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ARTICLE INFO ABSTRACT

Keywords: One of the three narrow rift belts that mark the southern end of the East African Rift System (EARS) intersects the

B"tswaI{a o Makgadikgadi Basin of northeastern Botswana. Although tectonic activity in the region is known to have

PME;kgf‘tkgad‘ basin influenced the evolution of these pans, the interrelationship between shoreline geometry, fault strikes, and the
aleolake

intersection of the underlying tectonic terranes has yet to be fully realized. We analyzed faults and subsurface
structures in the region of the pans using a field investigation in combination with satellite imagery and
geophysical data, to constrain the influence that the regional tectonic regime has had on the formation of the
present-day pan geometry. We find that pan shorelines are controlled by the intersection of three preferred fault
orientations which can be understood in the context of the “older” terranes they overlie, namely the Magondi
Belt and the Limpopo Belt. We propose that the pronounced curvature of the southern Magondi Belt has influ-
enced the eastward curvature of the rift-related faults and was likely produced by the impingement of the
developing fold belt on the Zimbabwe Craton. Furthermore, limited focal mechanism solutions data from
earthquakes north and south of the pans suggests a change in regional extension direction from NW-SE to NE-SW.
Determining the relationship between these fault orientations and the underlying tectonic terrains is an
important step in understanding the formation of the Makgadikgadi Basin, and more broadly the current tectonic
regime of Botswana. The evidence of fault-controlled shorelines within an evaporitic environment may also have
implications for regional groundwater activity.

Fault geometry
Tectonic terrane

1. Introduction

The southwestern branch of the East African Rift System (EARS)
trends toward the southwest from the Tanganyika and Rukwa Rifts in
Tanzania, through the Luangwa Rift Zone and Kafue rifts in Zambia, and
into northern Botswana where it is characterized by a diffuse zone of
rifting (Fig. 1) (Modisi et al., 2000). In northern Botswana the EARS is
composed of two Quaternary rift zones which are separated by the
Neoproterozoic-early Paleozoic aged Passarge Basin (Daly et al., 2020;
Fadel et al., 2018; Key and Ayres, 2000; Modisi et al., 2000; Singletary
et al., 2003) (Fig. 1b): 1. The Okavango Rift Zone (ORZ) is approxi-
mately 150 km wide and characterized by a northeast-southwest-
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trending set of normal faults that terminate against, a west-northwest-
trending dextral shear zone called the Sekaka Shear Zone (Modisi
et al., 2000; Kinabo et al., 2007, 2008; Bufford et al., 2012). 2. The
normal faults that compose the more easterly of the two zones, herein
called the Lake Kariba Rift Zone (LKRZ), which trend southwesterly
from Lake Kariba into northeast Botswana where they bend sharply
eastward in a region known as the Makgadikgadi Basin (Fig. 1b).

This study focuses on the structural history of the Makgadikgadi
Basin, once occupied by the paleo-Lake Makgadikgadi (Burrough, 2022;
Baillieul, 1979; Franchi et al., 2020, 2022; Grey and Cooke, 1977;
McFarlane and Eckardt, 2006; Podgorski et al., 2013). This system
developed in the Early Pleistocene (Moore et al., 2012) within the ca.
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Fig. 1. a) Simplified map (Mercator
projection) of specific elements of the
East African Rift System (EARS)
(modified from Kinabo et al., 2007 and
2019). Bold lines mark
scarps and faulting associated with
various branches of the EARS. PSZ:
Palala Shear Zone. b) The
Makgadikgadi-Okavango-Zembezi
basin (MOZB) contains the southwest-
ernmost branch of the EARS comprised
of the Okavango Rift Zone (ORZ) and
the Lake Kariba Rift Zone (LKRZ),
which intersects with the Makgadikadi
Pans. Numbers on the three earthquake
epicenters are from the Global
Centroid-Moment-Tensor (CMT) cata-
log (Dziewonski et al., 1981; Ekstrom
et al., 2012). Dashed box indicates the
location of the study area outlined in
Figs. 2 and 5-10.

Evans et al.,
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120,000 km? Makgadikgadi-Okavango-Zambezi Basin (MOZB) as part of
the southwestern branch of the EARS (Riedel et al., 2014; Schmidt et al.,
2017) (Fig. 1a). Its evolution is controlled by northeast-southwesterly
striking faults closely related to EARS propagation toward the south-
west (Modisi et al., 2000; Kinabo et al., 2007). The Makgadikadi Pans
are the salt-flat remnants of a 90,000 km? lake which was present about
2 mya and disappeared by evaporation when fault movements diverted
the river that fed the lake (Franchi et al., 2022; Riedel et al., 2014). The
specific pans include the Ntwetwe (surface area > 3400 km?), the Sua
(surface area > 2800 kmz), and several other smaller pans (Fig. 2a). The
pans are relatively flat (903-905 m) with “shorelines” that are 5-10 m
higher. The stratigraphy of the pans includes a 30-150 m thick cover of
fluvio-lacustrine mudstones and sandstones of the Cretaceous-Neogene
Kalahari Group (Franchi et al., 2020; Ringrose et al., 2009; Thomas
and Shaw, 1991). These formations are underlain by Early Permian
mudstones and sandstones of the Ecca Group (Green et al., 1980;
Ringrose et al., 2009). The Early Jurassic (180 Ma) Okavango Dike
Swarm runs NW-SE through the study area (Baillieul, 1979; Le Pera,
2014). The pans region also overlies the intersection of three tectonic
terranes: the Mesoproterozoic NE-SW trending Magondi Belt, the older
Archean-Paleoproterozoic NW-SE trending Limpopo Belt, and the
Archean Zimbabwe Craton (Majaule et al., 2001) (Fig. 3).

