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We present a 3D high-resolution seismic model of the southern African cratonic region from teleseismic
tomographic inversion of the P- and S-body wave dataset recorded by the Southern African Seismic
Experiment (SASE). Utilizing 3D sensitivity kernels, we invert traveltime residuals of teleseismic body
waves to calculate velocity anomalies in the upper mantle down to a 700 km depth with respect to
the ak135 reference model. Various resolution tests allow evaluation of the extent of smearing effects
and help defining the optimum inversion parameters (i.e., damping and smoothness) for regularizing the
inversion calculations.

The fast lithospheric keels of the Kaapvaal and Zimbabwe cratons reach depths of 300-350 km
and 200-250 km, respectively. The paleo-orogenic Limpopo Belt is represented by negative velocity
perturbations down to a depth of ~250 km, implying the presence of chemically fertile material with
anomalously low wave speeds. The Bushveld Complex has low velocity down to ~150 km, which is
attributed to chemical modification of the cratonic mantle. In the present model, the finite-frequency
sensitivity kernels allow to resolve relatively small-scale anomalies, such as the Colesberg Magnetic
Lineament in the suture zone between the eastern and western blocks of the Kaapvaal Craton, and a small
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northern block of the Kaapvaal Craton, located between the Limpopo Belt and the Bushveld Complex.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Jordan (1975, 1978, 1988) introduced the term tectosphere to
describe the architecture of cratonic roots as thermally conduc-
tive media with gentle geothermal gradients, unique composition
of the lithospheric mantle, and seismologically fast keels that may
extend down to the transition zone. His isopycnic hypothesis re-
solves the paradox of how the cold cratonic upper mantle may
be in isostatic balance with warmer oceanic plates: the negative
thermal buoyancy (densification associated with thermal contrac-
tion) of cold cratonic lithosphere is compensated by its intrinsic
chemical buoyancy imparted by the low densities of melt-depleted
peridotites as compared to fertile oceanic peridotites.

Earlier studies of cratons emphasize that the highly depleted
Archean lithosphere is always characterized by inherently faster
seismic wavespeed than younger Proterozoic lithosphere (e.g., Jor-
dan, 1975, 1978, 1988; Lebedev et al., 2009; Darbyshire et al.,
2012). Other studies suggest that there is a correlation between
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inferred lithospheric age and seismic characteristics (e.g., Fishwick
et al., 2005). The depth extent of the cratonic keels and their
layering are still controversial issues (Rudnick et al., 1998; Kopy-
lova and Russell, 2000; Artemieva and Mooney, 2001; Artemieva,
2009, 2011; Gung et al., 2003; Lehtonen et al., 2004; Fischer et
al.,, 2010; Yuan and Romanowicz, 2010). The nature of keel de-
velopment is a complex question which is under debate, specifi-
cally concerning the extent to which tectonics and thermochem-
ical processes after formation of the tectosphere nucleus, have
contributed towards vertically stratified lithospheric mantle (e.g.,
Lehtonen et al., 2004; Artemieva, 2011; Kopylova and McCam-
mon, 2003). Many studies of controlled source seismology (Per-
chu¢ and Thybo, 1996; Thybo and Perchué¢, 1997; Thybo, 2006),
receiver functions (Fischer et al., 2010; Rychert and Shearer, 2009;
Abt et al,, 2010; Wirth and Long, 2014; Leki¢ and Fischer, 2013;
Cooper and Miller, 2014; Hopper et al., 2014), and tomographic
studies (Yuan and Romanowicz, 2010), yield evidences for ei-
ther a single or multiple mid lithospheric discontinuities. Given
that the mid lithospheric discontinuity is always observed at
~100 km depth, it may be explained by thermochemical pro-
cesses in the depth range where the geotherm approaches the
solidus of mantle material containing small amounts of volatiles
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Fig. 1. Station locations in the southern African region showing the 82 stations of
the SASE array. Color code for the SASE array corresponds to the numbering of
tectonic blocks as follows. 1: Cape Fold Belt, 2: Namaqua-Natal Mobile Belt, 3:
Kheis-Okwa Mobile Belt, 4: Western Kaapvaal Craton - Ventersdorp LIP, 5: Central
Kaapvaal Craton - Witwatersrand basin, 6: Northern Kaapvaal Craton - Bushveld
Igneous Complex, 7: Northern Kaapvaal Craton - Pietersburg/Giyami/Murchison, 8:
Limpopo Mobile Belt, 9: Zimbabwe Craton - Tokwe gneiss block, 10: W Zimbabwe
craton - Tati Granite-Greenstone, 11: NW Kaapvaal Craton - Late Archean Gaberone
Granites,12: Eastern Kaapvaal Craton. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

(Thybo and Perchu¢, 1997; Thybo, 2006). Furthermore, (Darbyshire
et al., 2012) demonstrates that variations in wavespeed occur ver-
tically with fast wavespeed structure in the upper ~150 km (in-
terpreted as Archean material) lithosphere above younger man-
tle with lower wavespeed. This model, which builds on earlier
studies of the North American Cratons (Darbyshire et al., 2012;
Yuan and Romanowicz, 2010), implies that keels can form at differ-
ent times and in different ways suggesting a two-layered structure
in which the lower layer might have been accreted to the base
of the existing cratonic lithosphere. Alternatively, the lower part
of the cratonic lithospheric mantle (below ca. 150-180 km depth)
may have been significantly metasomatised during long-lasting
lithosphere-mantle interaction as indicated by the differences in
shear-wave speeds corrected for regional temperature variations in
the mantle (Artemieva, 2009).

