D
ep

th
 (

km
)

b

d

B
SW NE

34° E 35° E 33° E 34° E 35° E 36° E

W E

0

50

100

150

D
ep

th
 (

km
)

33° E 34° E 35° E 36° E33° E 34° E 36° E

D
ep

th
 (

km
)

SW NE

e
W E 0.1

0

–0.1

C
onverted w

ave am
plitude

0.05

0.025

0

C
onverted w

ave s.d.

33° E 34° E 35° E 36° E

D
ep

th
 (

km
)

0

50

100

150

0

50

100

150

A

C C′ D D′

35° E

E E′

B′

Moho

LAB
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Additional NVGs interpreted as an intralithospheric structure are 
sometimes observed at shallower depths in our images (for example 
80 ± 10 km depth east of 36° E (Fig. 2d)). Sp phases are better for the 
uppermost-mantle imaging (Fig. 2), whereas Ps, a higher-frequency 
phase, best images the Moho (Fig. 3 and Extended Data Fig. 1). We 
combine these results with absolute velocities from surface-wave 
tomography14 and sediment thickness from three-dimensional (3D) 
refraction tomography25 to constrain the thinning and modification 
of the lithosphere in the Malawi Rift.

Depth dependence of lithospheric alteration
We observe a striking shallowing of the LAB beneath the rift 
axis. Profile B–B′ (Fig. 2b) shows a smoothly varying NVG at 
115 ± 10 km depth west of the rift upwarped to 65 ± 10 km just east 
of the central rift valley and deepening again to 105 ± 10 km east of 
the rift. Similar NVG geometries are also observed in profiles far-
ther south beneath the Malawi Rift. We handpicked this phase on 
0.1° spaced perpendicular cross-sections, which gave a map of the 
lithospheric thickness (for example, the white dotted lines in Fig. 2, 
and Extended Data Fig. 2). NVG amplitude is −0.05 ± 0.02, which 
corresponds to a sharp velocity drop of ~6%. Such velocity drops 
could be due to some combination of temperature, water content 
and grain size26.

We handpicked a Moho on Ps images (for example, black 
dashed lines in Fig. 2, and Extended Data Fig. 2). A limited Moho 
topography across the rift is observed, compatible with previous 
passive-source imaging27–29. Deep basins within the rift lake25 sug-
gest a highly localized crustal thinning. We observe some substan-
tial Moho upwarping at the edges of the surface expression of the 
rift (Fig. 2d and Extended Data Fig. 1b) to ~32 km, comparable to 
Moho topography beneath the adjacent Tanganyika Rift30.

Mapping the ratio of the original thickness to the current thick-
ness, beta, shows the distribution and extent of thinning31. Beta was 
calculated for the crust, lithosphere and lithospheric mantle to iden-
tify depth-dependent thinning (Fig. 3). For simplicity, we assumed 
that the prerift layer thickness is the maximum currently observed 
thickness of that layer in our study area (Methods). The crustal thin-
ning is concentrated beneath Lake Malawi, with a maximum beta 
of ~1.7 ± 0.3 (Fig. 3a). Whole-lithosphere thinning (ranging from 
1.8 ± 0.3 to 2.3 ± 0.5 beneath the rift axis) is slightly greater than the 
crustal thinning and somewhat more distributed (Fig. 3b), compa-
rable to that of the extent of the moderately slow uppermost mantle 
imaged tomographically14,15. The lithospheric mantle beneath Lake 
Malawi shows a much more pronounced thinning than that of the 

crust, with beta up to 3.8 ± 1.7 in the Central Basin (Fig. 3c)—more 
than twice that of the crust alone.

The observed strong depth dependence of thinning demon-
strates that the Malawi Rift was not formed by a simple mechanical 
stretching32. Both crustal and mantle thinning are focused beneath 
the rift axis (Fig. 3) and the lower crust is strong12, so crust–mantle 
decoupling cannot account for the observed depth dependence. 
Lithospheric-mantle thinning must be achieved by a combina-
tion of mechanical stretching and thermal and/or thermochemical 
alteration, weakening and perhaps removal. Thermal conduction 
alone is too slow to have weakened the lithosphere to this extent 
(Extended Data Fig. 3).

