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Abstract The southward propagation of the East African Rift System inside the Southern
African Plateau generates the Okavango Graben, hosting the Okavango Delta, which is one of
the largest African endoreic ecosystems associated with an alluvial fan. The deformation and
kinematics governing this propagation are still currently being debated, especially whether a
strike-slip component is present and whether its impact on the dynamics of ecosystem was
ever considered. To go further, we analysed the ground deformation from a network of
semi-permanent GNSS stations located inside and around the Okavango Delta. As estimated from
previous works, the Okavango Graben is submitted to a right-lateral displacement with highest
strain along one border of the graben, where most of the seismicity is located. The inner floor
displays a clockwise rotation generating local low intensity compression. This deformation pattern
agrees with the asymmetric 3D shape of the basin. The ground subsides with higher rates in the
north-east, generating a regional tilt that explains the progressive shift of the annual flood toward
the north-east, as described in previous works. This tilting causes some areas to dry up and other
areas to become almost permanently flooded. Therefore, we hypothesize that tectonic driving
is responsible for the eastward migration of water which could then result in its capture by the
Linyanti and Zambezi rivers. The long-term consequence of this deformation is the disappearance
of the endorheism of the alluvial fan. This drastic hydrological change will disrupt the ecosystem
and impact biodiversity as well as economic resources.

1 Introduction

The East African Rift System accommodates the
continental breakup of the eastern part of the African
plate into a set of microplates (Stamps et al., 2008;
Saria et al., 2013; Fernandes et al., 2013; Stamps
et al., 2021). This breakup propagates southward,
generating a set of rift basins often associated with
large lakes which are hot spots for biodiversity (Junk
et al., 2006; Mladenov et al., 2007; Ramberg et al.,
2006; Moliner Cachazo et al., 2023) and have a crucial
socio-economic role. Thus, understanding the active
deformation in such basins is a key issue both
in terms of geodynamic processes and ecosystem
dynamics. The opening of the East African Rift System
is usually considered as roughly perpendicular to the
main fault pattern, either generating a homogeneous
subsidence of the basin floor or tilting in the case
of asymmetric basins (Chorowicz, 2005). However,
geodetic studies and field works have described an
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oblique opening, either during the initial stage of
rifting (Bonini et al., 2005; Corti, 2009) or at the present
time, that can have an impact on basin subsidence.
Few works describe the internal deformation in an
incipient rift basin formed under a strike-slip context
(Jolivet et al., 2013), and none evaluate its impact on
the evolution of the ecosystem.

The Okavango Rift System, developing between
the Congo craton and the Kalahari craton in northern
Botswana (Figure 1), is an ideal object to study
the present-day phase of a transtensive strike-slip
fault system within the continental crust (Pastier
et al., 2017; Gaudaré et al., 2024). The rift hosts the
Okavango Delta, an endoreic wetland ecosystem,
inscribed as the 1000th UNESCO World Heritage
Site. The Delta supports a high concentration of
wildlife sustained by an annual flood inundating
the swamps. Several geodynamic models describe
the Okavango Rift System as a new incipient rift
resulting from the propagation of the East African
Rift (Modisi, 2000; Kinabo et al., 2007; Saria et al.,
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Figure 1 – Location of the Okavango Delta inside the Southern African plateau. The white dots indicate the earthquakes
since the year 2000 (USGS database), the red lines demarcate the East African Rift and the red arrows show the regional
displacements relative to the Nubian block (Saria et al., 2013; Pastier et al., 2017).

2013; Yu et al., 2017), and assume the opening
to be perpendicular to the main trend of the
rift, i.e. NW-SE. However, Pastier et al. (2017)
highlighted that this rift basin forms under strike-slip
conditions, based on a regional geodetic study
with a differential displacement rate of nearly 1
mm/yr measured between the Kalahari craton to
the SE and the Nubian block to the NW. A recent
work (Dauteuil et al., 2023) combining the water
equivalent thickness using GRACE data (Landerer and
Swenson, 2012) and GNSS data highlights the impact
of regional precipitation on ground deformation.
The major rainfall in Angola (> 1000 mm/yr) and
consecutive flooding in the Okavango Delta (ca.
11 km3/yr of flood water) induces vertical loading
recorded by both GPS time series and GRACE data.
The vertical ground displacement reaches 5 cm

in Angola and decreases progressively southward
down to 2 cm in Maun (Botswana). The centimetric
amplitude of the rainfall-driven periodic signal is
larger than the millimetric amplitude expected for
geodynamic processes. The cumulation of weak
displacements induced by geodynamic processes
may impact the hydrological dynamics of the
Delta by changing the regional slope or generating
scarps modifying the flood migration and, in turn,
threatening established ecosystems. To further
investigate the ground deformation of the Okavango
Graben, we measured the deformation with a
regional-scale geodetic network and evaluated the
impact of the deformation on the hydrology of this
unique ecosystem.
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2 Geological Overview

