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Abstract The Southwestern Branch of the East African Rift System propagates through the Central and
Southern African plateaus and ends in the Okavango Makgadikgadi Zambezi Basin. This basin hosts the
Okavango Graben and the Eiseb Graben, considered as the terminus of the Southwestern Branch of the rift. To
the southeast, the Makgadikgadi Basin is affected by a series of normal faults forming the Makgadikgadi Rift
Zone (MRZ) which regional geodynamic significance remains unclear. Based on fieldwork and geomorphic
analysis, we revisited the geomorphological features associated with paleolakes and the fault pattern within

the Makgadikgadi Basin to better constrain the dynamics of the MRZ. Fault scarps and offsets along linear
dunes show normal-dip kinematics of faults, indicating a NW-SE extension direction in the area. Furthermore,
lacustrine shorelines in the basin are undeformed, proving that they post-date the fault activity. The previously
published ages of these shorelines demonstrate that the MRZ currently has a low tectonic activity. Integrated in
the geodynamic framework of the region, these results suggest that present-day deformation shifts toward the
Okavango Graben north of the MRZ. We therefore propose a “zip-opening” model to explain the propagation of
the Southwestern Branch of the East African Rift System where the tip of the system progressively progresses
southwestward, driven by motions of the continental plates.

1. Introduction

The East African Rift System (EARS) is an active zone of continental extension splitting the eastern part of the
African continent (e.g., Chorowicz, 2005; Macgregor, 2015; Saria et al., 2014). Its opening initiated in the Afar
during the Paleogene and propagated southward through several branches, defining embryonic boundaries of
continental plates (Daly et al., 2020; Martin, 2023; Saria et al., 2014; Simon, 2015; Stamps et al., 2008, 2021)
(Figure 1a). In Southern Africa, the Okavango Graben and its southwestern prolongation, the Eiseb Graben, are
considered as forming the present-day terminus of the southwestern extension of the EARS (e.g., Modisi, 2000;
Wanke, 2005), which propagates along the southern margin of the Central African Plateau and through the
Kalahari Plateau (Daly et al., 2020) (Figure 1b). This area thus represents a case example to better constrain the
deformation processes at play during the early stages of rift opening (Kinabo et al., 2007). The mechanisms and
chronology of the rift propagation in this region are poorly constrained. Geodetic data suggest a plate boundary
passing through and beyond the Okavango and Eiseb grabens (Malservisi et al., 2013; Wedmore et al., 2021).
However, there is no clear evidence of surface deformation supporting that the EARS track extends westward
toward the Namibian margin (Hasterok et al., 2022). Moreover, several studies showed that the deformation is not
restricted to the Okavango and Eiseb grabens but also affects the adjacent Makgadikgadi Basin to the southeast
(Moore et al., 2012; Pastier et al., 2017; Reeves, 1972a; Scholz et al., 1976) where a series of normal faults forms
the Makgadikgadi Rift Zone (MRZ) (Baillieul, 1979; Eckardt et al., 2016) (Figure 1b). The relationships between
deformation in the Okavango Graben and the MRZ have been little investigated, nor the links between these two
features and the EARS-related Mid-Zambezi Rift to the northeast. Better understanding these relationships would
provide new insights into the EARS propagation in particular and the evolution of rifts in general.

The Okavango Graben, the Eiseb Graben and the Makgadikgadi Basin belong to a wide low-elevation area of
the Kalahari Plateau called the Makgadikgadi-Okavango-Zambezi Basin (MOZB) (Haddon & McCarthy, 2005;
Ringrose et al., 2005) (Figures 1b and 2a). The MOZB as a whole is often considered an EARS-related depres-
sion (e.g., Franchi et al., 2022; Riedel et al., 2014; Ringrose et al., 2005; Schmidt et al., 2017). However, most
of the studies only focus on the Okavango Graben whereas links between the EARS and the Makgadikgadi
Basin remain understudied. Furthermore, faults of the MRZ affect the Makgadikgadi Basin but it has never been
demonstrated that they were at the origin of the Makgadikgadi topographic depression. Other processes, unlinked
to EARS propagation, have also been proposed to explain the formation of this depression, such as epeirogenic
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uplift along a flexural axis (Haddon & McCarthy, 2005; Moore & Larkin, 2001; Moore et al., 2012). Thus, a
better understanding of the tectonic movements within the Makgadikgadi Basin is necessary to better constrain
its links with the EARS.

The almost ubiquitous Quaternary sedimentary cover in the MOZB makes for poor outcrop conditions, hindering
tectonic studies with classical field markers such as fault planes and striations (e.g., Modisi, 2000). Thus, tools
other than direct field observations have to be used to determine fault's kinematics and chronology. In this work,
we focus on the structural pattern and geomorphology of the Makgadikgadi Basin to propose an innovative
propagation model of the EARS at its southwestern terminus. We (a) conduct a remote sensing study to map the
faults and lineaments at the Makgadikgadi Basin scale, (b) describe the morphological characteristics of faults
and lineaments based on field observations and elevation data and (c) bring new constraints on fault kinematics
and chronology based on their geometric relationships with geomorphic features in the basin.

2. Geological and Geomorphological Settings
2.1. The Southwestern Terminus of the East African Rift System

In its northern part, the EARS is composed of a single corridor, the Main Ethiopian Rift, going from Afar to the Lake
Turkana region. There, it splits into two branches: the Eastern Branch crossing Kenya and Tanzania and the Western
Branch going from Lake Albert to Lake Tanganyika (e.g., Chorowicz, 2005) (Figure 1a). The Southwestern Branch
of the EARS corresponds to a network of separate basins prolonging the rift system down to the Okavango and Eiseb
grabens (Figure 1b). Propagation of the Southwestern Branch is estimated to have started during Plio-Pleistocene
times and is still active today (Daly et al., 2020; Wedmore et al., 2021). The location of most of the basins in the South-
western Branch, and in the EARS in general, is controlled by inherited basement structures, preferentially following
Pan-African mobile belts and Mesozoic rift basins, avoiding cratons (e.g., Daly et al., 1989; Fairhead & Stuart, 1982;
Kinabo et al., 2008; McCarthy et al., 1993; Morley, 2010). Recent tectonic and geodetic studies show that the South-
western Branch of the EARS marks the separation between at least two distinct continental plates (Figure 1a): the
Nubian plate to the northwest and the San plate to the southeast (Daly et al., 2020; Wedmore et al., 2021). A third
distinct plate, the Angoni Plate, is also conjectured between the Lower Zambezi Rift, the Luangwa Rift and the
Malawi Rift (Daly et al., 2020; Williams et al., 2021). The Okavango and Eiseb grabens are the southwestern-most
surface features that can be related to the Southwestern Branch of the EARS. Consequently, no clear boundary sepa-
rating the San and the Nubian plates can be delimited between the Eiseb Graben and the Namibian Margin (Hasterok
etal., 2022). Daly et al. (2020) hypothesized three distinct scenarios: (a) that the Eiseb Graben is the tip of a boundary
that has not yet propagated further west, (b) that the Nubian-San boundary links to the NNW fault systems in the
Namibian Highlands or (c) that the Nubian-San boundary links to the Walvis Ridge in the Atlantic Ocean.

The MOZB is located at the southwestern tip of the Southwestern Branch of the EARS (Figure 1b). EARS-induced
deformation in the MOZB had been first hypothesized by Du Toit (1927) and then inferred by Reeves (1972b) and
Scholz et al. (1976) from a NE-SW seismicity axis affecting the region and parallel to linear morphologies in the
Okavango Delta area and the Makgadikgadi Basin. The EARS-related features in the MOZB, namely the Okavango
Graben, the Eiseb Graben and the MRZ, share a similar NE-SW trend but have different morphological and struc-
tural patterns. The Okavango Graben, to the northwest, is an active half-graben approximately 600 km long and
180 km wide, delimited by normal to dextral strike-slip faults (Bufford et al., 2012; Kinabo et al., 2008; McCarthy
et al., 1993; Modisi, 2000; Pastier et al., 2017). Its main faults are the Thamalakane, the Chobe and the Kunyere
southeast border faults and the Gumare northwest border fault (Figure 2a). To the southwest the Eiseb Graben
comprises four sub-parallel main faults sharing similar orientations with the faults of the Okavango Graben, of
which they are suspected to be the prolongation (Wanke, 2005). The Okavango and the Eiseb grabens are separated
from the Makgadikgadi Basin by the NE-SW Ghanzi Ridge in the southeast. The Makgadikgadi Basin is located
in a wide topographic depression (e.g., Moore et al., 2012), delimited to the north by a topographic ridge in the
Hwange area, to the east by a topographic ridge delimiting the Limpopo watershed, to the south by the Kalahari
Schwelle and to the west by the Ghanzi Ridge (Figures 1b, 2a, and 2b). Affecting the Makgadikgadi Basin, the
MRZ corresponds to a deformation zone presenting faults forming a horst and graben topography (Baillieul, 1979;
Eckardt et al., 2016). Based on topographic and aeromagnetic data, Eckardt et al. (2016) mapped faults in the
northern part of the Makgadikgadi Basin and distinguished a NNE-SSW striking fault family from an ENE-WSW
one. They also suggested that the deformation area is larger than their study zone, continuing southward into the
Makgadikgadi Basin, and northward probably forming a continuum with the Mid-Zambezi Rift (Figure 2a).
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Figure 1. The East African Rift System (EARS). (a) Topographic map of the East African Rift System. White annotations
correspond to embryonic plates from Daly et al. (2020): AN, Angoni microplate; NU, Nubian plate; RO, Rovuma microplate;
SA, San plate; SO, Somalian plate; VI, Victoria microplate. The question mark points the current interrogation about the
continuation of the boundary between San and Nubian plates toward the southwest. Yellow annotations correspond to
locations along the EARS and black annotations correspond to other geological features mentioned in the text. Af, Afar;

Al, Lake Albert; EB, Eastern Branch; MER, Main Ethiopian Rift; NM, Namibian Margin; SWB, South Western Branch;

Tu, Lake Turkana; WB, Western Branch; WR, Walvis Ridge. (b) Topographic map and seismicity of the Southwestern
Branch of the EARS. EG, Eiseb Graben; Kf, Kafue Graben; Lu, Luano Rift; Lw, Luangwa Rift; LZ, Low-Zambezi Rift;

MB, Makgadikgadi Basin; MG, Machili Graben; M1, Malawi Rift; MOZB, Makgadikgadi Okavango Zambezi Basin; MZ,
Mid-Zambezi Rift; MRZ, Makgadikgadi Rift Zone; OG, Okavango Graben; Ru, Rukwa Rift; Ta, Tanganyika Rift; Up,
Upemba Graben. Yellow annotations point rift segments. Seismic data come from International Seismological Centre (2022).
The focal mechanism indicates the 2017 Mw 6.5 Moiyabana earthquake (Mulabisana et al., 2021). For (a) and (b) faults

are compiled and modified from Chorowicz (2005), Daly et al. (2020), and Wanke (2005). Panels (a and b) share the same
topographic symbology. Topographic data: Copernicus GLO-30 and GLO-90 DTED (ESA, 2019).
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Figure 2.

