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Abstract Wwe present the first nationwide crustal thickness and Vp/Vs maps for Botswana based on the
analysis of new P wave receiver functions of NARS-Botswana network integrated with previous receiver
function results in Botswana. Using H-K analysis, we found crustal thickness values ranging from 34 km

for the Okavango Rift Zone to 49 km at the border between the Magondi Belt and the Zimbabwe Craton.
For stations with significant sediment cover, a sediment correction was applied based on sequential H-K
stacking. We observed distinct differences for the Kaapvaal craton. The eastern part has a high Vp/Vs ratio
typical of a predominantly mafic composition, suggesting lateral extension of the Bushveld mafic complex.
On the other hand, the western part with a Vp/Vs ratio of 1.67 is felsic, probably as a result of delamination
caused by Proterozoic rifting processes. Further to the west of the Kaapvaal Craton, we found a crustal
thickness of 42 km and a Vp/Vs ratio of 1.76 for the Nosop Basin. These values are similar to other cratonic
regions in Botswana, suggesting the presence of a buried craton as proposed by previous studies. We
confirm a relatively thin crust (~34-39 km), compared to the rest of Botswana, and high Vp/Vs ratio (~1.84)
underneath the Okavango Rift Zone found by previous receiver function studies. Notably, we also found a
relatively thin crust (37 km) and high Vp/Vs ratio (1.84) in central Botswana underneath the Passarge Basin.

1. Introduction

The crustal structure in southern Africa mainly consists of cratons with mobile belts in between. The detailed
structure of crust and upper mantle is still unknown due to limited seismic station coverage in large parts
of southern Africa, in particular, in Botswana. Botswana covers three main cratonic provinces: the Kaapvaal
Craton in the south and southeast, the Zimbabwe Craton in the east and northeast, and the Congo Craton in
the northwest. Little is known about the extent of these cratons and the structure and geodynamical role of
the mobile belts in between.

To date, only a limited number of studies (e.g., Adams & Nyblade, 2011; Kgaswane et al., 2009; Li, 2011; Nair
et al,, 2006; Nguuri et al., 2001; Stankiewicz et al., 2002; Yang et al., 2008; Youssof et al., 2015) investigated
the crust in the southeastern part of Botswana based on data from the Southern African Seismic Experiment
(SASE) temporary seismological network (Carlson et al., 1996). Recently, a new temporary seismic line was
deployed across the Okavango Rift Zone (ORZ) as part of the Seismic Arrays for African Rift Initiation (SAFARI;
Gao et al, 2013). Partly overlapping with these studies are some studies using other geophysical techniques:
(1) deep seismic profiling for the Nosop Basin (Wright & Hall, 1990), (2) gravity and magnetic field data analysis
(Corner et al,, 2012; Hutchins & Reeves, 1980; Leseane et al., 2015), (3) magnetotelluric from the recent South-
ern African Magnetotelluric Experiment in the northern (Miensopust et al., 2011; D. Khoza, 2013; T. D. Khoza,
2013), and southwestern (Muller et al., 2009) part of Botswana, and (4) joint interpretation of magnetotelluric
and seismic data (A. G. Jones et al., 2013).

From November 2013 to February 2018, a temporary array of seismometers was deployed in Botswana. This
Network of Autonomously Recording Seismographs in Botswana (NARS-Botswana) network (NARS-Website,
2017) consists of 21 broadband seismic stations distributed over the whole country. It strategically covers
the different geological and tectonic units and complements the existing stations MAUN from AfricaArray
(AA), and LBTB from the Global Seismic Network (GSN; Figure 1). It fills a gap in station coverage for southern
Africa, extending both westward and southward from previous temporary seismic deployments in Zambia,
Zimbabwe, and South Africa. In this study, we will present crustal thicknesses and Vp/Vs ratios for Botswana
using receiver function analysis from the new data delivered by the NARS-Botswana network and link the
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Figure 1. (a) An overview of the NARS-Botswana network. The black lines indicate the tectonic boundaries after
Singletary et al. (2003) and McCourt et al. (2013). The yellow triangles are NARS stations used in this research, blue is
GSN station LBTB, and green is AA station MAUN. The gray transparent contour outlines the Okavango Rift Zone after
Yu, Liu, Reed, et al. (2015). The two light blue dashed lines comprise the Kalahari Suture Zone (KSZ) after Haddon (2005).
(b) Sedimentary thickness map inferred from aeromagnetic data (modified from Pretorius, 1984) with the NARS stations
on top as black triangles. NARS-Botswana = Network of Autonomously Recording Seismographs in Botswana; GSN =
Global Seismic Network; AA = AfricaArray Seismological Network.

results to the geodynamics of the regions, with particular focus on the relation between cratons and mobile
belts and the possible existence of rifting in the central part of Botswana.

2. Botswana Geological and Tectonic History

The crust of Botswana encompasses diverse tectonic features (Figure 1) with a mix of cratons and mobile belts.
The cratonic areas cover the Archean Kalahari Craton with the Kaapvaal and Zimbabwe cratonic blocks in the
south and east of the country and the Congo Craton in the northwest.