Localized melt injection would weaken the lithosphere2,33, and 
we explore this within the limitation that the Malawi Rift appears 
melt-poor today. Although the Rungwe Volcanic Province (RVP, 
Fig. 1) northwest of Lake Malawi7 has been volcanically active since 
25 Ma (ref. 19), volcanism and slow mantle shear-wave velocity (νS) 
anomalies are highly localized at the northern tip of the Malawi 
Rift14,15. Even the lowest regional uppermost-mantle shear velocities 
below the rift south of the RVP are high enough to preclude a strong 
thermal anomaly or substantial melt at present14. However, more 
melt may have been present in the past, and even small melt fractions 
may have substantial rheological impact. Recent work shows min-
iscule melt fractions (<0.2% melt) and/or near-solidus effects can 
lower mantle viscosity by 1–2 orders of magnitude34,35. Additionally, 
heat transport due to fluxing small-fraction (0.5%) melts can lower 
the solid viscosity by 40% (ref. 36). If the lithospheric mantle con-
tains pre-existing hydrated or pyroxenite-rich zones, partial melting 
and potential destabilization of the lithospheric mantle is possible 
with a modest heat input37,38. We propose that at the time of rift ini-
tiation, melt fractions may have sufficed to weaken the lithosphere 
and promote rifting that continues to the present; subsequently, the 
melt may have frozen, which led to negligible levels today.

Conceptual model of rifting in Malawi
We hypothesize that ancient lithospheric sutures provided a fertile 
environment for low-temperature, low-degree melting, and that 
these small-fraction melts systematically weakened the lithospheric 
mantle39. In the Malawi Rift, lithospheric thinning appears to follow 
pre-existing lithospheric heterogeneities (Figs. 1 and 3). Thinning is 
focused beneath the Ubendian Belt (North Basin) and its bounding 
suture with the Irumide Belt (Central Basin). The Ubendian Belt 
largely comprises amphibole-bearing gneisses with eclogites40 and 
is associated with subduction as recently as the Neoproterozoic41. 
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These compositions, and any pyroxenites formed by eclogite react-
ing with peridotite, have substantially lower melting temperatures 
than those of average mantle materials42,43. The Ubendian Belt has 
a history of weakness10,40, as it has been repeatedly reactivated and 
magmatically intruded, and has a well-defined crustal structural 
grain that correlates with the trend of Cenozoic rifting44.

Plume-influenced mantle may have impinged on the lithosphere 
and triggered the onset of volcanism in the RVP19 and regional 
kimberlite intrusions18 at ~30–25 Ma. This slightly hotter asthe-
nosphere warms the lowermost lithospheric mantle and may ini-
tiate partial melting, particularly of fusible heterogeneities40,41,45 
in the lithosphere (Fig. 4, top row). RVP geochemistry suggests a 
plume-influenced source46 with substantial lithospheric assimila-
tion7. The slightly warmed, hydrated lithosphere is already prone 
to destabilize47, and fluxing melts further weaken the lithosphere 
by heat advection36 and chemical refertilization and/or rejuvena-
tion39. The lithospheric mantle progressively weakens as melts rise 
(Fig. 4, middle row). The strong lithosphere is converted in situ to 
a mechanically weak asthenosphere, although the weak, relatively 

dense, altered lithospheric material may be partially removed38,48 
(Fig. 4, middle row). The remaining lithosphere warms conduc-
tively, weakening sufficiently to allow rifting (Fig. 4, bottom row).

North of Lake Malawi, the thinned lithosphere shifts north-
west follow Karoo, Cretaceous and Palaeogene rifting19, which 
may explain the localization of the RVP. Moving west towards 
the RVP from an area with a relatively uniform Moho and NVG 
(90–100 ± 10 km depth, profile A–A′; Fig. 2a), the NVG shallows 
slightly (80–85 ± 10 km depth, 33.8–34° E), but no uppermost man-
tle NVG is observed directly beneath the RVP (gap in the picked 
NVG around 9° S, 33.5° E; Fig. 3b and Extended Data Fig. 2b). This 
lithosphere may be so thermally or chemically modified or eroded 
that little to no high-velocity lid remains, compatible with low shear 
velocities here, which extend up to the Moho14, and the substantial 
lithospheric mantle component of erupted lavas6,7.