The Mid-Zambezi Rift, extending from Mozambique to Eastern Botswana, is an active segment of the South-
western Branch of the EARS (Figure 1b) with normal-slip active faults mainly striking NE-SW (Daly et al., 2020;
Hlatywayo, 1995; Vail, 1968). A continuity between the Mid-Zambezi Rift and the MOZB tectonic structures
has been suggested (e.g., Eckardt et al., 2016; McCarthy, 2013; Scholz et al., 1976), linking the MRZ and the
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Okavango Graben to the EARS’ segments located further north. However, the structural connection between the
Okavango Graben, the MRZ and the Mid-Zambezi Rift remains poorly studied. On one hand, Daly et al. (2020)
proposed that the Okavango Graben and the MRZ would belong to two separated corridors of the EARS
(Figure 1b): the Okavango and Eiseb grabens would be the terminus of a corridor going through the Lake Rukwa
Rift, the Luangwa Rift, the Luano Rift and the Kafue Graben, whereas the MRZ would be the end of a second
corridor following the Mid-Zambezi Rift. On the other hand, Eckardt et al. (2016) suggested a tectonic continuity
between the Mid-Zambezi Rift, the MRZ and the Okavango Graben based on their geographical proximity and
mean fault-strike direction.

2.2. Seismicity of the Rift at Its Southwestern Terminus

The Mid-Zambezi Rift, the Okavango Graben and the Makgadikgadi Basin are seismically active but with
significant differences in earthquakes frequencies and magnitudes (Figure 1b). No significant seismicity has
been detected in the Eiseb Graben, despite Holocene tectonic activity being suspected (Wanke, 2005). The
Mid-Zambezi Rift shows the strongest seismic activity in the region with an average frequency of ~4 earth-
quakes per year reported since 1963 for magnitudes over 3 and a maximum magnitude of 6.5 measured in 1963
(International Seismological Centre, 2022). Part of the detected seismicity is induced by the Kariba artificial lake
filling in the end of the 1950s. However, earthquakes reported prior to the construction of the dam and the fact
that seismicity has not decreased significantly since the reservoir infill are evidence of high natural seismicity
in the area (Dumisani, 2001). In the Okavango Graben, the seismic activity is mainly focused in the southeast-
ern part, between the Thamalakane and the Tsau faults, and in the Mababe Depression. The seismic activity is
largely lower than in the Mid-Zambezi Rift with less than one earthquake per year since 1952 for magnitudes
over 3 and a maximum magnitude of 6.7 measured in 1952 (Reeves, 1972a). The Makgadikgadi Basin presents
sparse seismicity in its northern part and in the Makgadikgadi pans region whereas several earthquakes clustered
in the southern part. A magnitude 6.5 earthquake affected this area in 2017. The focal mechanism suggests a
NE dipping normal fault striking NW-SE almost orthogonal to the main trend of the MRZ and of the Okavango
Graben (Kolawole et al., 2017; Mulabisana et al., 2021). Most of the seismicity in the Makgadikgadi Basin has
been detected after 2004, leading some authors to suggest that a measurement bias resulted in underestimating
the seismic activity in this region compared to others, such as the Okavango Graben (Nthaba et al., 2018; Pastier
etal., 2017).

2.3. Geology of the Makgadikgadi-Okavango-Zambezi Basin

The basement of the MOZB consists of a series of Meso-to Neoproterozoic orogenic belts resulting from the
collision of the Congo Craton to the northwest and the Kalahari Craton to the southeast (e.g., Haddon, 2005; Key
& Ayres, 2000) (Figure 2b). The region was then affected by several extensional tectonic episodes between the
Carboniferous and the late-Cenozoic: the Permo-Triassic Karoo rifting, a late Mesozoic-Cenozoic extensional
episode and the Cenozoic still active EARS opening (Castaing, 1991; Van der Beek et al., 1998). During the
Karoo rifting episode, detrital sedimentary series were deposited in the MOZB within NE-SW oriented grabens,
as well as thick basaltic flows (e.g., Franchi et al., 2021; Jourdan et al., 2005). The MOZB is also cross-cut by a
WNW-ESE dolerite dykes network aged of ~179 Ma (Jourdan et al., 2004; Le Gall et al., 2002, 2005). During
the Cenozoic, Southern Africa underwent a phase of erosion (e.g., Dauteuil et al., 2018; Guillocheau et al., 2018)
and the African Superswell uplift, leading to the over 1,000 m.a.s.l. current elevations of the Southern African
plateaus (Nyblade & Robinson, 1994). The whole area was then covered by fluvio-lacustrine and aeolian Kalahari

Figure 2. Geomorphology and geology of the MOZB. (a) Topographic map of the MOZB with main faults and geomorphologic features (modified after Eckardt

et al., 2016; Moore et al., 2012; Pastier et al., 2017). Ch, Chobe; ChF, Chobe Fault; DeR, Deception Ridge; EG, Eiseb Graben; EK, Eastern Kalahari dune field; GdR,
Gidikwe Ridge; GhR, Ghanzi Ridge; GuF, Gumare Fault; GWF, Gweta Fault; Hw, Hwange; KuF, Kunyere Fault; KuP, Kudiakam Pan; Li, Linyanti; LiF, Linyanti Fault;
Ma, Mababe Depression; MaF, Mababe Fault; MaR, Magwikwe Ridge; MB, Makgadikgadi Basin; Mk, Makalamabedi Basin; MNS, Makgadikgadi Northern Shoreline;
MRZ, Makgadikgadi Rift Zone; MZ, Mid-Zambezi Rift; Ng, Lake Ngami; NtP, Ntwetwe Pan; NxP, Nxai Pan; OD, Okavango Delta; OG, Okavango Graben; SuP, Sua
Pan; ThF, Thamalakane Fault; TsF, Tsau Fault. Topographic data and symbology are similar to Figure 1. (b) Simplified geological map of the MOZB. Red annotations
correspond to Precambrian belts and cratons from Pastier et al. (2017) (modified after Begg et al. (2009), Haddon (2005), Khoza et al. (2013), Kinabo et al. (2007),
Miensopust et al. (2011), Muller et al. (2009), Singletary et al. (2003), and Youssof et al. (2013)). Karoo deposits are compiled from Jourdan et al. (2006), Key and
Ayres (2000), and Wiles (1971). Kalahari deposits extent is from Haddon and McCarthy (2005). (c) Topographic profiles across the MOZB. Profile tracks are indicated
in panel (a). Profiles are calculated over 20 km large envelopes with one profile line every 2 km and sampled every 100 m. Black lines correspond to the average values
calculated over the envelope. Gray areas correspond to minimum and maximum values. A x500 vertical exaggeration is applied.
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sediments, that deposited from the Late Cretaceous until today, with several phases of intra-basin erosion and
sediment recycling (Haddon, 2005; Haddon & McCarthy, 2005) (Figure 2b). Desert conditions notably led to
the formation of linear dune fields in the Kalahari Basin during the Late Neogene and Quaternary (e.g., Moore
et al., 2012; Stone, 2021).

At the end of the Cenozoic and during the Quaternary, the MOZB hosted an extensive paleolake system, cover-
ing an area up to ~175,000 km? (Moore et al., 2012). On the basis of the different paleo-shorelines and gravel
paleo-beaches, five major paleolakes of different water levels have been identified (Burrough et al., 2009;
Cooke, 1979, 1980; Grey & Cooke, 1977; Grove, 1969; McFarlane & Eckardt, 2008; Moore et al., 2012; Podgorski
etal.,2013; Riedel et al., 2014; Ringrose et al., 2005, 2009; Shaw, 1988): Paleolake Deception at 990-995 m above
sea level (m.a.s.l.); Paleolake Makgadikgadi at 945 m.a.s.l. (Figure 2b); Paleolake Thamalakane at 936 m.a.s.1.;
as well as two other unnamed paleolakes at 920 and 912 m.a.s.l. Their ages are poorly constrained and still
debated, and two models diverge on their Quaternary history, as well summarized by Burrough et al. (2022).
The Quiescent Model suggests a progressive desiccation of the paleolakes through the Pleistocene (e.g., Moore
et al., 2012). In this model, the lakes would have contracted to a level under 936 m.a.s.l. before 500 ka. Time
constraints are based on in-situ Early Stone Age (3 Ma to 300 ka) and Middle Stone Age (300-50 ka) artifacts
found on the paleolake's beds as well as on phylogeographical evidences. Alternatively, the Dynamic Model
proposes that the lakes experienced several episodes of drying and high-water level during the last 200 ka, with
a last lacustrine episode at 945 m.a.s.l. occurring around 8.6 ka ago (Burrough et al., 2009). Time constraints are
based on Optically Stimulated Luminescence (OSL) dating of paleo-shoreline sediments and stable isotope chro-
nology on diatomites (e.g., Burrough et al., 2009; Cooke & Verstappen, 1984; Schmidt et al., 2017; Shaw, 1997).
The establishment and regression of the paleolakes are alternatively interpreted as markers of climatic variations
(Burrough et al., 2022) and as evolutions of the regional drainage network under tectonic constraints (Moore
etal., 2012).