In between the cratonic blocks, a series of mobile belts is found: the Limpopo, Kheis-Okwa-Magondi, and
Damara belts (Key & Ayres, 2000). The late Archean Limpopo Belt, reworked during the Proterozoic, is located
in the east of Botswana and sutures the Kaapvaal and Zimbabwe cratons (Barton et al., 2006; Begg et al.,
2009). The largest belt is the composite Kheis-Okwa-Magondi Belt that is bounded by the Kalahari Suture
Zone (KSZ), which runs from southwest to northeast Botswana. The KSZ is a Paleoproterozoic major thrust
zone that separates the Archean blocks to its southeast (Kalahari Craton, Zimbabwe Craton, Limpopo and
Kheis-Okwa-Magondi belts) from the Proterozoic Damara, Rehoboth, and Ghanzi-Chobe belts toward the
north and west (Reeves, 1978). The Damara Belt is a complex, Neoproterozoic belt that bounds the south-
eastern margin of the Congo Craton. It consists of a succession of metasediments that are highly deformed
and metamorphosed during the Pan-African Orogeny (Haddon, 2005; Key & Ayres, 2000; Wright & Hall, 1990).
Bounding the Damara Belt toward the southeast is the Ghanzi-Chobe Zone that consists of tightly folded
metasediment sequences (Wright & Hall, 1990). At the northern tip, cutting across the Damara Belt and
Ghanzi-Chobe Zone, is the incipient Okavango Rift, often considered to be the southwestern terminus of the
East African Rift System (e.g., Leseane et al.,, 2015; Yu et al., 2017, and references therein).

On top of these complex and heterogeneous tectonic units, two deep sedimentary basins exist. At the cen-
ter of Botswana, the Passarge basin has up to 15-km-thick Ghanzi Group sediments, which were deposited
during Neoproterozoic and early Paleozoic times (Pretorius, 1984). One of the poorer-defined regions is the
Rehoboth Province which extends from southwestern Botswana to western Namibia (Begg et al., 2009; van
Schijndel et al., 2014). A significant part of the province aggregated around an Archean nucleus during the
Paleoproterozoic (Van Schijndel et al.,, 2011). In the southwest, the upper part of the crust is formed by the
Nosop basin. It is filled with thick Nama Group and Ghanzi Group sediments that reach up to 15-km-depth
(Pretorius, 1984; Wright & Hall, 1990). Underneath it, an ancient microcraton (the Maltahohe craton) may exist
(Begg et al., 2009), but it has also been interpreted as an extension of the Kaapvaal Craton (Wright & Hall, 1990).

FADEL ET AL.



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016190

Further details on the tectonic evolution and composition of the crust for each of the provinces are provided
with the findings of crustal thickness and Vp/Vs ratio in section 4.

3. Data and Methods

3.1. Data

NARS-Botswana is a temporary seismological network consisting of 21 broadband stations deployed across
Botswana (Figure 1). The main aim of the project is to image the crustal and upper mantle structure (for more
information about the NARS seismological network, the reader is referred to the NARS-Website, 2017). In this
study, we used data collected from these stations, between November 2013 and August 2016, as well as from
GSN station LBTB and AA station MAUN. The reader is referred to Figure S1 in the supporting information for
an overview of the data used in this study.

3.2. Receiver Functions

P wave receiver functions (RFs) are time series that contain converted P-to-S conversions from discontinu-
ities under a seismic station. They are mainly used for estimating the crustal thickness and velocity relations
Vp/Vs ratios. Crustal thickness and Vp/Vs ratio are crucial parameters for understanding the tectonic evolu-
tion, geodynamical processes and composition of the crust. RFs are derived from earthquake records at a
seismic station by deconvolving the vertical component from its radial and transverse components. This, the-
oretically, removes both the instrument response and source imprint from the recorded signal. The remaining
signal contains the direct P phase and P-to-S conversions at discontinuous structure underneath the station,
and the corresponding reverberations (Ammon & Randall, 1990; van der Meijde et al., 2003).

In this study, P wave receiver functions were calculated for each station. Earthquakes with epicentral distances
of 30-105° and magnitudes >5.5 were used. The earthquake signals were windowed between —30to +120's
relative to the P wave arrival time. The theoretical arrival time was determined using the IASP91 reference
model (Kennett & Engdahl, 1991). Then, the data was filtered using a Butterworth band-pass filter with cor-
ner frequencies of 0.05 and 1.25 Hz. For high-frequency RFs, used for sedimentary thickness estimation as
described later, the corner frequency limits were set at 0.05 and 2.5 Hz. After that the data were rotated to
radial and transverse components. Finally, the rotated components were deconvolved with the vertical one
using a time domain iterative deconvolution (Ligorria & Ammon, 1999). In the deconvolution process a fur-
ther Gaussian filter is applied using Gaussian width of 1.0, which acts as a low-pass filter (Ligorria & Ammon,
1999). For high-frequency RFs, used for sedimentary thickness estimation as described later, we applied dif-
ferent Gaussian widths of 2.5 and 5.0, corresponding to the previously used low-pass cutoffs of roughly 1.25
and 2.5 Hz, respectively.

The receiver functions were then quality controlled, passing through three tests. First, a least squares misfit
criterion was used to judge the quality of the RFs, where for each event the radial RF was convolved with the
vertical component to retrieve the original radial one. If the retrieved signal has at least an 85% fit with the
original, the RF was considered for further processing. Second, RFs with signal-to-noise ratio (S/N) larger than
3.0 were selected, where the S/N ratio was calculated using

S=1Al/IAl (1)

where A, is the maximum amplitude on the radial RF and A, is the maximum amplitude on the transverse
RF. Finally, a visual check was done to ensure the quality of the RFs and to exclude the ones with weak or
anomalous first P wave arrivals.