The close relationship between geometry and regional structural
features provides an opportunity to understand the way in which the
EARS propagated to the southwest. Consequently, the Makgadikadi Pans
represent an opportunity to not only constrain pan formation, but un-
derstand the ongoing tectonic progression of the EARS. The goal of this
study is to examine the geometry and kinematics of the faults within the
pans and surrounding area and evaluate the relative influence of these
older tectonic terranes on the location, orientations, and movements of
faults in this branch of the EARS. These analyses contribute to our
comprehension of African Quaternary geology and provide a framework
for interpreting the surficial features and buried structures of the Mak-
gadikadi Basin. Additionally, investigations of faulting in the pans may
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also advance our understanding of the movement of groundwater in
northeastern Botswana.

2. Geological setting and previous work
2.1. Faults and topographical features

Faults within the perimeter of the Makgadikgadi Pans, as identified
by their surface expressions, were first identified by Baillieul (1979),
and updated by various works including Barton Jr et al. (1994), Key and
Ayres (2000), Moore et al. (2012), and Eckardt et al. (2016). The faults
strike northeast-southwest and are interpreted to be a system of graben
and half-graben extending from the LKRZ (interpreted from Baillieul,
1979; Eckardt et al., 2016). Baillieul (1979) first proposed these faults
extending from the northeast had affected the shape of the present-day
pans. Seismic data indicates that many of these faults are deep and not
simply surface features (e.g. Baillieul, 1979), however their exact age is
poorly constrained.

The N-S trending Gidikwe Ridge (Fig. 4b) represents an ancient
shoreline during a period of the Neogene history of the pans (McFarlane
and Eckardt, 2006; Podgorski et al., 2013) and is an important
geomorphological features of the basin. It is an arcuate fossil sand ridge
that stretches for >200 km along the western margin of the Makga-
dikgadi Basin (Grove, 1969; Grey and Cooke, 1977; Cooke, 1980; Bur-
rough et al., 2009). The ridge has a crest elevation close to 945 m (Grey
and Cooke, 1977; Cooke, 1980). The sand from the base of the Gidikwe
ridge has a mean grain size composition of ca. 0.125 mm (0.2 mm ac-
cording to more recent studies from Burrough et al., 2009), it is rich in
calcite and contains abundant shell material, i.e. ostracodes, indicating a
lacustrine origin for these sediments (Cooke, 1980).

Faults within the Limpopo-Shashe Belt tectonic terrane east and
southeast of the pans have been mapped previously extending northwest
from the Palala Shear Zone (PSZ) (Mapeo et al., 2004; Ranganai et al.,
2002; Schaller et al., 1999) (Fig. 1). One of these faults, the Lechana
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Fig. 2. Study location. a) Landsat 8 satellite mosaic from October 2021 b) Hillshaded Digital Elevation Model (DEM) showing the topography of the study area.

UTM projection.
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Fault enters the area of the pans reaching as far as Gweta (Aldiss and
Carney, 1992; Carney et al., 1994) (Figs. 1, 3a, and 4b). Where the
Lechana Fault was mapped in the Paleoproterozoic bedrock outside of
the area of the pans, it and other NW-striking faults were interpreted to
be strike slip (e.g., Mapeo et al., 2004). Aldiss and Carney (1992) show it
to have left separation. However, it is unlikely that the movement on this
fault as shown in Paleoproterozoic rocks has the same movement
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direction in the Quaternary sedimentary strata of the pans.

Another fault identified in the bedrock terrane east of Sua Pan is the
Bushman Fault (Fig. 4b) and associated Bushman Shear Zone (approx-
imately 300 m wide) (Barton Jr et al., 1994; Kooganne et al., 2021)
which strikes N-S and hosts a variety of ore deposits dominated by hy-
drothermal alteration mineral assemblages (Kooganne et al., 2021).
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Fig. 3. Combined interpretations of the tectonic terrane boundaries within the study area. a) from Ranganai et al. (2002) b) McCourt et al. (2004). ¢) Singletary et al.
(2003). d) Chisenga et al. (2020). K = Kubu Island, NMZ = Northern Marginal Zone, CZ = Central Zone, MG = Mahalapye Granite Complex, SSZ = Shashe Shear

Zone, SsZ = Sunny Side Shear Zone, LeF = Lechana Fault.
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2.2. Underlying tectonic terranes

Five tectonic terranes have been previously proposed to be present
within the study area (Chisenga et al., 2020; McCourt et al., 2004;
Ranganai et al., 2002; Singletary et al., 2003) (Fig. 3). These terranes, in
order of decreasing age are: the Zimbabwe Craton (Archean), the
Limpopo-Shashe Belt (Archean-Paleoproterozoic), the Magondi Belt
(Paleo-Mesoproterozoic), the Passarge Basin (Neoproterozoic), and the
Ghanzi-Chobe Zone (Neoproterozoic). A small section of the Kaapvaal
Craton was proposed to be present in the study area by Chisenga et al.
(2020) (Fig. 3d), but is absent in the other studies. The Shashe Belt is
technically a separate fold belt in contact with the Zimbabwe Craton and
is surrounded by the Limpopo Belt. For the purposes of this study, we
refer to the Limpopo and Shashe Belts simply as the Limpopo-Shashe
Belt, as does Ranganai et al. (2002) and Chisenga et al. (2020). How-
ever, in many studies the area is often simply referred to as the Limpopo
Belt.

The Zimbabwe Craton, the Limpopo-Shashe Belt, and the Magondi
Belt have been previously proposed to intersect within the location of
the pans (Fig. 3). McCourt et al. (2004) and Ranganai et al. (2002)
proposed that the Magondi is thrust over the Zimbabwe Craton and
Limpopo-Shashe Belt. Ranganai et al. (2002) also proposed that the
boundary between the Limpopo-Shashe Belt and the Zimbabwe Craton
was bounded by the Shashe Shear Zone. Unfortunately these works did
not include reference to the Makgadikgadi Pans location which can now
be fully appreciated (Fig. 3). By appreciating the differences between
these four previous interpretations, and visualizing their direct rela-
tionship to the pans, the location of the tectonic terrane boundaries can
be understood better. Furthermore, the influence that the tectonic ter-
ranes might have had on the pan geometry can be proposed.