2.4. Geomorphology of the Makgadikgadi Basin

The Makgadikgadi Basin hosts the Makgadikgadi pans system (Cooke, 1980; Daly et al., 2020; Eckardt
et al., 2008; Thomas & Shaw, 1991) and presents the lowest elevations of the MOZB and of the whole Kalahari
Plateau, at around 890 m.a.s.l. in the southeast of the Sua Pan (Schmidt et al., 2017) (Figures 2a and 2c).

2.4.1. The Makgadikgadi Pans

Pans are vast flat areas whose soil consists of clays and silts, sometimes mixed and covered with evaporitic
deposits, and sometimes indurated by calcretes and silcretes (Baillieul, 1979; Burrough et al., 2022; Franchi
etal., 2020; Lancaster, 1978) (Figures 3a—3d). The Makgadikgadi Basin hosts the largest pan complex in southern
Africa, of which the Ntwetwe Pan to the west and the Sua Pan to the east are the largest ones (Figure 2a). The
processes of pan formation are not yet fully understood but wind deflation is recognized as the likely main driver
(Burrough et al., 2022; Cooke, 1979; Lancaster, 1978). In the Makgadikgadi Basin it has been suggested that the
pan formation also has a strong link with the lacustrine history of the basin (Franchi et al., 2020, 2022; Grey &
Cooke, 1977; Haddon & McCarthy, 2005; Lancaster, 1978).

2.4.2. Lacustrine Paleo-Shorelines

Several lacustrine paleo-shorelines are observable over the Makgadikgadi Basin (Figure 2a). These paleo-shorelines
are composed of multiple parallel sandy ridges identified as beach ridges following the Otvos (2000) definition,
that is, “Relict, semi-parallel, multiple ridges, either of wave (berm ridge) or wind (multiple backshore fore-
dune) origin” (Burrough et al., 2009; Cooke & Verstappen, 1984; Riedel et al., 2014; Thomas & Shaw, 1991).
The Makgadikgadi Basin's beach ridges are mostly observable on east facing margins of the basin, suggesting
prevailing easterly winds when they were deposited, similar to today (Burrough et al., 2009). The most prominent
relic shoreline is the Gidikwe Ridge which forms a long sandy strip, peaking at around 940-950 m.a.s.1., concave
toward the east and continuous for about 430 km along the western margin of the basin (Figures 2a and 2c). Its
eastern face shows a series of parallel ridges made up of aeolian- and wave-accumulated sediments, matching the
beach ridge description (Burrough et al., 2009; Grey & Cooke, 1977; Grove, 1969). Alternatively, the Gidikwe
Ridge has also been interpreted as an offshore sandbar separated from the shoreline of the lake by a shallow
lagoon (Cooke & Verstappen, 1984; Moore, 2013; Moore et al., 2012). In the northern part of the Makgadikgadi
Basin, another Paleolake Makgadikgadi related shoreline extends from the south of the Nxai Pan to the west
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Figure 3. Pictures and satellite images of some geomorphological features in the Makgadikgadi Basin. (a) Satellite image of
the Gweta Fault's scarp, forming the eastern margin of the northern part of the Ntwetwe Pan (© Copernicus Sentinel-2 data
2015). (b) Drone picture of the Gweta Fault's scarp. SO to S3 annotations refer to surfaces described in the text. (c) Picture
of the salt crust in the Sua Pan. (d) Picture of the Gweta Fault's scarp at the northeastern margin of the Ntwetwe Pan. (e)
Satellite image of the linear dunes underlain by vegetation in the north of the Makgadikgadi Basin (Image © 2022 Maxar
and Image © 2022 CNES/Airbus from Google Earth). (f) Drone picture of the front of scarp dunes. Eye symbols indicate the
locations from which the pictures, referenced by figure numbers and letters, were taken.

of the Nata River Valley and has been far less studied than the Gidikwe Ridge (Eckardt et al., 2016; Ringrose
etal., 2005). Given its location in the basin we will refer to this unnamed shoreline as the Makgadikgadi Northern
Shoreline (Figures 2a and 2c).

2.4.3. Dunes

Several relict dunes have been described in and around the MOZB, belonging to the Mega-Kalahari sand sea
(Grove, 1969). The predominant ones are linear dunes forming extensive dune fields sometimes covering several
thousand square kilometers. These dunes are built parallel to a dominant wind, or to a resultant of two dominant
winds, by accretion of eroded sand from the interdune and transport along the dune edge (Hollands et al., 2006;
Lancaster, 1982; Livingstone, 1988; Tsoar et al., 2004). Among these dune fields, the Eastern Kalahari dune
field is located in the Hwange area north of the Makgadikgadi Northern Shoreline (Stone, 2021; Thomas, 1984;
Thomas & Burrough, 2016) (Figures 2a, 3e, and 3f). The Eastern Kalahari linear dunes trend E-W to ESE-WNW,
are highly degraded and are covered with vegetation that outlines their track. They are currently 10-20 m high
but were estimated around 60 m high when active (Grove, 1969; McFarlane & Eckardt, 2007; McFarlane
et al., 2005). OSL dating indicates that they were already established at least in the Late Pleistocene (Ringrose
et al., 2008; Stokes et al., 1997, 1998; Telfer & Thomas, 2007) and have undergone several periods of activity.
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The last activity of the Eastern Kalahari linear dunes was dated around 20 ka, whereas activity has been recorded
until 3—4 ka for other linear dunes located to the west of the Okavango Graben (Stokes et al., 1998; Thomas
& Burrough, 2016). Close to fault scarps and drainage incisions, the eroded linear dunes locally show a more
pronounced crest. It has been proposed that they are replicates of former flattened linear dunes, controlled by
water infiltration (Eckardt et al., 2016; McFarlane & Eckardt, 2007). However, Jolivet et al. (2022) also showed
that foredunes and parabolic dunes tended to form on downwind riverbanks in the Kalahari. They attributed their
formation to perturbation of wind-flow in the vicinity of topographic obstacles such as river valleys and scarps.
This process is not incompatible with the replicated dune model and should be considered regarding the impor-
tance of aeolian sand remobilization in the region (Garzanti et al., 2022; Telfer & Thomas, 2007). We will use
the term “scarp dunes” to refer to dune morphologies that are related to topographic scarps. The aeolian system
also includes lunette dunes forming on the downwind margin of pans and composed of sediments deflated from
the pan floor during arid periods (Lancaster, 1978; Lawson & Thomas, 2002). Both linear and lunette dunes
are markers of one or several arid episodes, necessarily drier than today and the time of paleolakes formation
(McFarlane et al., 2005; Stokes et al., 1997; Thomas & Shaw, 1991). Their orientations suggest an E to ESE wind
similar to the present-day direction.

2.4.4. Drainage Pattern

All rivers currently flowing into the Makgadikgadi Basin are intermittent (Figure 2a). The main ones are the
Boteti River which flows out of the Okavango Delta and crosses the Gidikwe Ridge in the west, and the Nata
River which flows into the Sua Pan in the northeast. The drainage systems to the south and north of the basin are
fossil hydrographic systems (Shaw et al., 1992). The Makgadikgadi Basin is endorheic as no river exits from the
basin.

2.4.5. Deformation of the Geomorphic Features

Several authors used the elevations of formerly presented geomorphological features to detect tectonic move-
ments in the MOZB. Eckardt et al. (2016) studied the relationship between the Makgadikgadi Northern Shore-
line, the linear dunes and the fault scarps in the north of the Makgadikgadi Basin. Based on topographic ridge
elevation measurements, they described vertical displacements of Paleolake Makgadikgadi paleo-shorelines by
tectonic movements subsequently to their formation. Gumbricht et al. (2001) suggested regional tilting based on
elevation variations along the Gidikwe Ridge and the Magikwe Ridge (Figure 2a). However, these studies focused
on the shorelines' highest ridges, which may in fact correspond to different geomorphological features that inter-
act to form the topography of the shoreline (e.g., dunes, wave-built sandbars, erosive scarps). On the contrary,
Burrough et al. (2009) suggested that tectonic movements had a minimal impact on the Makgadikgadi Basin's
topography since the last lake highstand (8.6 ka ago according to them), based on the apparent consistency
between shoreline elevations in the different MOZB's lacustrine sub-basins (Makgadikgadi Basin, Lake Ngami
and Mababe Depression) (Figure 2a). They also highlighted that post-depositional processes such as erosion or
dune reactivation complicate topographic interpretations and detection of neotectonic movements. Determining
whether or not neotectonic movements occurred in the Makgadikgadi Basin since the last Paleolake Makgadikg-
adi highstand is however a major challenge for understanding the dynamics of the EARS in the MOZB as it may
provide new chronological constraints on the rift propagation. Our work therefore seeks to better characterize the
surface tectonic deformation based on a detailed geomorphological study of faults, dunes and paleo-shorelines.