Keel depth beneath the cratons is still poorly understood in
general (e.g., Artemieva and Mooney, 2001; Artemieva, 2009; Eaton
et al., 2009). To examine the depth extent of cratonic keels, their
seismic velocity heterogeneities, and to shed light on the tecto-
sphere evolution, we apply teleseismic tomography for imaging
the upper mantle seismic velocity structure beneath the southern
African cratonic regions: the Kaapvaal and Zimbabwe cratons sep-
arated by the Limpopo Belt, including the adjacent Namaqua-Natal
and Cape Fold Belts.

Previous estimates of lithosphere keel thickness in southern
Africa by receiver functions and body wave tomography interpre-
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Fig. 2. (a) Event distribution map used in this study, in equidistant projection, cen-
tered on the middle of SASE array. The lower insets are rose diagrams which show
the backazimuthal coverage of all the arrivals picked of b) P-waves, and c) S-waves.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

tations differ significantly from 140-160 km (Vinnik et al., 2009;
Hansen et al., 2009; Zhao et al, 1999) to about 300-370 km
(Vinnik et al, 1996; Kumar et al., 2007; Wittlinger and Farra,
2007), or even with a complex fashion by showing a layered
events in the region of the base of the tectosphere (Levander
et al., 2006), and also differ from results based on surface wave
tomography which leads to thickness ranges from 170 to ~250
(Fischer et al., 2010; Priestley et al., 2006, 2008; Sebai et al., 2006;
Li and Burke, 2006; Chevrot and Zhao, 2007; Adams and Nyblade,
2011). The latter values of the lithosphere thickness in the Precam-
brian regions of southern Africa are supported by thermal model-
ing (Artemieva and Mooney, 2001). Another study (Sodoudi et al.,
2014) reveals the presence of distinct lithospheric layers through-
out the stable part of the Kalahari craton and suggests that the
lithosphere-asthenosphere boundary (LAB) is extremely deep un-
der the Archean core and tapers out toward the surrounding Pale-
ozoic borders.

Our study builds on data from the dense seismic array of the
Southern African Seismic Experiment (SASE) in Kalahari (Carlson
et al.,, 1996). The NE-SW elliptical shape-like array covers tec-
tonic provinces of early Archean to Phanerozoic age, with ~100 km
between stations (Fig. 1). The array provides dense ray-path cov-
erage of the upper mantle which leads to high resolution seis-
mic tomography models down to the transition zone. Additionally,
the hypocentral distribution of analyzed events provides relatively
good azimuthal coverage (Fig. 2).

The number of seismological tools that have been applied in
the study region is incomparable with any other cratonic re-
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gions on the globe. Geochemical studies of the abundant mantle-
derived xenoliths from kimberlites in southern Africa (Boyd, 1987;
Finnerty and Boyd, 1987; Boyd et al., 1993; Pearson et al., 1995;
Shirey et al., 2001, 2002; Lee, 2006) provide opportunity to com-
plement the interpretation of our seismic imaging by petrologic
information.

Using the same SASE dataset and applying classic geometrical-
ray (infinite frequency) theory, previous tomographic body and
surface wave inversions have provided insight into the upper
mantle of the region (Priestley et al., 2006; James et al., 2001;
Fouch et al., 2004; Priestley and Tilmann, 2009). In the present
study, we analyze body wave residuals using finite-frequency 3D
sensitivity kernels (Marquering et al., 1999; Dahlen et al., 2000;
Hung et al., 2000; Montelli et al., 2004a, 2004b; de Hoop and
van der Hilst, 2005; Bezada et al., 2010; Schmandt and Humphreys,
2010) to reveal the upper mantle Vp and Vs anomalies. This multi-
frequency-based inversion is superior to ray theory for imaging
the upper mantle to obtain realistic representation of its seismic
complexity, and includes high frequencies to improve the model
resolution. Another advantage of this method for enhancing the
final model resolution is that the number of observed picked ar-
rivals is increased by the use of multiple frequency bandwidths.
To obtain high-quality waveforms, we inspect the consistency of
the station and event measurements to exclude bad traces vi-
sually. The relative traveltime residuals are inverted for 3D per-
turbations in velocity structure. The present tomographic mod-
els are determined using linear inversion, appropriate for south-
ern Africa where the velocity anomalies expectedly are relatively
small (Priestley et al., 2006; James et al., 2001; Fouch et al., 2004;
Priestley and Tilmann, 2009). In the inversion and interpreta-
tion, we also take into account the difference of the data den-
sity between different parts of the study region (i.e., the num-
ber of deployed stations and ray coverage). Given that the Kaap-
vaal Craton is the best-sampled region in the SASE experiment,
the tomographic model is most reliable for this part of southern
Africa.

