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1. Introduction

The location, orientation, and evolution of normal faults that form during continental rifting
exert a strong influence on the development of regional features (geomorphology, drainage
patterns, basin location, stratigraphy, location of magmatism, and if the process of
continental rifting is successful, the geometry of the passive margin) of the rift.
Understanding the factors which control the growth and propagation of normal faults at the
earliest stages of continental rifting will lead to a better overall understanding of the
processes which control the development of continental rifts — an essential component of the
plate tectonics paradigm.

There are only a few examples of young continental rifts which are suitable for the
investigation of the process of border fault development and evolution. The Okavango Rift
Zone (ORZ), in northwestern part of Botswana (Fig. 1) is one example of a zone of incipient
continental rifting (Scholz et al., 1976; Modisi et al., 2000). Recent studies suggest that faults
associated with this rift are still in a juvenile stage (Kinabo et al., 2007), therefore the ORZ
provides us with a unique opportunity to investigate the earliest developmental stages of
continental rifts such as fault growth and propagation. In areas where the faults are mostly
buried beneath large accumulations of sediment, have subdued surface relief, and or where
access and travel is limited, as is the case in the ORZ (Kinabo et al., 2007; Modisi et al., 2000),
it is difficult to accomplish structural mapping of such areas. For these areas, important
structural information regarding rift processes can be obtained from magnetic data (Modisi
et al. 2000; Grauch, 2000). Other studies including Chen and Lee (1982); Kervyn et al., (2006)
have also shown the utility of Digital Elevation Models (DEM) to map rift fault morphology.
In this study, high resolution aeromagnetic (HRAM) data (which provide information
about the faulting within the basement) has been used together with SRTM DEM data
(which provide surface morphological expression of the faults) to provide a clear
perspective of faults and fault patterns associated with ORZ. The information from these
sources (HRAM and SRTM DEM) is used to examine stages of fault growth, linkage, and
propagation within the ORZ.
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ORZ: Ckavango Rift Zone

Fig. 1. Location of the Okavango Rift Zone (B) in relation to (A) the East African Rift System
(EARS): Note scale - scale is for (B) only

2. The Okavango Rift Zone

The Okavango Rift Zone (Figure 1) is an incipient continental rift located in the north-
western part of Botswana. It occurs in an intercratonic zone between the Congo craton to the
northwest and the Kalahari craton (consisting of the Zimbabwe and Kaapvaal cratons) to the
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east-southeast (e.g., Kinabo et al., 2007; 2008). The development of the ORZ is thought to be
taking place within a large structural depression known as the Makgadikgadi-Okavango-
Zambezi basin (MOZ) and is characterized by northeasterly trending folds and faults of the
Ghanzi-Chobe belt (Cooke, 1984).

The strike of the main bounding rift-related faults is 030 — 050° in the north and 060 — 070° in
the south (Kinabo et al., 2007; 2008). The orientation of the faults on the surface is influenced
by pre-existing faults and folds of the basement rocks (Modisi et al., 2000; Kinabo et al., 2007,
2008).

The MOZ basin comprised of both alluvial fan deposits and deeper palaeo-lake sediments in
structural depressions or sub-basins (Gumbricht et al., 2001; Shaw and Nash 1998). This rift
basin hosts the largest in-land alluvial fan on Earth, supporting the largest (~18 000 km?2)
wetland in southern Africa (McCarthy et al., 1991). It is believed that this fan owes its origin
to neotectonic activity related to the East African Rift system (Fairhead & Girdler, 1969;
Scholz et al., 1976; McCarthy et al., 2001; Modisi, 2000; Modisi et al., 2000).

Initiation of current rifting processes in the ORZ are unknown; however,
paleoenvironmental reconstruction from sediments collected in Lake Ngami suggests that
feeder rivers promoted extensive flow beyond the Thamalakane and Kunyere faults circa
and beyond into the Makgadikgadi pans (Shaw, 1995). Between 120 Ka and ~ 40 Ka,
neotectonic activity resulted in uplift along the Zimbabwe-Kalahari axis and displacement
along the northeast-southwest trending faults resulting in the impoundment of the proto-
Okavango, Kwando, and the upper Zambezi rivers and the development of the proto-
Makgadikgadi, Ngami, and Mababe sub-basins (Cooke 1984; Thomas and Shaw, 1991;
Moore and Larkin, 2001) suggesting that rifting may have been initiated about 40 Ka.