The Zimbabwe Craton is an Archean (2.6-2.7 Ga) granitoid green-
stone terrain containing five distinct “complexes” (McCourt et al.,
2004). Rather than being an isotropic mass, the craton is a complex of
different lithologies and fabrics. It is located northeast of the Sua Pan.
However, for approximately 25 km east of the pan, the exact position of
its boundary with the younger Limpopo Belt to the south is poorly
constrained due to Quaternary cover. There have been several in-
terpretations of the location of this boundary beneath the cover (Fig. 3).
Where exposed, the craton contains foliation fabrics that trend in an
eastward-concave arc (from northeast trending to northwest-trending)
(McCourt et al., 2004, Fig. 3b) and shift to a uniform northwest-
southeast trend, following a major northeast-verging shear zone
(Shashe Shear Zone) (McCourt et al., 2004). The position of the western
margin of the craton is also poorly constrained and has previously been
proposed to extend below the Sua Pan (Chisenga et al., 2020), east of the
Sua Pan (McCourt et al., 2004), or just northeast of the Sua Pan (Ran-
ganai et al., 2002) (Fig. 3).

The Archean-Paleoproterozoic Limpopo-Shashe Belt tectonic terrane
is interpreted to be a suture zone resulting from a collision between the
Zimbabwe Craton and the Kaapvaal Craton to the south (Ranganai et al.,
2002). It wraps around the southern part of the Zimbabwe Craton in a
concave-northward arc (Chisenga et al., 2020; Majaule et al., 2001;
McCourt et al., 2004; Miensopust et al., 2011; Ranganai et al., 2002;
Singletary et al., 2003). At approximately 30.0° E, near the Zimbabwe-
Botswana border, it changes trend from northeast -southwest (Limpopo
Belt) to northwest-southeast (Shashe Belt). From the perspective of its
possible influence on Cenozoic faulting in the area of the Makadikigadi
Pans, the structure of the Shashe Belt is the pertinent part of this terrane.
Ranganai et al. (2002) divided this approximately 250 km-wide belt into
three subparallel, northwest-trending shear zones, the Northern Mar-
ginal Zone (NMZ), Central Zone (CZ) and Southern Marginal Zone (SMZ)
(Fig. 3a and b). A more recent re-interpretation of the gravity and
magnetic data (Chisenga et al., 2020) also refers to this part of the
Shashe Belt at the contact with the craton as the Shashe Shear Zone,
however placing the contact further south than the gravity anomaly
used by Ranganai et al. (2002) as a marker for the contact.
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The northeast-striking normal faults and their curved fault traces in
the area of the pans lie within the Magondi Belt, the Passarge Basin, and
the Ghanzi-Chobe Zone (Figs. 3 and 4b). The Magondi Belt is a Paleo-
Mesoproterozoic orogenic/fold belt composed of a sequence of at least
5 km thick sequence of Paleoproterozoic metasedimentary and volcanic
rocks (Magondi Supergroup) deposited along the western margin of the
Zimbabwe Craton and later deformed in an east-to southeast-vergent
fold thrust belt (Aldiss and Carney, 1992; Begg et al., 2009; Majaule
et al.,, 2001; Hanson, 2003; Miensopust et al., 2011; Key and Ayres,
2000; Ranganai et al., 2002; Singletary et al., 2003). The northeast trend
of this fold belt and pronounced eastward curvature of these earlier
structures that occur below the overlying normal faults has been pre-
viously recognized (e.g. Majaule et al., 2001). The Ghanzi-Chobe Zone is
a northeast trending linear belt of volcano-sedimentary rocks (Modie,
2000) and the Passarge Basin is a Neoproterozoic sedimentary basin
within the Ghanzi-Chobe Zone (Chisenga et al., 2020; Modie, 2000)
(Fig. 3c and d).

There is a > 60,000 m? isolated outcrop of granite located on the
western shoreline of the Sua Pan called Kubu Island (Fig. 3b) (Majaule
et al., 2001). The granite is thought to be emplaced by intrusions
through an Archean crust which occurred approximately 2.0 Ga
(Majaule et al., 2001). Aldiss and Carney (1992) and Majaule et al.
(2001) indicated Kubu Island is characterized by intense vertical joint-
ing, however actual measurements of their orientations have not been
conducted. The precise location of the boundary between the Magondi
Belt (Proterozoic) and the Limpopo-Shashe Belt (Archean) is not known,
however Kubu Island has been suspected to mark either the contact
between the Magondi and Limpopo-Shashe Belts (McCourt et al., 2004)
or a possible buried triple junction (Majaule et al., 2001). In as much as
McCourt et al. (2004) and Ranganai et al. (2002) proposed that the
Magondi Belt is thrust over the Limpopo-Shashe Belt, the presence of
this isolated outcrop of granite at this location is poorly understood.
Majaule et al. (2001) demonstrated that, although zircon dating from
the granite shows that Kubu Island contains Archean aged crustal
components, it actually lies within the Magondi Belt due to foliations
which indicate that its placement occurred before the Magondi defor-
mation period ended. Thus, Kubu Island is a valuable marker in that it
locates the minimum southeastern extent of the Magondi Belt.

