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The depths of the 410 km (d410) and 660 km (d660) discontinuities beneath southern Africa, which
is presumably underlain by the lower-mantle African Superswell, are imaged in 1° radius consecutive
circular bins using over 6400 P-to-S receiver functions (RFs) recorded by 130 seismic stations over a
27 yr period. When the IASP91 standard Earth model is utilized for moveout correction and time-depth
conversion, a normal mantle transition zone (MTZ) thickness of 246 + 7 km is observed, suggesting that
the Superswell has no discernible effect on mantle transition zone temperature. Based on the negligible
disparity of the mean MTZ thicknesses between on (246 + 6 km) and off (246 &+ 8 km) cratonic regions,
we conclude that the deep Archean cratonic keels possess limited influence on MTZ thermal structure.
The apparently shallower-than-normal MTZ discontinuities and the parallelism between the d410 and
d660 are mostly the results of upper mantle high wave speed anomalies probably corresponding to a
thick lithosphere with a mean thickness of about 245 km beneath the Kaapvaal and 215 km beneath
the Zimbabwe cratons. In contradiction to conclusions from some of the previous studies, the resulting
spatial distribution of the stacking amplitudes of the P-to-S converted phases at the discontinuities is

Keywords:

mantle transition zone
Southern Africa
African Superswell
receiver function
Lithosphere

inconsistent with the presence of an excessive amount of water in the MTZ and atop the d410.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In spite of numerous observational and geodynamic modeling
studies, mechanisms responsible for the anomalously high topog-
raphy of southern Africa (Fig. 1) remain controversial (Lithgow-
Bertelloni and Silver, 1998; Hu et al., 2018). One of the most com-
monly invoked hypotheses is the dynamic effects of the African Su-
perswell, a low-seismic wave speed anomaly in the lower mantle
beneath most of the southern hemispheric region of Africa and the
neighboring oceanic areas of the African Plate (Lithgow-Bertelloni
and Silver, 1998; Romanowicz and Gung, 2002; Ni et al., 2005).
Whether the presumably high temperature from the Superswell
has influenced the structure and deformation (especially rifting) of
the upper mantle and mantle transition zone (MTZ), a layer of the
Earth sandwiched between the 410 km (d410) and 660 km (d660)
discontinuities, is still a debated subject (Ritsema et al., 1998;
Priestley et al., 2008; Fishwick, 2010; Youssof et al., 2015). An-
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other controversial issue is the depth extent of the cratonic keels
and their influence on the temperature distribution in the upper
mantle and MTZ. Beneath the Kaapvaal and Zimbabwe cratons,
seismic surface wave studies suggested a lithospheric thickness
of 160-250 km (Li and Burke, 2006; Chevrot and Zhao, 2007;
Priestley et al., 2008; Schaeffer and Lebedev, 2013), while other
studies especially those using teleseismic body-waves (James et
al.,, 2001; Youssof et al, 2015) revealed a much thicker litho-
sphere, down to about 300 to 350 km, which may cause low
temperature anomalies in the MTZ (Blum and Shen, 2004). The
discrepancy is most likely caused by the limited resolving power
and the consequent large uncertainties in the tomographic meth-
ods. Body-wave tomographic techniques pervasively utilize relative
(rather than absolute) travel time residuals and thus the result-
ing wave speed anomalies are relative to the mean over the region
investigated (Foulger et al., 2013). Additionally, they suffer from
vertical smearing due to the steep ray paths beneath the station.
In contrast, surface-wave tomographic techniques produce abso-
lute wave speed anomalies, and have inherently better vertical
resolution but poorer horizontal resolution due to lateral smear-
ing.
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Fig. 1. Topographic relief map of the study area showing the center of radius = 1° bins (filled circles), and major tectonic boundaries (black dashed lines). The color of the
circles represents the number of the RFs per bin. The purple triangles are seismic stations used in the study. The subareas include: A: Zimbabwe Craton; B: Limpopo Belt;
C: Kaapvaal Craton; D: Kheiss Belt; E: Namaqua-Natal Belt; F: Cape Fold Belt; G: southern Congo Craton; H: Damara Belt; I: Rehoboth Province; J: Magondi Belt. Line a-b
indicates the location of the profile shown in Fig. 8. The red rectangle in the inset map shows the study area. (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)

