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[1] P and S relative arrival time residuals from teleseismic earthquakes recorded on over 60 temporary
AfricaArray broadband seismic stations deployed in Uganda, Tanzania, and Zambia between 2007 and
2011 have been inverted, together with relative arrival time residuals from earthquakes recorded by
previous deployments, for a tomographic image of mantle wave speed variations extending to a depth of
1200 km beneath eastern Africa. The image shows a low-wave speed anomaly (LWA) well developed at
shallow depths (100-200 km) beneath the Eastern and Western branches of the Cenozoic East African rift
system and northwestern Zambia, and a fast wave speed anomaly at depths < 350 km beneath the central
and northern parts of the East African Plateau and the eastern and central parts of Zambia. At depths
>350 km the LWA is most prominent under the central and southern parts of the East African Plateau
and dips to the southwest beneath northern Zambia, extending to a depth of at least 900 km. The
amplitude of the LWA is consistent with a ~150-300 K thermal perturbation, and its depth extent
indicates that the African superplume, originally identified as a lower mantle anomaly, is likely a whole
mantle structure. A superplume extending from the core-mantle boundary to the surface implies an origin
for the Cenozoic extension, volcanism, and plateau uplift in eastern Africa rooted in the dynamics of the
lower mantle.

Components: 9,420 words, 11 figures.
Keywords: tomography; low-wave speed anomaly; eastern Africa; African superplume; Cenozoic rifting.

Index Terms: 7270 Tomography: Seismology; 6982 Tomography and imaging: Radio Science; 8180 Tomography:
Tectonophysics.

Received 20 February 2013 ; Revised 4 April 2013 ; Accepted 12 April 2013 ; Published 6 August 2013.

Mulibo, G. D., and A. A. Nyblade (2013), The P and S wave velocity structure of the mantle beneath eastern Africa and the
African superplume anomaly, Geochem. Geophys. Geosyst., 14,2696-2715, doi:10.1002/ggge.20150.

© 2013. American Geophysical Union. All Rights Reserved. 2696



@ Geochemistry 7
. Geophysics \(J MULIBO AND NYBLADE : MANTLE STRUCTURE BENEATH EASTERN AFRICA 10.1002/ggge.20150

_ Geosystems

1. Introduction

[2] Since the early global tomographic models of
the 1980s, many authors have remarked on the
anomalous nature of the mantle beneath Africa
[e.g., Dziewonski, 1984 ; Dziewonski and Wood-
house, 1987], which is characterized by a large
low-wave speed anomaly (LWA) in the lower
mantle commonly referred to as the African super-
plume [e.g., Ritsema et al., 1999, 2011; Mégnin
and Romanowicz, 2000; Ritsema and Allen, 2003 ;
Zhao, 2004 ; Montelli et al., 2006]. The structure
of the African superplume, which is fundamental
to understanding mantle convection, is not well
understood. Most tomographic models show the
LWA extending from the core-mantle boundary
upward into the midmantle where it tilts toward
the northeast beneath eastern Africa.

[3] The upward extent of the LWA, however,
remains uncertain. Many global models show the
LWA reaching depths of at least 1500 km [Ritsema
et al., 1999, 2011; Montelli et al., 2006; Simmons
et al., 2009, 2010, 2012], and Hansen et al. [2012]
demonstrated that the LWA could extend to depths
of <1100 km. But the limited vertical resolution in
these models makes it difficult to determine if the
LWA extends into the mantle transition zone and
connects to anomalous upper mantle structure
beneath eastern Africa. Regional studies of upper
mantle structure in eastern Africa, on the other
hand, have imaged a LWA extending from shallow
depths downward into the transition zone but have
not been able to ascertain if the anomaly continues
through the transition zone to connect with the
superplume structure in the lower mantle [e.g., Rit-
sema et al., 1998; Owens et al., 2000; Weeraratne
et al., 2003 ; Park and Nyblade, 2006; Huerta et
al.,2009; Adams et al., 2012].

[4] Determining if the African superplume
extends from the core-mantle boundary under
southern Africa to the surface beneath eastern
Africa would not only place a first-order con-
straint on mantle dynamics, but also on geody-
namic models for the origin of the Cenozoic
rifting, volcanism and plateau uplift in eastern
Africa. Three kinds of geodynamic models have
been proposed. The first category of models
invokes small-scale convection associated with
edge flow [e.g., King and Anderson, 1995; King
and Ritsema, 2000; King, 2007] or passive
stretching of the lithosphere [e.g., Buck, 1986;
Mutter et al., 1988]. The second type invokes one
or more plumes with plume head material ponded
beneath the lithosphere fed by a narrow (~100-

200 km diameter) plume tail [e.g., Green et al.,
1991; Slack et al., 1994; Burke, 1996; Ebinger
and Sleep, 1998 ; George et al., 1998; Nyblade et
al., 2000; Chang and Van der Lee, 2011]. And
the third grouping of models attributes the Ceno-
zoic tectonism to a superplume [e.g., Hilton et
al., 2011; Nyblade, 2011; Adams et al., 2012;
Hansen et al., 2012]. If the African superplume is
a through-going mantle structure then the latter
type of model is obviously favored.