3. Data and Methods

The geomorphological analysis of the Makgadikgadi Basin was carried out by (a) characterizing the morphology
of fault scarps, dunes and paleo-shorelines in the field and (b) using a remote sensing approach to map these
features at the Makgadikgadi Basin scale and to study their relationships. Two field campaigns were conducted in
November 2021 and July 2022 in collaboration with the Okavango Research Institute (University of Botswana).
Geomorphological observations were carried out on four key sites (Figure 4a): a 29 km-long section along the
Gweta Fault scarp west of Zoroga village (GFS-1 field site), one site along the Gweta Fault scarp in the south
of the Eastern Kalahari dune fields (GFS-2 field site), one site on the Gidikwe Ridge (GRS field site) and
one site across the Makgadikgadi Northern Shoreline (NMS field site). Topographic profiles (Figures 4b—4d)
were acquired with a Trimble® Geo7X receiver with a 20 min delay for phase alignment before recording each
profile. The dual-frequency receptor with carrier phase filtered integrating the trajectory velocity enables to
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Figure 4. Field sites and topographic profiles localizations. White rectangles indicate field sites locations, black rectangles
indicate figure locations. The location of panel (a) is given in Figures 2 and 5. Shaded topographic data: Copernicus GLO-30
DTED (ESA, 2019).

locally measure the topography of the geomorphological features with a <50 cm horizontal and a <1 m vertical
relative accuracy (Kleusberg, 1986; Schwarz et al., 1989). The study area is remarkably flat with a ubiquitous
aeolian sediment cover, so that most of the studied features have a discreet geomorphic expression on the field
(Figures 3b, 3d, and 3f). Then, a remote-sensing approach was used to complete field observations. We used topo-
graphic data from the Copernicus GLO-30 DTED Digital Elevation Model (DEM), produced by the European
Spatial Agency (ESA, 2019). It has a horizontal resolution of 1.0 arc-second in latitude (approximately 30.9 m)
and 1.0 arc-second in longitude between latitudes 0° and 50° S (approximately 29 m in the area of the MOZB)
for an absolute horizontal accuracy of less than 6 m. The absolute vertical accuracy is less than 4 m and the rela-
tive vertical accuracy fluctuates between less than 2 m and less than 4 m depending on the local slope (Fahrland
et al., 2020). The DEM is not corrected for vegetation height, adding a potential bias on elevation measurements.
Thus, geomorphologic interpretations were carried out preferentially with field data when available and the DEM
was used to extend the analysis to the Makgadikgadi Basin scale. Most of the previous topographic studies in the
MOZB used the 3 arc-second resolution Shuttle Radar Topography Mission (SRTM) elevation data (e.g., Eckardt
et al., 2016). Thus, we compared the Copernicus and SRTM elevation data (USGS EROS, 2018) to detect poten-
tial elevation differences between these two data sets (Text S1, Figures S1 and S2 in Supporting Information S1).
From the DEM, topographic profiles and elevation contours at different altitudes were extracted. In addition to
the DEM, satellite images (Google Earth® and Sentinel-2 tiles) were used for mapping. Based on the field and
remote sensing data we (a) mapped the lineaments and the fault scarps at the Makgadikgadi Basin scale, (b)
characterized fault scarps morphologies, (c) analyzed the Eastern Kalahari dunes and interdunes' topography
and (d) mapped the different geomorphological features composing the Paleolake Makgadikgadi shorelines and
measured elevations along these features to evaluate their potential deformation.

Lineament mapping was conducted manually on DEM-derived topographic maps using multidirectional hillshade
(illumination azimuths: 225°, 270°, 315°, 360°; illumination elevation: 45°; vertical exaggeration: x30) to mitigate
biases associated with a single illumination source (Dauteuil, 1995; Scheiber et al., 2015; Smith & Clark, 2005).
Following the definition of O’Leary et al. (1976), lineaments were defined as “mappable, simple or composite
linear feature of a surface, whose parts are aligned in a rectilinear or slightly curvilinear relationship and which
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Figure 5. Map of the MRZ's faults and lineaments. (a) Red, magenta and orange lines correspond to the MRZ's faults and
lineaments in accordance with directions presented on the bar graph shown in panel (b), thin black lines correspond to the
Okavango Graben's faults and thick dashed black lines to fault trend in the Mid-Zambezi Rift. White dots correspond to

main cities. The location is given in Figure 2. (b) The bar graph indicates the cumulated length of mapped fault scarps and
lineaments as function of their azimuths. Colors corresponds to panel (a). Left-hand graduations correspond the MRZ's faults
(red, magenta and orange colors) whereas right-hand graduations correspond to Okavango Graben's fault. The MZ gray

bar represents the trending directions of faults in the Mid-Zambezi Rift. (c) Topographic map and profile of an ENE-WSW
lineament. (d) Topographic map and profile of a NNE-SSW fault. v.e., vertical exaggeration. Shaded topographic background:
Copernicus GLO-30 DTED (ESA, 2019).

differs distinctly from the patterns of adjacent features and presumably reflects a subsurface phenomenon,” consid-
ering that they can be “continuous or discontinuous features” (Eckardt et al., 2016). We slightly deviated from
O’Leary et al. (1976) by not presupposing subsurface relationships during mapping. Instead, topographic linear
features were mapped and classified into categories: linear dune, suspected fault, shoreline related lineament,
and unknown. Hydrographic lineaments have not been mapped except when they were aligned with suspected
faults. Linear dunes and lacustrine shorelines in the MOZB have distinctive shapes that make them recogniza-
ble with remote sensing data (e.g., Eckardt et al., 2016; McFarlane & Eckardt, 2008; Moore et al., 2012; Riedel
et al., 2014). The “suspected fault” class included lineaments exhibiting breaks in slopes delimiting topographic
blocks and/or continuous features intersecting several lineaments from other classes. The final structural map
retained: lineaments classified as suspected fault or unknown and lineaments from the other classes that are aligned
with suspected faults in order to account for a potential tectonic control on the spatial layout of these features.

Fault scarp and shoreline morphologies were characterized using GNSS profiles, field observations and trans-
verse composite profiles extracted from the Copernicus DEM. Additionally, longitudinal topographic profiles
extracted from the Copernicus DEM along specific features of the shorelines aimed to identify lateral variations
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in elevations. Longitudinal profiles were also extracted from the Copernicus DEM in the Eastern Kalahari linear
dune field, both along dune ridges and interdunes. Profiles were compared to discriminate between topographic
fluctuations related to dune construction/remobilization and break-in-slopes of the substratum.

4. Results
4.1. Fault Pattern of the Makgadikgadi Rift Zone

The surface expression of the faults affecting the Makgadikgadi Basin is characterized by linear scarps, contrast-
ing with the surrounding flat topography. The structural map obtained from the remote sensing analysis shows
a series of sub-parallel fault scarps and lineaments, with orientations ranging from NNE-SSW to ENE-WSW
(Figures 5a and 5b). Outside the Okavango Graben, fault scarps and lineaments are observed from the northeast
of the Mababe Depression to the northeast of the Nata Valley, mostly in the northern part of the Makgadikgadi
Basin (Hwange area) (Figure 5a). This area is marked by a regional mean slope of less than 0.04°, dipping toward
the Makgadikgadi pans to the south and toward the Okavango Graben to the west. The faults and lineaments
cluster into three main groups depending on their trends (Figures 5a and 5b):

1. NNE-SSW to NE-SW trending faults (red features in Figures Sa and 5b) are dominant (80% of the total mapped
fault length) and are observed throughout the Hwange area. This direction corresponds to that of the main faults
in the Okavango Graben such as the Gumare and Thamalakane faults, but also to the trend of the Mid-Zambezi
Rift (Figures 5a and 5b). Some of these faults extend southwards, where they delimit a topographic rise sepa-
rating the Ntwetwe Pan from the Sua Pan. The topographic offsets along fault scarps then decrease in the pans,
although some topographic lineaments may suggest that faults exist in the southern part of the pans.

2. The ENE-WSW to E-W trending lineaments (magenta features in Figures 5a and 5b) are less numerous (12%
of the total mapped fault length) and found only in the northwestern portion of the Hwange area. They are
close in direction to the boundary faults in the northeastern part of the Okavango Graben and in particular to
the Chobe Fault, from which they are geographically close. Some of them display breaks in slope delimiting
topographic compartments with different elevations (Figures 5¢ and 5d).

3. N-S to NW-SE trending lineaments (orange features in Figures 5a and 5b) suggest a third family of faults
in the southern part of the Makgadikgadi Basin (8% of the total mapped fault length). However, no other
evidence, such as offsets were found to confirm that they correspond to faults.

Regardless of their direction, faults and lineaments located in the northern part of the Makgadikgadi Basin are
in continuity with the Mid-Zambezi Rift, where their traces on the DEM are lost in the rougher topography
(Figure 5a). Lineaments with an ENE-WSW direction, located in the northwest of the Makgadikgadi Basin,
establish a continuum with the Okavango Graben, pointing toward the Mababe Depression. Finally, the south-
western part of the Sua Pan, which is the lowest area of the MOZB, does not show any visible fault or lineament.