3. Methods

In addition to field investigation of the pans, carried out in October
2021, we used remote sensing techniques to constrain fault locations
and orientations, as well as the underlying tectonic terrane boundaries
and structure. Ten Landsat 8 images (with a resolution of 30 m/px)
acquired in October 2021 (Fig. 2a) were used as the basis for regional
context mapping (Fig. 4b). Elevation data from the Shuttle Radar
Topography Mission (SRTM) forms our Digital Elevation Model (DEM;
with a resolution of 28.7 m/px) which is presented in a “thermal” color
ramp following Crameri et al. (2020) (Fig. 2b). We highlighted topo-
graphic trends observed in the DEM by implementing the “Least Squares
Regression ->Nearest Neighbor Differences->Convolution Filtering”
method written and described in Minin (2016). Pixels are then given a
color based on dip direction. This process was integrated into a Python
script to create Fig. 4a. The result of this process highlights the slope of
all surface features so that the dip direction of linear features in the
topography can be easily visualized. This aids the identification of fault
scarps.

Faults were mapped by expanding upon known fault locations by
tracing fault scarps that terminated at the edges of the pans and were
traced across to where they matched with scarps on the adjacent side. A
total of 28 faults were mapped and measured by use of the DEM filter
(Fig. 4b). Fault azimuths were then plotted as rose diagrams using the
Daisy software (Salvini et al., 1999). Moment tensor data from three
earthquakes cataloged as 071886A, 102684B, and 201704031740A in
The Global Centroid-Moment-Tensor (CMT) catalog (Dziewonski et al.,
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1981; Ekstrom et al., 2012) were plotted into stereonets using the Daisy
software (Salvini et al., 1999) and provided the relative movement of
one group of NE-SW-striking faults and another group of NW-SE striking
faults (Fig. 5).

Within the GIS environment Surfer® v22 (Golden Software, LLC), we
processed aeromagnetic data to create a total magnetic intensity map to
further assist in fault identification. The total magnetic intensity map
allowed us to locate areas where NW-SE-trending dikes of the Okavango
Dike Swarm are laterally offset. In addition, because the wider NNE-SSW
trending magnetic highs are parallel to existing surficial fault scarps, we
were able to discover faults that had no obvious surface expression. This
allowed the identification of an additional eleven faults that were not
verifiable from the DEM filter, making a total of 39 identified faults.
Tectonic terrane boundaries were investigated with the assistance of a
bouguer gravity anomaly map by tracing the outlines of major anomaly
trends and referencing them to trends observed in the total magnetic
intensity map and the DEM filter. All data were integrated into the GIS
software Global Mapper v15.2 (Blue Marble Geographics, 2011).

4. Results
4.1. Fault identification and shoreline geometry

The identification of 28 fault scarps and their dip direction was
achieved through tracing of features revealed in the color-coded filtered
DEM (Fig. 4). Several of these scarps were observed to have an eastward
curvature where they enter the pan area from the north, specifically at
the Gidikwe Ridge and the northwestern corners of the Ntwetwe and Sua
Pans (Fig. 4b). In the case of the Gidikwe Ridge and the western
shoreline of the Sua Pan, a NE-SW striking fault dipping to the east
curves to a N-S strike. The curvature of the Gidikwe Ridge is significant,
with an approximately 80° change in strike (from 50° to 130°). Just east
of the Gidikwe Ridge, a parallel fault scarp dips to the west and passes
directly along the eastern shoreline of the Kudiakam Pan before it be-
comes the pathway for the Boteti River to the south (Fig. 4b). This gives
the impression that the pans themselves have shorelines that are fault-
controlled, most notably the western shoreline of Sua Pan (interpreted
to be an eastward-dipping normal fault), the northeastern shoreline of
Ntwetwe Pan (interpreted to be a northwestward-dipping normal fault),
and the northwestern shoreline of Ntwetwe Pan that we interpret to be a
southeastward-dipping normal fault (Fig. 4b).

The area of the pans also contains several NW-SE-striking faults,
most notably the Lechana Fault that forms the southern boundary of Sua
Pan (Fig. 4b). The Lechana Fault can be extrapolated to the northwest to
where it right-separates the northeast-striking normal fault that borders
the northeast side of the Ntwetwe Pan. It is important to emphasize that
the apparent separation is not an unequivocal indication of strike slip.
The Lechana Fault also appears to be truncated by the northeast-striking
normal fault that defines the northwest border of the Ntwetwe Pan. To
the southeast, the Lechana Fault curves northward across the southern
boundary of Sua Pan and follows the general trend of the Lechana Fault
as it was originally mapped in Paleoproterozoic basement rocks (Aldiss
and Carney, 1992; Mapeo et al., 2004). The highlighted topographic
data (Fig. 4a) indicates a northeast dip of the fault. Accordingly, we
interpret the Lechana Fault here as a down-to-the-northeast normal
fault. This is compatible with the NE-SW extension inferred from the
focal mechanism of the 2017 Mw 6.5 Botswana earthquake to the south
(Fig. 5). Actual slip direction is indeterminate.

Two other northwest-striking faults occur in the southwestern part of
the Ntwetwe Pan. They strike in a slightly more westerly direction than
the Lechana Fault described above. The southernmost of these faults left-
separates the northwest-dipping normal fault that defines a portion of
the southeastern boundary of the Ntwetwe Pan. The separation on the
other of these two faults is not well-defined, but we have shown it with
left separation because the two faults are parallel (Fig. 4b). As in the case
of the Lechana Fault, the actual sense of fault slip is unknown. Both
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faults change strike to a more northerly direction and become curved to
concave northeast, mimicking the curvature of southernmost part of the
Gidikwe Ridge fault (Fig. 4b). Topographically these faults also dip
northeast here (Fig. 4b), and we interpret them to be down-to-the-
northeast normal faults, without knowing the actual slip direction.

There is an apparent ambiguity in the observation that the southern
two of the northwest-trending faults that control parts of the eastern
boundary of Ntwetwe Pan show left separation of the northeast-trending
normal fault and the Lechana Fault to the north, with nearly the same
NW strike, shows a right separation of the normal fault. One possible
explanation of this”ambiguity” is that the extension direction changed
over time, from NW-SE (left separation) to more E-W (right separation).
A simpler explanation would be that the intersecting faults below the
pans produced a step-like geometry that influenced the boundaries of
the pans during sediment deposition, as the large parent lake was
evaporated to the present pan geometry. The fact that the faults are
discontinuous, because their traces are covered by sediment for long
stretches, argues in favor of this explanation.