[5s] In this paper, we investigate mantle structure
beneath eastern Africa using data sets obtained from
several seismic networks in Uganda, Kenya, Tanza-
nia, Malawi and Zambia. The large aperture pro-
vided by the combined networks enables us to
image a region of the midmantle where existing to-
mography models suggest that the superplume
structure may extend through the transition zone
into the upper mantle. P and S wave relative arrival
time residuals, obtained using a multichannel cross
correlation technique, have been tomographically
inverted for a 3-D image of mantle wave speeds.
The 3-D image better resolves mantle structure
beneath eastern Africa than previous models, ena-
bling us to address further the question of whether
or not the African superplume is a whole mantle
structure.

2. Background and Previous Seismic
Studies

2.1. Regional Geology and Tectonic
Setting

[6] The Precambrian tectonic framework of east-
ern Africa is comprised of the Archean Tanzania
Craton, which likely includes the Basement Com-
plex of northern Uganda, the Paleoproterozoic
Bangweulu Block, and several Proterozoic mobile
belts [Cahen et al., 1984 ; Begg et al., 2009] (Fig-
ure 1). This framework has been affected by two
primary episodes of rifting, first during the Karoo
(Permian-Jurassic) caused by the breakup of
Gondwana, and then in the Cenozoic. In eastern
Africa, the Karoo rifts form an intracratonic,
largely nonmagmatic system, with rift basins ori-
ented northeast-southwest or northwest-southeast
[e.g., Catuneanu et al., 2005].

[7] The Cenozoic rift system has two branches, the
Western branch and the Eastern branch (Figure 1).
The Western branch, stretching from northern
Uganda to southern Malawi and central Mozambi-
que, consists of several en echelon fault-bounded
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Map showing the main geologic and tectonic features of the study region. The map was modified

from Mathu and Davies [1996], Pinna et al. [2004], and De Waele et al. [2008]. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

rift basins within the Rwenzori, Kibaran, Ubendian,
and Irumide mobile belts [Ebinger et al., 1989].
Some of the rift basins to the south and southwest
of the Tanzania Craton have developed within or
adjacent to Karoo rifts, resulting in the reactivation
of Karoo-aged faults. The Eastern branch, mostly
developed within the Mozambique Belt, extends
from the Afar triple junction southward through
Ethiopia, Kenya and Tanzania. In Kenya, the East-
ern branch, locally referred to as the Kenya or
Gregory rift, is narrow (50-80 km wide) but in
northeastern Tanzania is characterized by a wider
zone (300 km) of block faulting [Dawson, 1992;
Ebinger et al., 1997; Foster et al., 1997].

[s] The Eastern branch of the rift system is vol-
canically more active than the Western branch,
with magmatism covering most of the Kenya rift
and parts of northern Tanzania. Magmatism initi-
ated about 35-40 Ma in northern Kenya near Lake
Turkana [Macdonald et al., 2001 ; Furman et al.,
2006], ca. 30 Ma in other parts of northern Kenya
[Morley et al., 1992], ca. 15 Ma in central Kenya,
ca. 12 Ma in southern Kenya [Morley et al., 1992;
Mechie et al., 1997] and at 8 Ma in northern Tan-
zania [Dawson, 1992; Foster et al., 1997]. The
Western branch hosts a number of isolated vol-
canic centers including the Virunga, Kivu and
Rungwe volcanic provinces [Ebinger, 1989]. The
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Topographic map showing seismic station locations used for this study. The dashed lines define

the political boundaries and the bold lines show the outline of Tanzania Craton and the major rift faults.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

volcanism in the Western branch commenced at
ca. 25 Ma in the Rungwe Province [Roberts et al.,
2012], at ca. 12 Ma in the Virunga Province, and
at ca. 8 Ma in the Kivu Province [e.g., Ebinger et
al., 1989 ; Kampunzu et al., 1998].

[v] The region is also characterized by a broad
plateau, with a mean elevation of ~1000 m (Figure
2). The timing of plateau uplift is uncertain. A recent
study by Roberts et al. [2012] found that plateau
uplift may have begun as early as ca. 25 Ma, but
there is also evidence of Neogene uplift along the
flanks of some rift valleys in the eastern part of the
plateau [e.g., Noble et al., 1997 ; Spiegel et al., 2007].

