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[1] Pto S conversions from the 410 and 660 km discontinuities
observed in receiver function stacks reveal a mantle transition
zone that is ~30—40 km thinner than the global average in a
region ~200—400 km wide extending in a SW-NE direction
from central Zambia, across Tanzania and into Kenya. The
thinning of the transition zone indicates a ~190-300K
thermal anomaly in the same location where seismic
tomography models suggest that the lower mantle African
superplume structure connects to thermally perturbed upper
mantle beneath eastern Africa. This finding provides
compelling evidence for the existence of a continuous
thermal structure extending from the core-mantle boundary
to the surface associated with the African superplume.
Citation: Mulibo, G. D., and A. A. Nyblade (2013), Mantle
transition zone thinning beneath eastern Africa: Evidence for a
whole-mantle superplume structure, Geophys. Res. Lett., 40,
doi:10.1002/grl.50694.

1. Introduction

[2] Imaging density-driven upwellings that extend from
the lower mantle into the upper mantle has remained a chal-
lenge ever since the first mantle plume models were proposed
more than 40 years ago [Morgan, 1971], leading to much
debate about the modes and scales of mantle convection.
Seismic tomography models show that in some subduction
zones, lithospheric slabs penetrate through the mantle transi-
tion zone and extend to the core-mantle boundary [Grand
etal., 1997; van der Hilst et al., 1997], forming whole-mantle
density-driven downwellings. Comparable seismic evidence
for whole-mantle upwellings originating at the core-mantle
boundary (CMB), however, is still lacking. It has been
suggested often that large thermal and/or chemical upwellings
in the lower mantle beneath southern Africa and the southern
Pacific ocean (the so-called African and Pacific superplumes)
may constitute such upwellings [e.g., McNamara and Zhong,
2005; Garnero and McNamara, 2008], but imaging the
midmantle in these regions is difficult, and therefore, it
remains uncertain if those structures extend into the upper
mantle [He and Wen, 2009; Schmerr et al., 2010; Ritsema
et al., 2007; Simmons et al., 2007]. For example, recent
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seismic tomography images of the African mantle trace the up-
per surface of the African superplume to depths of
800-1100km [Hansen et al., 2012; Mulibo and Nyblade,
2013], while images of upper mantle and transition zone struc-
ture beneath eastern Africa trace the lower surface of an upper
mantle anomaly to depths of ~500-600km [Owens et al.,
2000; Huerta et al., 2009; Adams et al., 2012; Mulibo and
Nyblade, 2013], leaving open the possibility that the
superplume structure might be separated from anomalous up-
per mantle structure under eastern Africa by a region of normal
mantle that is a few hundred kilometers thick.

[3] Here we present evidence for a thin mantle transition zone
beneath eastern Africa, which indicates that a thermal anomaly
spans the transition zone and connects the tomographically
imaged lower and upper mantle structures. The evidence comes
from mapping topography on the 410 and 660 km disconti-
nuities using P to S conversions observed in receiver
functions. The mantle transition zone is bounded by seismic
discontinuities that result from mineral phase transformations
of olivine to wadsleyite at ~410km depth, and ringwoodite
to Mg-perovskite and magnesiowustite near 660km depth
[Morishima et al., 1994; Katsura et al., 2004; Fei et al.,
2004]. Because the Clapeyron slopes are opposite in sign for
the 410 and 660 km discontinuities, the depths of the disconti-
nuities, as well as the thickness of the region between them
(i.e., the transition zone thickness or TZT), provide informa-
tion about the thermal structure across the ~400—700 km
depth interval in the mantle.