4.2. The Gweta Fault

The field survey at GFS-1 (Figures 4a and 4b) shows a ~400 m wide and ~8 m high scarp with a slope up to 2.5°
(Figure 6a), to be compared with the regional slope of 0.04°. In the vicinity of this scarp, different depositional
surfaces were identified, numbered SO to S3 (Figure 6b). Surfaces SO, S1, and S2 are horizontal, lying downslope
of the scarp and surface S3 constitutes the top of the scarp. The floor of the pan (SO) is composed of sandy clay
and salt crusts and marked by desiccation cracks (Figure 6¢). Between the pan and the scarp, the 40 cm to 1 m
higher S1 surface is characterized by a sandy lithology covered with herbaceous vegetation. This surface is
incised by small gullies over a depth of a few tens of centimeters and leading into the pan (Figure 6c¢). The limit
between SO and S1 is formed by a narrow sandy beach supporting small decimeter-thick sandy alluvial fans at the
mouth of the gullies. Diatomite characterizing open-water lacustrine environments were also observed, interca-
lated between sandy layers and largely controlling the S2 surface (Figure 6¢). The scarp itself forms a gentle slope
covered with loose sand (Figure 6¢). Due to the sandy cover, no fault plane was observed. At the top, the slope
decreases until the surface becomes sub-horizontal (S3). The sandy cover of S3 contains loose silcrete and quartz-
ite gravels and pebbles suggesting the proximity of the underlying basement (Figure 6¢). Massive silcrete with
green silcrete pebbles were also observed at a depth of 2 m in a small quarry at the top of the scarp. The surfaces
were traced on the field for approximately 25 km along the scarp northwards from the A3 road, and it is likely that
they continue for several tens of kilometers further north, as suggested by the DEM. To the south, the height of
the scarp decreases until it disappears. Nonetheless, the continuation of the fault line can be inferred over several
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Figure 6. Topographic profiles across the Gweta Fault's scarp and interpretation. (a) Topographic profiles: black line
corresponds to GNSS elevations obtained on the field and projected along the profile track; red lines and pink envelope
correspond to Digital Elevation Model data. The localization of profiles is provided in Figure 4. (b) Geological interpretation
of the topographic profiles based on geomorphological and sedimentological observations made in the field. Eye symbols
indicate the position and orientation of pictures shown in panel (c). (c) Pictures of the different lithologies observed around
the Gweta Fault scarp and used to establish the geological cross section: (1) Desiccation cracks in the dark and salted

clay layer forming the bottom of the ephemeral lake; (2) Fine-grained white sandy layer deposited on the dark clay and
forming both isolated buttes and the present-day shore of the lake; (3) Meter-thick diatomite layer interbedded between two
fine-grained sandy layers. These layers are exposed laterally in warthog holes dug along the shoreline upper surface; (4)
Aeolian sand covering the surface or the fault scarp; (5) Pebbles and cobbles of silcrete and metamorphic basement associated
with some larger outcrops of silcrete indicating the presence of bedrock below a thin layer of clastic debris.

kilometers from the morphology of the Ntwetwe Pan on the DEM and the alignment of the vegetation observed
on satellite imagery (Figures 3a and 3b), until it fades completely within the Ntwetwe Pan.

Field investigations conducted at the GFS-2 site (Figures 4a, 7a, and 7b) show a totally different landscape where
none of the surfaces described at GFS-1 were recognized. The area investigated corresponds to a sandy valley
with clayish waterholes. Remote sensing data show a ~300 m wide surface with an approximate 1.0° slope toward
the WNW located on the eastern side of the valley (Figure 7b). This scarp is in continuity with the Gweta Fault
scarp described at GFS-1. Remote sensing data show that the fault scarp intersects linear dunes. No horizontal
offset of the linear dunes has been detected but topographic profiles along the dunes' ridges and interdunes show
a 4 m vertical offset (Figure 7c).

The vertical offset of the basement deduced from the geological cross-section at GFS-1 and the orientation of the
slope of the scarp indicate a northwest-directed normal component on the Gweta Fault (Figure 6b). Furthermore,
the lack of lateral offset of the dunes' axis around GFS-2 suggests that the fault is mainly normal-dip.

4.3. Topography of the Eastern Kalahari Dune Field

Linear dunes south of the Eastern Kalahari dune field can be followed almost continuously on the DEM on more
than 150 km for some of them, with a constant ENE-WSW (~N 080°) direction. Linear dunes intersect several
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Figure 7. Geomorphology of the Eastern Kalahari linear dune field. (a) Digital Elevation Model (DEM) view of the Eastern
Kalahari dune field with the location of the profiles tracks of panel (c). (b) DEM view of a portion of the Gweta Fault
intersecting the Eastern Kalahari linear dunes and the Makgadikgadi Northern Shoreline. (c) Projected topographic profiles
along the Eastern Kalahari linear dunes ridges and interdunes. Profiles are not at the same elevation of origin (they are offset
vertically one to each other) but they have the same scale with a x300 vertical exaggeration (ve). Lower profiles are the
southern profiles and upper profiles are the northern profiles. All profiles were projected horizontally on a same projection
line. Blue lines correlate incisions (blue dots) pointed on interdunes' profiles. Red lines correlate fault scarps (red dots)
pointed on interdune profiles. Red numbers indicate topographic offsets measured at fault scarps (in meter). Black and gray
dots indicate scarp dunes' summits along interdunes and dune ridges profiles respectively. Profile tracks are given on panel
(a). (d) DEM view of scarp dunes.

of the fault scarps without observable horizontal offset (Figure 7a). Linear dune ridges, and few interdunes, are
capped with scarp dunes where they are intersected by east-facing, NNE-SSW trending fault scarps (Figures 7c
and 7d). Topographic profiles obtained from DEM data along interdunes and dune ridges show vertical topo-
graphic offsets correlated to fault scarps (Figure 7¢). In order to minimize measurement uncertainties due to
the scarp dunes, only interdunes are considered showing up to 31 m of vertical offsets. The highest offsets are
measured along the Sepako Fault at the western margin of the Nata Valley, but they must be considered carefully
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Figure 8. Geomorphology of the Gidikwe Ridge. (a) Digital Elevation Model (DEM) view of the Gidikwe Ridge with a
focus on a segment of the Gidikwe Ridge at the outlet of the Boteti River showing fan shaped beach ridges and a paleo-delta.
Dashed white lines indicate foredunes contour, thick dotted lines indicate beach ridges and dashed and dotted white lines
indicate the Boteti paleo-delta. The red line indicates the position of profiles of panel (b). Location of panel (a) is given in
Figure 5. KuP, Kudiakam Pan; Mk, Makalamabedi Basin; NxP, Nxai Pan. (b) Topographic profiles across the Gidikwe Ridge
with field observations and interpretations. The black line corresponds to a GNSS profile carried out at GRS field site. Red
lines and envelopes correspond to profiles extracted from the DEM (see Figure 6a for legend). Profile tracks are given in
Figure 4d.

as offsets might have been accentuated by the incision of the Nata River. Several fault scarps observable in the
Eastern Kalahari dune field can be followed continuously southward, in the pans area and show intersections with
lacustrine shorelines (e.g., Gweta Fault and Nata Fault; Figures 5a and 7b).

4.4. Lacustrine Shorelines Morphology
4.4.1. The Gidikwe Ridge

Remote sensing data show that the Gidikwe Ridge extends from the southwestern corner of the Ntwetwe Pan
toward the north of the Nxai Pan (Figure 8a). At first order, the Gidikwe Ridge has a short face to the east and a
long face to the west. Between the Nxai Pan and the Kudiakam Pan, the ridge splits in two, with a branch joining
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the Makgadikgadi Northern Shoreline toward the east and another one continuing toward the northeast, parallel to
the western margin of the Nxai Pan (Figure 8a). The Gidikwe Ridge is continuous along its entire length, except
at the level of the Boteti River which cuts into it.

The GNSS topographic profile performed at the GRS site shows a series of four successive ridges 1-3 m high
and 150-360 m wide, capping the top of a ~1.1° sloped scarp facing to the east (Figure 8b). The ridges peak at
an elevation ranging between 947 m.a.s.1. for the western one and 942 m.a.s.1. for the eastern ones. The follow-
ing geomorphological features were identified on the Gidikwe Ridge, from east to west, based on correlations
between field observations and the remote sensing analysis (Figures 8a and 8b):

1. The lake-bed. Downslope to the east of the Gidikwe Ridge is a flat surface with a ~0.02° slope leaning
toward the Ntwetwe Pan. This surface is interrupted to the east by the western margin of the Ntwetwe Pan,
which also displays a series of sand ridges located between 930 and 910 m.a.s.l. Silcretes and sandy deposits
have been observed here, although no detailed mapping has been carried out. This surface is remarkably
smooth on the DEM except where the Nxai Pan and Kudiakam Pan form distinct topographic depressions
(Figure 8a), which themselves display series of ridges on their western margins. The surface is also incised by
channels coming from the Gidikwe Ridge, including the present-day channel of the Boteti River. Where the
Boteti River flows out of the Gidikwe Ridge, the DEM shows small abandoned diverging channels forming a
paleo-delta (Figure 8a).

2. Beach ridges. The eastern base of the Gidikwe Ridge is marked by a sharp break in slope followed by a
series of small ridges. These ridges are composed of sand, sometimes locally cemented (incipient silcrete
and calcrete), and can be followed almost all along the Gidikwe Ridge on the DEM (Figure 8a). They are
only interrupted in the northern part of the Gidikwe Ridge and where the Gidikwe ridge is intersected by the
drainage system. At the mouth of the Boteti River in the Makgadikgadi Basin, the sand ridges get spaced out
forming a fan-shape on both sides of the river (Figure 8a). This disposition of the sand ridges suggests that
the Boteti River had an influence on the deposition of the beach ridges implying that the river was flowing
into the Paleolake Makgadikgadi during lacustrine episodes, which is also supported by the presence of the
paleo-delta.

3. Bypass surface. Behind the sandbars, the Gidikwe Ridge displays a gently sloping area facing east, forming
a surface of several hundred meters to several kilometers wide, locally incised by the recent drainage system.

4. Foredune. The western part of the Gidikwe ridge has a dome-shaped topography, with a short steep east-facing
face and a longer west-facing face, culminating at an altitude of between 950 and 960 m.a.s.l. (Figure 8b).
This morphology corresponds to a dune system that runs the length of the Gidikwe Ridge, although it is less
marked in its southern part. The dune system is incised by the drainage system and by small pans up to 2-3 km
in diameter, with sand ridges on their western edge.

5. Lagoon-like depression. West of the Gidikwe Ridge, the topography locally displays elevations lower than
the beach ridges, such as in the Makalamabedi Basin (Figures 8a and 8b). These low areas are thus currently
below the paleolake level associated with the beach ridges. These low elevation areas located behind the
sand ridges suggest the presence of lagoons, assuming that these low elevations already existed during the
lacustrine episode. The low elevations behind the Gidikwe Ridge could also result from erosion post-dating
the lake, such as wind deflation.