It has long been recognized that the topography of the d410
and d660 can provide independent constraints on the thermal and
wave speed structures of the upper mantle and MTZ (Anderson,
1967; Flanagan and Shearer, 1998). The discontinuities reflect
sudden changes in mineralogical phases, from olivine to wad-
sleyite at the d410, and from ringwoodite to bridgmanite at
the d660 (Ringwood, 1975). Due to the opposite sign of the
Clapeyron slopes (ranging from +1.5 MPa/K to +4.0 MPa/K for
d410 and from —0.2 MPa/K to —4.0 MPa/K for d660; Tauzin
and Ricard, 2014), high and low temperature anomalies can re-
sult in a thinner-than-normal and thicker-than-normal MTZ, re-
spectively. In addition, the existence of water-saturated minerals
in the MTZ could thicken the MTZ (Litasov et al, 2005), and
an excessive amount of water tends to broaden the interval of
the olivine-wadsleyite phase transition and reduce the sharp-
ness of the d410 (Wood et al, 1996; Smyth and Frost, 2002;
van der Meijde et al., 2003). Therefore, variations of the depths
and sharpness of the d410 and d660 are effective indicators
of spatial variations of thermal perturbations and water content
anomalies in the vicinity of the MTZ discontinuities (Ringwood,
1975).

Several MTZ studies have been conducted in southern Africa
with controversial conclusions. Gao et al. (2002) estimated an MTZ
thickness of 245 km that is comparable to the global average,
and suggested that the lower-mantle African Superswell beneath
southern Africa has no observable influence on the MTZ tem-
perature. In contrast, Blum and Shen (2004) detected a 20 km
thicker-than-normal MTZ beneath the Archean cratons in south-
ern Africa, and interpreted it as the consequence of the exten-
sion of low-temperature, water-saturated Archean cratonic keels
to the base of the MTZ. Another MTZ study (Niu et al., 2004)
showed a normal MTZ thickness and suggested that the highly
depleted root causes an approximately 20 km apparent uplift of

the d410 and d660 relative to the global average beneath the
Kaapvaal craton. Julia and Nyblade (2013) utilized 2557 P-to-S
receiver functions (RFs) from 30 permanent broadband stations
in Africa, including 7 stations in our study area (Fig. 1), to im-
age the MTZ discontinuities. They reported d410 depths in the
range of 405 + 10 km, and d660 depths of 655 4+ 11 km
with a mean MTZ thickness of 250 £+ 3 km beneath southern
Africa. A recent MTZ study across the Okavango Rift zone con-
ducted by Yu et al. (2015) revealed apparently shallower-than-
normal MTZ discontinuities beneath the northern Kalahari Craton
and a normal MTZ thickness beneath most of the study area,
suggesting the absence of mantle plumes beneath the incipient
rift.

The discrepancies in the results and conclusions from previ-
ous MTZ studies in southern Africa (Gao et al, 2002; Shen and
Blum, 2003; Blum and Shen, 2004; Niu et al., 2004) are mostly
the results of the limited amount of seismic data and the different
methodologies applied by different research groups. In this study,
we apply a non-plane wave assumption approach (Gao and Liu,
2014a) to an expanded data set recorded over the past 27 yr to
provide an enhanced image of the MTZ discontinuities beneath
southern Africa. Relative to methodologies based on the plane-
wave assumption, our approach can lead to sharper MTZ discon-
tinuity arrivals and more accurately determined depths (Gao and
Liu, 2014a). In addition to the unprecedented number of high qual-
ity RFs used in this study, the spatial coverage is more extensive
than the aforementioned regional-scale studies. The results pro-
vide tighter and more reliable constraints on the deep structure
and temperature and water content of the upper mantle and MTZ
beneath two of the oldest cratons on Earth, and the only conti-
nental area that is presumably underlain by a lower-mantle super-
swell.
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Fig. 2. Spatial distribution of earthquake source areas. Each dot represents a radius
= 1° circular area. The distance between neighboring circles is 1°. The color of the
dot represents the number of used RFs originated from earthquakes in the circle.
The radius of the concentric dashed circles centered at the central part of the study
area (star) indicates the epicentral distance.