2. Residuals of traveltime data

The seismic dataset includes seismic recording with broadband
stations at 82 locations in southern Africa for a period of 1-2 yr
(about half of the stations at the periphery of the array oper-
ated only for one year). 4471 P- and S-wave absolute arrivals
have been handpicked. The differences between these picks and
the predicted arrival times from ak135 (Kennett et al., 1995) are
used as initial input and quality control during the step of cross-
correlation. The absolute travel-time anomalies are computed from
the first arriving phase (first break). We then retrieve relative ar-
rival times of phases P, PKPdf, S, and SKS via a multi-channel
cross-correlation procedure (VanDecar and Crosson, 1990), which
considers the mean phase pick time for all stations across the
seismograph network for a given earthquake. The phase arrival
times relative to an unknown mean time are obtained by find-
ing the maximum of the cross-correlation function between each
possible pair of seismograms. Waveforms from the selected events
are band-pass filtered at multi-frequency bands and traveltime de-
lays for each event are obtained by cross correlating the filtered
seismograms. Odd-looking seismograms are inspected further and
outliers are removed, based on a visual event and station inspec-
tion criteria, if the quality is low to minimize the first order timing
errors.

The absolute residuals 8% are calculated by subtracting the pre-

dicted arrival times Tf;, according to the ak135 reference model,
from the observed traveltimes Tl?’j

8 =T —Tj + 8Ty (1)

4
8Tij=) 8Tj (2)
k=1

where 8Tj, are the differences between observations from the
predicted reference model. k = 1-4 represents various timing un-
certainties associated with the jth event. Timing shift in Eq. (2)
originates from the uncertainty in 1) source location, 2) event time,
and velocity variations in the 3) upper and 4) lower mantle. The
distinction between the lower and upper mantle anomalies is in-
troduced because individual rays travel along the same raypath in
the lower mantle until the rays diverge in the upper mantle be-
neath the seismic array. By the procedure of cross-correlation, the
residuals corresponding to the traveltime variations can be calcu-
lated in the upper mantle beneath all stations that recorded the
same jth event. This allows removal of the mean from the data to
reduce the average residuals.

The starting point of the linearized formulation for the trav-
eltime tomography in our study utilizes the following equation
(Dahlen et al., 2000);

Stij = /// K (x) 8sij (x) d°x (3)
[C]

where §t;; is an observed traveltime residual relative to that pre-
dicted by the one-dimensional, radially-symmetric model, ak135,
and K (x) is the Fréchet derivative or sensitivity kernel that relates
dtj; to perturbations in P- or S-wave slowness §s;; at every point X
throughout the region, ®, that is being imaged.

For seismic phases relevant to our study, sensitivity kernels
from the finite-frequency theory have the so-called “banana-
doughnut” characteristics with minimal sensitivity along the ge-
ometrical raypaths (Dahlen et al., 2000; Hung et al., 2000). When
the lateral length scale of heterogeneity in wave speeds is consid-
erably greater than the diameter of the 3-D kernel or, equivalently,
the frequency of the wave approaches infinity, Eq. (3) simply re-
duces to linearized ray theory (because the geometrical ray theory
is only valid if the scale length of the Earth’s 3-D heterogeneity
is much greater than the seismic wavelength). In this case, the
Fréchet derivative essentially approaches zero everywhere except
along the geometrical ray, and Eq. (3) reduces to a line integral of
8s at each incremental arc length, evaluated along the geometrical
raypath that is determined solely by a 1-D reference model. Based
on synthetic traveltime residuals, a number of studies have shown
that both finite and infinite-frequency inversion procedures pro-
duce comparable results in general terms, but images based on the
finite-frequency formulation are superior in recovering both ampli-
tude and geometry of anomalies, i.e. provide better resolution of
the inverted model (Montelli et al., 2004a, 2004b).

In the current study, we calculate the relative traveltime resid-
uals for the selected 1) P-phases (recorded for epicentral distances
in the ranges of 30°-90° and 140°-180°) on the vertical compo-
nents and 2) S-phases (recorded for epicentral distances in ranges
of 30°-90°) on the SH components after rotation of the shear axes
to the radial and transverse wave fields. In total, we use 13414
body wave residuals (7374 and 6040 for P- and S-waves, respec-
tively) which we calculate by cross-correlation of band-pass fil-
tered waveforms in different Gaussian frequency bands (centered
at frequencies of 1, 0.5 and 0.3 Hz for P waves and at 0.1, 0.05
and 0.03 Hz for S waves): all bandwidths are the same as the cen-
ter frequency values. This means that if the center frequency is
1 Hz, the bandwidth will be 1 s as well. The root mean square
(RMS) of the P and S residuals is 0.32 s and 1.00 s before inversion
(Figs. 3a, 3b).
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Fig. 3. Histograms for (a) P-wave and (b) S-wave datasets showing the raw measured delaytimes (i), crustal corrections (ii), relative traveltime data before (iii) and after the

inversion (iv).