4.4.2. The Makgadikgadi Northern Shoreline

Field survey at the NMS site (Figures 9a and 9b) shows, from southeast to northwest, a series of parallel ridges
approximately 1-6 m high and 190-310 m wide, culminating between 937 and 942 m.a.s.l. They are followed
by a ~400 m wide depression at the foot of a 6 m high scarp. The top of the scarp is characterized by a 600 m
wide flat surface after which the topography rises up to over 950 m.a.s.l. forming a dome shape. The same
geomorphological features as on the Gidikwe Ridge were identified along the Makgadikgadi Northern Shoreline
(Figures 9a and 9b). Additionally, topographic depressions locally suggest the existence of lagoons between
the beach ridges and the dunes. On remote sensing data, dunes and bypass surfaces were only identified along
the east and southeast facing portions of the Makgadikgadi Northern Shoreline (Figures 9a and 9b). Beach ridges
are observed almost continuously along the entire length of the Makgadikgadi Northern Shoreline except where
the shoreline intersects the drainage system. The DEM shows that the Makgadikgadi Northern Shoreline has a
sinuous track affected by several sharp turns (Figure 9a). The turns separate the shoreline into segments with
two main directions: some have a direction fluctuating between ESE-WNW and ENE-WSW, while others have a
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Figure 9. Geomorphology of the Makgadikgadi Northern Shoreline. (a) Digital Elevation Model (DEM) view of the
Makgadikgadi Northern Shoreline with a focus on beach ridges and foredunes. Dashed white lines indicate foredune contours
and thick dotted lines indicate beach ridges. The red line indicates the position of profiles of panel (b). Location of panel

(a) is given in Figure 5. (b) Topographic profile across the Makgadikgadi Northern Shoreline with field observations and
interpretations. Black lines correspond to GNSS profiles carried out at NMS field site. Red lines and envelopes correspond to
profiles extracted from the DEM (see Figure 6a for legend). Profile tracks are given in Figure 4c.

rectilinear NNE-SSW direction. Finally, all along its track, the Makgadikgadi Northern Shoreline delineates the
very smooth surface of the paleolake floor to the south, from the more rugged topography of the land area to the
north, marked by the presence of linear dunes and river incisions (Figure 9a).

4.4.3. Elevation of Shorelines

Measurements taken on the DEM along a continuous beach ridge along the Gidikwe Ridge and the Makgadik-
gadi Northern Shoreline show an almost constant elevation of around 941 m.a.s.l. (Figure 10). However, at the
western tip of the Makgadikgadi Northern Shoreline, between the Nxai Pan and the Kudiakam Pan (Figure 2a),
the elevation of the sand ridge gradually decreases toward the west, from 941 to 935 m.a.s.l. This progressive
and localized variation in elevation is probably of sedimentary origin given the parallel orientation of this section
of the shoreline to the main wind direction. The beach ridges are continuous, even at the level of fault escarp-
ments, where they do not show vertical or horizontal offsets. The almost constant elevation of the beach ridges
contrasts with the surrounding piano-key topography and with the topographic profile following the highest
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Figure 10. Topographic profiles of the Makgadikgadi Northern Shoreline and the northern Makgadikgadi Basin extracted
from Copernicus Digital Elevation Model (DEM). Red line (PMNS-BR) corresponds to a longitudinal profile along a beach
ridge; light-red area corresponds to the difference between elevation measured on the Copernicus DEM and the Shuttle Radar
Topography Mission elevation data along the beach ridge; blue line (PMNS-HR) corresponds to a longitudinal profile along
the highest ridge of the shoreline (when identified); dark gray (NP) and light gray (SP) profiles correspond to straight profiles
in the northern Makgadikgadi Basin. Black dots and white dots indicate where profiles intersect faults and inferred faults
respectively. Black lines link dots corresponding to the same faults. Black arrows indicate dips of faults, white arrows indicate
inferred dips of inferred faults. Profile tracks are given in Figure 4a. All profiles are projected along a straight projection line
(Figure 4a).

points along the shoreline. Indeed, the latest shows a fluctuating elevation ranging between 940 m.a.s.l. and
965 m.a.s.l. (Figure 10).

5. Discussion
5.1. Deformation in the Makgadikgadi Rift Zone

The fault pattern of the MRZ (Figure 5) obtained through this study is coherent with the one proposed by Eckardt
et al. (2016), showing a staircase structure affecting the northern part of the Makgadikgadi Basin (Figures 10
and 11). The vertical offsets measured along the Eastern Kalahari interdunes and the lack of horizontal displace-
ments suggest pure extension in the northern part of the MRZ (Figures 7a and 7¢). The vertical topographic offset
values obtained must however be considered carefully to estimate fault throws as they may have been impacted
by erosive and depositional processes (e.g., incision and/or alluvial deposits in the Nata River Valley). The MRZ
fault scarps fade out in the Makgadikgadi pans, where the number of lineaments decreases from north to south.
Two hypotheses can be put forward. First, the faults might end by buffering in the pans. Second, the fault scarps
might have been erased by erosion and/or sedimentation, as suggested by the occurrence of some linear structures
in the south of Ntwetwe Pan. This second option has to be considered regarding the sequence of development
of the pans which alternates between phases of erosion (mostly wind-deflation) and shallow lacustrine sedi-
mentation (Lancaster, 1978). It would then imply that these fault portions have been inactive at least since the
last phase of erosion and/or sedimentation. Whether the faults continue through the Makgadikgadi pans or not,
they are absent from the region south of the Makgadikgadi Basin and end at the southern margin of the pans or
before. The lowest elevations of the Makgadikgadi Basin are in its southeastern part, where no lineament has been
detected, while the northwestern highest part of the basin is affected by faults with significant throws (over 10 m).
These observations suggest that the topographic depression of the Makgadikgadi Basin does not result from
tectonic activity. Unlike the Okavango Graben, whose current shape results from EARS-linked deformation (e.g.,
Modisi, 2000), the Makgadikgadi Basin is likely not an EARS-related tectonic depression and another process
independent from the EARS generated it.

5.2. Relative Chronology of the Makgadikgadi Rift Zone

The remote sensing topographic measurements along the Gidikwe Ridge and the Makgadikgadi Northern Shore-
line show a constant elevation of the summit of one of the sand ridges at around 941 m.a.s.1. Its constant elevation
and near continuity make it a good landmark all-along the different segments of the shoreline, consistent with
a beach ridge feature. Moreover, the shape of the sandbar where the Boteti River crosses the Gidikwe Ridge
(Figure 8a) shows that the sandbar was located at the level of the river outlet in the lake. This beach ridge is thus
a reliable marker of the level of the lake. The 941 m.a.s.l. elevation is consistent with the 945 m.a.s.1. usually
attributed to the Paleolake Makgadikgadi considering the absolute elevation variations that can exist between
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Figure 11. Synthetic 3D block of the geology and geomorphology of the northern Makgadikgadi Basin. The scale is

not respected. At the bottom, scenarios A and B show the theoretical final morphology of a sand ridge based on the

relative timing between normal faulting and sand deposition in a sloping area. The morphology of the beach ridges of the
Makgadikgadi Northern Shoreline is consistent with scenario B. The approximate location of the synthetic 3D block is given
in Figure 4a.

the different DEM data sets (Text S1 in Supporting Information S1). In the MOZB, elevations given by the
Copernicus DEM are on average 3.2 m lower than those given by the SRTM data (Text S1, Figures S1, and S2 in
Supporting Information S1). The position of the 941 m.a.s.1. beach ridges implies that the Gidikwe Ridge, which
peaks at >950 m.a.s.1., was above the water level when the beach ridges formed. These observations contradict
former interpretations of the Gidikwe Ridge as an offshore sandbar (Cooke & Verstappen, 1984; Moore, 2013;
Moore et al., 2012). However, the possibility of previous lacustrine stages characterized by higher lake levels
corresponding to the interpretation of the Gidikwe Ridge as an offshore sandbar is not excluded.

Elevations measured along the beach ridge remain constant even when it is intersected by fault scarps. These
constant elevations suggest that the beach ridge underwent no or very little deformation and post-depositional
erosion since its formation. This result contradicts the conclusion of Gumbricht et al. (2001) and Eckardt
et al. (2016) who proposed that neotectonic movements tilted the Gidikwe Ridge and deformed the Makgadik-
gadi Northern Shoreline respectively. We identified two potential bias in these studies. Gumbricht et al. (2001)
produced one of the first topographic maps of the region by interpolating spot elevation measurements with most
data spaced at around 7.8 km each, which is too imprecise to detect the different geomorphological features that
compose the shorelines. Eckardt et al. (2016) used the 3 arc-second resolution SRTM data that have a lower
resolution than the Copernicus DEM and took as reference the highest elevations around the effective shoreline:
our detailed analysis shows that shorelines are composed of several geomorphological features such as dunes,
erosional scarps or wave-built sandbars (Figures 8, 9, and Figure S2 in Supporting Information S1). Elevations
along the shoreline can be correlated only if they are measured on a same sedimentary feature. Elevations along
dunes depend on several factors such as wind exposure or sand availability and erosional scarps elevation can
reflect a relict topography, so they are unreliable markers. In contrast, wave-built beach ridges' elevations are
constrained by the lake levels and remain laterally constant if not deformed. In that way, the 941 m.a.s.1. constant
elevation of the studied sandbar suggests that the main tectonic activity of the MRZ pre-dated the lake that
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Quiescent model (QM) | Dynamic model (DM) generated the sandbar. Another argument for the fault scarps to predate the
Ages PLM  EKD  MRZ PLM  EKD  MRZ sandbar is the sinuous geometry of the beach ridges on the map (Figure 11).
Oker—85ka % minimum age (% The NNE-SSW segments of the Makgadikgadi Northern Shoreline fit

250 ka__ﬁ 2 ? ? perfectly with the fault scarps direction and some segments of the shoreline
e B directly follow some fault scarps. This correlation between fault and local
o MRZ minimum age (QM) . . . .