2. Data and methods
2.1. Data

All the available teleseismic data recorded by three-component
broad-band stations located in the study area (14°S to 35°S, and
15°E to 40°E) during the period between 1990 and 2017 were
requested from the Incorporated Research Institutions for Seismol-
ogy (IRIS) Data Management Center (DMC). The cut-off magnitude
(M.) for requesting data is determined based on the empirical
equation to balance the quality and quantity of the data to be
requested, i.e, M. =5.2 + (A — 30.0)/(180.0 — 30.0) — D/700.0,
where A and D are the epicentral distance (ranging from 30° to
100°) in degrees and focal depth in kilometers, respectively (Liu
and Gao, 2010). The requested three-component seismograms with
a length of 280 s, including 20 s before and 260 s after the the-
oretical arrival of the first compressional wave calculated based
on the IASP91 Earth model, were filtered in the frequency band
of 0.02-0.2 Hz. Vertical-component seismograms were assessed
for signal-to-noise ratio (SNR) using the method of Gao and Liu
(2014a). If the SNR exceeded 4.0, the filtered 3-component seis-
mograms were converted into radial RF following the procedure
of Ammon (1991). Then the receiver functions were checked visu-
ally to reject the ones without a clear first P pulse, or those with
abnormal arrivals that are stronger than the first P pulse. Among
the 6907 three-component seismograms with a SNR greater than
4.0, a total of 6472 high-quality RFs recorded by 130 stations
from 1302 events (Fig. 2) were used in this study. In compari-
son, the number of RFs used by Gao et al. (2002) and Blum and
Shen (2004) in the similar study area is 1300 and 3354, respec-
tively.

2.2. Moveout correction and stacking

The data processing steps and parameters used in this study
are discussed in detail in Gao and Liu (2014b), and are briefly
summarized here. The RFs are grouped into 1° radius circular bins
based on the locations of ray-piercing points computed at the mid-
dle of the MTZ (535 km depth) according to the IASP91 Earth
model. The bin size is approximately comparable to that of the
first Fresnel zone of shear waves at the MTZ depths. Comparing
with the traditional common conversion point stacking approach
of grouping the RFs for each depth of assumed discontinuities
(e.g., Dueker and Sheehan, 1998; Liu et al.,, 2003), this approach
ensures that both MTZ discontinuities are sampled by the same
RFs, minimizing possible biases on the resulting MTZ thickness
by upper mantle wave speed heterogeneities (Gao and Liu, 2014b;
Dahm et al., 2017).

RFs in each of the bins are moveout corrected and stacked us-
ing a non-plane wave assumption approach (Gao and Liu, 2014a)
to form a depth series in the depth range of 300-800 km with
a vertical grid size of 1 km under the 1-D IASP91 Earth model.
Relative to approaches assuming a plane wavefront, the non-plane
wave assumption approach can more accurately determine the dis-
continuity depths and result in sharper discontinuity images due
to the consideration of the difference in ray parameters between
the direct P-wave and the converted S-wave. Only the results
from bins with 10 or more RFs are used for the study. The op-
timal depth of the d410 corresponds to that of the maximum
stacking amplitude in the depth range of 380-440 km, and that
of the d660 corresponds to the depth of the largest arrival in
the range of 630-690 km. For a small fraction (about 5%) of the
bins, multiple arrivals with comparable amplitudes are present in
the search window. For these bins, the search ranges are manu-
ally adjusted to maintain spatial continuity. The mean and stan-
dard deviation of the MTZ discontinuity depths and MTZ thick-
ness for each bin are obtained following a bootstrap resampling
procedure with 50 resampling iterations (Efron and Tibshirani,
1986).