The Okavango Rift System (Figure 2), including the
Okavango Graben to the NW and the Makgadikgadi
Basin to the SE (Moore et al., 2012; Gaudaré et al.,
2024), affects the late Neoproterozoic Damara belt
resulting from the collision between the Kalahari
and Congo cratons. It recorded different episodes
of continental sedimentation that lasted from
the Permian to the Early Cretaceous, forming the
Karoo supergroup (Miller, 2008; Lovecchio et al.,
2020). During this period, a Triassic extensional
phase generated NE-SW rifts and large volcanic
floods occurred during the middle Jurassic (Jourdan
et al., 2005). Then, the landscape was intensively
weathered during the Late Cretaceous to the
Miocene forming thick lateritic profiles that
were subsequently eroded, generating a set of
palaeo-surfaces shaping the Southern African
Plateau (Bessin et al., 2015; Dauteuil et al., 2018). The
Late Cenozoic deposits consist of lacustrine, fluviatile
and aeolian sediments forming the Kalahari Group,
the thickness of which varies from tens of meters to
several hundreds of meters (Thomas and Shaw, 1990;
Haddon and McCarthy, 2005; Wanke et al., 2000).
During the Pliocene, a major part of the region was
covered by a large aeolian dune field that was later
locally reworked by palaeo-lakes and rivers as in the
Makgadikgadi Basin. During the Plio-Pleistocene,
the south-west propagation of the East African Rift
System generated the Okavango Graben, shaped by
NE-SW faults (Bufford et al., 2012), and a widespread
fault system in the Makgadikgadi Basin (Moore
et al., 2012) located above the northern side of
the Kalahari Craton. The structural relationships
between the fault pattern of the Makgadikgadi
Basin, Okavango Graben and Kariba Rift to the
east result in a progressive propagation driven by
the displacement and rotation of the San plate
(Daly et al., 2020; Wedmore et al., 2021; Gaudaré et al.,
2024). This propagation first generated a widespread
faulting ranging from the Makgadikgadi Basin to the
Okavango Graben that became localized in the
Okavango Graben. In the Okavango Rift System,
seismic activity is very low with few, low-magnitude
events (McCARTHY , 2013). Earthquakes are mainly
located on the SE side of the graben, at an estimated
depth up to 20 km, and are widespread in the
Makgadikgadi pan with a magnitude less than 4
(Figure 2). The last large earthquake occurred in April
2017 (Mw 6.4), 100 km south of the southern edge of
the pan (Materna et al., 2019), and had an extensional
mechanism.

The age of the Okavango Rift System is poorly
constrained due to the lack of well-dated direct
markers. The oldest described sediments in the
Makgadikgadi Basin were estimated to be Miocene
in age based on pollen assemblages (McFarlane
and Eckardt, 2006; Moore et al., 2012; Podgorski
et al., 2013). No data are available on the age of
the oldest sediments inside the Okavango Graben

because the boreholes are not deep enough. The
youngest sediments affected by the faults are
in the Alab dune field located to the west of
the graben, which covers NW Botswana and NE
Namibia, and for which a Late Pliocene to Early
Pleistocene age was proposed (Miller, 2008; Moore
et al., 2012). The Gumare Fault to the NW (McFarlane
and Eckardt, 2006) and the Thamalakane Fault to
the SE offset the dunes of the major Alab dune
field. (Miller, 2008) and Moore et al. (2012) proposed
that this dune field was very active during the Late
Pliocene-Early Pleistocene (ca. 4 to 2 Ma). Inside
the graben, the dunes have been reworked by rivers
and covered by the deposits from the Deception
palaeo-lake dated older than 500 kyr, probably Early
Pleistocene in age (McFarlane and Segadika, 2001;
Moore et al., 2012). Yet, younger ages of 120 kyr,
40 kyr and 27 kyr have been proposed for the
initiation of the graben using thermoluminescence
and OSL techniques and ages of 100-300 kyr based
on archaeological evidence (Moore et al., 2012).
However, these younger ages correspond to climatic
changes recorded by some diagenetic processes, or
to changes in sediment supply, or to changes in the
water level of the Makgadikgadi Basin (Ringrose et al.,
2005; Huntsman-Mapila et al., 2006; Burrough et al.,
2007). Based on these indirect data, the initiation of
the graben is assumed to have occurred during the
Upper Pleistocene, filled by a palaeo-lake until 500
kyr, which was then replaced by an alluvial fan (Moore
et al., 2012).