2.2. Previous Seismic Studies

[10] Studies using data from previous seismic
deployments in Kenya and Tanzania have demon-
strated the presence of a LWA in the upper mantle
beneath the Eastern branch extending to depths of at
least 400-500 km. Using P and S wave travel time
tomography, Ritsema et al. [1998] imaged a LWA in
the upper mantle beneath the Eastern branch dipping
to the west under the Tanzania Craton and extending
to >400 km depth. Ritsema et al. [1998] also imaged
a region of fast wave speeds beneath the Tanzania
Craton, showing that the lithospheric keel of the cra-
ton extends to a depth of ~150-200 km. The
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westward dipping LWA was attributed to the flow of
a mantle plume around the lithospheric keel of the
Tanzania Craton by Nyblade et al. [2000].

[11] A P wave tomography study of the mantle
beneath Kenya by Park and Nyblade [2006] also
revealed the presence of a LWA dipping to the west
beneath the Tanzania Craton, consistent with earlier
tomographic models from the Kenya Rift Interna-
tional Seismic Project (KRISP) [Green et al., 1991,
Achauer and the KRISP Teleseismic Working
Group, 1994; Achauer and Masson, 2002]. The
limited resolution imposed by the small aperture of
the Tanzania and Kenya networks, however, made
it difficult for these studies to show conclusively
whether the westward dipping LWA continued at
depth beneath the Tanzania Craton connecting to a
similar LWA under the Western branch, and also if
the LWA extended through the transition zone.

[12] A study of mantle transition zone discontinu-
ities by Owens et al. [2000] using receiver func-
tion stacks and the tomography model from
Ritsema et al. [1998] found evidence for a 30—40
km depression of the 410 km discontinuity, a
result that was latter corroborated by Huerta et al.
[2009] using a larger data set from stations in
Tanzania and Kenya. A depressed 410 km discon-
tinuity confirms that the upper mantle LWA is
largely a thermal structure and that it extends to
depths >410 km. The 660 km discontinuity was
not well imaged by these studies, leaving the
depth extent of the anomalous structure uncertain.

[13] Using surface wave tomography, Weeraratne
et al. [2003] showed that the LWA imaged beneath
the Eastern branch extends beneath the lithospheric
keel of the Tanzania Craton. A more recent surface
wave tomography model from Adams et al. [2012]
confirms this finding and shows that the LWA
under the Tanzania Craton also extends into the
transition zone and beneath the Western branch.
Continental-scale surface wave studies show gen-
erally similar results to the regional studies [e.g.,
Sebai et al., 2006; Pasyanos and Nyblade, 2007
Priestley et al., 2008 ; Fishwick, 2010].

3. Data and Methodology

3.1. Data sets

[14] Both new and previously acquired data have
been used in this study. New data come from 60
stations of the AfricaArray eastern Africa broad-
band seismic experiment (AAEASE) deployed in
three phases between 2007 and 2011 in Uganda,

Tanzania, and Zambia (Figure 2). The stations
consisted of broadband seismometers (Streckeisen
STS-2, Guralp 3T, ESP and 40T), 24-bit RefTek
data loggers and GPS clocks. The spacing between
the stations was on average between 100 and 200
km, and data were recorded continuously at 40
samples per second. The first phase was comprised
of 20 stations deployed in Uganda and northwest-
ern Tanzania (August 2007 to December 2008).
Eighteen of the stations were removed and rede-
ployed in southern Tanzania from January 2009 to
July 2010 (Phase II), and between February 2010
and July 2011 eight additional broadband stations
of the AfricaArray Tanzania basin seismic experi-
ment (AATBSE) were installed in southeastern
Tanzania. The last phase of the deployment was
from August 2010 to July 2011, when stations in
southern Tanzania were demobilized and installed
in Zambia. Other data come from the Tanzania
broadband seismic experiment (TBSE) [Nyblade
et al., 1996], the Kenya broadband seismic experi-
ment (KBSE) [Nyblade and Langston, 2002], the
KRISP network [Achauer and the KRISP Teleseis-
mic Working Group, 1994], and permanent Afri-
caArray (www.africaarray.org) and Global
Seismographic Network (GSN) stations. Seismo-
grams from earthquakes with m;, >5.0, spanning a
distance between 30° and 90° from each station
for P waves and 30° and 84° for S waves, were
used for this study (Figure 3; see Mulibo [2012]
for event list).

[15] The combined P wave data set consists of
21,867 arrival times from 1770 earthquakes
recorded by the broadband stations and 2000 ar-
rival times from 195 earthquakes recorded by the
KRISP stations, for a total of 23,867 arrival times
from 1865 earthquakes. The combined S wave
data set is comprised of 14,000 arrival times from
1196 events recorded by the broadband stations.
The majority of the events are located between
back azimuths of 30° and 110°, but the overall azi-
muthal coverage is good for both P and S wave
data sets (Figure 3).