To avoid projection of crustal velocity heterogeneities into the
mantle, we apply crustal and elevation corrections to the delay
times. Ray theoretical time corrections are calculated based on a
crustal model derived from recent results of receiver function cal-
culations for the same array (Youssof et al., 2013). We generally
expect that the frequency-dependence of crustal correction times
is small for the phases and frequencies in our traveltime dataset
(Ritsema et al., 2009). The RMS residual of the corrected traveltime
after inversion of the P- and S-waves is 0. 19 s and 0.81 s, respec-
tively, while the crustal corrections have RMS of 0.12 s and 0.18 s
(Fig. 3). Interpretation of the data indicates that there is a correla-
tion between the crustal structure and integrated travel-time resid-
uals. This may indicate that inversion-based station terms can be
used to correct for crustal structure. We have to take into consid-
eration that the station terms effectively can reduce the magnitude
of travel-time residuals and therefore would lead to underesti-
mation of mantle heterogeneity. Smaller variance reduction was
achieved for S-wave data than for P-wave data which probably re-
flects a larger component of measurement error in the S-wave than
the P-wave dataset.

3. Tomographic finite-frequency inversion

Traveltimes are sensitive to seismic velocity variations within a
volume surrounding the geometrical raypath. Seismic waves with
different frequency content have different Fresnel zone widths and
sample different volumes of the medium around the geometri-
cal raypath. Therefore, finite-frequency 3D sensitivity kernels (the
Born kernel formulation of Dahlen et al., 2000) are preferred as
link between traveltime residuals and perturbations of model pa-
rameters. In this study, we choose to calculate the sensitivity of the
first Fresnel zone (Rfq) using an approximate formulation for the
finite-frequency kernels (Schmandt and Humphreys, 2010). Rfq is
measured as a function of epicentral distance (A) along the ray-
path (Dg) with computations at 3° increments of distance. This
step is repeated for all selected frequency bands. To estimate Rpq
for all rays, we interpolate between the different Ry radii. There-
fore, the relative distribution of sensitivity within Rg; is approxi-

mated as
1

RN

— (4)
Rr1 (DR, w, A)

K(RN) = Asin(n[

where A is a scaling constant, w is the frequency and Ry is the
ray-normal distance within any ray-normal plane. A is determined
by assuming that the integrated value of the full Born kernel in
the volume around the ray is equal to the integrated value of
ray theoretical sensitivity along the ray length L (Schmandt and
Humphreys, 2010):

/K(x)dV:/[z‘)(DR)]_ldL

14 L

(5)

where K(x) is the 3D Born sensitivity kernel and @ (Dg) is the
reference velocity as a function of position along the ray. We use
Eqs. (4) and (5) to approximate sensitivity within the volume of
RF1 as

Kr1(Rn, Dg, w, A)

_ ( S, (DRI 1dL

Ry )21dV
X sin(rr [

)

Jve ST (et
2
] ) (6)

RN
Rr1(DR, w, A)

where Vpq represents the entire volume of Rp; around the ray

length L.

For model regularization, we apply ray normal smoothing to
the sensitivity kernels to address ray location uncertainty. The ap-
plied smoothing width increases with raypath distance from the
station from 2 km at the Moho to 10 km at a distance of 700 km
along the raypath. The ak135 1-D velocity model is used as a ref-
erence model both for calculation of the raypaths and sensitivity
kernels. Model parameterization is designed by nodes at the ver-
tices of an irregular, rectangular 3D mesh, which consists of a total
of 48450 and 44849 nodes for P- and S-wave datasets, respec-
tively (Table 1). Vertically 25 nodes have variable spacing from 14
to 35 km between the model surface and 100 km depth, from
where they occur at 25 km interval down to 400 km depth and
at 50 km interval down to 700 km depth. Horizontal node spac-
ing is smallest (35 km) beneath the array center and gradually
increases to 45 km at the edges of the model where there are few
crossing rays. This gradual coarsening of node spacing parameter-
ization is introduced in order to match the growing width of Rpq
and decreasing resolution. The model domain extends from 1 km



178 M. Youssof et al. / Earth and Planetary Science Letters 420 (2015) 174-186

Table 1
Quantitative characters of the P- and S-wave traveltime datasets and model parameterization.
Data P-wave S-wave
Epicentral distance ranges (°) 30°-90° and 140°-180° 30°-90°
Central frequencies (Hz) 1, 05,03 0.1, 0.05, 0.03
RMS of P and S residuals (s) Raw residuals 0.33 0.99
Corrected residuals 0.19 0.81
Crustal correction 0.12 0.18
Station term 0.04 0.04
Event term 0.05 0.29

Model parameterization (Number of nodes)

48450 nodes; 51 (latitudinal) by
38 (longitudinal), in 25 layers

44849 nodes; 51 (latitudinal) by
38 (longitudinal), in 23 layers

to 700 km depth but resolution is low above 36 km depth as a re-
sult of near vertical raypaths in the crust and the clustering of rays
at station locations. Corrections for crustal thickness and velocity
variations at each station have already been applied to the travel-
times. We apply a station damping to keep the station terms from
absorbing mantle structure. The RMS residual of the station terms
is 0.04 s for both P and S. Event terms are 0.047 s for P and 0.29 s
for S, which represents the correction of the mean arrival time for
the set of stations that recorded each of the events.

A combination of smoothing (gradient damping) and norm
damping operators is useful to regularize the inverse problem. The
smoothing operator is depth-dependent and the weight of the con-
straint is greatest in the plane normal to the mean raypath orien-
tation. We use this operator to produce smooth velocity variations,
both laterally and radially. Norm damping finds the minimum
structure solution that satisfies the traveltime data and reduces
perturbations that are weakly constrained by the data. This tends
to minimize the amplitude of the velocity perturbations. We have
selected the optimized norm damping that reasonably recovers
the amplitude of well-sampled anomalies while eliminating strong
perturbations in poorly sampled cases. Both damping parameters
are chosen, as is common practice, in a subjective manner, in-
specting a trade-off graph of the misfit of the solution against
complexity of the model (Fig. S5).