Presently, the Okavango Delta is an alluvial fan
forming a huge swamp with thousands of islands
separated by a complex network of channels flowing
southward (McCARTHY , 2013). This swamp is
flooded yearly by water coming from the Angolan
mountains and migrating toward the southeast over
a five-month period. Every year, roughly 11 km3

(i.e. 11.109 t) of water inundates the swamp and
disappears via evapotranspiration. Only 4% flows
outside the delta through two small rivers (Bauer
et al., 2004; Gumbricht et al., 2004; McCarthy, 2006).

3 Displacement Processing and
Strain Calculation

3.1 GNSS Processing

The deformation field affecting the Okavango
Graben was estimated using a network of seven
semi-permanent GPS stations located inside and
around the Delta and a permanent station located at
the Okavango Research Institute in Maun, Botswana
(Figure 2). The sites were installed in 2010 and visited
in 2012, 2014, 2022 and 2023. Stations are installed
inside schools, in a lodge garden and close to a park
gate so that the stations are in safe places (Table 1).
The daily position of each station was recorded
using geodetic-type dual-frequency GPS receivers
during a minimum period of 24 hours, equipped
with geodetic antennas. Positions were calculated
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Figure 2 – Structural map of the Okavango Graben with the seismicity (grey circles) plotted against the topography
(COPERNICUS DEM, European Space Agency, 2021). The yellow stars with red labels represent the geodetic network used
in this study. The thick black lines are the faults and the thin lines are the national boundaries. The MAUA station is used
to calculate the relative displacements. The dashed blue line displays the shoreline of the palaeo-lakes Deception (drawing
from Moore et al., 2012; Gaudaré et al., 2024).

using the Precise Point Positioning (PPP) technique
with the RTKLib package (Takasu, 2010). Precise
ephemerides and clock corrections were included in
the processing. The elevation cutoff angle was set to
10°. The zenithal tropospheric gradient estimation
and Ocean Loading Model were integrated in the
data processing. The permanent station located in
Maun (MAUA), belonging to the AfricaArray network,
was used to compare this study to previous works

(Saria et al., 2013; Pastier et al., 2017).

The study area undergoes a significant annual
regional deformation induced by the regional-scale
rainfall cycle which generates vertical displacements
up to 3 cm (Pastier et al., 2017; Dauteuil et al.,
2023). Thus, variations in the absolute positions
of the stations are the result of hydrological and
geodynamic processes. As this work focuses on
geodynamic deformation, displacements induced by
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Table 1 – location of the GNSS sites (see location in Figure 2)

Time coverage (hours)Site

NAME
Longitude Latitude

Elevation

(m)
Location

2010 2012 2014 2022 2023

BOTH 22.7501 -20.5479 964.7 Botlhatlogo Primary School 48 112 25 22 25

GUMA 22.3727 -18.9622 992.9 Guma Lagoon Camp 13.75 41 8 16 16

KWAI 23.7503 -19.1744 951.5 North Gate of Moremi park, close to Khwai village 18 15 23 24 18

MAUA 23.5283 -19.9022 960.8 Okavango Research Institute at Maun daily daily daily daily daily

NOKA 22.1942 -19.6620 972.8 Nokaneng Primary school 42 47 25 16 24

NXAR 23.1791 -19.5480 963.1 Nxaraga island, inside the Delta daily 8 daily No daily

SANK 23.8743 -19.4289 957.8 Sankuyo school 25 24 24 11 25

SEPU 22.1612 -18.7355 1011.8 Sepopa school 24 10 24 24 24

regional rainfall needs to be removed. To remove
the hydrological component on the displacements,
we used the daily positions of the permanent
MAUA station (Figure 2) as the reference for ground
deformation induced by hydrological cycles and
estimated the positions of the other semi-permanent
stations relatively to MAUA. For this, we adjusted
the positions of MAUA to 0, and calculated the
relative positions of each station every day, by
subtracting the displacements of MAUA to the other
stations. Dauteuil et al. (2023) did not highlight a
significant time offset of the variations in the ground
deformation between the north and south of the
Okavango graben that could be due to the flood
migration, thus the corrections relative to MAUA can
be applied everywhere.