3.2. Relative Arrival Time Determination

[16] Both broadband and short period waveforms
were filtered using a two-pole Butterworth filter
with corner frequencies of 0.5 and 2 Hz for P
waves, which were picked on vertical component
seismograms, and 0.04 and 0.1 Hz for S waves,
which were picked on transverse component seis-
mograms. The relative arrival times were obtained
using the multichannel cross-correlation technique
(MCCC) of VanDecar and Crosson [1990]. The
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Figure 3. Event distribution of earthquakes used in this study for (a) P waves and (b) S waves. The blue tri-

angle represents the center of the study region and the

concentric circles represent great circles in 30° incre-

ments from the center of the study region. 3-D histograms for the distribution of the station-event pairs for (c)
P waves and (d) S waves, with respect to epicentral distance and back azimuth. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

method involves picking an arrival that is coherent
on all waveforms for an event, finding a correla-
tion maxima by cross correlating all possible
waveform pairs, and applying a least squares opti-
mization to obtain a relative arrival time for each
station. Relative arrival time residuals for each sta-
tion are then calculated using ¢ —(fo;—Zemean)s
where ¢, is the relative arrival time for station i, #,;
is the expected IASP91 travel time [Kennett and
Engdahl, 1991] for station i, and 7,,,cqn 1S the mean
IASPI1 travel time for the event.

[17] In this technique, the timing uncertainty of
the relative arrival time residuals is estimated
using the standard deviation for each station from
the cross correlation function, which is on average
0.03 s for P waves and 0.1 s for S waves. The aver-
age variations in the relative arrival time residuals
across the study region computed from the MCCC
are 3 s and 4.5 s for P and S waves, respectively.
The variations are comparable to the variations
obtained in other similar studies in Tanzania
[Ritsema et al., 1998], Kenya [Slack et al., 1994;
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Park and Nyblade, 2006] and Ethiopia [Bastow et
al., 2005, 2008 ; Benoit et al., 2006].

[18] Because the data were recorded during several
different time periods, possible biases between the
P and S wave arrival time data sets have been inves-
tigated by comparing arrival time delays for events
recorded on collocated stations, computed by sub-
tracting the observed arrival time from the theoreti-
cal travel time predicted by the IASP91 reference
model [Kennett and Engdahl, 1991]. Arrival time
delays computed for events from similar back azi-
muth and great circle distances do not show any
consistent differences between the data sets (Figure
4; Supporting information, Figures Sla and S1b),
and therefore we simply combined all of the rela-
tive arrival time residuals for the inversions.

3.3. Model Parameterization

[19] The model parameterization extends over
more than 24° of latitude from 8°N to 23°S, over
28° of longitude from 18°E to 46°E, and from the
surface to 1200 km depth. We parameterize the
model space with splines under tension pinned at
a series of regular knots [Neele et al., 1993]. The
model consists of 32 knots in depth, 70 knots in
latitude and 63 knots in longitude, amounting to a
total of 141,120 knots (see Supporting informa-
tion, Figure S3). The spacing of the knots in the
inner most part of the model is 0.33° horizontally
and 25 km vertically. The outer knots of the
model are spaced 33 km apart between 200 and
700 km depth, 50 km between 700 and 1000 km
depth, and 100 km between 1000 and 1200 km
depth. The horizontal knot spacing increases from
0.5° to 1° moving from the inner most regions to
the outermost region. The one—dimensional
IASP91 radial earth model was used as a starting
model for the inversion [Kennett and Engdahl,
1991].

3.4. Inversion of Arrival Time Residuals

[20] The relative arrival time residuals have been
inverted for a three-dimensional (3-D) velocity
model using VanDecar’s [1991] method. The
method makes use of the infinite-frequency
approximation by assuming that the energy trav-
els from the source to the receiver solely along a
ray path [VanDecar et al., 1995], an approxima-
tion that is useful when imaging structure with
wavelengths greater than the wavelengths of the
seismic waves. The method simultaneously
inverts for slowness perturbations, station terms,
and event relocations using an iterative procedure

(conjugate gradients). Regularization by damping
was not used to avoid biasing the solution toward
the TASP91 model, which may not necessarily
represent a good background model for the study
area [Mercier et al., 2009]. The inversion
includes station terms to absorb anomalies associ-
ated with the region directly beneath the stations
where a lack of crossing rays prevents the resolu-
tion of crustal and uppermost mantle structure.
Event relocations account for the effects of heter-
ogeneous structure outside the model domain.
Optimum smoothing and flattening parameters
were selected through exploring trade-off curves
as a subjective compromise between fitting the
data and model roughness, with attention given to
the estimated uncertainties in the data (Supporting
information, Figure S4). The final P wave model,
obtained using a smoothing of 100,000 and a flat-
tening of 4000, explains 95% of the P wave RMS
residual (from 0.782 s to 0.0039 s), and the final
S wave model, obtained using a smoothing of
100,000 and a flattening of 4000, explains 97% of
the S wave RMS residual (from 6.67 s to 0.226
s). The station terms are shown in Figures Sa
and 8a.