3.3. H-K Analysis

H-K stacking is a well-established technique to obtain estimates of the Moho depth and Vp/Vs ratio of the crust
using RFs (Zhu & Kanamori, 2000). The technique is based on searching the parameter space of all possible
combinations of crustal thickness (H) and Vp/Vs ratio (K) within predefined ranges to find the maximum value
of the following objective function:

N
S(H,K) = )" wir(ty) + wory(ty) — war(ts) 2)
j=1

where N is the number of RFs at each station, r;(t) is the amplitude function at time t of the jth RF t;, t,, and t;
are the travel times of the Moho converted phases Ps, PpPs, and PsPs + PpSs calculated for the given values of
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Hand K, and w; are the weights of the three phases where w1+w2+w3 = 1.Full details of this method can be
found in Zhu and Kanamori (2000). The travel time calculations of the different converted phases require an
average Vp velocity for the crust. In this study, Vp = 6.5 km/s was used based on Durrheim and Green (1992).

In this research, the H-K method searched depth intervals between 20- and 60-km depth with 0.2-km incre-
ments and Vp/Vs ratios between 1.65 and 1.95 with 0.0025 increments. The weights used were w, = 0.6 for
Ps, w, = 0.3 for PpPs, and w5 = 0.1 for the PsPs + PpSs phases. However, for some stations, different weights
(wy; =0.6,w, =0.2,and w; = 0.2 orw; = 0.7, w, = 0.3, and w5 = 0.0) were used based on the clarity of the
Moho reverberations of the signal (for details see Table S1 in the supporting information). For the H-K analysis,
RFs with Gaussian width of 1.0 were used.

In a few cases, an apparent delay of the first P arrival, due to a thick layer of sediments, was noticed. This
apparently delayed first P arrival that is a composite peak of the original first P arrival combined with the
direct conversion at the base of the sediment layer. For these stations we applied sequential H-K stacking
(Yeck et al.,, 2013). It is a modified H-K stacking approach that first uses high-frequency RFs (Gaussian width
= 5.0) to estimate the thickness and Vp/Vs ratio of the sedimentary layer. We assumed Vp = 3.0 km/s for the
sedimentary basin, using a depth range of 0-10 km with a step size of 0.2 km, and a Vp/Vs ratio range of
1.65 to 2.7 with a step size of 0.0025. The estimated depth and Vp/Vs ratio of the sedimentary layer are then
used as a correction term for a second H-K search on the RFs with Gaussian width of 2.5 to find the thickness
and Vp/Vs ratio of the crust. The Gaussian width of 2.5 used for searching for the Moho in the sequential H-K
analysis, instead of Gaussian width 1.0 in the case of the standard H-K analysis, is necessary to improve the
discrimination between the shallow sediments and Moho reverberations. Further details on the technique
can be found in Yeck et al. (2013).

Our uncertainty estimates for crustal thickness and Vp/Vs ratio are based on the approach by Youssof et al.
(2013). Uncertainties are obtained by varying the Vp velocity by +0.2 km/s from the assumed value average
crustal Vp velocity of 6.5 km/s providing upper and lower bounds of our results. It should be noted that this is
a formal uncertainty corresponding to a variation in Vp velocity only. Due to complex structure, the epistemic
uncertainties can be larger.

4. Results and Discussions

All stations in this study were subjected to conventional H-K stacking analysis. However, stations NE202,
NE205, NE211, NE212, NE216, and NE220 showed a noticeable delay in the first peak (Figures 2d-2i and
supporting information Figures S5, S13, S14, S18.1, and S22) that required sequential H-K analysis. Neverthe-
less, only for stations NE202, NE205, and NE212, significantly different results were obtained, more than 1
km beyond the uncertainty margins, compared to the conventional H-K analysis. Therefore, sequential H-K
results are only presented for NE202, NE205, and NE212. Figures 2a-2c shows a representative example of
the receiver function analysis using the standard H-K stacking technique applied to station NE201. The mod-
eled theoretical Ps, PpPs, and PsPs + PpSs arrival times, based on the optimum H and K values, show good
agreement with the Moho conversion and reverberations on the measured receiver functions. Figure 2d-2|
shows a representative example of sequential H-K analysis, applied to station NE205. The average uncertain-
ties in crustal thickness and Vp/Vs ratio for all stations are calculated to be in the range of +1.5 km and +0.02,
respectively. The final results for all stations are given in Table 1.

In the following, the RF results are grouped by their tectonic provinces moving from the Archean Cratonic
blocks to the Archean and Proterozoic mobile belts and ending by the late Proterozoic and Phanerozoic
sedimentary basins. This classification agrees with the spatial distribution of the tectonic units, where the cra-
tonic blocks in the east and northwest are surrounded by the mobile belts, and the sedimentary basins are
caught at the center of the mobile belts. We will discuss the results by first focusing on our RF results from
NARS-Botswana (Table 1 and Figures 3a and 3b) and then comparing them with the results from the SAFARI
(Yu, Liu, Reed, et al., 2015) and SASE (Youssof et al., 2013) networks. Figures 3c and 3d show all available
RF results.