A set of five WNW-ESE-striking faults are located east of Sua Pan.
Two of these faults curve northward where they enter the eastern border
of Sua Pan and form high relief lineaments that are similar in shape to
jetty or spit-like structures (Fig. 6). These two faults right separate a
west-dipping normal fault which runs parallel to the Bushman Fault. The
Bushman Fault is verifiable in the DEM (Fig. 6), can be faintly observed
in satellite imagery and magnetic data, and has been identified previ-
ously from field mapping (Barton Jr et al., 1994). One of these faults
appears to terminate against the fault parallel to the Bushman Fault
(Figs. 4b and 6).

The northeast-southwest striking rift related faults enter the pans
from the northeast, extending from the LKRZ (Fig. 1b). Although the
LKRZ has less seismicity than the more northern rift zones in the EARS,
two earthquakes (071886A and 102684B) that occurred immediately
north of Lake Kariba (Fig. 1b) have fault plane solutions, presented
previously by Kebede and Kulhdnek (1991) and Hlatywayo (1995), that
are useful in interpreting fault movements in the region of the Makga-
dikgadi Basin to the south (Fig. 5). The 1986 earthquake 0171886A (5.2
MW) has nodal planes that indicate a T-axis that is nearly horizontal and
oriented approx. 140 (NW-SE extension). Either of the two nodal planes
could be the actual fault, but the extension direction is clearly normal to
the rift zone. For the 1984 earthquake 102684B (5.3 MW) the steeper of
the two nodal planes is more likely the fault plane (strike 16, dip 77 SE).
The T-axis plunge and trend is somewhat more northerly oriented than
in the 1986 event, but it helps to establish an extension direction that is
compatible with normal, dip-slip, faulting for the LKRZ.

Another, more recent earthquake (201704031740A), occurred
approximately 200 km directly south of the southern limit of the pans
(Fig. 1b). It occurred on a NE dipping normal fault within the southern
Shashe Belt of the Limpopo Belt (Kolawole et al., 2017). The fault plane
solution for the 6.5 Mw event has a nearly horizontal T-axis azimuth of
449 with an aftershock T axis of 26° (Fig. 5). The combined moment
tensor data, though limited, was useful in determining the nature of the
fault movements in the pans.

At least four high relief lineaments protrude from the eastern
shoreline of the Sua Pan (Figs. 4 and 6). These are collinear to valleys
eroded into the higher topography that dominates the eastern edge of
the study area. These linear protrusions decease in size from north to
south and the smallest is an isolated linear island in the middle of the Sua
Pan. The higher topography east of the Sua Pan is offset and terminates
abruptly where these valleys merge into the collinear protrusions
(Fig. 6¢). This gives the impression of right-hand separation along the
jetty/spit-valley axes (Fig. 6a and c). These jetty/spit features trend NW-
SE and are parallel to each other. Furthermore, on the opposite side of
the Sua Pan, just beyond the western shoreline, there are instances of
these same linear features that become accentuated in the topographic
filter (Fig. 6a). Also in the area is a the 12,384 m? Kukome Island
comprised of basalts and tapered slightly in the identical NW-SE
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direction (Fig. 6).

4.2. Tectonic terrane boundaries

In this section, we describe the older tectonic terranes underlying the
Makgadikgadi Basin and determine their position relative to the pans in
order to evaluate the extent to which the current Quaternary fault ge-
ometry and inferred fault movement is influenced by the fabric of these
terranes. With the aid of Bouguer gravity anomaly patterns and existing
geologic mapping outside the pans, we have attempted to better
constrain the previously proposed terrane boundaries (Fig. 7). We have
chosen to place the boundary between the Zimbabwe Craton and the
Limpopo-Shashe Belt by extrapolation of that boundary as identified by
McCourt et al. (2004). Working on exposed outcrops, these authors
defined the boundary as a northwest-trending contact between the
Francistown Arc Complex (i.e. the southwestern margin of the
Zimbabwe Craton, approximately 2.7 Ga) and the Matsitama-Motloutse
Complex (i.e. the Central and Northern Marginal Zones of the Limpopo-
Shashe Belt, approximately 2661-2647 Ma). The contact/boundary
between the two terrains was defined by the Shashe Shear Zone
(McCourt et al., 2004; Ranganai et al., 2002) (Fig. 3). Our extrapolation
of the boundary to the northwest intersects the Sua Pan at the north-
eastern most jetty/spit incursion into Sua Pan (Fig. 6). This location
coincides with the northern edge of a high gravity anomaly belt (> —70
mGals) below the eastern Sua Pan shoreline (Fig. 7).

The Limpopo-Shashe Belt boundary can be identified by the low
gravity area of the southern side the study area (which coincides with
the Mahalapye Granite Complex, Fig. 3a) which transitions northeast to
a high gravity anomaly (> —70 mGals) on the eastern side of the study

area (coinciding with the Northern Marginal Zone and the Central Zone,
Fig. 3). This transition is bounded by the main gravity anomaly at the
center of the Sua Pan (black arrows in Fig. 7a). The contact between the
Limpopo-Shashe Belt and the Magondi Belt is thus the northeast trend-
ing trough (i.e. gravity low) that also coincides with the majority of the
western shoreline of the Sua Pan and adjacent to Kubu Island (Fig. 7).
This contact also coincides with the dramatic topography change at the
southern and eastern margins of the pans (Figs. 2b and 4a). The southern
extent of the Ntwetwe Pan and nearby smaller pans also coincides with
the southern extent of the Magondi Belt where it terminates against the
Limpopo-Shashe Belt.