3. Geological setting

Except for a few isolated outcrops, the rocks in the ORZ are largely buried underneath an
extensive desert sand cover (Kalahari Sands). Pre-Okavango geologic units which include
the marls, clays, gravels, eolian sands, calcrete, and silcrete define the 230-m-thick Cenozoic
Kalahari beds; Carboniferous to Jurassic Karoo supracrustal sequences include sedimentary
and volcanic rocks. A prominent geologic feature seen in the area is the west-northwest—
trending Karoo dike swarm. Neoproterozoic siliciclastic and carbonate sequences compose
the Ghanzi-Chobe Supergroup and lies to the south western edge of the ORZ while
Mesoproterozoic metavolcanic rocks and related granitoids and gneisses are underlain by
Paleoproterozoic basement (gneiss, granulite, granitoids). Proterozoic structures (fold axes,
thrusts) trend northeast-southwest; transverse shear zones trend east-west and west-
northwest (Modisi et al., 2000)

4. Data acquisition and processing

The data set includes high-resolution aeromagnetic data acquired in 1996 under the
direction of the Department of Geological Survey, Botswana. The mean flight elevation was
80 m along north-south lines 250 m apart, with east-west tie lines 1.25 km apart. The
International Geomagnetic Reference Field has been removed from the observed data. The
data were gridded (i.e., with a grid cell size of 62.5 m) using minimum curvature technique
(Briggs, 1974; Swain, 1976). Minimum curvature gridding is accomplished by fitting a
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smoothest possible surface to data values. Vertical derivative filters were applied to the total
field magnetic data in order to enhance shallow seated features of the rift and the basement.
Depth to the top of the dikes was determined using Euler's homogeneity equation
(Thompson, 1982), with depth errors of +3 m. Three arc (SRTM-3, 90 m X-Y resolution data
and + 30 m root mean square error z accuracy) were used to produce a mosaic image of the
study area.

5. Results

The most prominent features on the aeromagnetic maps are the west-northwest—trending
late Karoo dykes (Fig. 2). This approximately 70-km-wide dike swarm extends from
Zimbabwe in the east, through the study area in Botswana, into northeastern part of
Namibia to the northwest (Reeves, 1972). The dykes are superimposed on northeasterly
trending folds and faults of the Neoproterozoic Ghanzi- Chobe belt and are cut by younger
faults (Fig. 2).
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Fig. 2. First vertical derivative anomaly map of the Northern part of Botswana Including the
Okavango Rift Zone. The box shows the selected area to detail investigation shown in
Figure 3

In order to study the nature of faulting at the southeastern margin of the ORZ, an area was
selected (see figure 2 for location of the selected area) for a more detailed analysis. First and
second vertical derivative filters were applied to the total field magnetic data in the selected
area, in order to enhance shallow seated features of the rift and the basement. The features
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enhanced include basement structural features such as dikes, faults, fractures, and folds.
Figure 3 is a map showing the results of a first vertical derivative of the total magnetic
anomalies in the selected area. From this figure, four major northeast-trending faults are
evident within this area: the Kunyere, Thamalakane, Phuti, and Nare faults (Fig. 3). These
faults cut across as well as displace the dikes in the area. Three of them (Kunyere,
Thamalakane and Phuti) are represented by fault scarps on the digital terrain map
(Figures 4 and 5). Preexisting northeast-trending basement fabric controls the trend of
these faults.

Three profiles were chosen across these faults (see Figure 6 for the location of the profiles)
and the plots of these profiles are presented in Figure 7. The locations of the prominent
faults mapped out in the area are indicated on the different profiles. Profile A, is located
more to the south western part of the study area, while profile C is to the north east of the
study area. From the figure, magnetic signature of the faults becomes more prominent as
you move from north east to south west. This possibly suggests that magnetic sources are
much closer to the surface in the south western section of the study area than in the north
eastern portion. This could possibly indicate that fault throws in the north western part of
the study area are smaller as compared to the north eastern sector.
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Fig. 3. First vertical derivative anomaly map of the study area
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Depths to the top of magnetic sources were determined from 3-D Euler depth solutions. The
3-D Euler deconvolution technique uses the derivative of the signal in three dimensions
(xyz) to estimate depth from an arbitrary surface to the top of a representative structure. The
technique uses the Euler homogeneity equation which can be written in the form below

(x —xo)g—T+(y —yo)g—T+(z—zo)g—T=N(B—T)

x y z

Where (xo, yo, zo) is the position of a magnetic source whose total field T is detected at (x, y,
z) (Thompson, 1982). The total field has a regional value of B and N is the structural index.
Parameters for the depth estimates included a structural index of 1 for dikes, which were
used as displacement markers because of their pervasiveness in the area and their
crosscutting relationship with the rift faults. Depth solutions with depth tolerance of greater
than 5% were discarded. Figure 8 is a plot showing the results of the 3-D Euler
deconvolution in the selected area of study.
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Fig. 4. Plot of SRTM for the ORZ area
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Vertical throws across faults were estimated by taking the difference in depth between two
segments of the dike displaced by faults (Fig. 7). Euler deconvolution results presented in
Figure 7 were used to determine the vertical displacement along faults.