4.1. Cratons
4.1.1. Western Zimbabwe Craton

For NARS stations on the Zimbabwe Craton (NE217, NE218, and NE219) we found crustal thicknesses varying
between 40 and 49 km and Vp/Vs ratios between 1.69 and 1.78, with the thickest crust at the northwestern tip
where the craton borders the Magondi Belt (Figure 3). Previous RF studies have found that the Moho beneath
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Table 1
The Results of the H-K Analysis for the Different Tectonic Regions
Crustal thickness (km) Vp/Vs
Tectonic regime Station  Lower bound Solution Upper bound  Lowerbound  Solution  Upperbound No. of Rfs
Western Zimbabwe Craton NE217 37.6 40 40.6 1.78 1.78 1.81 18
NE218 47.2 49 50.4 1.69 1.69 1.71 21
NE219 40.8 42 434 1.71 1.72 1.72 20
Northwestern Kaapvaal Craton  LBTB 40.4 42 43.8 1.73 1.75 1.75 128
NE201 34.8 36 37.8 1.80 1.81 1.82 16
NE2122 37.8 39 40.6 1.74 1.74 1.76 16
NE220 37.8 39 41.0 1.81 1.82 1.83 12
Western Kaapvaal Craton NE213 374 39 40.4 1.66 1.67 1.67 24
NE221 38.0 39 40.6 1.66 1.67 1.67 22
Congo Craton NE204 36.8 38 394 1.78 1.79 1.79 27
NE207 36.8 38 394 1.70 1.71 1.71 1
Magondi Belt NE208 38.8 40 41.8 1.67 1.69 1.69 14
NE216 36.2 37 384 1.75 1.75 1.75 24
Kheis Belt NE2022 374 39 40.2 1.70 1.71 1.72 20
Okwa Block NE211 42.4 44 45.0 1.72 1.72 1.72 21
Damara Belt NE214 42.2 44 45.2 1.72 1.73 1.73 13
Ghanzi-Chobe zone Maun 388 40 41.8 1.86 1.87 1.88 18
NE2052 37.0 38 39.6 1.81 1.81 1.81 14
NE206 36.6 38 39.0 1.69 1.69 1.69 20
NE210 44.6 46 47.6 1.81 1.81 1.81 18
NE215 33.2 34 36.0 1.72 1.74 1.74 6
Passarge Basin NE209 36.0 37 38.2 1.82 1.84 1.84 14
Nosop Basin NE203 41.0 42 44.2 1.75 1.76 1.76 17

aSequential H-K analysis was performed for these stations.

undisturbed Archean cratons in southern Africa is generally sharp (James et al., 2003; Nguuri et al., 2001), with
a 35-40-km-thick crust that is of felsic (Nair et al., 2006) or intermediate (Youssof et al., 2013) composition.
Here we interpret the Vp/Vs ratio in terms of composition based on the crustal rock study of Holbrook et al.
(1992), where low (<1.78), intermediate (1.78 < Vp/Vs < 1.81) and high Vp/Vs (> 1.81) are characteristic of
felsic, intermediate, and mafic crustal rocks, respectively.

For station NE217, we found a crustal thickness of 40 km and Vp/Vs of 1.78, close to the results for the undis-
turbed central Zimbabwe Craton of Nguuri et al. (2001; H = 35-40 km), Nair et al. (2006; H ~ 38 km, Vp/Vs
~ 1.73) and Youssof et al. (2013; H = 35-38, Vp/Vs = 1.74-1.79). Moving south, toward NE219, and north-
west, toward NE218, the crustal thickness increases toward the Limpopo and Magondi belts, respectively.
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Figure 2. (a-c) H-K analysis for station NE201, and (d-i) sequential H-K analysis for station NE205. Figure 2a shows the
H-K stacking results for station NE201, Figure 2b its receiver functions (RFs) with Gaussian width 1 ordered by back
azimuth and Figure 2c ordered by epicentral distance. Figures 2d-2f present the H-K results for the sedimentary layer
for station NE205 using RFs with Gaussian width of 5. Figures 2g-2i present the results for the crustal thickness using
RFs with a Gaussian width of 2.5. The green lines in the RF figures indicate the times of the converted phases where Ps
phase is the first, PpPs second, and PsPs + PpSs third phase to arrive. The green-shaded areas highlight the time windows
of each phase.

This agrees with previous studies that have shown that post-Archean reworked belts in southern Africa have
a thick crust of 45-50 km (James et al., 2003; Nguuri et al., 2001).

Station NE219 is located on the border between the Limpopo Belt and the Zimbabwe Craton. The Limpopo
Belt was formed by the collision between the Zimbabwe and the Kaapvaal craton (~ 2.7 Ga; Begg et al., 2009).
For NE219 we found a 42-km-thick crust, indicating a gradual increase of crustal thickness from the Zimbabwe
Craton toward the Limpopo Belt (Youssof et al., 2013). The Vp/Vs value of 1.72 agrees with the values reported
by Youssof et al. (2013; 1.72-1.74) and Nair et al. (2006; Vp/Vs = 1.74). This confirms that the Vp/Vs values of
the southern part of the Limpopo Belt are similar to those observed for undisturbed cratonic blocks.

For station NE218, on the border between the Zimbabwe Craton and the Magondi Belt, we found the largest
crustal thickness among the NARS-Botswana stations and a Vp/Vs ratio of 1.69. The value of 49-km crustal
thickness closely matches the 50.5 km of Youssof et al. (2013) for nearby station SA70 (Figures 3c and 3d).
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Figure 3. (a and b) Crustal thickness maps (km) using data from NARS stations. (c and d) Crustal thickness and Vp/Vs
ratio maps using results for all RFs including Youssof et al. (2013) and Yu, Liu, Reed, et al. (2015). The dark green lines
represent the tectonic boundaries presented in Figure 1a. Results from NARS-Botswana appear as circles, SASE as
triangles (Youssof et al.,, 2013), and SAFARI as diamonds (Yu, Liu, Reed, et al.,, 2015). Multiple observations per location
were plotted on top of each other to facilitate visual comparison. The background colored grids indicate crustal
thickness and Vp/Vs ratio obtained by nearest neighbor interpolation with a search radius of 120 km, based on station
distance, using Generic Mapping Tools (Wessel et al., 2013). The red star indicates the magnitude 6.5 earthquake that
occurred on 3 April 2017 (USGS, 2017). NARS = Network of Autonomously Recording Seismographs; SASE = Southern
African Seismic Experiment; SAFARI = Seismic Arrays for African Rift Initiation.