2. Data and Methodology

[4] Toimprove seismic data coverage in eastern Africa, the
AfricaArray eastern African seismic experiment (AAEASE)
was launched in 2007. Twenty broadband stations were ini-
tially deployed in Uganda and northwestern Tanzania in
August 2007 for 18 months (Phase I), and then most of the
stations were redeployed in December 2008 across southern
Tanzania (Phase II) (Figure 1). In August 2010, the stations
were redeployed again in Zambia and operated through
July 2011 (Phase III). An affiliated network of stations
belonging to the AfricaArray Tanzania basin seismic experi-
ment (AATBSE) was also deployed in southeastern Tanzania
from February 2010 to July 2011 (Figure 1). Data recorded
by these stations have been combined with data from perma-
nent stations and other temporary networks in the region for
this study (Figure 1).

[s] Seismograms used for computing teleseismic P wave
receiver functions (PRFs) come from earthquakes with m;, >
5.0 distributed over a wide range of back azimuths and
distances between 30°-90° from the stations (Figure Sla
in the supporting information). An iterative time-domain
deconvolution method was used to compute the receiver
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Figure 1. Topographic map showing the geology of eastern Africa and the locations of seismic stations. The Precambrian
tectonic framework is comprised of the Archean Tanzania Craton (TzC), which likely includes the Uganda Basement
Complex (UgB), the Bangweulu Block (BaB), and several Proterozoic mobile belts (Rwenzori, RwB; Kibaran, KiB;
Ubendian, UbB; Usagaran, UsB; Mozambique, MoB; Iruminde, IrB; Southern Iruminde, SIrB; Lufilian, LuB). The inset
map shows the location of the study area. GSN, Global Seismograph Network. KBSE, Kenya Broadband Seismic
Network [Nyblade and Langston, 2002]. TBSE, Tanzania Broadband Seismograph Network [Nyblade et al., 1996].

functions from vertical, radial, and transverse component
seismograms [Ligorria and Ammon, 1999]. The PRFs were
quantitatively evaluated using a least squares misfit criterion
for assessing the percentage recovered from the original radial
component. The misfit criterion is computed from the dif-
ference between the radial component seismogram and the
convolution of the vertical component seismogram with
the already determined radial receiver function. A misfit of
85% was used as the threshold in selecting the PRFs that
were considered for further processing. Also, events with
large-amplitude tangential receiver functions were not used,
even if they passed the 85% threshold.

[6] Receiver functions were stacked using a geographical
binning technique described by Owens et al. [2000] and a
3-D mantle velocity model from Mulibo and Nyblade
[2013]. Crustal structure in the 3-D model was replaced with
the crustal structure from Last et al. [1997]. To obtain a good
signal-to-noise ratio in the receiver function stacks, several
parameters were tested, including computing PRFs for a

range of Gaussian filter widths, adjusting the stacking bin ra-
dius from 1.0° to 1.5°, changing the minimum number of
receiver functions in each stack from 7 to 40, varying the min-
imum number of stations within a stacking bin from 3 to 4,
and using the 1-D IASP91 model [Kennett and Engdahl,
1991], in addition to the 3-D velocity model. Through testing
various combinations of parameters, we found that the opti-
mal parameters yielding clear P410s and P660s arrivals
included the 3-D velocity model, a minimum of 30 receiver
functions per bin from at least three stations, a bin radius of
1.0°, a bin increment of 0.25°, and a Gaussian filter width of
0.5 (frequency of 0.24 Hz). The 3-D velocity model, in partic-
ular, greatly improved the quality of the stacks (Figures S2a
and S2b).

[7] Bootstrapped error analysis applied to a subset of the
data by Owens et al. [2000] for a fixed velocity model yielded
a depth resolution of +3 km. However, taking into account
the uncertainties in crustal thickness [Last ef al., 1997] and
upper mantle velocities [Mulibo and Nyblade, 2013], we
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Figure 2. (a) Profiles of receiver function stacks displaying P-to-S conversions from the 410 and 660 km discontinuities.
Profile locations are shown in Figure 2b. The solid white lines show the picked depths of the 410 and 660 km discontinuities.
(b) S wave speed images from Mulibo and Nyblade [2013] at 600 km depth and vertically along profile B-B’. Small black

squares show station locations.

estimate the uncertainty in the discontinuity depths to be
between 5 and 10km, similar to the uncertainties reported
by Owens et al. [2000] and Huerta et al. [2009].