We estimated the field displacement between four
intervals starting in 2010, the first year the network
was installed: 2010-2012, 2010-2014, 2010-2022, and
2010-2023. Note that no data were recorded in 2022
at the NXAR station because the receiver was out
of order. The 2010-2023-time interval provides a
ten year trend of the ground deformation. For each
time step, we calculated the absolute displacements
and the displacements relative to MAUA, which was
assumed to be a fixed reference. The values of the
displacement amplitudes and rates are provided in
the supplementary material.

3.2 The Strain Field

To evaluate the ground deformation, we estimated
the strain inside the graben from the geodetic
network that provides only punctual displacements.
The deformation is the gradient of the displacement
field; i.e. a change in the shape of a network
can be converted into rotational, translation and
dilatation components, thus defining the strain field
(Allmendinger et al., 2012; Cardozo and Allmendinger,
2009; Ramsay and Huber, 1983; Wu et al., 2011).
We computed the strain with the SSPX software
(Cardozo and Allmendinger, 2009). The strain field was
calculated from the 3D vectors of the displacements
of the GNSS network nodes organized into a set
of triangles, the summits of which are the GNSS
stations. A flat triangle was removed because it
covers the whole width of the graben, crossing the

faults. We extracted two pertinent parameters of the
strain: the horizontal rotational component to map
the rotation distribution inside the graben and the
maximum of the 3D shear strain.

4 Recent Ground Displacements

4.1 Displacement Field in the Absolute
Framework

In the absolute reference, most of the points
move toward the NNE (from N011° to N070°) at
rates ranging from 6 mm/yr to 70.3 ± 10 mm/yr
(Figure 3, Table SI-1 in Supporting Information).
The amount of displacement increases with time
revealing an incremental accumulation, while the
direction remains roughly constant. Note that only
the BOTH station slightly moves northward. The
displacement direction of the stations between each
time laps slightly varies, except for MAUA which
varies at a slightly higher rate. This NNE-NE azimuth
trend is consistent with the direction of the Nubian
plate previously estimated by Saria et al. (2013) and
Pastier et al. (2017). The absolute vertical rates range
from -20mm/yr to 11mm/yr with changing subsiding
and uplifting domains for each period (Figure 3, Table
SI-1 in Supporting Information). Most of the time, the
MAUA site moves upward and the NE domain mostly
subsides or moves upward at slower rates than the
SW domain.

4.2 Inner Displacement Field

The horizontal displacements relative to MAUA
display a wide range of directions Table SI-2 in
Supporting Information). Most of the points
migrate from the NE to ESE or toward the NW,
with rates ranging from 3 to 66 mm/yr, consistent
with the right-lateral strike-slip context of the
Okavango Graben (Figure 4, Table SI-2 in Supporting
Information). The BOTH and SANK stations on
the south-eastern side of the graben have weak
horizontal displacements relative to MAUA, slightly
trending toward the northeast, indicating that
these three stations move at a similar rate because
they are located on the same tectonic block of
the southeast border of the graben, limited by the
Thamalakane and Phuti faults. The displacement
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Figure 3 – Maps of the horizontal (left) and vertical (right) displacements from 2010 with their positions in the absolute
reference. a) 2012, b) 2014, c) 2022, d) 2023. The green lines represent the main faults (this work), and the black arrows
are the horizontal displacement vectors. The red dashed lines locate the subsidence profiles in Figure 5. The vertical
displacements are interpolated with the Triangulated Irregular Network (TIN) method: blue = downward, red = upward.
The dashed lines are the displacement contours every 2.5 cm.
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rates roughly increase toward the NW. Stations KWAI
and SANK display wider ranges in azimuth and rate
displacements that could be due to their location
at the junction between two faults that change in
direction (green lines in Figures 2 and 4).

Maps of the relative vertical displacements display
domains in subsidence and domains in uplift with
values ranging from -64.1 mm/yr to 16.7 mm/yr.
The subsidence rates are higher than the uplift
rates Table SI-1 in Supporting Information). Except
for the two first years (map of 2012), the uplifting
domain (in red in Figure 4) becomes narrower over
time compared to the domain in subsidence. The
north-western border of the graben displays both
upward and downward displacements. The SANK
station displays upward or downward motions. The
two subsidence profiles (Figure 5) better display
this distribution of the vertical displacements. On
the NW-SE profile, the subsidence is higher toward
the NW and ceases 140 km away from the NW,
corresponding approximately to the Thamalakane
fault. This change in subsidence slope is not well
constrained because the interpolation was calculated
with a limited number of points. The SW-NE profile
shows a general tilting toward the NE.