Nguuri et al. (2001) and James et al. (2003) explained the thick crust as a result of post-Archean reworking
of the margin of the Zimbabwe Craton (~2 Ga). This reworking has produced a more complex or gradual
Moho generating weak converted phases as reported by many receiver function studies (James et al., 2003;
Nair et al., 2006; Nguuri et al., 2001; Youssof et al., 2013). The observed thick crust may be further affected
by the collisional event between the Zimbabwe and Congo Craton during the Pan-African Damara Orogeny
(Gray et al., 2008). In general, our values show a good spatial correlation with the results from the SAFARI and

FADEL ET AL. 7



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016190

SASE networks (Figure 3). However, we found a lower Vp/Vs ratio of 1.69 at NE218 than the value of 1.75 for
station SA70 by Youssof et al. (2013), but it agrees with the felsic nature of the reworked belts surrounding the
Zimbabwe Craton.

4.1.2. Kaapvaal Craton

For the Kaapvaal Craton (stations LBTB, NE201, NE212, NE213, NE220, and NE221), we observe variations in
crustal thickness between 36 and 42 km. The Vp/Vs ratios fall in two distinct blocks, suggesting different com-
positions. The northwestern Kaapvaal Craton block has Vp/Vs values ranging between 1.74 and 1.82, and the
western Kaapvaal Craton block has Vp/Vs values of 1.67, on average (Table 1 and Figures 3a and 3b).

For the NARS stations in the northwestern part of the Kaapvaal craton (LBTB, NE201, NE212, and NE220), we
found crustal thicknesses of 3642 km and Vp/Vs ratios of 1.74-1.82 (Table 1 and Figures 3a—-3c). These crustal
thickness values are similar to those of the undisturbed segment of the western Zimbabwe Craton (35-40
km), although station LBTB has a slightly thicker crust of 42 km. The Vp/Vs estimates are higher than those of
the undisturbed western Zimbabwe cratonic segment. The higher Vp/Vs ratio may be linked to mafic crustal
intrusions as a result of the major intracratonic Bushveld intrusion event at ~2.05 Ga. The Bushveld complex
is located in north central Kaapvaal Craton in South Africa with large surface outcrops. It is the largest layered
mafic intrusion within the crust across the globe (Von Gruenewaldt et al., 1985). Nair et al. (2006, and refer-
ences therein) proposed that this mafic intrusion may have further extended several hundred kilometers to
the west. This proposed extension coincides with the location of the northwestern part of the Kaapvaal Craton
in this study.

RFs of station LBTB were previously processed by Nair et al. (2006) and Youssof et al. (2013). Our results are
obtained from 128 high-quality RFs from earthquakes with magnitudes > 6.0. The RFs were binned based
on ray parameter between 0.04 and 0.08 s/km with a step size of 0.0025 s/km to prevent bias of the results
toward specific earthquake clusters at specific distances (Figures S4.1 and S4.2 in the supporting information).
Our crustal thickness estimate of 42 km agrees with Nair et al. (2006; 41.4 km) and Youssof et al. (2013; 41.5
km). However, our Vp/Vs ratio of 1.75 is significantly different from Nair et al. (2006; 1.81) and Youssof et al.
(2013; 1.82). Nair et al. (2006) used only 31 RFs and Youssof et al. (2013) reported large uncertainty bounds
(1.76-1.87). Our Vp/Vs result is close to the lower uncertainty bound of Youssof et al. (2013). However, we have
a smaller uncertainty in our Vp/Vs estimate (1.73-1.75) due to the larger number of high-quality RFs and the
binning scheme used in our study.

The stations on the western part of the Kaapvaal craton (NE213 and NE221) give a crustal thickness of 39 km
and a very low Vp/Vs ratio of 1.67 (Table 1, and Figures 3a and 3b). The low Vp/Vs suggests absence of a lower
crustal mafic layer due to the delamination of the lower crust and upper mantle caused by rifting during the
Proterozoic (Durrheim & Green, 1992; Nair et al., 2006; Niu & James, 2002; Youssof et al., 2013). This is supported
by analysis of xenolith samples from the lower crust that show a lack of mafic granulites (Schmitz & Bowring,
2003). Furthermore, Kgaswane et al. (2009) reported, based on a joint inversion of RFs and Rayleigh waves,
relatively low velocities in this region, particularly in the lower part of the crust underneath station SA37 of
SASE network.