2.3. Wave speed correction

Since the 1-D IASP91 standard Earth model is utilized to
moveout-correct the RFs, the resulting MTZ discontinuity depths
are apparent instead of true depths, which can be obtained if
P- and S-wave speed models extending through the crust, up-
per mantle and MTZ are available in digital form. If only the
Vp (Vs) model is available, a y factor, which is defined as
dIn(Vs)/dIn(Vy), is assumed or searched (e.g., Gao and Liu, 2014b)
to generate the Vs (V) model.

In this study, two wave speed models (Schaeffer and Lebe-
dev, 2013 and updated in 04/2018; Youssof et al., 2015), which
include both V, and Vs anomalies in digital forms, are used
to conduct the wave speed corrections by following the proce-
dure of Gao and Liu (2014b) for correcting the MTZ discontinu-
ity depths beneath the contiguous United States. To perform the
correction, the wave speed anomalies are smoothed using the cu-
bic B-spline function, and the average P- and S-wave speeds are
calculated in radius = 1° cylinders with a 10 km thickness for
the depth range of 0-700 km. Lastly, the equation (Gao and Liu,
2014b)

Hy = (Vso +6Vs) x (VpO "F(SVp) %
Vpo+8Vy — Vs —68Vs

is applied to convert the apparent depths (H,) into true depths

(Ht), where Vo and Vo are the mean P- and S-wave speeds in

the layer in the standard Earth model, and 6V, and Vs are the
absolute P- and S-wave speed anomalies.

VpO - VsO H
Vpo X VsO

(1)
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Fig. 3. Results of stacking moveout-corrected RFs within each bin plotted along 20 latitudinal profiles. The black traces show the depth series averaged over all the 50
bootstrap iterations. The circles and error bars respectively represent the resulting apparent depths and standard deviations of the depths of the MTZ discontinuities.



112

M. Sun et al. / Earth and Planetary Science Letters 503 (2018) 108-117

NRFs/bin

LR
o

'..rs‘"'.’ Soe® s° e
A N o et

300 3y
,»wi‘. AN ‘n

‘im,’,;‘ )

50 w" nl.\ i 'M. i ‘T
U‘ I » ! " “‘ ‘ iy
H»W"" " ) i

P

l it ‘M\”\‘ 1) "‘ Mlu

” 'ii M | !

Depth (km)
o
ol
o

H\ U‘\ “

um yl \,‘ 'jp"“ﬂ
‘\‘i

| WN "
i “‘» ":’T‘ ”‘\""}‘”\l‘in’w A

St

u' LA y
‘»\ -
b ‘..wn.\

| v.l\;) r “' ' w,\ ]
W V‘H») RN

! I Y i o
M'M "»H" lr“‘\;L H’ IJ)’; ’p' mw» i ¢
A |

h ‘
’»>

—t d410

d660

w Iy ;.‘M‘r"'“{?\ . ”.".‘ ‘l" ’Wi '.N" i

ANV ’..'w.‘ M” \H"M
T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260

NRFs/bin

300 4
»hh | “'

M%‘W’W'

’|
'\

,)\\

450 W

500 A m
HD' | V
ww "

’ )
600 1 L

E h”lM\ ‘l |

750—;5
800

Depth (km)
o0
o
o

b | )"
Nn i' ) I' ‘\‘ ‘u:\ Wy

hn'»’m AN

" i v L " 'v i .,. it 'y" Mi 'W; >,’H>M|‘ W' ’”Mm H" >'

H' ‘H ) n, W |
M»» 3,’»"\» b " I "}L"[ ¥il ;" nil l" () ‘n'“ ”ﬂ,;wm‘l

| M v‘ “;‘, 'L ”‘\i |,"»,w‘b'w“| u‘

”"\
rl \"'

D"‘» |

d410

%Mm +

\L A

’J:MHM .w N"l”’ b
"» »
;l

W; WJMWHWM

L
| Wy 'm '“jh\"\ w‘,;‘ H E

|}|l ,\, ‘M =
’i)‘u)"»"' W 3

\ I It
‘W'\‘ . i' A \M\H ”

Il
d660

I |
'b I '\ »

»P'

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Sequential trace number

Fig. 4. (a) Results of stacking all available normal moveout corrected RFs from 1° radius bins with a minimum of 10 high-quality RFs, plotted against the sequentially
increasing depth of the d410. (b) Similar to (a) but against the sequentially increasing depth of the d660. The top panel in (a) and (b) shows the number of RFs per bin.