4. Body Wave Tomographic Models

4.1. P wave Model

[21] Results for the P wave inversion are shown in
Figure 5 and Figure S5 (Supporting information).
Depth slices and cross sections through the model
reveal regions of lower wave speeds of approxi-
mately 6Vp=~—1.0 to —2.0% and regions of
higher wave speeds of 6Vp = ~0.6 to 1.0%. Model
slices shallower than 100 km depth are not shown
because of insufficient crossing ray coverage to
clearly resolve structure there.

[22] Depth slices at 100 and 200 km depth (Fig-
ures 5a and 5b) show a LWA of §V/p=~—1.0 to
—1.5% well developed beneath the two branches
of the East African rift system and 6V/p =~—0.5%
beneath northwestern Zambia. The LWA beneath
the Eastern branch mostly mimics the trend of the
rift structures that impinge and penetrate to some
extent into the Tanzania Craton. In the Western
branch, the LWA is more pronounced in areas
with volcanics (e.g., Virunga, Kivu and Rungwe
provinces). A fast wave speed anomaly of
OVp=~0.6 to 1.0% is observed at depths down to
300-350 km beneath the central and northern parts
of the East African Plateau comprised of the Tan-
zania Craton and the Uganda Basement Complex,
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Figure 4. Polar plots showing variation of arrival time delays for (a) P waves and (b) S waves for events
recorded on collocated stations between various networks. The concentric circles represent great circles in
15° increments from the stations. P wave arrival time delays for events recorded on collocated stations
between the Kenya broadband seismic experiment (2001-2002) and the KRISP networks (1985 and 1989—
1990) are shown in Park and Nyblade [2006]. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure 5. (a—f) Horizontal cross sections through the P wave velocity model at 100 km intervals from 100
to 600 km depth. Inverted pink triangles and blue squares show the station terms. (g and h) Vertical slices for
profiles A—A’ and B-B’, whose locations are given in Figure 5a. Areas with hit counts of <5 are darkened.
Small black squares represent station locations, Cenozoic rift faults are shown with bold black lines and the
locations of volcanic centers along the Western branch are shown with white triangles in Figure 5b. The
dashed lines define the political boundaries, and the bold white line shows the outline of the Tanzania Craton.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and beneath the eastern and central parts of Zam-  [23] At deeper depths (>350 km), the LWA is
bia comprised of the [rumide Belt. A region of fast ~ most prominent under the central and southern
wave speeds (0Vp > 1%) is seen along the very  parts of the East African Plateau and extends into
northern edge of the model at depths > 300 km. the transition zone (Figures S5c and 5d). At
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transition zone depths and within the upper part of
the lower mantle (Figures 5e and 5f, and Support-
ing information, Figure S5) the LWA shifts to the
southwest beneath northern Zambia. The anomaly
is continuous across the transition zone and into
the lower mantle. Figures 5g and 5h show depth
slices through the model that cross the study
region from E to W and diagonally from SW to
NE. These figures show the LWA extending from
depths of ~100 km to at least 900 km. The LWA
has a maximum amplitude of —2% within and just
below the transition zone.

4.2. P wave Resolution Tests

[24] To evaluate the resolution of the models,
which depend mainly on the crossing ray paths
within the model space, checkerboard and “tabular
body” resolution tests have been performed. The
checkerboard test were comprised of an alternating
pattern of positive and negative (=5%) spherical
velocity anomalies with diameter of 100 km
inserted in one depth layer at a time for depths of
200, 300, 500, and 700 km. Synthetic arrival time
data for the input models were generated using the
actual ray paths, and a random time error with a
standard deviation of 0.03 s was added to them.
The synthetic arrival times were subsequently
inverted for seismic wave speed structure using
identical model parameters as used to invert the
real data set. Results for the checkerboard tests
show good lateral resolution for the entire region,
with the horizontal dimensions of the spheres
being well resolved at all depths (Figures 6a—6h).
In contrast, up to 100 km of vertical smearing of
the input spheres both downward and upward is
observed due to the subvertical raypaths of the
teleseismic P waves (Figures 6e—6h). All input
bodies are resolved with an amplitude recovery of
~50-60%.

[2s] Several sets of synthetic anomalies using
tabular bodies were explored to investigate fur-
ther the extent of vertical smearing and the
structure of the LWA in the tomographic models
(Figures 5g, 5h, 8g, and 8h). A test was done
using two tabular bodies, one placed on top in
the upper mantle and transition zone with fixed
dimensions, representing the upper mantle LWA
beneath eastern Africa, and a second body
placed in the lower mantle with its top below
the transition zone, representing the lower man-
tle LWA of the African superplume. The input
anomaly for the body on top extends from the
surface to 650 km depth with an amplitude of
—5% (Figures 7a—7c), consistent with the previ-

ous studies of the transition zone discontinuities
showing that the LWA extends to >410 km
depth [Owens et al., 2000; Huerta et al., 2009].
The top surface of the second body was placed
at depths of 750 and 850 km (Figures 7a and
7b), creating a separation between the two
bodies of 100 and 200 km across and just below
the bottom of the transition zone. An additional
test was done using just the structure above 660
km depth (Figure 7c). Similar to the checker-
board tests, a synthetic arrival time data set was
generated for each model and then inverted.