4.1.3. Congo Craton and Transition to Damara Belt

In the northwestern part of Botswana, two NARS stations (NE204 and NE207) are located at, or close to, the
border of the Congo Craton according to the tectonic interpretation of Singletary et al. (2003; Figure 1). Both
of these stations show a crustal thickness of 38 km, whereas the Vp/Vs ratio varies between 1.71 and 1.79.
The three northernmost stations of Yu, Liu, Reed, et al. (2015; B12-B14) show a significantly thicker crust of
~46 km for the eastern edge of the Congo Craton (Figures 3c and 3d). The most likely interpretation is that
these stations are probably not on the Congo Craton but fall within the reworked Damara Belt, and the thick
crust can be related to the collisional event between the Congo and Kaapvaal craton during the Pan-African
Damara Orogeny (Gray et al., 2008). For station NE214, in the Damara Belt at the border with the Congo Craton
and the Okavango Rift region, we found a crustal thickness of 44 km and a Vp/Vs ratio of 1.73. The estimated
values are comparable to the values of Yu, Liu, Reed, et al. (2015) and are indicative of a reworked belt of felsic
composition (similar to that of the craton; Figures 3c and 3d). Our results show good agreement with those
from Yu, Liu, Reed, et al. (2015) for station B11 (44.3 km and 1.72 for back azimuths 0-45 and 225-360°) and
B09 (41.8 km and 1.71).
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4.2. Mobile Belts
4.2.1. Kheis-Okwa-Magondi Belt

The Kheis-Okwa-Magondi Beltis assumed to be a Paleoproterozoic belt that was accreted on the northwestern
border of the Kaapvaal Craton due to the Eburnean Orogeny (~2.0-1.8 Ga; Begg et al., 2009; Thomas et al.,
1993). The Magondi basin was formed on the western border of the Zimbabwe Craton (~2.16-2.0 Ga) during
an intracratonic extension that occurred during the early Proterozoic. Then, it was amalgamated during the
Eburnean orogeny with the Okwa-Kheis belt to the west of the Archean blocks. After that, the margin between
the Kheis province and the Kaapvaal Craton was deformed during the Kheis Orogeny (~1.75 Ga). Finally, the
Kheis province was reactivated and amalgamated with the Rehoboth belt during the Kibaran orogeny ~1.2
Ga (Thomas et al., 1993).

This complex history is reflected in the results for the stations in this belt. The NARS stations NE208 and NE216
are located at the borders of the Magondi belt and give crustal thicknesses of 37-40 km and Vp/Vs ratios
of 1.69-1.75 (Table 1 and Figures 3a and 3b). The Vp/Vs values are close to the results for stations B02-B04
(crustal thickness 42.8-42.6 and Vp/Vs 1.73-1.79) from Yu, Liu, Reed, et al. (2015) and are possibly linked to
a paleocollisional zone of felsic composition (Figures 3c and 3d). However, the crustal thickness values are
different, especially for stations NE216 and B04. The results from NE216 will be further discussed in section
4.3 together with station NE209 in the Passarge basin.

The RFs of the station located in the Kheis belt (NE202) required sequential H-K analysis. They showed a strong
sedimentary effect (as identified by the large apparent shift of the first peak and the strong reverberation at
3 s in Figure S5 in the supporting information). This effect is particularly visible for the back azimuth range
between 180 and 360° (Figures S5a-S5f in the supporting information). RF analysis for this back azimuth
range did not produce coherent results and has been left out of the analysis. All results and interpretation are
therefore based on RFs with 0-180 back azimuth (Figures S5g-S5I in the supporting information). Sequential
H-K was applied and resulted in a sediment thickness of 0.8 km and a Vp/Vs ratio of 2.21. Finally, a crustal
thickness of 39 km and Vp/Vs ratio of 1.71 were estimated using the sediment properties as time adjustment.
The depth estimate did not significantly vary when we included other back azimuths. However, the Vp/Vs
ratio varied significantly. This is most likely related to spatially varying sediment thickness (the station is at the
border of the thick sedimentary Nosop basin, which is sampled by RFs for events with western back azimuths).
The strong back azimuthal effects could not be successfully modeled, remaining for a future study when more
events from various back azimuths will be available.

The Okwa Block is an isolated inlier of the Precambrian basement in the Kalahari Desert that was mapped
using gravity and magnetic data of Botswana (Hutchins & Reeves, 1980). It contains the Okwa Basement Com-
plex that crops out at the northwestern margin of the Kaapvaal Craton. Using geochronological data, Mapeo
et al. (2006) showed that the Okwa Complex was emplaced rapidly around 2.056 Ga, simultaneously with the
Bushveld Complex. However, the depth extension of the block was not defined due to the lack of seismolog-
ical observations in this area. Station NE211 in the Okwa Block shows a relatively thick crust of 44 km and a
Vp/Vs ratio of 1.72 comparable to the Kheis Belt (Table 1 and Figures 3a and 3b). The slightly thicker crust can
be linked to the post-Archean reworking on the boundary of the cratonic regions during the Eburian Orogeny
(~2 Ga; James et al.,, 2003; Youssof et al., 2013).

4.2.2. Damara-Ghanzi-Chobe Belt

The Damara-Ghanzi-Chobe Belt formed during the Damara Orogeny, which was part of the Neoproterozoic
Pan-African tectono-thermal event between ~850 and 550 Ma, due to the collision between the Kaapvaal and
Congo cratons. The Okavango Rift Zone, which is considered to be an incipient rift system, is located within
the Damara-Ghanzi-Chobe Belt.