3. Results

All the 20 latitudinal profiles (from 14°S to 33°S) of the result-
ing depth series in the study area are shown in Fig. 3. Robust peaks
for the d410 or d660 are observed in a total of 281 bins (Fig. 4),
among which 263, 260, and 242 possess reliable arrivals from the
d410, d660, and both, respectively.

3.1. Apparent discontinuity depths and MTZ thickness

The resulting apparent d410 and d660 depths (Figs. 5a and 5b;
Table S1) show systematic spatial variations and are positively cor-
related with a cross correlation coefficient (XCC) of 0.7 (Fig. 6). On
average, the Kaapvaal and Zimbabwe cratons show a 10-15 km
(Fig. 5 and Table S2) apparent uplift of both MTZ discontinuities
with a maximum value of about 30 km, while the surrounding Pro-
terozoic fold belts demonstrate normal discontinuity depths. For
the entire study area, the mean apparent depths are 401 & 9 km
and 648 + 9 km for the d410 and d660, respectively. The corre-
sponding values are 395 + 5 km and 640 + 7 km for the Kaapvaal
Craton, and 398 4+ 5 km and 647 + 4 km for the Zimbabwe Cra-
ton (Table S2). The boundary of the area with apparently shallower
MTZ discontinuities follows the surface expression of the Kaapvaal
Craton well, but shifts to the west by about 200 km from the west-
ern boundary of the surface expression of the Zimbabwe Craton
(Fig. 5). In spite of the obvious difference in the apparent d410

and d660 depths between on and off cratonic regions (Table S2),
a negligible disparity of the mean MTZ thickness between on (246
4+ 6 km) and off (246 4+ 8 km) cratonic regions is observed in the
study area (Fig. 5c).

The average MTZ thickness is 246 + 7 km (Fig. 5c), which is
statistically identical to the global average (which ranges from 240
to 250 km) reported by previous global scale studies (Flanagan and
Shearer, 1998; Gu et al, 1998; Tauzin et al., 2008). The depths
and thickness measurements are generally consistent with most of
the previous MTZ studies targeting the Kaapvaal and Zimbabwe
cratons (Gao et al, 2002; Niu et al, 2004; Julia and Nyblade,
2013) and the Okavango Rift zone (Yu et al, 2015). They are
also in agreement with results from several stations in south-
ern Africa from global scale studies (Flanagan and Shearer, 1998;
Chevrot et al., 1999; Tauzin et al., 2008), but are inconsistent
with the results of Shen and Blum (2003) and Blum and Shen
(2004) who reported a 20 km thicker-than-normal MTZ beneath
the Archean cratons in southern Africa due to shallowing of the
d410 and deepening of the d660, and interpreted it as the con-
sequence of lowered temperature originating from the cold deep
cratonic keels.

3.2. Spatial variation of stacking amplitudes

We use the ratio (R) between the amplitude of the P-to-S con-
verted phase (Pds) from an MTZ discontinuity and that of the
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Fig. 5. (a) Spatial distribution of resulting d410 depths. (b) Same as (a) but for the d660. (c) MTZ thickness measurements. (d) Standard deviation (SD) of the MTZ thickness

measurements.

direct P-wave as a measure of the wave speed contrast across,
and the sharpness of, the discontinuity (Fig. 7). For the entire
study area, the average R value is 0.021 & 0.008 for the d410 and
0.023 + 0.007 for the d660, both are greater than that beneath
tectonically stable central North America (0.018 + 0.005 for the
d410 and 0.019 + 0.004 for the d660), and active western North
America (0.015 &+ 0.005 for the d410 and 0.016 + 0.004 for the
d660) (Gao and Liu, 2014b). The stronger stacking amplitudes of
the Pds observed beneath southern Africa might indicate the ex-
istence of a less attenuative upper mantle relative to western and
central North America. Under this assumption, the absence of a
clear correspondence between the R observations and the tectonic
provinces (Fig. 7) may suggest that there is no obvious age depen-
dence of upper mantle attenuation.