4.3 The Decadal Strain

To evaluate the long trend evolution of the
deformation of the graben, we estimated the strain
by comparing the changes in the network shape
between 2010 and 2023. The two selected strain
field components (rotation and maximum shear
strain) provide pertinent additional information
about ground deformation inside the graben
(Figure 6). The highest shear strain is located along
the south-eastern side of the graben where most
faults are located (Thamalaklane fault, Phuti fault).
The shear strain is low along the north-western
border. The lowest maximum shear strain values
are inside a NE-SW corridor in the middle part
of the graben, i.e. far away from the known or
inferred faults. There is a fall in the shear strain in
approximately the middle part of the graben where
some faults are inferred, like the Tsau fault (Figure 2).
The rotational component of the strain displays a
clockwise rotation in all the triangles of the network,
except the northern one located between the SEPU,
NOKA and GUMA sites. This latter one partially
crosses the Gumare fault (GF on the map shown in
Figure 6). The amount of rotation decreases roughly
from the SE toward the NW, consistent with the shear
strain distribution. The two joined triangles display
a main difference in amount of rotation, south of
the survey area: i.e. triangle (NOKA, BOTH, NXAR)
with a low value and triangle (NXAR, MAUA, BOTH)
with the highest value. The difference in rotation can
generate a localized shortening inside the graben;
however, this is difficult to determine because the
small number of stations means that a detailed
strain analysis cannot be performed.

5 Discussion

5.1 Deformation Pattern and Basin
Structure

The local GNSS study shows that the Okavango
Graben is submitted to a right-lateral strike-slip
deformation, confirming a previous regional-scale
geodesic analysis (Pastier et al., 2017) and certain
geophysical studies proposing a right-lateral offset
of 1.5 km of a large Mesozoic dyke swarm in the
Delta basement (Campbell, 2005; Chisenga et al., 2020;
Schmidt et al., 2023). The highest shear strain is
located along the south-eastern border of the basin
(Figure 6), with increasing intensities close to the
BOTH station to the south, where the fault scarp of
the graben is the highest (up to 50 m), confining
Lake Ngami. This strain distribution also fits with
the earthquake pattern, showing a higher frequency
along the south-eastern side of the graben than in
the inside or along the north-western side (Figure 2).
Unfortunately, no focal mechanism is available.

This deformation pattern observed in map view
is consistent with the 3D structure of the basin.
Kinabo et al. (2007) and Bufford et al. (2012) described
an asymmetric graben with more sediments in the
southern part (> 400 m) than on the northern
side (tens of meters) forming a sedimentary wedge
(Figure 7). (McFarlane and Eckardt, 2006) estimated
that the Gumare fault accommodates a vertical throw
of 25m, north of the graben. To the south, the vertical
throws along the Thamalakane fault and Phuty fault
are unknown. However, the accumulation of some
hundred meters of sediment imposes a vertical
throw of at least the same value. This asymmetric
fault pattern is compatible with the geodesic results
that show extension on the southern border and
a clockwise rotation inside the graben and along
the northern side of the graben. The SE border
displays a high transtensive deformation associated
with normal faults, allowing for the accumulation of
thick sediment deposits, whereas the opposite NW
border is limited by a steep strike-slip fault with a
small vertical throw and low sediment accumulation
(total sediment thickness < 30m) (Figure 7). Note that
there are more earthquakes along the south-east
border than along the other opposite one. The inner
part of the graben accommodates this difference
in structural pattern with a clockwise rotation,
a decrease in strain northward and probably by
unmapped faults with weak activities (Figure 2).
Relative to MAUA, the deformation rate inside
the graben is roughly constant (Figure 7) except
for station KWAI (discussed below), which could
contradict the seismicity distribution that is mainly
located along the southwest border (Figure 2). To
take these observations into account, we suggest that
the NW border of the graben is submitted to a slow
aseismic creeping whereas the SE border is affected
by discontinuous deformation. The KWAI station is
located in the northwest part of the study area, at the
junction between two faults that trend north-south in
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Figure 4 – Maps of the horizontal and vertical displacements from 2010 with positions relative the MAUA station. a)
2012, b) 2014, c) 2022, d) 2023. The green lines represent the main faults (this work), and the black arrows show the
horizontal displacement vectors. The red dashed lines provide the location of the subsidence profiles in Figure 5. The
vertical displacements are interpolated using the TIN method: blue = downward, red = upward. The dashed lines are the
displacement contours every 2.5 cm.
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Figure 5 – Profiles of the vertical displacements during the different periods. Upper right: location of the profiles, upper
left: NW-SE profile, lower: SW-NE profile. The light grey area displays the topography along the profile. These subsidence
curves show that the graben ground tilts toward the NE and SE. Note the slope break along the NW-SE profile at a distance
of 140 km from the NW that is correlated to the Thamalakane fault.

this area while they are oriented NE-SW southward.
This structural setting of the faults thus blocks the
lateral displacement, thereby generating a higher
subsidence.