Given the relatively high average asthenospheric shear velocities 
(4.35 ± 0.1 km s–1) (ref. 14) in the region now, this model requires a 
temporal decrease in melt fraction during the up to 25 Ma history of 
this rift system. This reduction would arise naturally if the melts are 
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largely sourced in finite fusible compositional heterogeneities, such 
as eclogites and pyroxenites42,43. Any magmatic addition to the crust 
would bias our crustal beta to be too low. However, the observed 
lithospheric thinning is not expected to generate substantial vol-
umes of melt (Methods and Extended Data Fig. 4), so we expect this 
effect to be small.

Alternatively, very small melt fractions may persist in the system. 
This would require the macroscopic rheological effects of very small 
melt fractions to be even greater than previously believed compared 
with the effects on seismic velocity. This scenario would still require 
melting at low (flux-induced) temperatures14.

Implications for magma-poor rifting worldwide
Substantial lithospheric thinning appears to have occurred beneath 
the early stage Malawi Rift. The thinning is localized beneath the 
rift axis and is much stronger within the mantle lithosphere than 
within the crust. This requires some process beyond mechanical 
stretching, perhaps alteration or thermal and/or thermochemical 
erosion of the lithospheric root. However, local tomographic results 
imply subsolidus conditions and negligible melt in and beneath the 
lithosphere at present. As such, the system has probably evolved 
from one with a finite amount of melt to the melt-free conditions 
inferred today.

Compositional and/or rheological heterogeneities associated 
with ancient sutures and metasomatism may control the magnitude 
of low-degree melting and/or induced localization. In the Malawi 
Rift, lithospheric thinning follows the Ubendian Belt. Such litho-
spheric mantle scarring is increasingly incorporated into geody-
namic models as the driver of localized deformation49 and should 
be considered in evaluating other rifts.

These new constraints on localized lithospheric thinning in an 
active, early-stage magma-poor rift have wide-ranging implications 
for our understanding of mature rifts and passive-rifted margins 
worldwide. At ancient margins, lithospheric stretching can only be 
inferred from subsidence, which is often uncertain due to a paucity 
of drilling constraints and uncertainty in parameters such as pal-
aeowater depth and the density of deep sediments. Here we pres-
ent observations that localized lithospheric extension is occurring 
in an active, magma-poor rift system. More fundamentally, these 
results demonstrate that substantial, focused lithospheric modifica-
tion and thinning can occur even in the absence of substantially 
elevated temperatures and abundant melt. The weakening of the 
mantle lithospheric root here occurred very early in this early-stage 
continental rift, which suggests that the much-debated problem of 
how to rift thick lithosphere should perhaps focus on the prefer-
ential weakening and destruction of the lithospheric mantle root 
rather than on how to rift intact lithosphere.
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Methods
Converted-wave imaging of the Malawi Rift lithosphere. This study uses both Ps 
and Sp converted waves, although we focused primarily on the uppermost mantle 
structure revealed by the Sp imaging. These waves are generated at relatively  
sharp impedance contrasts (for example, a 5% velocity change over <50 km)  
(refs 51,52). Sp waves have been used extensively to study the lithospheric structure 
as the converted wave precedes the parent S wave, which avoids the contamination 
by crustal and sedimentary multiples in Ps imaging. However, the relatively low 
signal-to-noise ratio of these phases requires a dense data coverage for reliable 
interpretations; as such, the SEGMeNT dataset provides an opportunity for a 
detailed imaging of the Lake Malawi rift by Sp waves.

Ps waves are commonly used to map crustal thickness. Few local studies 
exist27,29,53,54, although a separate SEGMeNT study is focused entirely on Ps 
receiver functions (RFs) and joint inversion with surface wave dispersion27. 
These land-based studies are remarkable in finding negligible variation in crustal 
thickness near the rift, despite the strong upper crustal expression of the rift 
valleys. Averaged by terrane, crustal thickness varies from 39 to 42 km. However, 
preliminary results from the inversion of active source data collected in Lake 
Malawi55 suggest a substantially thinner crust, 32 km.