The Ghanzi-Chobe Zone is a part of this composite belt. It was formed initially as a rift basin that was filled
with volcano sediments that were later deformed during the Pan-African Damara Orogeny forming a fold and
thrust belt (Modie, 2000). It has spatially varying crustal thickness and Vp/Vs values (Table 1 and Figures 3a
and 3b). In the southwestern part, for station NE210, we find a thick crust of 46 km and a relatively high Vp/Vs
ratio of 1.81. Intermediate crustal thicknesses of 38—-40 km are found in the central part, for stations MAUN
and NE205, with relatively high Vp/Vs ratios of 1.81-1.87 on the border of the Okavango Rift. The northeast-
ern part of the belt is characterized by a thin crust of 34—38 km (NE206 and NE215) and the lowest Vp/Vs ratios
for this belt (1.74-1.68). Together with the results from Yu, Liu, Reed, et al. (2015), we observe a high Vp/Vs
ratio at the central part of the belt. This may be an indication of partial melting in the lower crust, facilitating
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the rifting process and causing the noticeable earthquake activity in the Okavango rift zone as mentioned
by Yu, Liu, Moidaki, et al. (2015). The presence of either hot fluids ascending from the mantle through weak
lithospheric zones or melt is further supported by the shallow Curie depth of 8—15 km from 3-D inversion of
magnetic data and shallow crustal thickness from gravity data inversion (Leseane et al., 2015). However, it is
important to highlight that the gravity-based crustal thickness estimates from Leseane et al. (2015) are signif-
icantly different from the receiver function results of Yu, Liu, Reed, et al. (2015) at various locations. Moreover,
the surface expression of the Okavango Rift Zone does not quite match the location of the low crustal thick-
ness, the high heat flow observation from Leseane et al. (2015), and the high Vp/Vs values found for stations
B07 and MAUN from Yu, Liu, Reed, et al. (2015) and in this study. This suggests that the weak zone related to
incipient rifting is located southwest of the surface expression of Okavango Rift Zone. Station NE205 showed
strong reverberations from sedimentary layers underneath the station. We used a sequential H-K stack to
address this problem. Although we have reduced the effects of the sediments as much as possible, the actual
uncertainties in our results can be higher than the (mathematically) calculated values thereby leaving room
for alternative interpretation of the crustal thickness for this station.

The analysis for station MAUN, at the southern border of the Okavango Rift, deserves special attention due
to strong back azimuthal RF variability. To our knowledge, two independent studies have reported crustal
thickness values for this station. Using H-K stacking Kachingwe et al. (2015) found a crustal thickness of 44
km from RFs, whereas they found 38 km from a joint inversion of RFs and surface wave dispersion curves. Yu,
Liu, Reed, et al. (2015) processed their RFs grouped in different back azimuths. The 0-45° together with the
225-360° back azimuths resulted in a thickness of 37.5 km and a Vp/Vs ratio of 1.88, whereas the 45-225° back
azimuth range resulted in a thickness of 43.6 km with a Vp/Vs ratio of 1.85. Yu, Liu, Reed, et al. (2015) reported
that the variation in the results by Kachingwe et al. (2015) is mainly due to azimuthal dependency. Our results
for MAUN agree with Yu, Liu, Reed, et al. (2015) with RFs clearly showing azimuthal variations indicative of
anisotropy or dipping crustal layers under the station. However, we were only able to get a reliable result for
RFs from back azimuths of 180-360°, giving a crustal thickness of 40 km and a Vp/Vs ratio of 1.87 (Figures
S3d-S3fin the supporting information). For back azimuths of 0-90°, we found many RFs with Ps conversions
from the Moho with reversed polarities and inconsistent H-K results. The H-K analysis of all RFs provided a
crustal thickness of 43 km with 1.80 Vp/Vs, but this was strongly affected by the unreliable contribution of the
RFs in the 0-90° back azimuth (Figures S3a—S3c in the supporting information).

4.3. Sedimentary Basins

The Passarge basin covers the Ghanzi-Chobe Belt and is bordered by the KSZ in the south (Figure 1). The KSZ is
a Paleoproterozoic major thrust zone related to the formation of the Kheis-Magondi Belt and separates it from
the Ghanzi-Chobe Belt and the Nosop Basin (Reeves, 1978). During Neoproterozoic and early Paleozoic times
(Key & Ayres, 2000), the Passarge basin was formed. The exact mechanism is still elusive and can be due to
either extensional medial rift (Haddon, 2005; C. Jones, 1979; Mason, 1998) or compressional forces (Haddon,
2005; Pretorius, 1984, 1979) that resulted in significant sedimentation presently reaching a thickness of up to
15 km.

The H-K analysis of station NE209 showed two possible solutions. The first absolute maximum stacking solu-
tion shows a crust thicker than 49 km and Vp/Vs value lower than 1.65 (Figure S11.1 in the supporting
information). This solution was persistent using different stacking weights. The second local maximum stack-
ing solution shows a thin Moho of 37 km with relatively high Vp/Vs ratio of 1.84 (Figure S11.2in the supporting
information). We prefer the second solution, since the first one has an unrealistic Vp/Vs ratio. Therefore, we
picked the shallower solution as the final result for NE209 (Figure S11.2 in the supporting information). How-
ever, because of the ambiguity of the solution, it is important to mention that the RF analysis may have a high
uncertainty that goes beyond the formal error given in Table 1.