The creep behaviour of a strike-slip fault was
previously described along a lateral-shearing system
(Cakir et al., 2005; Titus, 2006). Several hypotheses
can be put forward to explain these differences in
kinematic behaviour between the two borders of the
graben: a change in the lithology and in particular the
grain size of the basement (Gratier et al., 2013), the
roughness of the fault plane (Dyer et al., 2012) and
fluid circulation (Brantut et al., 2013). The first two
hypotheses can be retained because the Okavango
Graben is located at the transition between various
blocks of the Neoproterozoic Damara belt and a
remnant block of a Mesoproterozoic orogen, whose
trend drove the border faults of the graben. It
corresponds to the reactivation of the Damara
vertical structures generated during the collision
between the Kalahari and Congo cratons. Based
on present-day knowledge, the fluid circulation
hypothesis can be rejected because no such deep
circulation has been evidenced by previous works
focused on seismic activity in the Delta (McCarthy,
1993; Gumbricht et al., 2001; Pastier, 2018).

5.2 Ground Deformation at the Scale of
the Graben

Two processes are involved in the ground
deformation of the Okavango Delta: regional
geodynamics and water loading induced by climatic
cycles (Pastier et al., 2017; Dauteuil et al., 2023). Our
study focuses only on the geodynamic process.

Our deformation study shows that the ground of
the Okavango Graben subsides with a tilt toward
the northeast with a high rate (cm/yr). Subsidence
is also high on the NW side of the graben, which
is not consistent with the high sediment thickness
located to the SE (Figure 7). We propose that
this might be due to a recent change in the
deformation distribution. In an initial step, the
graben initiated with a main faulted zone at SE,
forming a half-graben accumulating a large amount
of sediment on this side. Then a very recent
change in the geodynamic conditions generates a
shift in the subsidence location to the NW. This
change is too recent to be well recorded in the
sediment accumulation. However, we can note that
the domain located at the exit of the panhandle is
always under water, regardless of the flood intensity,
and displays less emerged lands compared to the
other domains of the Okavango swamp. These two
observations fit with a domain where the bottom
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Figure 6 – Strain analysis deduced from the displacements of the stations. The coloured triangles correspond to the shear
strain, the black rounded arrows indicate a rotation, and the green lines show the faults (this work). Note that there is a
change in the extension direction from the SE to the N and the highest dilation is found to the north. GF: Gumare fault, TsF:
Tsau fault, ThF: Thamalakane fault, PF: Phuti fault.

Figure 7 – Synthetic section showing the displacements inside the Okavango Graben projected along a NW-SE direction.
The upper plot shows the eastward (in blue), northward (in red) and upward (in green) components of the displacement. The
lower plot displays a simplified geological section compiled from previous works (Key and Ayres, 2000; Bufford et al., 2012;
Gaudaré et al., 2024) and field observations (this study). GF: Gumare fault, TsF: Tsau fault, TF: Thamalakane fault.
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sinks, providing permanent water storage and silting
up the previously emerged lands.