Data. We collected all the available data from local broadband stations for 
earthquakes with Mw > 5.8 as reported in the United States Geological Survey 
National Earthquake Information Center since 1994. This data was obtained from 
the Incorporated Research Institutions for Seismology Data Management Center. 
We used data from 74 broadband stations, which included 59 stations from the 
SEGMeNT experiment (deployed 2013–2015). This includes five seismometers 
deployed in Lake Malawi itself. Although the data quality was insufficient to obtain 
interpretable single-station observations directly beneath the lake, we include the 
best data from these stations in our final stack. We also used 13 stations from the 
SAFARI experiment (deployed 2012–2014, https://doi.org/10.7914/SN/XK_2012), 
and two permanent Africa Array stations (https://doi.org/10.7914/SN/AF). We 
excluded sources deeper than 300 km and outside the distance range 55–85° to avoid 
spurious interpretations of other teleseismic phases and postcritical waveforms.

We calculated both Ps and Sp RF stacks for this dataset. Given the relatively 
sparse data coverage, we had to carefully cull the Sp dataset, which has an 
intrinsically lower signal-to-noise ratio than that of the Ps dataset. We previously 
found that including all the data produces a better final image26, but that requires 
sufficient data in the stack to cancel out the noise. We culled the dataset by lightly 
filtering the data and examining each component by eye for a good signal-to-noise 
ratio, strong similarity to other waveforms from the same earthquake and lack of 
instrumental artefacts.

In total, we calculated 820 Sp RFs, and 3,001 Ps RFs (Extended Data Fig. 5). 
The data coverage is fair, although the back azimuthal distribution of the Sp dataset 
(Extended Data Fig. 5a) means that the eastern side of the rift is better imaged 
than the western side. Comparison of Extended Data Fig. 6a,b clearly demonstrates 
how the shallower ray paths and deeper depths of interest of the Sp stack result 
in markedly different data distribution to that of the Ps stack. In particular, Ps 
imaging does not cover the rift beneath Lake Malawi very well. However, we 
have many stations on both shores of the (narrow) lake, so any Moho topography 
we are missing would have to be very sharp (<40 km wide). Many lakeshore 
stations can resolve crustal thinning, particularly in the Central Basin (Extended 
Data Fig. 5), which is of a magnitude similar to that estimated from preliminary 
results of a refraction survey in Lake Malawi55. Additionally, the majority of the 
crustal thinning reported in this study is due to sedimentary basins beneath Lake 
Malawi, which were well imaged by Accardo et al.25. In this study, we chose to show 
colocated Ps and Sp stacks to facilitate comparison, although this does mean the 
data distribution is suboptimal in some profiles.

Waveform processing. We rotated the data into P and horizontal polarization 
components using a free-surface transfer matrix56,57, with values of P-wave velocity 
(νP)/νS for each station found by a grid search to minimize the daughter P wave 
amplitude on the parent horizontal polarization component52. The greater shear 
attenuation of teleseismic waves means that Sp waves have a lower frequency 
content than Ps waves. For Sp, we filtered the waveforms between 4 and 100 s, 
which minimized interferences between the lithospheric phases and processing 
artefacts52,58. For Ps, we filtered between 1 and 100 s. This gave a dominant period for 
S waves of ~9 s and for P waves of ~2 s. RFs can resolve to wavelength/2 (refs 59,60), so 
for the regional average crustal νP of 6.5 km s–1 (ref. 27) and average upper mantle νS 
of 4.5 km s–1 (ref. 14; our depths are accurate to ±3 km for Ps and ±10 km for Sp).

We deconvolved using the extended-time multitaper cross-correlation 
method61. We converted the waveforms from time to depth using a station-specific 
velocity model extracted from the local surface-wave tomography of Accardo 
et al.14, but excluded the depths below which the converted wave would be 
postcritical. This shear-velocity model uses local Moho constraints from Borrego 
et al.27 that are broadly similar to our own except for short-wavelength deviations 
at a few stations and seeing limited topography beneath the rift axis. The latter 
does not overly concern us as an assumed Moho that is too deep will act to steepen 
the overall calculated ray path (increasing the apparent depth for a given observed 
differential travel time) and slow the overall velocity (decreasing the apparent 

depth) such that the total effect is small (±0.5 km change in the calculated LAB 
depth for a 5 km change in the Moho depth; Extended Data Fig. 6).

We used common-conversion point stacking to generate a 3D image and 
smoothed the data according to a Fresnel zone appropriate for the dominant 
period of these waves, 9 and 2 s for Sp and Ps, respectively (Lekić et al.62). Finally, 
phase polarities of the Sp stack were reversed for consistency with the Ps imaging. 
A positive phase was generated by a PVG with depth, and a negative phase by a 
NVG with depth.