[26] The recovered images obtained from the
inversion are shown in Figures 7d—7f and can be
used to evaluate the possible connectivity of the
two bodies. All input bodies are resolved with an
amplitude recovery of ~50-60%. With a 100 km
separation the bodies smear together (Figure 7d).
At a separation of 200 km (Figure 7¢), while there
is still some connectivity of the two structures, the
image shows two fairly distinct bodies. The mod-
els in Figures 7c and 7f show that the upper body
smears downward by about 100 km, consistent
with the checkerboard results.

[27] Given the amount of vertical smearing (i.e.,
~100 km both upward and downward), it is pos-
sible that there could be a ~200 km separation
between the upper and lower mantle structures
that is not resolvable. However, the separation of
the structures (i.e., the LWA of the African
superplume in the lower mantle and the LWA in
the upper mantle beneath eastern Africa) can be
no greater than ~200 km. Consequently, if the
LWA beneath eastern Africa extends well into
the transition zone, as indicated by the depres-
sion of the 410 km discontinuity [Owens et al.,
2000; Huerta et al., 2009] and regional body and
surface wave tomography models [Ritsema et al.,
1998; Adams et al., 2012], then the top of the
lower mantle LWA must either extend upward to
the 660 km discontinuity or to within 100-200
km of it.

4.3. S wave Model

[2s] The S wave model is similar to the P wave
model (Figures 8a—8h and Supporting information,
Figure S5). The LWA at depths between 100 and
200 km beneath the Eastern and Western branches
has amplitudes of ~—1 to —2%, and ~—0.5%
beneath northwestern Zambia. A fast wave speed
anomaly of 6Vs=~0.8 to 1% is seen at depths
down to 300-350 km under the central and north-
ern parts of the East African Plateau and beneath
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the eastern and central parts of Zambia. And a  [29] Also similar to the P wave model, the LWA at
region of faster wave speeds (6Vs > 0.5%) is seen  deeper depths is most prominent under the central
along the very northern edge of the model at  and southern parts of the East African Plateau, and

depths > 300 km.

extends into and through the transition zone. The
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anomaly shifts to the southwest beneath northern
Zambia at transition zone depths and within the top
part of the lower mantle, as seen in the P wave
model, illustrating the continuity of the anomaly

across the transition zone and into the lower mantle.
Cross sections through the model (Figures 8g and
8h) show the same structural features as described
previously in the P wave model (Figures 5g and
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Sh). The LWA has a maximum amplitude of —3%
within and just below the transition zone.

4.4. S wave Resolution Tests

[30] Checkerboard and “tabular body” tests simi-
lar to the P wave resolution tests have been per-
formed using the S wave data set. The same input
models were used as for the P wave resolution
tests, but a random error of 0.1 s was added to the
synthetic relative arrival time residuals. Results
for the S wave checkerboard test are illustrated in
Figures 9a—9h, which show similar resolution to
the P wave model for 100 km radius spheres at
200, 300, 500, and 700 km depths. The S wave
“tabular body” test shows smearing together of
the two bodies when a separation of 100 km is
used (Figure 10d), but for a separation of 200 km,
the image shows two fairly distinct bodies (Figure
10e), similar to the results obtained for the P wave
model.

5. Discussion

[31] In summary, the main features of the P and S
wave models are a LWA at shallow depths (100—
200 km) beneath many parts of the Eastern and
Western branches of the rift system and northwest-
ern Zambia, and a fast wave speed anomaly at
depths above ~300-350 km beneath the central
and northern parts of the East African Plateau and
the eastern and central parts of Zambia. At deeper
depths (>350 km), the LWA in both the P and S
wave models coalesces under the central and
southern parts of the East African Plateau and
extends into the transition zone. Below the transi-
tion zone, the LWA dips to the southwest beneath
northern Zambia, extending to a depth of at least
900 km. Resolution is similar for both the P and S
models and indicates that there can be at most
only 200 km of separation between an upper and a
lower mantle anomaly in order to explain a LWA
that extends through the transition zone into the
lower mantle, as seen in Figures 5 and 8.