The iterative LSQR method used to solve the inverse problem
seeks a solution (m) which minimizes the least-squares misfit (E)
(Paige and Saunders, 1982). This optimal solution of the regular-
ized inversion can be found to minimize the cost function

E=|Gm—d|?+ Ky|ILm|* + K2 [m|| (7)

where G is the matrix of the partial derivatives that relates the
corrected traveltime residuals (d) to perturbations in model pa-
rameters of vector m. The L matrix represents the spatially varying
smoothing constraint while K; and K; are the relative weights of
the smoothing and damping terms, respectively. The values of K
and K, for the P- and S-wave datasets are proportional to the
magnitudes of the P and S data vectors. The damping parame-
ters can be determined on the basis of a trade-off curve between
model norm and variance reduction (Eberhart-Philips, 1986). This
trade-off with varying damping coefficient K, is represented by
the L-curve which can be obtained for each smoothing factor K
by adding the smoothness constraint (Fig. S5). Varying the model
box volume or changing the damping progressively through depth
within the same inversion provides realistic insight into the im-
aged anomalies (“squeezing tests”; Lerner-Lam and Jordan, 1987).
We ran both suites of tests with a fine interval of 1 unit at all the
values of damping and smoothing (where K; and K, both range
from 1 to 50, Fig. S5). Based on this criterion, we select the opti-
mum K; =16 and K, = 25 factors separately, to be used for the
Vp- and Vs-datasets inversion.

4. Resolution assessment

We investigate the resolution of velocity anomaly recovery
through different kinds of synthetic tests that demonstrate ex-
pected model resolution, under the assumption of an isotropic
elastic mantle, accurate ray locations, and banana doughnut-like
traveltime sensitivity. In the first type of resolution tests, the syn-
thetic velocity structure consists of a group of checkerboard layers,
with each anomalous volume consisting of 5 nodes at the vertices
from 1.5° to 2° cube (block size increases slightly from the model
surface center in all directions with node spacing). The input struc-
ture is reasonably well recovered by the final model, but the am-
plitudes are only 50% or less of the model anomaly (Fig. 4, Fig. S4).
We observe smearing and amplitude loss of the input structure
caused by the near-vertical propagation of teleseismic rays and the
preference for minimum energy structure in the inversion algo-
rithm as well as the uneven distribution of back-azimuths. The
peak amplitude recovery is slightly better in the P-wave test than
in the S-wave test. We attribute this to the shorter wavelengths
and larger number of teleseismic P-wave arrivals. Larger input
anomalies tend to reduce the difference between the P and S re-
covery model. For the current study, input anomalies of 1.0% for
P-wave and 2.5% for S-wave perturbations are the optimum, as we
do not expect larger anomalies in mantle structures. Checkerboard
resolution tests show a reasonable model recovery for Vp and Vs
anomalies imaged over block dimensions of ~1.5° x 1.5° laterally
and with ~150 km in thickness.

In order to interpret the small-scale features in the present to-
mographic model, we apply two different resolution tests: squeez-
ing tests and model-driven tests to get indication of the depth
extent of the cratons. The checkerboard test indicates that the hor-
izontal resolution is better than 100 km in the upper 200-300 km
(best for the P-wave model). The interval of 200-500 km is char-
acterized by strong NW-SE directed smoothing due to the low
density of back-azimuthal rays coverage in this direction (Fig. 2)
and surprisingly the test indicates good recovery below 500 km.
The classical checkers define systematic/periodic changes of veloc-
ity that have the tendency to be recovered by the linear inversion,
so, checkerboard test may not give full insight into the actual
resolution (Allen and Tromp, 2005; Leveque and Masson, 1999;
Alinaghi et al., 2007; Foulger et al., 2013). Finite-frequency kernels
suffer the same limitation in depth resolution for regional teleseis-
mic studies as ray theory and therefore squeezing tests are used
here to determine if a velocity anomaly could be isolated within
just one part of the kernel volume while satisfying the dataset
(Alinaghi et al., 2007).

To isolate the depth extent of anomalies, we perform the so-
called squeezing tests (Figs. S6, S7). These tests include two suites:
1) to apply the optimum K; and K», equally through the entire
model, with model depth being selected at 200, 300, 500, 700
and to 1000 km and 2) for the selected 700 km deep model,
to increase the damping parameter K, in the deeper layers pro-
gressively and examine the RMS misfit and the imaged structure
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Fig. 4. Finite-frequency checkerboard resolution tests for P- and S-wave dataset. The upper panels show the input model. Synthetic output is presented in the form of
4 different horizontal slices. The effects of vertical streaking is observed at shallow depth. All images have been plotted with the same color-scale so that the degree of
pattern and amplitude recovery are comparable. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Results of the suites of squeezing tests. Test-1: applying the same factors of K; = 16 and K; = 25 through the whole
model but with changing model size. Test-2: applying different values of K; and K, below 400 km depth, through the
same selected model of 700 km depth, which has been selected as an optimum model.