We used a constant νP/νS (1.75, consistent with crustal estimates from H–κ 
stacking27) to convert the local νS model14 into νP for the purposes of migration. 
Crustal multiples in the Ps-converted waves can be used to constrain the νP/νS 
ratios of the whole crust27,63, but this is difficult to implement in a meaningful way 
in a common-conversion point stack with our data coverage. As such, we may 
not capture the depth variation completely, but the uncertainty in depth variation 
associated with a reasonable range of νP/νS is small compared with the variations 
we interpret as the path and velocity effects largely cancel each other out (±2 km 
change in the calculated LAB depth given for νP/νS that ranges from 1.7 to 1.85 
throughout the model; Extended Data Fig. 6).

Phase picking. To generate the depth maps, we hand-picked phases on 
cross-sections at a 0.1° spacing that ran both north–south and east–west across 
the study region. The hand-picked depths were used to guide an automated picker 
searching for maximum amplitude phases to within 10 km of the desired phase. 
Any overlapping picks from the perpendicular sections that did not match were 
removed, as were any picks below a threshold amplitude (0.02).

Generating beta maps. In this exercise, we wanted to ensure we obtained 
conservative estimates of differential thinning between the crust and lithospheric 
mantle, so some of the chosen parameters are perhaps not the most realistic. 
We used an initial crustal thickness of 48 km, the thickest observed present-day 
crust in the study region (east of the north Central Basin), similar to estimates 
of maximum crustal thickness across Africa64. Although it is unlikely that the 
crust was everywhere this thick, using this value maximizes the apparent crustal 
thinning. We used an initial total lithospheric thickness of 129 km, similarly the 
thickest currently observed in the study region (east of the south Central Basin). 
Given this currently observed lithospheric thickness and the age and stability of 
the lithosphere in central East Africa (150–240 km (refs 13,16,65 and >280 km in the 
Tanzanian Craton65), 130 km is probably an underestimate. Thus, using this value 
gives a minimum amount of lithospheric thinning. As such, the difference between 
thinning of the crust (calculated beta ≤1.7; beta for the initial crustal thickness of 
40 km is ≤1.4) and the lithospheric mantle (calculated beta ≤3.8; beta for initial 
lithospheric mantle thickness of 150 km is ≤6.8) is probably even more extreme 
than we have shown here.

From the automated phase picks, we generated an interpolated surface of the 
depth to the Moho and LAB. For the Moho Ps imaging, sparse coverage beneath 
the lake itself means that a simple interpolation from largely land-based Ps 
observations would probably underestimate the amount of Moho upwarp (that is, 
crustal thinning). To maximize the estimated crustal beta, we took the shallowest 
Moho depth imaged on the lakeshore (32.5 km), artificially added a sequence of 
points in the centre of the lake with this depth and then interpolated the Moho 
surface. This region of assigned Moho depths is not masked in the mapped figures 
(Fig. 3 and Extended Data Fig. 2). To obtain the crustal thickness, we took the 
difference between the topography and the Moho surface, with the basement 
topography beneath Lake Malawi taken as the inferred base of the syn-rift 
sedimentary basins25. To calculate beta, we divided the current observed crustal 
thickness across the region by the maximum local crustal thickness, 48 km. This 
thick crust is only imaged over a small area beneath the eastern rift flank, and it 
is likely that the original regional crustal thickness was closer to the present local 
average crustal thickness of 40 km given the average crustal thickness in Africa64 
and in stable continental settings globally (38 ± 4 km (ref. 66)). However, we chose 
to use this maximum value, which probably preserves some pre-existing Moho 
topography, to maximize our estimate of crustal beta.

For the LAB, we made an interpolated surface of the depth to the Sp 
observations interpreted as the LAB. Data coverage beneath the lake is much better 
for Sp than Ps waves (Extended Data Fig. 5), so we only used Sp observations 
to make this interpolated surface. For lithospheric beta, we used the difference 
between the crustal topography and LAB surface; for mantle lithospheric beta, 
we used the difference between the Moho and LAB surfaces. In this case, we also 
chose the maximum currently observed local lithospheric (or lithospheric mantle) 
thickness to calculate beta, 129 km (84-km-thick lithospheric mantle). In this 
case, the original lithospheric thickness of this cratonic region is likely to have 
been much thicker than 129 km; indeed, it is estimated to be at least 150–200 km 
thick just outside of our study region13,16. In this small study region, the whole 
lithosphere appears to have been thinned. However, by using the relatively thin 
maximum observed lithospheric thickness, we minimized our calculated estimates 
of lithospheric and lithospheric mantle thinning.