3.3. Wave speed corrected depths

The P- and S-wave speed models of Schaeffer and Lebedev
(2013) and Youssof et al. (2015), which cover the entire and most
of the study area, respectively, are utilized for wave speed correc-
tions in this study. As detailed in Gao and Liu (2014b), the accuracy
of the wave speed correction can be estimated using the degree

of reduction in the XCC between the corrected depths of d410
and d660. This is primarily because of the fact that wave speed
anomalies in the upper mantle (above the d410) lead to positive
correlations between the apparent depths of the two discontinu-
ities (Fig. 6), while thermally or water content induced wave speed
anomalies in the MTZ normally result in negative correlations be-
tween the true depths of the two discontinuities. Therefore, if the
wave speed anomalies used for the correction are precisely de-
termined, the resulting XCC should reduce to zero if there is no
thermal, water content, or other anomalies that affect the depths
of the discontinuities; the XCC becomes a negative value if thermal
or water content anomalies exist in the MTZ.

The corrected depths and MTZ thickness as well as the resultant
XCC values are shown in Figs. S1 and S2. Although the correc-
tion by using the models of Schaeffer and Lebedev (2013) reduces
the XCC from 0.7 before the correction to 0.58 afterward, the cor-
rected d410 and d660 depths are still positively correlated. The
XCC between the corrected depths by using the models of Youssof
et al. (2015) only reduces marginally, from 0.70 to 0.67, indicat-
ing that the wave speed corrections did not effectively remove the
influence of upper mantle wave speed anomalies on the apparent
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depths. In comparison, the XCC reduced from 0.84 to 0.41 after the
same wave speed correction procedure was applied for the con-
tiguous United States (Gao and Liu, 2014b). We also tried a few
other wave speed models (e.g., Priestley et al., 2008) with avail-

able V, and/or Vs anomalies in digital form, and found that none
of them was able to significantly reduce the XCC.

The small reduction in the XCCs between the corrected d410
and d660 depths suggests that the wave speed corrected depths
are not reliable, most likely due to large uncertainties in the mod-
els and under-estimation of the amplitude of the wave speed
anomalies. Additionally, considerable discrepancies are present
among existing wave speed models (e.g., Fig. S3) and thus it is
difficult to determine which of the wave speed corrected results is
the most realistic one. Therefore, in the following we discuss the
wave speed structure in the upper mantle and the thermal and
water content anomalies in the vicinity of the MTZ discontinuities
using the apparent (Fig. 5) rather than the wave speed corrected
(Figs. S1 and S2) depths.

4. Discussion
4.1. Thermal structure of the MTZ

The simplest explanation for the observed nearly normal MTZ
thickness beneath most of southern Africa (Fig. 5c) is that there
is no discernible temperature anomaly in the MTZ. However, some
specific combinations of temperature and water content anoma-
lies may lead to a normal MTZ thickness (Reed et al., 2016;
Sun et al., 2017). The first scenario is when the effect of wa-
ter (which can uplift the d410 and depress the d660; Litasov et
al,, 2005) and that of higher-than-normal temperature (which has
an opposite effect than water on the discontinuities) coinciden-
tally cancel each other, leading to a normal MTZ thickness. How-
ever, these two factors are unlikely to cancel each other almost
everywhere across this study area with a diverse set of tectonic
provinces and lithospheric ages and thicknesses (Fig. 1). In addi-
tion, the lack of an anomalously high amount of water in the MTZ
is consistent with the observation that a low wave speed layer is
not observed atop the d410 beneath southern Africa (Tauzin et al.,
2010), a conclusion that is supported by the stacked RFs from this
study (Figs. 3 and 8).