500 ke 3 500 ka shoreline directions suggests that the NNE-WSW segments of the Makgadik-

750 ka_i gadi Northern Shoreline followed existing fault scarps (Figure 11).

1.0 Mad The remote sensing analysis shows that the Eastern Kalahari linear dunes
5 are interrupted to the south by the Makgadikgadi Northern Shoreline and are
fE totally absent from the Paleolake Makgadikgadi floor area, clearly proving

15May © they are older than the Makgadikgadi Northern Shoreline. Offsets measured

along interdunes and dune ridges where they intersect fault scarps show that

] they have been deformed by the tectonic activity in the MRZ. Apart from
2oMa o these vertical offsets, linear dunes remain remarkably continuous and paral-
% lel all over the Eastern Kalahari dune field, even when intersected by fault

° scarps. The linear dunes thus formed on a smooth substratum free of fault

> Ma_E . . scarps that would have disturbed sand accumulation in their vicinity. All

Figure 12. Constraints on the relative chronology of the Makgadikgadi
Rift Zone (MRZ) based on two different models from the literature. PLM,
Paleolake Makgadikgadi; EKD, Eastern Kalahari linear Dunes; MRZ,
Makgadikgadi Rift Zone. For the Quiescent model (QM) ages are from

these arguments suggest that the Eastern Kalahari linear dunes are older than
the activity of the MRZ's faults.

Based on these observations, the following relative chronology is proposed:
(a) the Eastern Kalahari linear dunes formed on a tectonically stable substra-

Moore et al. (2012). For the Dynamic model (DM) ages are from Burrough tum, (b) the Makgadikgadi Basin was then affected by NNE-SSW to E-W
et al. (2009) and Thomas and Burrough (2016). MRZ ages are deducted from extensional faults, (c) fault activity decreased and (d) the basin was flooded

PLM and EKD ages (see text). PLI, Pliocene; UP, Upper Pleistocene.

during a humid period forming a vast lake with a surface elevation of around
941 m.a.s.l. (Paleolake Makgadikgadi). Finally, (e) changes in the hydro-
logical regime induced by increased aridity (Burrough et al., 2022) and/or
reorganization of the drainage system (e.g., Moore et al., 2012) led to the drying up of the paleolakes. The
proposed relative chronology is not exhaustive: other lacustrine episodes of higher or lower levels could have
occurred between steps (a), (b), (c) and (d). Step (d) only represents the last lacustrine episode that reached the
~941 m.a.s.l. level, possibly erasing the features built by previous, lower altitude flooding episodes.

Given the established relative chronology, absolute ages on the onset of Eastern Kalahari linear dunes formation
would constrain a maximum age for the initiation of MRZ activity whereas ages on the last Paleolake Makgadik-
gadi beach ridges would constrain a minimum age for the end of the main tectonic activity of the MRZ. Several
ages have been proposed in the literature, both for the Paleolake Makgadikgadi Shorelines and the linear dunes,
and as previously indicated, two models are currently debated (Burrough et al., 2022) (Figure 12). The Quiescent
Model implies that the last Makgadikgadi lake with a 941 m.a.s.l. level dried up to a lower level before 500 ka
and that the Eastern Kalahari linear dunes have an Early Pleistocene minimum age (McFarlane et al., 2005; Miller
et al., 2010; Moore et al., 2012). Given the proposed relative chronology presented in this study, the Quiescent
Model would imply that the activity of the MRZ decreased before the Middle-Pleistocene but does not delimit a
maximum age for the onset of MRZ formation. On the other hand, according to the Dynamic Model, the younger
OSL ages measured on the Gidikwe Ridge is 8.6 + 0.9 ka (Burrough et al., 2009; note that the drill site's coor-
dinates given in Burrough et al. (2009) correspond to the 941 m.a.s.l. undeformed beach ridge we focused on in
this work). Given the proposed relative chronology presented in this study, the Dynamic Model would imply that
the MRZ remained inactive or poorly active since early Holocene. Existing OSL ages on Eastern Kalahari linear
dunes span from <20 to 115 ka but do not exclude older dunes' construction phases (Stokes et al., 1997), so they
do not constrain a maximum age for the MRZ activity. Thus, existing data do not allow for precisely constraining
the age of the activity of the MRZ. However, the ages from literature support that the MRZ has remained poorly
active at least since 8.6 ka, if we consider the most conservative minimum age of the two models.

5.3. Propagation of the East African Rift System in the Makgadikgadi-Okavango-Zambezi Basin

The lineaments and faults pattern obtained from the DEM analysis shows that the NNE-SSW faults of the MRZ
are in continuity with the Mid-Zambezi Rift (Figures 5a and 13). As a consequence, the MRZ represents the end
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Figure 13. Synthesis of the EARS dynamics in the MOZB. EG, Eizeb Graben; Kf, Kafue Graben; Ma, Mababe Depression;
MB, Makgadikgadi Basin; MG, Machili Graben; MRZ, Makgadikgadi Rift Zone; MZ, Mid-Zambezi Rift; OG, Okavango
Graben; VF, Victoria Falls. Legends: earthquakes cf., Figure 1, geomorphic features cf., Figure 2, faults cf., Figure 5.
Colored areas correspond to zones of EARS induced deformation. The question mark indicates that the transfer zone is
hypothetical. * Mokatse et al. (2022); ** Bufford et al. (2012); *** this study.

of a corridor of the Southwestern Branch of the EARS, going through the Mid-Zambezi Rift, as proposed by
Daly et al. (2020) (Figure 1b). The normal-dip kinematic and the NNE-SSW to NE-SW strike of the MRZ faults
suggest that the MRZ formed under a general WNW-ESE to NW-SE extension.

NE-SW to E-W lineaments in the northwestern part of the MRZ also link the Mid-Zambezi Rift to the Okavango
Graben. Eckardt et al. (2016) recognized these lineaments on geomagnetic data and DEM, and interpreted them
as faults. Some of the NE-SW lineaments form topographic offsets but of much lower amplitudes than the
NNE-SSW ones (Figures 5S¢ and 5d). More arguments are needed to confirm their tectonic origin, but if attested,
they would draw a corridor of deformation between the Mid-Zambezi Rift and the Okavango Graben (Figure 13).

The staircase topography of the MRZ upholds a lower deformation in the MRZ than in the well-developed
Okavango Graben. Several authors detected current displacements (Pastier et al., 2017; Wedmore et al., 2021)
and neotectonic activity in the Okavango Graben, sometimes younger than 6 ka (Mokatse et al., 2022). This
dynamics in the Okavango Graben contrasts with the very low deformation in the MRZ at least during the
Holocene, but potentially for a longer time (this study). The magnitudes and distribution of earthquakes also
supports a higher tectonic activity in the Okavango Graben than in the MRZ (Figure 13). Indeed, most of the
seismicity in the Makgadikgadi Basin is located in its southern part and cannot be correlated to the faults of the
MRZ. Most events have a magnitude <4 and cluster around mining areas, whereas the 2017 Mw 6.5 earthquake,
located more than 100 km further south, is correlated to the reactivation of NW-SE Neoproterozoic faults related
to the Zoetfontain Faults System (Kolawole et al., 2017; Mulabisana et al., 2021; Paulssen et al., 2022).

Most of the EARS active deformation is focused in the Okavango Graben and the Mid-Zambezi Rift
(Dumisani, 2001), while the MRZ is poorly active, despite its structural continuity with the Mid-Zambezi Rift
(Figure 13). We propose that the present-day deformation is transferred north of the MRZ from the Mid-Zambezi
Rift to the Okavango Graben, forming a relay pattern between these two active grabens, bypassing the MRZ.
The spatial layout of the Okavango Graben and the Mid-Zambezi Rift, which are parallel with a NE-SW lateral
offset of their axes, is consistent with a relay configuration of the two grabens. Moreover, the E-W to NE-SW
lineaments described in the remote sensing analysis join these two active rift structures where the density of
the earthquakes decreases in the Mid-Zambezi Rift; while it increases in the Okavango Graben, south of the
Mababe Depression (Figure 13). Hence, the orientation and the location of these lineaments suggest a transfer
zone connecting the Okavango Graben and the Mid-Zambezi Rift. As mentioned before, this hypothesis has to be
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confirmed based on field observations for the origin of the ENE-WSW to E-W lineaments, as they could also be
related to Karoo or Proterozoic basement structures.

5.4. Dynamics of the Rift at Its Southwestern Terminus

The general WNW-ESE to NW-SE extension direction deduced from the fault analysis of the MRZ is consistent
with data in other segments all along the Southwestern Branch of the EARS (e.g., Daly et al., 2020). In particular,
all other grabens of the MOZB (the Okavango Graben and the Eiseb Graben), as well as the closest rift segments
to the north (The Mid-Zambezi Rift, the Machili Graben and the Kafue Graben) also show significant active
normal faults with similar NNE-SSW to NE-SW strikes.

However, several other data point that the current dynamics of the Southwestern Branch opening in the MOZB
is more complex than a simple extensional model perpendicular to the orientation of the main normal faults.
Indeed, geodetic data indicate that the Okavango Graben currently shows a dextral strike-slip displacement
along a NE-SW direction (Pastier et al., 2017). At a larger scale, geodetic data reveal a complex displacement
combining both a clockwise rotation and an E-W motion of the San plate relative to the Nubian plate (Malservisi
et al., 2013; Wedmore et al., 2021). Both geodetic studies imply an extension direction oblique to the main
NNE-SSW to NE-SW trending directions of normal faults in the MOZB. Kinabo et al. (2008) also suspected
strike-slip displacements in the Okavango Graben based on fault pattern and offset of dykes imaged by aeromag-
netic data. In contrast, the main NNE-SSW faults of the MRZ show only normal-dip displacements. However,
unlike the Okavango Graben, faults of the MRZ are poorly active and thus not representative of the current
dynamics of the EARS opening in the MOZB. Instead they could correspond to previous stages of the EARS
opening with a mainly ESE-WNW to NE-SW extension direction, whereas current deformation accommodates
displacements oblique to the main fault-strike. Another explanation could be strain partitioning in the system,
where most of the strike-slip deformation would be accommodated at the western margin of the system (e.g.,
Gumare Fault system) whereas its eastern part only shows extensional deformation. Both hypothesis are compat-
ible with our observations and more data would be needed to determine if one prevails.