[32] At shallow mantle depths, the LWA beneath
northwestern Zambia may represent a secondary
Western rift branch extending southwestward
from Lake Tanganyika, as suggested by O’ Donnell
et al. [2013], and the fast wave speed anomaly
imaged beneath the eastern and central parts of
Zambia may represent a southeastward extension
of the Bagweulu Block [O’Donnell et al., 2013].
To the north, the fast wave speed anomaly
observed beneath the Uganda Basement Complex

is likely thick Archean lithosphere [Begg et al.,
2009; Adams et al., 2012]. The fast wave speed
anomaly along the very northern edge of the P and
S wave models extending to depths >300 km is
probably not well resolved and may be caused by
vertical smearing of fast upper most mantle
beneath the Uganda Basement Complex.

[33] Mantle velocities can be strongly influenced
by temperature variations and to a lesser extent by
compositional variations, partial melt, water, and
anisotropy [e.g., Sobolev et al., 1996; Goes et al.,
2000; Griffin et al., 2003]. For eastern Africa,
water content is not considered to be an important
factor because there has not been any subduction
in this region for >500 Ma. The presence of Ceno-
zoic volcanism in some places clearly suggests
that partial melts may locally influence mantle
velocities, and compositional differences between
Archean and younger lithosphere could also con-
tribute to mantle wave speed variations. The pat-
tern of anisotropy is complex, and it is less
obvious how this might affect mantle velocities
[Bagley and Nyblade, 2013 ; Walker et al., 2004].

[34] The temperature perturbation indicated by the
amplitude of the LWA can be estimated by using a
shear wave temperature derivative of 8 x 10~* km/
s/K, obtained for a grain size of 10 mm at an aver-
age upper mantle temperature of 1300°C [Faul and
Jackson, 2005 ; Wiens et al., 2008]. Using the maxi-
mum S wave velocity anomaly of 6Vs =~—3.0%,
a temperature anomaly of ~300 K is obtained,
while the mean and median values of
6Vs =~—2.0% and Vs = ~—1.5% yield a thermal
anomaly of ~200 K and ~150 K, respectively.
These perturbations are consistent with the temper-
ature anomaly of 200-350 K estimated at the top of
the transition zone from receiver function stacks
[Owens et al., 2000 ; Huerta et al., 2009] and 280 K
from seismic attenuation in the upper mantle [ Ven-
kataraman et al., 2004]. Although the amplitude of
the LWA in the mantle imaged in this study can be
attributed entirely to elevated temperatures, it is
also possible, as mentioned above, that partial melt,
compositional variations, and anisotropy may con-
tribute to the anomaly, although probably to a lesser
extent than temperature.

[35] The depth extent of the LWA revealed in our
model (Figures 5g, 5h, 8g, and 8h) indicates that
the superplume structure in the lower mantle con-
nects to anomalous structure in the upper mantle
beneath eastern Africa to form a through-going
mantle anomaly. As illustrated by our resolution
tests, the LWA associated with the superplume

2709



25 1.2 0 1.2 2.5

S-wave % velocity anomaly

'/ Western Tanzania Eastern
Branch Craton Branch

200.

22 24 26 28 30 32 34 36 38 40 42
Longitude (degrees) A:( 4.00S, 28.00E) A" ( 4.00S, 41.00E)

Western Tanzania Eastern
Branch Craton Branch

Latitude (degrees)

18-16-14-12-10 -8 6 -4 -

22 24 26 28 30 32 34 36 38 40 42 A:( 4008, 28.00E)  A:( 4.008, 41.00E)

Longitude (degrees)

¥
(=1
(=1
o

ion(m)

ly Westérn Tanzania Eastern A
Branch Craton Branch

" Elevat

2 0 2 4

Latitude (degrees)
B
i

-18-16 -14-12 -10 -8 -6 -4

A:( 4.00S, 28.00E) A" ( 4.00S, 41.00E )

[
=]
i=3
=1
m,

" Elevation(m)

' Western Tanzania Eastern
Branch Craton Branct

w =
- 8
=1

Latitude (degrees)

900.
1000.
A: ( 4.00S, 28.00E) A':( 4.00S, 41.00E)

-18-16 -14-12-10 -8 6 4 -2 0 2 4

Longitude (degrees)

Figure 9. Depth slices and cross sections showing checkerboard resolution test results for the S wave model.
Recovered models are from an input model of alternative 100 km-diameter Gaussian spheres with =5% peak
velocity anomaly at depths of 200, 300, 500, and 700 km. Areas with hit counts of <5 are darkened. Small
black squares represent station locations and Cenozoic rift faults are shown with bold black lines. The dashed
lines define the political boundaries and the bold white line shows the outline of the Tanzania Craton. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]


wileyonlinelibrary.com

" Geochemistry "~
" Geophysics | .
Geosystems MULIBO AND NYBLADE | MANTLE STRUCTURE BENEATH EASTERN AFRICA

vJ

10.1002/ggge.20150

Western Tanzania Eastern

Zambia Craton Branch

’ Western Tanzania Eastern
Zambia B

Western Tanzania Eastern

Zambia Craton_Branch

Western Tanzania Eastern
Branch_Craton Branch

Zambia

Elevation(m)