Several of the normal faults observed in the magnetic data offset the
dikes 1.5-2.5 km (Fig. 8a and b). This implies that there is some reac-
tivation of the faults, as well as a small degree of lateral movement. One
of these offset locations aligns precisely with the northern section of the
Gidikwe Ridge (Fig. 8b and c). An additional eleven faults were inferred
from the identification of offset dikes (Fig. 8b and c), bringing the total
number of faults presented in this study to 39. These faults were not
observed in the DEM filter (Fig. 4a), but share the same general
northeast-southwest trend as many of those inferred in Fig. 4b.

The aeromagnetic data can also be used to demonstrate the structural
trends in the fabric of the Magondi Belt. A high pass filter removes the
low anomaly values and leaves behind only the 100-700 nT range
(Fig. 9). Despite interference from the dike swarm, the fabric of the fold
belts is apparent, following the NE-SW direction of the faults and
sometimes curving to the east. This curvature is particularly evident in
the Sua Pan where a high anomaly matches the western shoreline
(Fig. 9).
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5. Combined structure

The 28 faults identified from the DEM filter and the 11 faults iden-
tified from the total magnetic intensity map (39 in total) are overlain on
the proposed tectonic terranes and the outline of the pans to better
visualize possible relationships between them (Fig. 10). Fault orienta-
tions are measured (Fig. 11). Fault strikes within the entire study area
have a dominant 36° trend and three secondary trends of —73°, 2°, and
— 44°. Within the Magondi Belt, the Passarge Basin, and the Ghanzi-
Chobe Zone there is a dominant 36° trend and a secondary —4° trend.

Four of these faults observed curve from a NE-SW (approximately 38°)
to a NW-SE (approximately —25°). Within the Limpopo-Shahse Belt
there are two closely weighted strikes of —43° and — 67° and a lesser of
13°. There are four northwest-southeast striking right-separation faults
perpendicular to the Bushman Fault (Green et al., 1980). Two of these
show right separation of a normal fault (Figs. 6 and 10). These faults
align with morphological features of the east shoreline of the Sua Pan,
where several jetty/spit-like linear features are observed protruding into
the pan from the shoreline (Fig. 6).



G. Schmidt et al.

Tectonophysics 846 (2023) 229678

25 km

Fig. 6. Close-up of the Sua Pan showing the jetty/spit features that protrude from the eastern shoreline and are collinear to preferentially eroded valleys. a) Close-up
of Fig. 4a showing the Sua Pan. Black arrows point to the jetty/spit features, as well as instances where the topography terminates abruptly and appears to be offset.
b) Close-up of Fig. 2b showing the Sua Pan. Black arrows point to the jetty/spit features and the Bushman Fault (BF) for reference. c¢) Outline of the features in a and

b. Km = Kukome Island.

6. Discussion and conclusions

We have provided evidence suggesting that the overall geometry of
the pans is structurally controlled by both faulting and tectonic terrane
boundaries. Although the pans have been suggested to be influenced by
earlier tectonic features (Eckardt et al., 2016; Podgorski et al., 2013), the
precise relationship had not been fully appreciated. Furthermore, the
continuity of faults from the Limpopo Belt (e.g. the Lechana Fault) into
the Magondi Belt, as well as how Kubu Island fits into the history of the
tectonic terranes (Aldiss and Carney, 1992; Chisenga et al., 2020;
Majaule et al., 2001; McCourt et al., 2004) has been a matter of con-
troversy. In general, pan geometry is the result of the intersection of two
sets of faults and the contact between the Magondi and Limpopo-Shashe
Belts, which themselves have been influenced by the impeding

Zimbabwe Craton.
6.1. Fault-pan geometry

Faults tend to have preferred orientations depending on the tectonic
terrane they overlie (Figs. 10 and 11). Within the Magondi Belt and
Ghanzi-Chobe Zone, the combination of fault scarp dip direction,
inference from extension direction derived from earthquake fault plane
solutions, and previous proposals by Eckardt et al. (2016) confirm that
these faults are mostly normal and create a horst and graben topog-
raphy. However, offset dikes observed in the aeromagnetic data (Fig. 8)
show that fault movement has a strike-slip component as well, and
confirms that fault movement at least postdates the Jurassic Okavango
Dike Swarm. Aeromagnetic data was very useful in identifying many of
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the mapped faults, however not all faults have an aeromagnetic signa-
ture and were identified from satellite imagery. Faults are identifiable
within aeromagnetic data where they cut across and offset layering (e.g.
differences in the magnetic susceptibilities of basalt flows that are
interlayered with metasediments). Faults that are not identified from
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aeromagnetic data might be parallel to layering or simply the rocks do
not have contrasting magnetic susceptibilities. A dike laterally offset by
150 m below the the Gidikwe Ridge demonstrates that the ridge is fault
controlled (Fig. 8b). Since the Gidikwe Ridge has been previously sug-
gested to represent a relic shoreline of Makgadikgadi Paleolake
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(Podgorski et al., 2013; McFarlane and Eckardt, 2006), and the ridge
trends in the exact concave shape as the western shoreline of the Sua
Pan, it further supports our hypothesis that the shoreline geometry is
largely fault controlled. For purposes of this study, we do not discuss the
relationship between the faults and the fabric of the fold belts in three
dimensional terms (i.e. their intersecting relationships). Although this
relationship has been shown to be a valuable aspect of fault vs. tectonic
terrane interpretation (e.g. Phillips et al., 2016), the basement depth
below the pans is very shallow. Exploration borehole data (De Beers
Prospection Botswana Limited, Licences 61, 62, 68, 69, and 75/88) in-
dicates the basement is approximately 200 m below the Karoo sediment
infill of the pans. Thus, a discussion of the two-dimensional relationship
between the observed structures in the geophysical datasets and the
observed surface topography is considered adequate as a first order
characterization of the faulting present in the Makgadikgadi Basin.