5.5. Propagation of the Southwestern Branch of the Rift: A “Zip-Opening” Model

Daly et al. (2020) proposed that the Southwestern Branch of the EARS is propagating from northeast to south-
west, forming an evolving plate boundary between the San and Nubian plates. They highlighted that the ages of
fault initiation in the different rift segments decrease from Pliocene ages in the northeastern ones to Mid-Late
Pleistocene ages in the southwestern ones (McCarthy, 2013; Moore et al., 2012; Wanke, 2005), showing a
progressive opening of the rift from northeast to southwest. The lack of faults related to the EARS southwest of
the Eiseb Graben also supports this hypothesis. Potential relationships between the EARS and the Walvis Ridge
or with NNW trending faults in the Namibian Highlands were also proposed (Daly et al., 2020). Both hypotheses
would imply a strong shift in the direction of the San-Nubian boundary that would take a WNW direction to reach
the Walvis Ridge or a NNW direction to reach the faults in Namibia, almost perpendicular to the SW trend of the
Southern Branch of the EARS. In both cases, there is a deformation gap (>300 km) between the Eiseb Graben
and these structures, contrasting with the relative continuity of the Southwestern Branch from the Luangwa Rift
to the Eiseb Graben (Figure 1a). This southwestward decrease in the opening of the Southwestern Branch of the
rift implies that the northern region of the San plate moves away from the Nubian plate faster than its southern
part, which is consistent with a clockwise rotation of San plate relative to the Nubian plate (Wedmore et al., 2021)
(Figure 14a).

Based on the above arguments, we propose a “zip-opening” model for the EARS propagation at its southwestern
terminus, that integrates the distribution of the deformation in the MOZB (Figure 14b). Rifting propagates from
northeast to southwest, driven by the relative motion of San plate compared to the Nubian plate, combining a
clockwise rotation and a southward drift. The clockwise rotation induces a main NW-SE extension and a NE-SW
directed opening all along the southwestern rift, forming a succession of grabens parallel to each other. As the
propagation evolves, the deformation localizes preferentially in some segments (e.g., the Okavango Graben and
the Mid-Zambezi Rift) and decreases in others (e.g., the Makgadikgadi Basin). This results in the development
of tectonic transfer zones between the active segments which accommodate these variations in the deformation.
The drift of the San plate toward the south is accommodated along the Damara Belt boundary at the northwestern
margin of the system by dextral strike-slip movements as shown by GNSS data (Figure 14a).
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Figure 14. Kinematic model of the Southwestern Branch of the EARS. (a) Structural scheme of the Southwestern Branch
of the EARS. The Precambrian basement map is modified from Gubanov and Mooney (2009) and Pastier et al. (2017) with
block names given in gray—T.C., Tanzanian Craton; U.B., Ubendian Belt. Black annotations correspond to rift segments
given in Figure 1. Light yellow areas correspond to NNE-SSW to NE-SW segments of the rift. Light red areas correspond
to ENE-WSW to E-W segment of the rift. Black abbreviations correspond to rift segments: EG, Eiseb Graben; Kf, Kafue
Graben; Lw, Luangwa Rift; LZ, Low-Zambezi Rift; MG, Machili Graben; M1, Malawi Rift; MZ, Mid-Zambezi Rift; MRZ,
Makgadikgadi Rift Zone; OG, Okavango Graben; Ta, Tanganyika Rift. Red faults correspond to this study. Black faults are
compiled and modified from Chorowicz (2005) and Daly et al. (2020). Blue arrows are from Pastier et al. (2017) where
MAUA arrow corresponds to Maun GPS station's average horizontal movement direction compared to Mongo and Rundu
GPS stations (located on the Nubian plate). Gray arrows with question marks correspond to assumed fault kinematics from
the model. The yellow dashed normal fault symbol is inferred from the 2017 Moiyabana My, 6.5 earthquake by Mulabisana
et al. (2021). The yellow dashed line corresponds to the ridge of the Kalahari Schwelle. Dashed white lines correspond to
plate boundaries from Daly et al. (2020) with plate names given in white—V1I, Victoria plate. The white arrow corresponds
to San plate's movement relative to Nubian plate discussed in the text. Dotted gray contour delineates the MOZB. Question
marks point hypothetic kinematics discussed in the text. (b) Schematic “zip-opening” model of the Southwestern Branch of
the EARS. Faults are in red. White arrows correspond to plate movements where Nubian plate is considered stable. Black
arrows indicate local kinematics assumed in the model.

An in-relay configuration of some rift segments linked by tectonic ENE-WSW to E-W transfer zones (between
the Mid-Zambezi Rift and the Okavango Graben in this study) is consistent with a transtensional component
predicted by the proposed model. Further investigations of the E-W to NE-SW lineaments joining the Okavango
Graben and the Mid-Zambezi Rift and/or more geodetic data in and around the MOZB are thus necessary to
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confirm the model. The WNW-ESE direction of the northern margin of the Kafue Graben could also be consistent
with such a transfer zone between the Kafue Graben and the northern part of the Mid-Zambezi Rift (Figure 14a).
Daly et al. (2020) recognized WNW transfer faults on the eastern margin of the Kafue Graben and suspected
left-lateral oblique component on the E-W faults of the Kafue Graben, in agreement with this hypothesis.

Northeast of the Mid-Zambezi Rift, the E-W oriented Mesozoic Lower-Zambezi Rift (e.g., Oesterlen &
Blenkinsop, 1994; Orpen et al., 1989), is considered as part of the boundary between the San and the Angoni plates
(Daly et al., 2020) (Figure 14a). This boundary is poorly defined (Wedmore et al., 2021; Williams et al., 2021)
and no current data exists about its present-day tectonic activity. Further investigation would be interesting as
N-S extension at the northern margin of the San plate could fit with a southward directed rotational component
of the San plate motion.

A propagating boundary between the San and Nubian plates, as proposed in the zip-opening model, raises the
question of the accommodation of the San plate motion toward the south-southwest in the absence of a clear
tectonic boundary. An alternative to it could be far field intraplate deformation south of the MOZB. The Mw 6.5
earthquake that occurred south of the Makgadikgadi Basin in 2017 (Figure 14a) supports the idea of intraplate
deformation in this area (Kolawole et al., 2017; Mulabisana et al., 2021). The region south of the MOZB is also
characterized by an axis of high elevations. In particular, the Kalahari Schwelle (Figure 14a) forms a WNW-ESE
oriented topographic ridge more than 200 km wide and 400 km long south of the Makgadikgadi Basin, perpen-
dicular with both EARS and basement structural directions. A late Paleogene flexure has been proposed for a
related morphological axis of high elevations (Moore, 1999; Moore et al., 2009). However, the timing and the
driver of the uplift of the Kalahari Schwelle itself remain poorly constrained. Both its localization and orientation
would be consistent with an intraplate flexural uplift accommodating a clockwise rotation of the San plate.

6. Conclusion

The present morpho-structural study, conducted through remote sensing data analysis and field mapping, brings
new constraints on the tectonic pattern at the southwestern terminus of the EARS. Due to the smooth topography
and the almost-ubiquitous recent sediment cover, we analyzed the geomorphic features in the Makgadikgadi
Basin. This analysis allowed us to define surface markers of fault kinematics and estimate the relative chronol-
ogy of the rift deformation. Therefore, we demonstrate that the NNE-SSW faults of the MRZ are normal-dip,
indicating that they formed under a roughly NW-SE to WNW-ESE directed extension regime. On the other hand,
shorelines of Paleolake Makgadikgadi are not deformed by recent faulting. The integration of absolute ages
from the literature to the established relative chronology shows that the MRZ had low to absent tectonic activity
at least since early Holocene, which contrasts with the current activity of the adjacent Okavango Graben and
Mid-Zambezi Rift. The spatial layout of rift segments, the earthquake distribution and the mapped lineaments
and structural features suggest that the Okavango Graben and the Mid-Zambezi Rift are two in-relay segments of
the EARS, which could explain the present-day low deformation in the MRZ. From our results and by integrat-
ing previous works, we propose a “zip-opening” model of the southwestern opening of the EARS, integrating
the lack of deformation at the southwest of the Okavango and Eiseb grabens. This model describes an ongoing
process of plate boundary propagation combining strike-slip and extension motions driven by the relative motion
of the San plate compared to the Nubian plate.

Data Availability Statement

The GNSS data used for topographic profiles in the study are available at “GNSS data from fieldwork in northern
Botswana (2021 and 2022 missions)” OSF repository via https://doi.org/10.17605/OSF.1I0/43M8Z with CC-By
Attribution 4.0 International license (Gaudaré et al., 2023). The Copernicus GLO-90 and GLO-30 data sets
were used for topographic maps and topographic profiles, accessible at https://doi.org/10.5270/ESA-c5d3d65
(ESA, 2019). The Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global data set, accessible at https://
doi.org/10.5066/F7PR7TFT was used for comparison with the Copernicus data sets (USGS EROS, 2018). Inter-
national Seismological Centre on-line bulletin data set, accessible at https://doi.org/10.31905/D808B830, was
used to display earthquakes (International Seismological Centre, 2022). Mapping, profiles plotting and data
analysis were performed using the software QGIS version 3.16.16 (QGIS.org, 2022) and using the following
python libraries: Geopandas version 0.10.2 (Jordahl et al., 2021), Matplotlib version 3.5.1 (Caswell et al., 2021;
Hunter, 2007), Numpy version 1.21.5 (Harris et al., 2020) and Rasterio version 1.2.10 (Rasterio, 2022).
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