6. Discussion

6.1 Faulting in the area

Six major northeast-trending faults are evident in the study area; the Tsau, Lecha, Kunyere,
Thamalakane, Phuti, and Nare faults (Figures 3 and 8). These faults displace the dykes and
three of them (Kunyere, Thamalakane and Phuti) are represented by fault scarps on the
digital terrain map (Fig 4 and 5). Preexisting northeast-trending basement fabric controls the
trend of these faults. Depth estimates to the top of the dikes show a deepening of the pre-
Kalahari surface toward the northeast (Fig. 8). To the south west of the Kunyere fault,
average depths calculated are lower as compared to the northeast, where depths are
generally more than 600m. From these results, dip-slip movements were inferred; blocks are
downthrown to the west consistent with seismic reflection interpretations (Laletsang, 1995).
From Figure 8 it can be seen that the greatest amount of vertical displacement is along the
Kunyere fault. Along the Thamalakane fault down throw is generally variable and changes
along strike. As for the Phuti and Nare faults vertical displacement along them is very small
(Fig 8). This therefore indicates that the Kunyere fault is the main westerly dipping
bounding fault to the east of the rift system, consistent with its higher seismic activity
(Reeves, 1972). The Kunyere and Thamalakane faults displace the dike swarm along its
entire width, whereas the Phuti and Nare faults only displace the northern portion of the
swarm (Fig.3 and 6). The southwestern extension of these latter faults intersects the southern
portion of the dike swarm without any displacements. This therefore suggests that they may
be pre-dike faults that have been partly reactivated in their northern section during
Cenozoic rifting.

The Tsau and Lecha faults to the western part of the study area, show smaller depth to
magnetic sources as compared to depth to magnetic sources along the Kunyere fault.
Across the Tsau fault depth to magnetic sources generally decrease and this therefore
suggest it is the main border fault to the west of the ORZ.

The faults mapped on the aeromagnetic maps except Lecha and Tsau have scarps associated
with their surface expressions. The lack of surface expression for these basement faults
(Lecha and Tsau faults) may suggest the following: inactivity during the extensional tectonic
regime associated with the ORZ; that these basement faults were reactivated, but are now
concealed by rapid sedimentation associated with Okavango alluvial fan deposits; they
were reactivated but lacked sufficient energy to rupture (i.e., blind normal faults). The scarp
heights of Kunyere Thamalakane and Phuti faults are significantly smaller than the fault
throw values obtained from the 3-D Euler deconvolution solutions. This suggests either
higher sedimentation rates from the Okavango River compared to the vertical movement
along the faults leading to partial burial or moderate sedimentation rates against little to no
vertical recurrent movement along the faults. Recent seismic events along the major rift
faults support the higher sedimentation rates scenario (Scholz et al., 1976).

Within the ORZ, the major fault zones and their segments have orientations that parallel the
structural fabric of the basement. This suggests that the strength anisotropy in the basement
greatly influenced the location and orientation for brittle failure. The low displacement to
length scaling relations observed for these faults may in part reflect a reduction in the stress
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required to produce failure and laterally propagate faults along these pre-existing planes of
weakness. In addition, comparison of the throw on the basement surface with the throw on
the topographic fault scarp demonstrates many of the faults have extended histories. Most of
the faults suggest evidence for multiple episodes of faulting with concomitant sedimentation
along the down thrown block and erosion of the fault scarps (Kinabo et al., 2008).
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Fig. 5. Plot of SRTM_DEM for Eastern Margin of the ORZ (Study area)

Thus, older faults that have established long fault traces as a result of multiple episodes of
faulting and through linking of fault segments may exhibit topographic scarps with less
relief as a result of either the height of the topographic fault scarp reflecting only the most
recent displacement event that ruptured the surface, or that since the last displacement, the
height of the fault scarp has been reduced by sedimentation, or still the height of the fault
scarp has been reduced by erosion.