Test-1

Model maximum depth Fixed K, =16
(H, km) RMS of inverted data Variance reduction
(s) (%)
1000 0.18 70.73
700 0.19 66.78
500 0.20 63.06
300 0.21 57.91
200 0.22 53.14
Test-2

K> changes below 400 km to

Fixed H =700 km

RMS misfit Variance reduction
(%)
32 0.22 57.04
64 0.26 39.15
96 0.28 26.32

(Table 2). For test-1, the RMS misfit decreases and the variance re-
duction increases with increasing thickness of the model box. For
test-2, K, values are changed from 400 km depth to the bottom
of the model, where K is increased to 2, 4, and 6 times the op-
timum K3, which is applied in the upper 400 km and chosen by
the trade-off analysis. RMS misfit increases and the resultant vari-
ance reduction decreases significantly through the increase of K
(Table 2 and supplementary Table S1). Vertical slices through the
squeezed final models for both test-1 and test-2 show that the
lateral distribution of structures remains unaffected by the depth
extent of the model, and that deep structures remain present for
strong damping (Figs. S6, S7). This indicates that the anomalies in
the whole upper-mantle are required by the data.

To test the effect of vertical smearing on the imaged velocity
anomalies, a third type of resolution tests is performed (structure-
driven test (Fig. 5)), where synthetic anomalies in the form of sim-
plified blocks simulate the imaged structures in the tomographic
model (Alinaghi et al., 2007). This test may add constraints to the
depth extent of the imaged anomalies. Two synthetic inputs are
used for this test. The first model (test-a) replicates the Kaapvaal
Craton body (positive anomaly) surrounded by the southern mobile
belts, and divided by the Bushveld Complex (negative anomaly)
where all of the anomalies extend to 300 km depth. The man-
tle below 300 km depth is neutral with velocity as in the ak135
reference model (Fig. 5a). The second test (test-b) has the same
structure as test-a to 300 km depth with negative anomaly ev-
erywhere below a depth of 300 km (Fig. 5b). For both tests, all
structures (and even the northern small block of the Kaapvaal Cra-
ton) are returned in the output model and, in the best case, the
magnitude of the recovered anomaly is ~75% of the input anomaly.
For both P- and S-wave data, the second test, with the assumed
negative anomaly underneath the simplified structures, resolves
the depth extent of the Kaapvaal cratonic keel with considerably
less vertical smearing than test-a, while test-a better recovers am-
plitudes. As indicated, this third test (structure-driven assessment)
is a more reliable way to check the vertical smearing effects (Allen
and Tromp, 2005; Leveque and Masson, 1999; Alinaghi et al., 2007;
Foulger et al., 2013).

Overall, the tests indicate that the vertical resolution of the
thickness of the cratonic lithosphere is of the order of 100-200 km,
as may be expected for teleseismic tomography where the energy
is traveling subvertically. The horizontal resolution of the upper
200-300 km is ~100 km.

5. Results

The Kaapvaal and Zimbabwe cratonic keels have a prominent
seismic high velocity anomaly (§Vp and §Vs range from 0.5 to 1.0%
with respect to the reference model ak135) with low Vp/Vs ratio.
The Kaapvaal Craton is imaged as a triangular high-velocity struc-
ture, which extends down to depths of 400-500 km. Taking the
results of the resolution tests into account, this indicates that the
lithospheric keel reaches depths of at least 300-350 km. Within
the craton body, some small-scale features are imaged:

1) a noticeable contrast at the Colesberg Magnetic Lineament
with ~0.6% in the S wave model, and a weak contrast in the P-
wave model (Figs. 6, 7, Figs. S1, S2, S9),

2) the small northern block of Kaapvaal Craton (NKC) identified
by an average positive anomaly of §Vp = ~0.6%, between the neg-
ative anomalies of the eastern part of the Limpopo Belt and the
Bushveld Complex (Figs. 6, 7), and

3) a continuous, relatively narrow, negative anomaly of §Vs =
~0.5% within the eastern block of the Kaapvaal Craton which ex-
tends from the apparent bottom of the keel. Apart from this nar-
row anomaly, no other differences between the eastern and west-
ern upper mantle domains of the Kaapvaal Craton are observed
(Figs. 6, 7, Figs. S1, S9). To the west of the Kaapvaal Craton, the
Kheis Belt is represented by a slightly negative velocity anomaly.

The Bushveld Complex appears as one unit with an average
anomaly of ~0.5% in the P-wave model but vertical smearing
impedes estimation of its depth extent (Fig. 5, Figs. S1, S6, S7).
The Vp/Vs ratio is generally low (Fig. 6). The resolution tests in-
dicate that the vertical resolution in this region is low, cf. the
~175-250 km smeared body attached to the real anomaly of
the Bushveld Complex. The dense S-wave ray coverage shows a
negative anomaly body with considerably less smearing than in
the P-wave model. The S-wave model images separated negative
anomalies for the eastern and western lobes of the Bushveld Com-
plex (Figs. 6, 7, Figs. S1, S9). The present study indicates that the
Bushveld Complex lobes may not be connected, thus supporting
results for the crust from receiver functions analysis (Youssof et al.,
2013). The estimated depth extent of the western lobe of Bushveld
is ~150 km) shallows to the north to ~100 km, and it is undeter-
mined beneath the eastern lobe.