For station NE216 on the boundary of the Passarge basin, we initially obtained a crust thicker than 44 km and
an unrealistically low Vp/Vs ratio (lower than 1.65, Figure S18.1 in the supporting information). After investi-
gating the RFs, we found that the solution was biased due to unclear PP, +P,S converted phases. Therefore,
we changed the weights of the Moho converted phases from (6, 3, 1) to (7, 3, 0) to obtain a stable result with
a Vp/Vs ratio of 1.75 and a crustal thickness of 37 km (Figure S18.2 in the supporting information). Comparing
our crustal thickness estimate for NE216 with results for the nearby SAFARI stations BO3 and B05, we observe
that Yu, Liu, Reed, et al. (2015) found larger crustal thicknesses with values of around 40-42 km (Figures 3c and
3d). Similarly, large variations have been observed among nearby stations in Botswana, for example, between
station B10 (40 km) and B12 (46 km) on the border of Congo Craton (Yu, Liu, Reed, et al.,, 2015; Figures 3c
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and 3d). On the other hand, the Vp/Vs ratio of 1.75 is close to, and within the uncertainty bounds of, the Vp/Vs
estimates for B0O4 and BO5 (1.76-1.79).

The relatively thin crust and high Vp/Vs ratio observed underneath the Passarge Basin (NE209) can be linked
to the Karoo/Post-Karoo rift events associated with the assemblage of Pangaea and the breakup of Gond-
wana (early Permian up to late tertiary and recent system, Delvaux, 1989) that affected the basin and caused
observable extensional features (Haddon, 2005). It has been a long debate that the East African Rift System
recent extensions exploit older weak zones of the Karoo/Post-Karoo rift zones (Dixey, 1956; Fairhead & Stuart,
1982; Haddon, 2005; Lambiase, 1989). The high Vp/Vs observed may suggest that the rifting process is still
under development and may be connected to the recent tertiary activities in the Okavango Rift Zone follow-
ing the Kalahari Seismicity Axis as proposed by Reeves (1972). Another possible scenario for the relatively high
Vp/Vs ratio underneath the Passarge basin is the possible extension of the Xade mafic complex under the
basin (Corner et al., 2012). This explanation is less likely because it does not explain the relatively thin crust
under the basin. However, due to the local nature of the RFs and the ambiguity of the modeling process of
station NE209, we could not draw solid conclusions from the observations for the Passarge Basin.

The Nosop Basin in the southwest of Botswana, which covers part of the Rehoboth Province, has a thick sed-
imentary sequence that reaches down to 15 km (Key & Ayres, 2000; Pretorius, 1984). The Rehoboth Province
has an Archean nucleus and a major part of the province was formed during the Paleoproterozoic (2.2-1.9 Ga)
(Van Schijndel et al., 2011). We found a crustal thickness of 42 km and a Vp/Vs ratio of 1.76 for station NE203
in the northwestern part of the Nosop basin (Table 1 and Figures 3a and 3b). The relatively thick crust and
the intermediate Vp/Vs value are similar to the observations at LBTB station in the Kaapvaal Craton suggest-
ing a cratonic composition. A cratonic composition for this region has been proposed before but is based on
two conflicting scenarios. It might be associated to the buried Maltahohe microcraton, as suggested by Begg
etal. (2009) or to an extension of the Kaapvaal Craton under the basin, as suggested by Wright and Hall (1990).
Although there are similarities in thickness and Vp/Vs ratio between Kaapvaal and the crust underneath the
Nosop Basin (NE203), our preferred scenario is that it is a separate craton. The Kheis-Okwa Belt and western
end of the Kaapvaal Craton are significantly different in composition (with very low Vp/Vs ratios around or
below 1.7), thereby separating the two cratonic blocks. Moreover, the deep sediments in the Nosop Basin
suggest a different geodynamic setting with significant subsidence, which is not observed on the Kaapvaal
craton. Note, however, that we only have one station in the Nosop Basin and another on the border with the
Kheis-Okwa Belt, and strong conclusions can therefore not be made. Regional surface wave tomography can
possibly provide more evidence for either of the two scenarios.

5. Summary and Conclusions

We presented the first nationwide crustal thickness estimates for Botswana from receiver function analysis.
We identified different tectonic regimes with significantly different crustal structures.

The cratonic regions (Kaapvaal, Zimbabwe, and Congo craton) are on average 37-42 km thick and have Vp/Vs
ratios corresponding to intermediate to mafic composition, becoming more felsic toward the borders with
the mobile belts. The main exception is western Kaapvaal with a Vp/Vs ratio of 1.67 that is indicative of the
absence of a mafic lower crust, probably due to delamination of the lower crust and upper mantle caused by
rifting in the Proterozoic as has been suggested by previous studies.

The mobile belts show an overall thicker crust with the exception of the Damara-Ghanzi-Chobe Belt, which is
affected by rifting processes. The thickest crust, of 49 km, is observed at the boundary between the Magondi
Belt and the Zimbabwe Craton. The highest Vp/Vs ratio, of 1.87, is found in the northeast of Botswana for
station MAUN that may be associated with incipient rifting at the Okavango Rift Zone. Moreover, we found a
thin crust and high Vp/Vs ratio underneath the Passarge Basin potentially related to the Karoo/Post-Karoo rift
events.

The Kheis-Okwa-Magondi Belt shows variable crustal thicknesses, with 40 km for the Magondi Belt (station
NE208), 44 km for the Okwa Block, and 39 km for the Kheis Belt. The Vp/Vs ratio of this composite belt has rela-
tively small values of 1.69-1.72, characteristic of the felsic nature of the belts surrounding the Kalahari Craton.
The southern part of the belt, the Kheis block, separates the western Kaapvaal Craton from another cratonic
block that has been identified underneath the Nosop Basin. Previous studies suggested that this might be
either an extension of the Kaapvaal craton or the so-called buried Maltahohe microcraton. Our results are
more supportive of the latter theory.
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