3. Results

[8] The location of P-to-S conversion points at 410 and
660 km depth provides good spatial coverage over most of
eastern Africa (Figures S1b and S1c¢), including all of the ma-
jor Precambrian terrains that form the basement structure of
the region, plus the Eastern and Western branches of the
Cenozoic East African rift system (Figure 1). Receiver func-
tion stacks are illustrated in Figure 2a for two profiles, one
crossing the East African Plateau from east to west (A—A")
and the other from southwest to northeast (B—B'). In profile
A-A’', P410s arrivals beneath the Western branch can be
seen at a depth of 430-440km; they shallow by about
10 km beneath the Tanzania Craton in the middle of the pro-
file and then deepen again beneath the Eastern branch and the
Mozambique Belt. The P660s arrivals beneath the Western
branch are visible at a depth of 670-680km, shallow to
~650km depth in the portion of the profile beneath the
Craton and the Eastern branch and then deepen to a depth
of ~660—670 km beneath the Mozambique Belt.

[9] Significant variation in the depths of the 410 and
660km discontinuities can also be seen in profile B-B'
(Figure 2a), which stretches southwest to northeast from
central Zambia to northern Kenya, crossing the Western

branch, the Tanzania Craton, and the Eastern branch. Beneath
Zambia, the P410s arrivals are visible at a depth of 410 km
and shift deeper to 430440 km beneath the Western branch.
Beneath the Tanzania Craton, the P410s arrivals are visible
at a depth of 420—430 km and deepen beneath the Eastern rift
to a depth of 440—450 km. For the 660 km discontinuity, the
P660s arrivals are visible at a depth of 660km beneath
Zambia, are shallower (~650—640 km depth) in the portion
of the profile beneath the Western branch, the Tanzania
Craton, and the Eastern branch, and are visible at a depth
of ~660—670 km along the northeastern end of the profile.

4. Discussion

[10] Variations in the depths of the 410 and 660 km discon-
tinuities across the region show a strong correlation with the
location of the low wave speed anomaly in the 3-D tomogra-
phy model (Figures 2b and S3) [Mulibo and Nyblade, 2013],
providing clear evidence for a thermal anomaly extending
across the transition zone. Previous studies of the discontinu-
ities and upper mantle velocity structure in eastern Africa
[Owens et al., 2000; Huerta et al., 2009] showed a depressed
410 km discontinuity beneath the Eastern branch of the rift
system, indicating that the thermally perturbed structure in
the upper mantle extends across the 410km discontinuity
and into the transition zone. The 660 km discontinuity was
imaged at depths of ~680-690 km in those studies and was
flat. We attribute the difference between that result and our
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Figure 3. Transition zone thickness, receiver function stacks,

and cartoon of mantle upwelling. (a) Map showing the TZT

across the study region. The gray regions show areas where the TZT could not be determined. The bold black line shows the
outline of the Tanzania Craton and the dashed lines show major Cenozoic rift faults. (b) Receiver function stacks for 1.5°
radius bins. Bin locations are shown in Figure 3a. (c) Schematic cross section for profile B-B’ showing upwelling of the
African superplume through the mantle transition zone. The receiver function stacks showing that the 410 and 660 km discon-
tinuities are superimposed, with the white line indicating the picked depths.

images of the 660 km discontinuity mostly to the improved
depth migration of the receiver function stacks using the
3-D velocity model of Mulibo and Nyblade [2013], which
has better resolution, especially in the transition zone, than
the 3-D model of Ritsema et al. [1998] used by Owens
et al. [2000] and the 1-D IASP91 model used by Huerta
et al. [2009].