The second scenario to produce a normal MTZ thickness is
when the amount of uplift of the d660 caused by the higher-than-
normal temperature from the lower mantle superswell matches
that of the d410 caused by the lower-than-normal temperature
from the deep cratonic keels. However, because the superswell
covers a much larger area than the cratons (Ritsema et al., 1999),
thinner-than-normal MTZ thickness should be expected beneath
the off cratonic areas due to the absence of the effect of the keels.
This prediction is inconsistent with the observed MTZ thicknesses,
which are similar between cratonic (246 4+ 6 km) and off cratonic
(246 £ 8 km) areas (Fig. 5¢ and Fig. 8).

Therefore, we conclude that the presence of an excessive
amount of water or significant thermal anomalies in the MTZ
is unlikely. This in turn suggests that neither the lower-mantle
African Superswell nor the cratonic keels have a discernible effect
on the MTZ temperature. The conclusion that the thermal influ-
ence of the cratonic keels is limited to the upper mantle and does
not extend to the MTZ is consistent with most previous tomo-
graphic studies (James et al., 2001; Wittlinger and Farra, 2007;
Priestley et al., 2008; Fishwick, 2010; Youssof et al., 2015). Sim-
ilarly, the observed dominantly normal MTZ thickness beneath
cratonic areas in North America indicates the absence of signif-
icant influence of cratonic keels on the thermal structure of the
MTZ (Thompson et al., 2011; Gao and Liu, 2014a).

4.2. Upper mantle wave speed anomalies derived from the apparent
discontinuity depths

As discussed in the previous section, large scale significant
thermal and water content anomalies are unlikely to exist in the
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Fig. 8. (a) Number of RFs in bins within a 150 km wide band centered at Profile
a-b shown in Fig. 1. (b) Resulting depth series in the bins. The letters at the top
indicate the five subareas in Fig. 1.

MTZ beneath southern Africa. In addition, the parallelism between
the shallower-than-normal apparent depths of the d410 and d660
(Fig. 5) suggests that high wave speed anomalies situated above
the d410 are the simplest explanation for the apparent uplift of
both discontinuities. Under the assumption that the true depth of
the d410 is 410 km, the apparent depth of the d410 can be used to
estimate the mean upper mantle P- and S-wave speed anomalies
for an assumed y factor (Gao and Liu, 2014b). For the following
calculations, we assume that y = 1.7, a value that was estimated
for the central and eastern United States (Gao and Liu, 2014b).
Application of a different factor would change the absolute wave
speed anomalies, but not their spatial variations (Reed et al., 2016).

The resulting average upper mantle P-wave speed anomalies
calculated using the relationship between the apparent depths of
the MTZ discontinuities and wave speed anomalies (Equation (1))
correspond well with major tectonic boundaries (Fig. 9). The mean
upper mantle P-wave speed anomaly required to correct the ob-
served average apparent d410 depth (401 + 8 km) to the depth
of 410 km is 0.84 + 0.84% for the entire study area, and 1.49 +
0.49%, 1.20 £ 0.49%, and 0.83 + 0.56% for the Kaapvaal Craton,
Zimbabwe Craton, and Limpopo Belt, respectively.

While the spatial variations of the derived wave speed anoma-
lies (Fig. 9) are in general agreement with those from most seismic
tomographic results (James et al., 2001; Schaeffer and Lebedeyv,
2013; Fig. S3), the absolute amplitude of the variations obtained
from this study is significantly greater than those from seismic
tomographic investigations. Such a reduction in the amplitude in

SVp(%)
3.0

10° 15° 20° 25° 30° 35° 40°

Fig. 9. Required P-wave velocity anomalies (relative to the IASP91 Earth model) in
order to correct the observed apparent d410 depths to a uniform true depth of
410 km.

tomographically-derived wave speed models could be the result of
a high damping factor that is necessary to stabilize the inversion,
and for some previous studies, the use of relative rather than ab-
solute travel time residuals (Foulger et al., 2013).