This deformation should impact the evolution of
theOkavangoDelta hosted by the graben. In addition
to the geodynamic context, the dynamics of the
ecosystem of the Okavango Delta are driven by the
annual flooding that inundates an area ranging from
3500 km2 to 8500 km2. The results of this work raise
the question of the impact of this deformation on
water migration during annual floods. Two scenarios
may explain a shift of the water propagation toward
a new direction: a change in the regional slope
or a blockage of water in a restricted area due to
fault activity, sediment accumulation or vegetation.
Figure 8 compares the subsidence distribution to
the frequency of flooding over a 15 year period
(Gumbricht et al., 2004): the highly subsiding areas
(dark blue in Figure 8) are always inundated (more
than 80% of time during 15 years); while the areas
with low subsidence or in uplift (in light blue or red)
are more rarely inundated (less than 20% of time
during 15 years). McCarthy et al. (2003) also described
a shift of the inundated areas toward the north-east
from 1985 to 2000. Some field observations report
the abandonment of channels in the western part of
the Delta, no longer providing water for Lake Ngami
since the 1920s (Burrough et al., 2007; Wolski and
Murray-Hudson, 2008). Previous studies have ruled
out the blockage of these channels by vegetation,
instead suggesting that tectonic subsidence has had
an effect (McCarthy et al., 1993; Ellery and McCarthy,
1998). In addition to this regional impact of
ground deformation on water flow, a local change
in slope induced by a fault can block or unblock a
tributary. This tectonic control can be inferred in
the block limited by the Thamalakhane and Phuti
faults north of Maun: this area is inundated by
recent floods, while the palaeo-lake that covered the
Okavango region never deposited sediments at that
site (Gumbricht et al., 2001). In the middle of the
Delta, the highly flooded area seems limited to the
southeast by an inferred fault (grey line in Figure 8).
Clearly, tectonics drives an important part of the flood
distribution.

The second effect of ground deformation concerns
sedimentary transfers. In general, an alluvial fan
accumulates sediments that fans out from a localized
source of sediments. At the regional scale, this
accumulation forms a geomorphic feature shaped
like a section of a shallow cone, with its apex at the
source of the sediments. In the case of the Okavango
Delta, the panhandle is the sediment input area that
concentrates sediment (mainly sand) coming from
the Angolan mountains. Inside the Delta, sediments
are spread through a complicated set of channels
mainly driven by the regional slope, i.e. toward
the south-east. There is also an inner redistribution
of sediment with domains in erosion that provide
material to other domains. Therefore, a change in
slope may modify sediment pathways: an increase
in slope focuses and increases sediment fluxes and

erosion in the slope direction, while a local (fault
for instance) and regional inversion (reverse tilting)
in the slope blocks sediment transfers. Figure 9
displays two synthetic NE-SW swath topographic
profiles extracted from a 5 km-wide band considering
the surface of the Deception palaeo-lake (Figure 2)
which covered the whole system (Moore et al., 2012)
as the base of the recent alluvial fan (Ringrose
et al., 2008; Podgorski et al., 2013, 2017). The
bottom of the alluvial displays a gentle slope (1.4‰)
toward the NE of the NW profile whereas the SE
profile has no significant slope (Figure 9). This
independent geomorphic observation is consistent
with the regional tilt resulting from the GNSS study,
reasonably assuming that the palaeo-surface was
initially horizontal. The two topographic profiles
show that the top of the Okavango alluvial fan has an
asymmetric shape that is thicker on thenorth-eastern
side, indicating that sediment fanning leads to higher
sediment accumulation on the north-eastern side of
the fan. This is consistent with a north-eastward
tilt of the palaeo-surface of Lake Deception. The
topographic profile trending NW-SE in Figure 5
displays a regular slope toward the southeast, slightly
disturbed by channels.

5.3 Impact on the Future Dynamics of
the Ecosystem: Toward Exorheism?

The contribution of the tectonic deformation to
the wetland dynamics is still being debated (Milzow
et al., 2009). However, our results highlight how
deformation drives flood propagation and sediment
transfer at the local and regional scale. Even if
the deformation is significant, it is overprinted by
the sediment supply that masks the fault scarps
inside the inner part of the graben. However,
the consequences of the regional tilting toward
the north-east are described. It favours the
flood migration toward the north-east and water
accumulation to the east of Chief’s Island, which
is almost always inundated (Gumbricht et al., 2004;
Murray-Hudson et al., 2006; Wolski et al., 2006; Milzow
and Kinzelbach, 2010; Wolski et al., 2017).

The Selinda River located in the north of the
Delta (Figures 2 and 10) flows eastward and is
intermittently connected to the Linyanti Delta
(Gumbricht et al., 2004) that is fed by the Linyanti River
coming from the Angolan mountains to the north.
The connection between the Linyanti and Okavango
drainages occurs during years with large rainfall in
Angola (Shaw, 1984; Mendelsohn et al., 2010). The
Selinda River displays numerous meanders due to
the flat topography: the topographic profile along
the river (Figure 10b) displays a very gentle mean
slope of 0.0085° with two small knickpoints limiting
domainswith different slopes. The profile has a slope
of 0.0087° until the first knickpoint (kp1 in Figure 10b)
at 70 km which limits a river segment with a slope of
0.0021°. The second knickpoint (kp2 in Figure 10b)
at 90 km separates a segment with a slope of
0.0024°. Then, the profile has a slope of 0.001° and
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Figure 8 – Flooding frequency over a 15-year period (Gumbricht et al., 2004) compared to the subsidence from the GNSS
survey (this study). The domain with a thick black line corresponds to areas that were flooded by more than 80% over a
15-year period, and the domain indicated by a thin line shows areas that were flooded by more than 20% over a 15-year
period. The blue-red coloured zone shows the subsidence (see Figure 4). The light green area corresponds to the palaeo-lake
that covered the Okavango area (McCARTHY , 2013), and the grey lines indicate the faults. Note that the areas with a high
frequency of flooding fit with the highest subsiding area, whereas the domains with low subsidence are associated with the
lowest flooded domains.