The negative anomaly of §Vp = ~—0.75% and §Vs = ~0.60% be-
low the eastern block of the Limpopo Belt extends down to at
least 250 km while a positive anomaly with §Vp = ~0.60% and
8§Vs = ~0.50% extends down to ~250 km below the western block
(Fig. 7, S2, S3, S9). The vertical smearing, especially in the eastern
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Fig. 5. Synthetic tests to examine the extent of vertical smearing in our model. Input models are shown on the upper panels (a, d) and recovered models are shown on
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underlained by a negative anomaly. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

block, is significant and may reach ~200 km, similar to the man-
tle anomaly below the Bushveld Complex. The southern collisional
border between the Limpopo belt and the northern block of Kaap-
vaal Craton appears resolved (Figs. S2, S3). Although the Zimbabwe
Craton is at the edge of the model with few seismic stations, both
the P- and S-wave models include a ~+1% anomaly in the south-
ern Zimbabwe Cratonic area, which extends to a depth of ~200 km
(Fig. S1).

To the south of the Kaapvaal craton, we observe a ~—0.5%
negative anomaly which extends to at least a 200 km depth. A pro-
nounced positive anomaly of ~0.5% separates the Cape Fold and
Namaqua-Natal mobile belts. This anomaly is observed below the
tectonic surface expression of the collisional border of the two
belts (Fig. 6).

6. Discussion

Our new 3D P- and S-wave tomography models present the
expected first-order differences of the seismic velocity perturba-
tions between the cratons, the modified cratons (such as the
Bushveld complex) and the mobile belts, which surrounds the cra-
tons (Fig. 6). The contrast in velocity perturbations between the
cratons and the mobile belts is of the order of 1-2%, which is
consistent with the anomalies expected from the compositional
variations observed in mantle nodules (Shirey et al., 2003), al-
though this number probably is underestimated due to smear-
ing of the resulting velocity models. Compared to other previous
seismic studies (e.g., Priestley et al., 2006; Fouch et al., 2004;

Silver et al., 2001), our models are similar in most of the general
aspects but they also show some significant differences.
Our results indicate the following features:

1. A pronounced positive anomaly is imaged below the northern
part of the Kaapvaal Craton. It has a distinguishable contrast
relative to the two surrounding blocks of the Limpopo Belt and
the Bushveld Complex. Imaging such relatively small feature
indicates better resolution by application of 3D Born sensitivity
kernels than the previous ray theory-based studies of the area.

2. Our final images of the main Kaapvaal Craton indicate a dif-
ferent geometry of the lithospheric keel from what has been
proposed earlier (Pearson, 1999). We observe a semi-triangular
shape of the keel with a gentle slope of the cratonic edge to
a depth of ~300-350 km, whereas (Pearson, 1999) suggested
a rectangular-like block with rough, steep edges to the sur-
rounding belts. Our results indicate that the Kaapvaal cratonic
keel extends to depths of 300-350 km (with an average ve-
locity anomaly of ~0.75%) and that the lithosphere beneath
the southern Zimbabwe Craton is thinner (200-250 km) with
an average velocity anomaly of ~1%; the latter is imaged with
lower resolution than the Kaapvaal Craton due to limited sta-
tion coverage (Fig. 6, Fig. S1). Our estimated depth extent of
the cratons agrees with James et al. (2001) who imaged a keel
with ~4+1% anomaly to at least 300 km depth beneath the
Kaapvaal Craton and to ~250 km beneath the Zimbabwe Cra-
ton. Kaapvaal Craton is generally characterized by low Vp/Vs
ratio (Fig. 6, Fig. S8) which may indicate a high magnesium
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number, i.e. a depleted composition (Lee, 2003). The presence (Youssof et al., 2013) and in shallower crustal structure
of a depleted mantle below the cratonic crust may indicate (de Wit and Tinker, 2004).
that the crust and mantle have been connected since the for- 4, The ~2.7 Ga Limpopo Belt between the Zimbabwe and Kaap-
mation of the craton. vaal cratons is characterized by two different anomalies. The
3. The Colesberg Magnetic Lineament (CML), which may mani- velocity anomaly of the eastern block has significantly larger
fest subduction-related and collisional processes that occurred amplitude (~—0.75%) than proposed by James et al. (2001),
~2.7-2.9 Ga. Schmitz et al. (2004), is imaged with a con- Fouch et al. (2004) who estimate the magnitude of the
trast to the rest of the Kaapvaal Craton lithosphere. Profiles anomaly to be ~—0.5%. The seismic structure of the signifi-
across the surface expression of the CML demonstrate this cant negative perturbations for that large part of the Limpopo
contrast (Figs. S1-S3). This new tomography imaged feature Belt is unexpected but the associated anomaly (~—0.75%)
constrains the deep extent of the CML. This deep-reaching fea- may be related to the Okavango Dyke Swarms. The seis-
ture has also been confirmed by variations in Moho depth mic image of the western block of the Limpopo Belt shows
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a positive anomaly of ~0.75% which is in agreement with
James et al. (2001), Fouch et al. (2004). For an interpre-
tation for the mantle anomaly observed below the eastern
Limpopo Belt, we note the following. a) Jordan (1979) re-
ports that, in general, refertilized cratonic samples with sig-
nificant weight percentage of clinopyroxene and garnet have
seismic velocity decrease of 1% and density increase of 2-3%
compared to depleted peridotites. Moreover, specifically for
Limpopo, b) other studies (e.g., Watkeys and Armstrong, 1985;
Zeh et al., 2007) suggest that fertilization processes involved
an incompatible trace element-enriched fluid derived from de-
hydration of a slab, which subducted beneath the Limpopo
region about 2.7 Ga, and c) the low velocity of the mantle in
the Limpopo Belt may be caused by the existence of trapped