In the plots (Fig. 3 and Extended Data Fig. 2), we mask picks according to 
s.d. of the RF observations. We also mask by proximity to pick locations (at best, 
spaced 0.1° apart), such that we do not show large areas of pure interpolation. Map 
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locations more than 0.25° from a picked phase depth are completely transparent. 
The only exception is the crustal thickness beneath Lake Malawi, which we do 
not mask as the Moho depth here is largely derived from the assigned value of 
32.5 km. When comparing two interpolated surfaces (that is, the Moho and LAB, 
to obtain lithospheric mantle thickness), the opacity of the mask is based on the 
less well-imaged surface at that location.

Conditions in our model of Malawi Rift evolution. The three right-most columns 
of Fig. 4 plot conditions calculated at various points during the hypothesized 
evolution of the Malawi Rift. We started with an equilibrium geotherm for a 
130-km-thick lithosphere and use a finite-difference model to calculate how it evolves 
through time as the base of the lithosphere is removed. The lithosphere was eroded 
from an initial thickness of 130 km (chosen to match observations of the thickest 
lithosphere in the study region today) to one of 60 km chosen to match the thinnest 
lithosphere in the study region today) by removal of the base of the lithosphere 
at a rate of 5 km Ma–1. Havlin et al.67 calculated reasonable thinning velocities of 
1–6 km Ma–1 driven by melt infiltration at the base of the lithosphere, and their 
most recent calculations indicate this cap might be even higher (16 km Ma–1). The 
thinning occurs by heating and weakening lithospheric mantle material to the point 
that it becomes mechanically indistinguishable from the asthenosphere by raising 
it to the temperature of the dry solidus. Here, our assumed thermal perturbation 
is enough to raise the lithosphere above the ‘plum solidus’ of a pyroxenite-laden 
lherzolite37, and hence we simply imposed this thinning of the rheological lithosphere 
in our calculations of the geotherm. Furthermore, we disregarded any effects of heat 
advection via percolation of partial melts into the shallower lithospheric mantle, 
which gave us an endmember estimate of weakening due to basal erosion alone. 
Using the Very Broadband Rheology Calculator34,50,68, we calculated the expected νS 
values, including anelastic effects for these geotherms. We also used these to calculate 
a yield-strength envelope for the lithosphere, with the following parameterizations: 
Tokle et al.69 for a wet quartz upper crust, Rybacki et al.70 for a dry anorthosite lower 
crust and Hirth and Kohlstedt71 for a dry olivine upper mantle. We chose these dry 
rheological laws to give the most conservative estimates of lithospheric strength. In 
reality, both fusible heterogeneities embedded in the lithosphere and heat advection 
by rising melts are likely to make the lithosphere easier to rift.

Expected partial melting from lithospheric thinning. Surface volcanism in 
the Malawi Rift region is limited to the RVP, so any model for the evolution of 
the rift cannot involve the generation of large melt fractions. We calculated the 
expected melt fraction in a 1D column for a range of mantle potential temperatures 
and crustal beta factors using the Katz parametrization72 to quantify passive 
decompression melting of anhydrous mantle peridotite with 15 wt% clinopyroxene73. 
For simplicity, we ignored the small-fraction pyroxenite melts. We assumed that 
stretching is strongly depth dependent, as suggested by our observations, with twice 
as much extension of the lithospheric mantle. We used an initial crustal thickness of 
48 km (density, 2,800 kg m−3) and an initial lithospheric thickness of 129 km (density, 
3,300 kg m−3). These thicknesses are from our assumed original layer thicknesses in 
the beta factor calculations. Changing the initial crustal thickness (for example, to 
40 km) does not make a substantial difference in our calculations. Integrated partial 
melt fractions were converted into the thickness of the generated igneous material 
that was added to the crust. For normal asthenospheric potential temperatures 
(1,300–1,350 °C), we expect no more than 2 km of igneous material to be generated 
for the observed crustal beta factors of ≤1.7 (Extended Data Fig. 4).