[11] Because both the P410s and P660s arrivals can be sim-
ilarly affected by velocity structure above the transition zone
that might not be fully resolved in the 3-D velocity model
[Mulibo and Nyblade, 2013], the TZT provides a better esti-
mate of the temperature anomaly spanning the transition zone
than do the depths of the discontinuities themselves. A map of
the TZT (Figure 3a) shows a region trending from the south-
west (Zambia) to the northeast (Kenya) that is ~200-400 km
wide with an average TZT of 210km. This is in contrast
to a TZT in southeastern Tanzania of 240-250km, and a
TZT in northwestern Tanzania, and eastern and southern
Zambia of 250-260km. A TZT of 210km is ~30—40km
thinner than the global average estimates for the TZT of
242-250km [Flanagan and Shearer, 1998; Chevrot et al.,
1999; Lawrence and Shearer, 2006], while the TZT of
240-260 km beneath the other regions is in closer agree-
ment with the global average estimates. Receiver function
stacks incorporating data from larger areas in each one of
these regions further illustrate the thinning of the transition
zone in a SW-NE swath across Zambia, Tanzania, and
Kenya (Figures 3b and S2b).

[12] The temperature perturbation across the transition
zone can be estimated using a Clapeyron slope of 3.6 to
4.0 MPaK~! for the 410km discontinuity and —1.0 to
—2.0 MPaK ™! for the 660 km discontinuity [Morishima
et al., 1994; Katsura et al., 2004; Fei et al., 2004]. Thirty
to 40 km of transition zone thinning in the SW-NE swath
beneath Zambia, Tanzania, and Kenya yields a thermal

anomaly of ~190-300 K. A thermal anomaly of this magni-
tude is consistent with the velocity model used for the 3-D
migration of the receiver functions showing reductions in
S wave speeds, coincident with the location of the thinned
transition zone. It is also consistent with estimates of ther-
mal anomalies in the upper mantle obtained from seismic
attenuation (280 K) [Venkataraman et al., 2004] and petro-
logic studies (~140—-170 K) [Rooney et al., 2012].

[13] A 190-300 K thermal anomaly spanning the transition
zone exactly where the seismic images suggest anomalies in
the lower and upper mantle connect [e.g., Hansen et al.,
2012; Simmons et al., 2012; Mulibo and Nyblade, 2013]
provides compelling evidence for a throughgoing mantle
thermal structure associated with the African superplume.
The thermal structure, which is centered under southern
Africa in the lowermost mantle and tilts to the northeast as
it rises toward the upper mantle (Figure 3c), represents an
upwelling mode of whole-mantle convection that is on
the same vertical scale as the downwelling mode of whole-
mantle convection represented by sinking lithospheric slabs.

[14] Although a throughgoing mantle thermal structure is
associated with the superplume, many questions about the
superplume remain. For example, how does compositional
heterogeneity affect the density-driven flow? Where does
the excess heat and/or anomalous chemistry within the struc-
ture come from? Why does the structure tilt toward the north-
east in the midmantle? And is there mantle flow across the
660 km discontinuity? If the 660 km discontinuity creates a
barrier to the rising superplume material in the lower mantle
[Davies, 1995], then warm superplume material ponding
beneath the 660 km discontinuity could heat the bottom of
the transition zone, generating secondary thermal plumes that
rise from within the transition zone toward the surface [e.g.,
Yuen et al., 2007; Farnetani and Hofmann, 2009]. Helium
isotopic evidence suggests that there could be some flux of
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lower mantle material across the 660 km discontinuity [Pik
et al., 2006; Hilton et al., 2011], as do some radiogenic isoto-
pic data [Rooney et al., 2012].

5. Conclusions

[15] The average transition zone thickness in a region
~200-400 km wide beneath Zambia, Tanzania, and Kenya is
210+ 10 km, indicating the presence of an ~190-300K ther-
mal anomaly spanning the transition zone under eastern
Africa. The location of the thermal anomaly coincides with
the region where seismic tomography images show the lower
mantle African superplume anomaly connecting with anoma-
lous upper mantle structure under eastern Africa. This result
provides clear evidence that the superplume is a whole-mantle
structure composed of at least a thermal anomaly extending
from the core-mantle boundary to the surface.
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