Some of the faults, or fault segments, coincide precisely with pan
shorelines (Fig. 10). The western shoreline of the Sua Pan, for example,
is likely the surface expression of an east dipping normal fault which
follows the contact between the Limpopo-Shashe Belt and the Magondi
Belt. The Magondi Belt is considered to have been thrust over the
Limpopo-Shashe Belt, producing a west dipping thrust fault (McCourt
et al., 2004; Ranganai et al., 2002). Extensional reactivation of the back-
thrust will produce a geometry in which the principal thrust and the
newly formed normal fault (i.e. the western shoreline of the Sua Pan)
have opposing dips. In this scenario, it is normal that the two faults are
separated by some distance, depending on the original length between
ramp and flat, as well as the amount of erosion.

Fault controlled shorelines are further attested to by higher silica
concentrations on pan margins which is thought to be derived by
groundwater (Ringrose et al., 2009). The existence of faults at many of
these margins (i.e. shorelines) likely allowed for the movement of
groundwater at these margins, and even aided the catchment of water in
pools. The high relief lineaments (i.e. jetties/spits) extending from the
eastern shoreline of the Sua Pan (Figs. 6 and 10) align with WNW-ESE
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striking faults and are probably the surface expression of these faults.
Their formation and positive relief is possibly due to preferential sil-
cretisation events described previously by Ringrose et al. (2009) where
groundwater utilized the preexisting faults (Lekula et al., 2018;
McFarlane and Long, 2015). Burrough (2022) interprets these high relief
lineaments of the eastern shoreline of the Sua Pan as spits. Spits are
depositional features that require prevailing wind and constant current.
If these features represent spits, their decrease in size from north to
south (Fig. 6) might imply that depositional energy decreased south-
ward, the lake level was maintained for a longer duration in the north, or
the river was entering the Sua Pan in different locations overtime in a
specific north-south trend. Rivers may have entered the pan along the
fault pathways (preferentially eroding the observed valleys east of the
Sua Pan) and aided in spit formation. However, due to the fact that
Kukome Island (Fig. 6) is made of basalt, the relationship between these
high relief lineaments, faulting, sedimentation, and the Okavango Dike
Swarm may not have a simple explanation. We argue it is unlikely
several parallel lineaments, collinear with faults, are solely the products
of sedimentation dependent on prevailing wind directions and likely
have a relationship with the inferred faults.

The western shoreline of the Ntwetwe Pan, although less defined
than the western shoreline of the Sua Pan, has several coinciding
northeast-southwest striking faults. Layered mounds identified by
Franchi et al. (2020) on the western side of the Ntwetwe Pan might also
reflect erosional differences that are in part contributed to by these
faults. The river entering the western side of the Ntwetwe is deflected
and rerouted twice by faults. It enters the study area, possibly following
a northwest-southeast striking fault extending from the Limpopo Belt
and is deflected southward by a fault that runs parallel with the Gidikwe
Ridge. It then returns to a southeast direction coinciding with another
northwest-southeast striking fault extending from the Limpopo-Shashe
Belt (Fig. 10).

In as much as the WNW-ESE-striking faults within the Limpopo-
Shashe Belt just south of the Zimbabwe Craton (Fig. 10) overlie and



G. Schmidt et al.

} 20.0'S 19.5'S

20.58

21.0'S

Tectonophysics 846 (2023) 229678

245E  250E

Makgadikigadi Pans

Limpopo-Shashe Belt

Magondi Belt (Paleo-
Mesoproterozoic)

Passarge Basin
(Neoproterozoic)

Ghanzi-Chobe Zone
(Neoproterozoic)

BORCNE

255E

Zimbabwe Craton (Archean) /

(Archean-Paleoproterozoic) /

26.0E 265E 27.0E

" Tectonic Boundary

Interpreted normal fault,
barble on downthrown
(hanging wall) side

Fault with right-hand
separation

Fault with left-hand
separation

7

River
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have the same trend as the magnetic anomalies produced by the Oka-
vango Dike Swarm, they may have been controlled by the dikes. These
faults cut into the eastern Sua Pan and right separate a northeast-striking
normal fault. Because they do not appear to offset the Bushman Fault,
latest movement on the Bushman Fault is also probably Quaternary.
The fault propogating from the Limpopo-Shashe Belt, passing just
south of Kubu Island, and crossing the entire Ntwetwe Pan is likely the
Lechana Fault (Aldiss, 1991; Aldiss and Carney, 1992; Carney et al.,
1994; McCourt et al., 2004), or possibly a fault related to the Sunny Side
Shear Zone (Ranganai et al., 2002) (Fig. 10). Other faults parallel to the
Lechana Fault and extending from the southeast (Fig. 10) thus represent
faults within the Northern and Central Marginal Zones of the Limpopo-
Shashe Belt bounded by the Shashe Shear Zone and the Sunny Side Shear
Zone. These faults extending from the Limpopo Belt are identified to
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pass into the Magondi Belt where they intersect with the northeast-
southwest striking rift related faults. High relief lineaments on the
northeast margin of the Ntwetwe Pan (Fig. 2a) are likely the surface
expression of the Lechana Fault and, like the jetties/spits in the Sua Pan,
are proposed to share a similar silcretisation formation process
described by Ringrose et al. (2009). As described earlier the Lechana
Fault at this location right separates the northeast-striking normal fault
that controls the northeastern boundary of Ntwetwe Pan. At least one
other northwest-striking fault left separates a northeast-striking normal
fault on the southeast boundary of the pan.