Under the assumption that the wave speed variations de-
rived above are entirely caused by variations in lithospheric thick-
ness, in the following we estimate the depth of the lithosphere-
asthenosphere boundary (LAB) across the study area. To perform
this task, a reference location on Earth with normal upper man-
tle wave speeds, a well imaged d410 with a nearly normal depth,
and a reliably determined lithospheric thickness is needed. These
conditions are satisfied by most parts of the eastern U.S., where
normal apparent d410 depths and near zero average wave speed
anomalies in the upper mantle (see Fig. 4a in Gao and Liu, 2014b)
have been suggested. Additionally, for the easternmost US., the
most recent S-to-P receiver function study revealed a lithospheric
thickness of ~90 km (Liu and Gao, 2018), which is consistent
with most of the previous studies (e.g., Rychert et al., 2007;
Fischer et al., 2010).

Once the reference location with normal velocities and d410
depth is determined, the mean lithospheric thickness (L) beneath
a given area with a mean relative upper mantle V, anomaly of A
(in percent) can be estimated by partitioning the anomaly from a
layer with a thickness of 410 km to a layer of (L —90) km with
a Vp, anomaly of C% determined in Section 4.2, i.e., (L —90)/A =
410/C + 90, where 90 is the thickness of the lithosphere in km at
the reference location. Obviously, for a fixed wave speed anomaly,
a larger wave speed contrast requires a smaller difference in LAB
depth relative to the reference location.

Fig. 10 shows the resulting mean lithospheric thickness plot-
ted against assumed C values beneath the Kaapvaal and Zim-
babwe cratons and the Limpopo Belt, calculated based on the
mean upper mantle V, anomalies shown in Table S2. If we as-
sumed that the V), contrast between the lithosphere and the as-
thenosphere is 4%, a value suggested in numerous previous stud-
ies (e.g., Li et al, 2003; Rychert et al., 2007; Eaton et al., 2009;
Yu et al, 2015), the lithospheric thickness would be about 245
km for the Kaapvaal Craton (Fig. 10). This value is generally con-
sistent with most of the previous tomographic and receiver func-
tion studies (James et al., 2001; Niu et al., 2004; Wittlinger and
Farra, 2007; Youssof et al., 2015). On the other hand, if the high
wave speed root beneath the Kaapvaal Craton only extends to
less than 200 km (Priestley et al., 2008; Fishwick, 2010), the re-
quired V, contrast between the lithosphere and asthenosphere
would be greater than 5.6%, a high value that is not suggested by
the existing studies for the area. The resulting lithospheric thick-
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Fig. 10. Estimated lithospheric thickness as a function of P-wave velocity contrast
across the LAB beneath the Kaapvaal Craton (red line), Zimbabwe Craton (blue line)
and Limpopo Belt (green line).

ness beneath the Zimbabwe Craton and Limpopo Belt is about 215
km and 175 km, respectively, which are also comparable to most
of the previous seismic tomographic studies (Li and Burke, 2006;
Chevrot and Zhao, 2007). It must be emphasized that the estimated
lithospheric thicknesses are under the assumption that there is a
sharp boundary between the lithosphere and the asthenosphere,
while in reality a gradual rather than sharp transitional zone be-
tween the two layers might be present (e.g., Fischer et al., 2010). In
this case the estimated depths approximately represent the center
of the transitional layer.

5. Conclusions

Using an unprecedented number of RFs recorded in southern
Africa over the past 27 yr, we imaged the topography of the d410
and d660 under the non-plane wave assumption. Beneath most
of the study area, the d410 and d660 are apparently shallower
than the global average and are parallel to each other, suggesting
high wave speed anomalies in the upper mantle. The shallower-
than-normal MTZ discontinuities can be sufficiently explained by
variations in lithospheric thickness. The resulting MTZ thickness is
comparable to the globally averaged value of 250 km, and there is
no discernible difference between the on and off cratonic regions.
The sharp arrivals associated with both the d410 and d660 im-
ply the absence of an excessive amount of water in the MTZ, and
the lack of a robust negative arrival above the d410 is inconsistent
with the presence of a water-saturated layer atop the d410. The
observations suggest that both the cratonic keels and the lower
mantle African Superswell have a limited influence on the thermal
structure of the mantle transition zone beneath southern Africa.
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