. Western Tanzania Eastern
Zambia Bi

\gestem Tanzania Eastern

Zambia ranch

S-wave velocity anomaly (%)

Figure 10. Tabular body test for the S wave model. (a—c) Input models and (d—f) recovered models. See text
for further explanation. (g) Cross section along profile BB’ shown in Figure 5a. Areas of the model with hit
counts <5 are darkened. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

must either extend upward to the 660 km disconti-
nuity or else to within 100 or 200 km of the discon-
tinuity. If the upper and lower mantle anomalies are
primarily thermal in origin as indicated by Owens
et al. [2000], Huerta et al. [2009] and Davies et al.
[2012], and long-lived [Hager, 1985; Forte and

Mitrovica, 2001; Forte et al., 2002], then in all
probability there is at least a thermal connection
between them. Even if the top of the superplume
structure is 100-200 km below the 660 km disconti-
nuity, it would still lead to heating of the transition
zone over many 10s of millions of years, forming a
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continuous thermal structure extending from the
core-mantle boundary to the surface. Some of the
superplume structure might also be compositionally
anomalous [Simmons et al., 2007], and there could
be material flowing from the lower to the upper
mantle, as suggested by geochemical evidence
[e.g., Hilton et al., 2011; Pik et al., 2006], which
we cannot detect.

[36] Given this conclusion, a superplume origin
for the Cenozoic tectonism in eastern Africa is
favored. If lower mantle material flows across the
transition zone, then this material would continue
to rise through the upper mantle and provide the
excess heat needed to drive the rifting and plateau
uplift (Figure 1la). Alternatively, if the super-
plume simply heats the base of the transition zone,
then several smaller plumes above the 660 km dis-
continuity could form, rise through the upper man-
tle, and lead to extension and surface uplift [e.g.,
Yuen et al., 2007 ; Maruyama et al., 2007].

[37] As reviewed previously, many single plume
models have been invoked to explain the Cenozoic
rifting, volcanism and plateau uplift in eastern
Africa. A single large plume (Figure 11b) would
not produce a wide enough anomaly to account for
the LWA in the transition zone (Figures 5g, 5h, 8g,
and 8h). Other models that have been proposed to
explain the Cenozoic tectonism include edge-flow

convection (Figure 11c¢) and passive stretching of
the lithosphere (Figure 11d). Edge-driven convec-
tion (Figure 11c) leads to small-scale thermal upw-
ellings confined to depths of less than ~350 km,
inconsistent with the tomographic models in Fig-
ures 5g, 5h, 8g, and 8h. The LWA in the transition
zone is several hundreds of kilometers wide, and
such a wide and deep thermal structure is difficult
to explain with edge flow around the sides of cra-
tonic lithosphere. Passive stretching of the litho-
sphere (Figure 11d) results in small-scale
convection beneath thinned lithosphere, but similar
to the edge-flow model, the thermal upwelling
would not extend as deep as the transition zone,
which is inconsistent with the depth extent of the
LWA in Figures 5g, 5h, 8g, and 8h. The depth to
which the small-scale convection cell can extend is
limited by the <10% extension across the Cenozoic
rifts [Ebinger et al., 1997 ; Foster et al., 1997].

6. Summary and Conclusions

[3s] Mantle structure beneath eastern Africa has
been investigated using body wave tomography,
which reveals a LWA beneath many parts of the
Eastern and Western branches of the rift system
and northwestern Zambia at shallow depths (100—
200 km). The models also show a fast wave speed
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anomaly at depths of <300-350 km beneath the
central and northern parts of the East African Pla-
teau and the eastern and central parts of Zambia.
At deeper depths (>350 km) the LWA coalesces
under the central and southern parts of the East
African Plateau and extends into the transition
zone. Below the transition zone, the LWA dips to
the southwest beneath northern Zambia, extending
to a depth of at least 900 km. The amplitude of the
LWA can be attributed to a temperature perturba-
tion of 150-300 K, consistent with the magnitude
of the upper mantle temperature anomaly argued
for previously by many authors. Even though the
amplitude of the LWA can be attributed entirely to
elevated temperatures, contributions to the anom-
aly could also come from partial melt, anisotropy
and compositional variations.

[39] Using the deeper structure in our model, the
nature of the superplume and geodynamic models
for the Cenozoic tectonism in eastern Africa have
been re-examined. Resolution tests permit at most
200 km of separation between the LWA in the
upper mantle beneath eastern Africa and the lower
mantle structure of the African superplume. Such
a small separation, if one exists at all, indicates
that the superplume is likely a through-going man-
tle thermal anomaly. A continuous anomaly
extending from the core-mantle boundary beneath
southern Africa to the surface beneath eastern
Africa implies an origin for the Cenozoic exten-
sion, uplift and volcanism in eastern Africa that is
rooted in the dynamics of the lower mantle.
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