In the case of the concave-eastward curved rift belt structures of the
pans, the curvature of those faults overlying the Ghanzi-Chobe Zone and
Magondi Belt, like the Gidikwe Ridge Fault, is controlled, or at least
influenced by, the curvature of the belts themselves (Figs. 8 and 9). The
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curvature of the faults overlying the Limpopo-Shashe Belt, like the
southern part of the Lechana Fault and the two other faults to the east of
it (Fig. 10), has been accentuated by the influence of the adjacent
northwest trending Limpopo-Shashe Belt. Although the actual
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movement direction of these faults is unknown, we infer from the DEM
morphology that they dip to the northeast. If the NE-SW extension di-
rection determined from fault plane solutions for the 2017 earthquake,
80 km south of the study area can be applied to these faults, they are
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down-to-the northeast normal faults as shown on Figs. 4b and 10. The
same change in extension direction was observed previously by Delvaux
and Barth (2010) between the Luangwa Graben (Fig. 1) and South Africa
and it is likely that the Makgadikgadi Basin represents the point where
this change occurs. Admittedly, the distance between the available focal
mechanisms (071886A and 102684B at Lake Kariba and
201704031740A just south of the study area) is approximately 700 km
(Fig. 1). Although one sees strain rotations across distances of <100 km
in East Africa (Morely, 2010; Rajabi et al., 2022; Williams et al., 2019),
the available data nevertheless suggests that in the bigger picture, sig-
nificant strain rotation (i.e. nearly 180° rotation) within the San Plate
exists. This observation might be important in constraining the rela-
tionship between the Nubian and San Plates (Wedmore et al., 2021) and
more broadly the rigidity of the San Plate in future work.

6.2. Updated tectonic terrane boundaries

Our updated tectonic terrane boundaries more accurately represent
observations of gravity and magnetic structures, and fault orientations.
Our interpretation of the Magondi and Limpopo-Shashe Belt contact
south of the pans is more agreeable with McCourt et al. (2004) than
Ranganai et al. (2002), Chisegna et al. (2020), and Singletary et al.
(2003), whereas our Passarge Basin boundary is mostly agreeable with
Chisegna et al. (2020). However, we suggest that the northernmost
extent of the Passarge Basin terminates about 50 km further south than
the boundary proposed by both Chisenga et al. (2020) and Singletary
(2002), based on the structures observed in the aeromagnetic and
gravity data (Figs. 7, 8, and 9). The Nxai and Kudiakam Pans (Figs. 2a
and 10) mark the eastern boundary of the Passarge Basin, along with the
Gidikwe Ridge.

The boundary between the Zimbabwe Craton and the Limpopo-
Shashe Belt is elusive and difficult to constrain (Barton et al., 1994;
Aldiss, 1991; McCourt et al., 2004; Ranganai et al., 2002). Previous
studies have placed this boundary within the study area (Fig. 3), but in
differing locations either east (McCourt et al., 2004; Singletary et al.,
2003), northeast (Ranganai et al., 2002), or below the Sua Pan. Barton
et al. (1994) determined from insitu analyses of deposits associated with
the Bushman Fault (just west of the Sua Pan approximately 20.5° S,
26.5° E) that the rocks in which the Bushman Fault occurs is generally
distinct from the Zimbabwe Craton. This supports the interpretation of
gravity data from Ranganai et al. (2002), which placed the boundary
further east. If the boundary between the Zimbabwe Craton and the
Limpopo-Shashe Belt is brought south to the location proposed by
Chisenga et al. (2020), the marginal zones (i.e. Central and Northern
Marginal Zones) indicated by McCourt et al. (2004) and Ranganai et al.
(2002) are pinched out by the time they reach the Magondi Belt. This
would contradict field observations and mapping in the area (McCourt
et al., 2004). We have drawn the boundary (Figs. 7c and 10) from where
it was mapped by McCourt et al. (2004) into the northernmost part of
Sua Pan. For these reasons we suggest that, although the Zimbabwe
Craton did not directly control fault trends in the pans, it nevertheless
had a major structural influence on the pans by controlling both the
structure of the Central and Northern Marginal Zones, and the southern
Magondi Belt.

6.3. Summary and conclusions

In summary, the northeast-striking, rift-related normal faults in the
northern part of the pans follow the trend of the folds (magnetic
anomalies) within the underlying Magondi Belt in a similar way that
normal faults in the Okavango Rift Zone in northwestern Botswana
follow the trend of structures in the Neoproterozoic Ghanzi-Chobe Zone
(Kinabo et al., 2007, 2008; Modidi et al., 2000; Chisenga et al., 2020). In
the western and central part of the pans the pronounced change in strike
of the faults to a concave-eastward curvature follows the curved trace of
the structures in the southern Magondi Belt that were produced by the
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impingement of the developing fold belt against the Zimbabwe Craton.
This is similar to the concave-eastward curve of the Tanganyika Rift Belt
to the north that follows the underlying Paleoproterozoic Ubendiam Belt
that wrapped around the Tanzania Craton (e.g., Hanson, 2003; McCourt
et al., 2014).

The structural components underlying the Makgadikgadi Pans
describe a complex tectonic regime. Shorelines mimicking regional
structures in magnetic and gravity data, in combination with fault
strikes and movement, show that they are indeed structurally controlled.
The existence of high relief structures on the pan floor which coincide
with identified faults may represent groundwater processes which uti-
lize faults and may be a lucrative area of future work in constraining the
regional groundwater activity in northwestern Botswana. Furthermore,
the relationship between the Bushman Shear Zone (Barton et al., 1994)
and the Shashe Shear Zone (Ranganai et al., 2002) is likely an important
factor in the evolution of the eastern shoreline of the Sua Pan, but still
remains to be fully understood. In short, despite the pans representing
the southernmost extent of the EAR in which the faults already have
formed collinear to the other rift sections further to the northeast, the
preexisting fabric of the tectonic terranes also has a direct influence on
fault propagation and in turn modulates the geometry of the pans.
Future work might include seismic or electrical resistivity surveying
along the shorelines and the Gidikwe Ridge to further investigate the
subsurface nature of these faults.
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