Data availability
The seismic data were obtained from the Incorporated Research Institutions for 
Seismology Data Management Center. We used data from the SEGMeNT (https://
doi.org/10.7914/SN/YQ_2013), SAFARI (https://doi.org/10.7914/SN/XK_2012), 
and Africa Array stations (https://doi.org/10.7914/SN/AF) networks.

Code availability
RF codes (written in MATLAB) are freely available from the corresponding author.
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Extended Data Fig. 1 | Crustal structure beneath Lake Malawi. Cross sections are through the mean bootstrapped 1–100 s Ps common-conversion-point 
stack, masked by standard deviation between bootstraps (second colour bar) or fewer than 3 contributing waveforms (dark grey). 2x vertical exaggeration. 
Dashed black lines: Moho, picked from this Ps stack. Grey dashed lines: uncertainty on Moho (± 3 km). Black open symbols correspond to crustal 
estimates from other studies: circles27; diamonds55; triangle53; inverted triangle29. Where symbol is missing error bars, the reported uncertainty was smaller 
than the symbol. Red circles correspond to those on the location map (Fig. 1b). Shaded boxes correspond to terranes (Fig. 1a). Solid black line: topography 
at 10x v.e., blue across Lake Malawi.
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Extended Data Fig. 2 | Layer thicknesses used in calculating beta. Opacity scaled by standard deviation (as in Figs. 2, 3, S1). Plotted thicknesses are 
within 0.25° of a converted-wave pick, save crustal thickness beneath Lake Malawi. Grey lines: cross section locations (Fig. 2, S1). Blue line: Lake Malawi. 
a) Crustal thickness: difference between the topography (incorporating sedimentary basins in Lake Malawi25) and the Moho PVG. Crustal thickness 
beneath Lake Malawi is not masked as extrapolated crustal thicknesses are compatible with active source inversions55. b) Lithospheric thickness: 
difference between the topography and the LAB NVG. c) Lithospheric mantle thickness: difference between the Moho and the LAB. The mask is the 
maximum of the previous two panels.
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Extended Data Fig. 3 | Shear velocity, geotherm and yield strength envelope demonstrating the effect of conductive heating alone. a) Geotherm reflects 
conditions soon after a large (500 °C) asthenospheric temperature anomaly perturbs the previously equilibrated geotherm. b) Same panels after 60 Ma 
of thermal evolution. This timescale is longer than the total age of the East African Rift System. Despite the large temperature anomaly and long timescale 
allowed for conduction, the lithosphere does not substantially weaken due to conductive heating alone.
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Extended Data Fig. 4 | Partial melt generated by lithospheric thinning. Integrated partial melt is displayed as total kilometres of igneous material added 
to the crust. Dependence on asthenospheric potential temperature and crustal beta factor are shown. In this calculation, lithospheric mantle thinning 
is assumed to be twice the magnitude of crustal thinning, based on our observations of present-day thinning across the Malawi Rift. Accardo et al. 14 
estimate uppermost mantle temperatures most consistent with the cooler end of the range of potential temperatures shown here.
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Extended Data Fig. 5 | Data coverage maps for common-conversion-point stacks. (a) Sp stack. (b) Ps stack. Solid black lines with red dots correspond to 
cross section locations (Figs. 2, S1). Blue line: Lake Malawi.
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Extended Data Fig. 6 | Dependence of calculated LAB depth on migration model. LAB depths are calculated from the offset in seconds between the Sp 
and the primary S phases. The effect of Moho depth and vP/vS ratio are shown here across substantially larger ranges than the expected difference from 
the values used. These calculations are for a relatively short offset (8.5 s), relevant to the areas of thinnest lithosphere upon which our conceptual model 
is based. Given a longer observed offset, the changes due to vP/vS ratio will be slightly larger (e.g. for 16 s, varying vP/vS between 1.7-1.85 for a 34 km Moho 
is 116-129 km). (a) Depth variation assuming crustal vP/vS constrained by Borrego et al.27 is correct, so vP/vS is varied only in the mantle. (b) Depth variation 
changing the vP/vS used across the whole depth range of the velocity model.
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