-25
(dVs/Vs)%

31

Fig. 7. Horizontal slices from of the models of P- and S-wave velocity perturbations at depths of 200, 300, and 350 km. (For interpretation of the colors in this figure, the
reader is referred to the web version of this article.)

fertilized peridotites, that may originate from underthrust-
ing by oceanic and oceanic arc lithosphere (e.g., Lee, 2006;
Snyder, 2008). And finally d) studies of other cratonic re-
gions (e.g., the Slave Craton, Chen et al, 2009; Snyder et
al., 2004, Siberia Griffin et al., 2005, and cratons globally
Artemieva, 2009) do not exclude the involvement of meta-
somatic events that could fertilize the keel. Hence, we suggest
that the Limpopo belt may include considerable amounts of
impurities in the mantle with low seismic velocities, which
can cause the observed anomalies. The source of these fertile
patches within the depleted lithospheric mantle could orig-
inate from the collisional/accretionary processes at ~2.7 Ga
that amalgamated the present cratonic bodies and trapped fer-
tile mantle in the suture zones between converging cratons.
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5. Our model for the Bushveld Complex is in agreement with the
model of James et al. (2001), Fouch et al. (2004) where the
negative anomaly of ~—0.75% extends down to a depth of
~200 km (Figs. 6, 7). The presence of low Vp/Vs ratio indi-
cates a depleted composition, thus supporting that the magma
that formed the Bushveld complex originated from the mantle
directly below the mafic intrusion. The Bushveld Complex rep-
resents a large igneous intrusive body (Von Gruenewaldt et al.,
1985); it is generally accepted that its mantle has been chem-
ically modified in the Proterozoic, ca. 2.05 Ga (Carlson et al,,
2000), and that mantle refertilization significantly reduced the
mantle velocity. Our S-wave model includes a positive anomaly
in the area in-between the Bushveld lobes, where the ray cov-
erage is dense. At crustal depths, recent receiver functions
analysis and mapping of Vp/Vs (Youssof et al., 2013) also in-
dicates that the mafic lobes are non-connected, in contrast to
previous interpretation based on gravity anomalies (Webb et
al.,, 2004, 2010).

6. The southern Cape Fold Belt and Namaqua-Natal Belt show
average anomalies of ~—0.5% but with a separation zone be-
tween them, below the surface exposure of the collision zone
between the two belts at depth of ~100 km. This image is in
agreement with Lee (2006), James et al. (2001), especially for
the P-wave tomography model.

7. The mobile belts, the Limpopo belt and the southern Zim-
babwe Craton all are characterized by relatively high Vp/Vs
ratio (Fig. 6, Fig. S8), which may indicate a more fertile com-
position than the Kaapvaal Craton.

Our resolution tests show that the lateral extent of the cratonic
roots is reliably constrained (see Fig. 5, Figs. S6, S7). The effects of
vertical smearing are roughly estimated using the integrated reso-
lution tests, in particular, by the model-driven tests which shows
that the smearing effects may extend dimensions by up-to 200 km
vertically and not more than 50 km horizontally.

7. Conclusions

Teleseismic frequency-dependent tomography is used in the
present study to image in high-resolution the upper mantle ve-
locity structure of the cratons in southern Africa and the adjacent
mobile belts. Using different resolution tests, we examined the
range of the inherent smearing in the models. As it is well known,
body wave tomography is much better for retrieving anomalies in
the horizontal than vertical direction.

The results indicate that the depth extent of the fast litho-
spheric keel may be 300-350 km for the Kaapvaal Craton and
200-250 km for the southern part of the Zimbabwe Craton. The
finite-frequency approach allows resolving relatively small-scale
anomalies such as the lithosphere-scale suture zone between the
eastern and western blocks of Kaapvaal Craton (the Colesberg Mag-
netic Lineament - (CML)) and the northern block of the Kaapvaal
Craton. New tomographic images of the Bushveld Complex indi-
cate that the surface exposures of its two lobes are non-connected
in the mantle, similar to supporting finding in the crust by receiver
function studies (Youssof et al., 2013).

The high resolution of the finite-frequency kernels makes it
possible to recover the heterogeneous structure of the Limpopo
Belt mantle. The mantle of the eastern Limpopo Belt has a neg-
ative velocity anomaly, comparable in magnitude to the mantle
anomaly below the Bushveld Complex, where crossed by the Oka-
vango Dyke Swarm. Our final tomographic images are in agree-
ment with geochemical studies which indicates that fertilization
processes changed the mantle of the Limpopo Belt during and after
the collisional events between the Zimbabwe and Kaapvaal cratons
(Meibom et al., 2003; Anderson, 2006).
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