Following the definition of Peacock and Sanderson, (1991), that border faults in rift zones
have larger displacement and length and may indicate duplicity depending on the number
of basin within the rift, it can be concluded that the border fault in the ORZ is still in the
juvenile stage. This conclusion is solely based on the vertical displacements along faults
obtained from 3-D Euler deconvolution solutions and length of the faults observed on the
aeromagnetic data.
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Fig. 6. Total magnetic field intensities over the study area (Note location of the 3 profiles

selected across the Faults in the study area
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Faults in the area (see Fig 6 for location of profiles)
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Fig. 8. Plot of Euler 3-D solutions obtained in the ORZ area

6.2 Rates of sedimentation and Fluvial Transfers and Seismicity in study area
According to McCarthy, (2005) and Gumbricht and McCarthy, (2003), the Okavango delta
(part of the ORZ) receives enormous tonnage of bed load sediments and solute on yearly
basis. McCarthy estimated that about 170,000 tonnes of sand and 360,000 tonnes of solute
load enter the Okavango system every year. Bauer et al., (2006) also estimated that the
Okavango delta receives about 870,000 tonnes of sediment per annum of which about 50% is
made up of solutes, 22% is made up of particulate and 28% is made up of aeolian inputs.
McCarthy (2005) estimated the average annual inflow into the Okavango to be 10.1 x 109 M3
of water over the past 60 years. It is thought that these large amounts of water and solute
load entering the ORZ on yearly basis plays a major role in the tectonic activities of the area
The role of water and sediment load on seismicity in faulted zones has been investigated by
previous researchers. An example of such a study is the geophysical studies of the San
Andreas Fault (SAF) conducted by Unsworth et al., (1997); Mackie et al., (1998); Unsworth et
al., (1999), Unsworth et al., (2000); Bedrosian et al., (2004); Unsworth & Bedrosian, (2004);
and Ritter et al., (2005). Results of their studies suggested that seismic behavior may be
controlled by a connected network of fluid-filled cracks within fault zones. Along the SAF,
there is marked seismic variability, with some segments characterized by infrequent, large-
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magnitude earthquakes while others exhibit abundant microseismicity and aseismic creep
(Allen, 1968). These authors were able to establish a relationship between earthquakes and
increase in fluid within the rock units. They also establish that fluid migration causes high
pore pressure within rocks. The high pressure, in turn, ultimately reduces shear stress from
the rock so that stress does not build to higher levels over time, which generates larger
magnitude earthquakes.

Studies of seismic activities in the area of research indicate that seismicity increases
substantially between the Kunyere Fault and the Thamalakane Fault, where it is thought
that strain is being transferred from the Kunyere Fault to the Thamalakane Fault.
Earthquakes in the study area are predominantly weak, except for the large earthquake
events that were recorded during the May 1952 — May 1953 period, with magnitudes
ranging between 5.0 and 6.7 on the Richter scale (Hutchins et al., 1976; Milzow et al., 2009).
The Thamalakane Fault is believed to be channeling fluids in this area, as flow from the
Okavango Delta is seen to disappear at this fault boundary. It is also thought that the
northern segment of the Kunyere Fault may also be channeling fluids. Seismicity and fluid
flow may have a direct relationship with faulting in the ORZ, similar to the SAF. A study
performed by Brodsky and Kanamori (2001) suggests that lubrication by a viscous fluid
within a fault zone can reduce the frictional stress during large earthquakes (M>4) by as
much as 30%. The study suggested that any large earthquake that produces a slip distance
of greater than a few meters along a fault plane during a single earthquake event will have a
zone of the fault that is well lubricated. Lubrication of faults reduces high frequency energy
due to contacting asperities during an earthquake. Consequently, large slip displacement and
reduction in high frequency energy result in less damage. The fluids being channeled by the
faults in the ORZ may allow for easier slip along the fault planes during large earthquakes.
The microseismicity and lack of high magnitude earthquakes associated with the northern
segments between the Kunyere Fault and the Thamalakane Fault suggest that fluids within
the fault zones and splays may raise pore pressure in this area of the rift thus reducing shear
stress.

7. Conclusions

Six major northeast-trending faults have been mapped in the eastern margin of the ORZ; the
Tsau, Lecha, Kunyere, Thamalakane, Phuti, and Nare faults. These faults displace the Karoo
dykes and three of them (Kunyere, Thamalakane and Phuti) are represented by fault scarps.
Depths to the top of the dikes show a deepening of the pre-Kalahari surface toward the
northeastern part of the ORZ. The results of this study suggest that movement along the major
Faults (Kunyere and Thamalakane) is dip-slip with the blocks downthrown to the west. The
results of the study also suggest inflow of large amounts of fluids that are channeled along the
major border faults on the eastern part of the ORZ (Kunyere and Thamalakane) may raise
pore pressures in those area of the rift zone, thereby reducing shear stress. This phenomenon
could account for the lack of large earthquakes and abrupt faulting within the ORZ.
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