Figure 9 – NW-SE topographic profiles across the Okavango Rift System displaying cross-sections of the alluvial fans. The
profiles in red and green are swath profiles compiled from10 profiles, each 200mapart, with one point every 100m, the grey
envelops correspond to the unitary profiles. The base of the fans was estimated from the surface of palaeo-Lake Deception
(Moore et al., 2012). The palaeosurface was flat when formed and is now tilted toward the NE by 1.4‰.

progressively ends until a normal fault that limits
the Linyanti Delta. Just west of knickpoint kp1, a
slight decrease in slope that could become reverse
(unfortunately the DEM is not accurate enough
to determine this) might slow down the water
propagation or stack the water when the discharge
levels are lower. However, the upstream retreat of
the knickpoint will remove the water storing place,
allowing for a drainage connection. The knickpoint
retreat can be sped up by the increase in regional

slope described in this work. The change in slope
accelerates the water flow and, by consequence,
erosion. Thus, all the conditions are in place for a
connection, but it is impossible to predict when this
may occur (Figure 10a). If the Selinda River were to
capture the Okavango River, this would suppress
the endorheic state of the Okavango Delta because
the Selinda River is connected to the Zambezi River
which flows into the Ocean Indian in Mozambique
(Figure 10c). This capture would drastically modify
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Figure 10 – The capture the Okavango River. A) 3D block diagram with a SW-NE slice in the middle of the Okavango Rift
System. The thick red lines show the faults on the NW side of the graben, the black arrow shows the tilt of the ground and
the light blue line indicates the intermittent connection between the Okavango and Linyanti drainages associated with the
Linyanti River. B) Topographic profile along the Selinda River displaying the small slopes and knick points (kp1 and kp2). The
black arrows indicate the knick point retreats, and the red line shows a normal fault. C) General map showing the probable
water path (light blue) when the Selinda River will capture the Okavango River.

the hydrological context of the Okavango Delta,
which would then become an exoreic ecosystem.
This change would generate a drastic reduction in
the water flux downstream of the Delta, inducing
strong impacts on the biodiversity and economy
of Botswana, which is driven by tourism linked to
biodiversity. It is impossible to estimate the timing
of this scenario, but it could be possibly tens of years
when looking at the evolution over the last 50 years.
Furthermore, this scenario does not integrate global
climate changes, the consequences of which are
difficult to assess at present time.

6 Conclusion

The dynamics of an endoreic geosystem result in a
coupling between water supply, sediment transport,
climate and ground deformation. This study i)
estimates the ground deformation affecting the
Okavango Delta over the last 10 years, ii) integrates
the results in older observations and iii) tries to
estimate its impacts for a future evolution. In
our study area, two main processes drive ground
deformation: variations in the water loading induced
by large scale rainfalls and regional geodynamics
due to the propagation of the SW branch of the
East African Rift since the Plio-Pleistocene. As the
yearly effect of the water loading has already been
investigated, we focused on the influence of tectonic
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processes on ground deformation. The geodynamic
context generates an asymmetric strike-slip basin
at the crustal scale with a heterogeneous strain
field. The strain is higher on the south-eastern
side of the graben and displays a clockwise rotation
inside the graben with a higher subsidence to the
north-east. The distribution of the subsidence
impacts the flood distribution by drying domains
located to the south-west and by more frequently
inundating the north-eastern part of the Delta. If
this trend continues, it would drastically change the
propagation ofwater in this regionby shifting froman
intermittent connection to a permanent connexion
between the Okavango Delta and the Linyanti Delta
to the east, due to the capture of the Selinda River
by the Linyanti and Zambezi systems. The future
transition from an endoreic to an exoreic ecosystem
would impact the biodiversity and human activities of
the Okavango Delta and must be considered in the
regional management.
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