
1. Introduction

Namibia (and SW Africa in general) is considered to be a stable continental region (SCR) with little history of 
significant earthquakes. Within Namibia, instrumentally recorded earthquakes are restricted to smaller than Mw 
5.5 (ISC, 2022, Figure 1). Earthquakes recorded in international catalogs reveal a band of seismicity along the 
west coast within the Namaqua-Natal and Damara belts (Figure 1a, inset). In contrast, the region underlain by the 
Proto-Kalahari craton appears largely aseismic. Limited network coverage prevents the confident identification 
of clusters of microseismicity and long-term Global Positioning System (GPS) constraints on strain rates are also 

Abstract Four previously unrecognized neotectonic fault scarps in southwest Namibia are described. 
These relatively straight, simple but segmented structures are 16–80 km long and have measured vertical 
separations of 0.7–10.2 m. We estimate that each is capable of producing earthquakes of Mw 6.4 or greater, 
indicating that large earthquakes may occur despite limited cumulative displacement. There is strong evidence 
that some of these scarps were formed by repeated earthquakes. Comparison with aeromagnetic and geological 
maps reveal that the normal faults reactivate major crustal weaknesses that are orientated north-south and 
northwest-southeast and perpendicular to the local gravitational potential energy gradient. The presence 
of these structures in an area with a limited record of instrumental seismicity suggests that the Mmax of this 
region may be much larger than generally assumed. They highlight the necessity of incorporating information 
from fault studies into probabilistic seismic hazard assessments in this region, in a similar way to other stable 
continental regions such as Australia. The fact that such major structures have gone hitherto unrecorded 
suggests significant further research is needed to characterize these sources of hazard. The identification of 
an apparent cluster of large magnitude neotectonic earthquakes in the area may be related to the exceptional 
preservation potential of scarps rather than indicating an area of comparatively rapid deformation. If this 
interpretation is correct, then these scarps represent an important indication of the potential seismic hazard 
across the region, and the occurrence of infrequent large-magnitude seismicity on similar structures should be 
considered throughout southwestern Africa.

Plain Language Summary Namibia is considered to be a region that has very few large 
earthquakes. This is partly because previously evidence has not been found in the landscape to suggest that 
many large earthquakes have occurred in the past. However, in this study we show evidence in SW Namibia of 
four previously unidentified but significant fault scarps (steps in the landscape generated by movement during 
earthquakes). These features indicate that significant earthquakes can and have occurred in southern Namibia 
in the geologically recent past. We also find evidence for repeated motion along these faults and therefore 
repeated earthquake generation. The extremely dry climate and abundance of hard, well-cemented sediments 
in the Namib Desert makes it one of the best places in the world for preserving fault scarps. This means we can 
get a much better idea of the type of earthquakes which could occur over relatively long timescales, and we 
find evidence for much larger events than would previously have been expected in this area. It is important to 
consider these features in earthquake hazard assessments in southwestern Africa and other similar areas around 
the world.
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not available. In this context, paleoseismic studies have the potential to provide information about the tectonics 
of the region and to inform seismic hazard assessments.

Scarps in southern Namibia can preserved for unusually extended periods due to exceptionally slow erosion rates 
(Bierman & Caffee, 2001; Cockburn et al., 2000), an abundance of Cenozoic sediments and sedimentary rocks 
that are consolidated and strengthened by secondary carbonate cements, and the >30 million year persistence of a 
semi-to hyper-arid climate in the Namib Desert (e.g., Ward et al., 1983). Consequently, SW Namibia is an excep-
tional natural laboratory for studying infrequent large-magnitude seismicity in a very slowly deforming region. 
Understanding the seismic history of such regions is critical for formulating evidence-based seismic hazard 
assessments. Additionally, the number of well-studied large SCR earthquakes is naturally small compared with 
earthquakes in plate boundary zones and fundamental questions related to SCR earthquakes remain unanswered 
(Calais et al., 2016). Evidence of large ruptures in SCRs therefore add important data points to the global data set.

Australia is another region where very low strain rates, occasional large magnitude earthquakes and a fairly sparse 
national network of seismometers pose similar difficulties for seismic hazard estimation. Apparent discrepancies 
between the distribution of hazard from the instrumental seismic catalog and the distribution of paleoseismic 
fault ruptures led to the 2018 probabilistic seismic hazard reevaluation incorporating fault source models into 
their seismic hazard models for the first time (Allen et al., 2018, 2020; Clark et al., 2016). Such an approach may 
be necessary in southern Africa as well. At present the catalog of known paleoseismic fault ruptures, and knowl-
edge of important parameters such as slip-rate, remain very limited.

It has been suggested, based on studies in areas such as southern Africa, India, the Eastern US and Australia, that 
the occurrence of large earthquakes in such regions are controlled by qualitatively different processes to those in 
more rapidly deforming regions (Calais et al., 2016). This debate focuses on whether large earthquakes are likely 
to occur on identifiable faults, which repeatedly accumulate and release elastic strain in an analogous manner 
to more active regions, or if the hazard is instead controlled by a large network of faults which may have been 
inactive for millions of years, but which are all critically stressed due to very gradual pervasive strain transfer. 
In this model, events may often be triggered by temporary stress fluctuations associated with, for example, the 
hydrological cycle or another nearby earthquake, leading to the clustering and migration of seismicity. Once a 
large earthquake has occurred on an individual fault, this model would suggest that it would only reload very 
slowly, potentially on Ma timescales, and the current hazard would then be more likely to be focused on other 
structures which may show little or no sign of previous neotectonic rupture.

The Hebron Fault scarp is the only paleoseismic fault scarp to have been described in detail in Namibia (G. 
Salomon et al., 2022; Viola et al., 2005; White et al., 2009;). This pure normal-faulting scarp has a length of 
45 km, a maximum cumulative offset of 10.1 m and a mean cumulative offset of 5.9 m (G. Salomon et al., 2022). 
The scarp cuts through alluvial fan calcrete, pedogenic carbonate-cemented sediments that commonly form in 
near-surface conditions in arid and semi-arid regions (Birkeland, 1984). As a result, the scarp is preserved as a 
sharp sub-vertical feature for much of its length (G. Salomon et al., 2022; White et al., 2009). A detailed geomor-
phological study found no direct evidence of a multiple event origin. It remains an open question as to whether 
this scarp formed in one or more events. Scaling relationships from SCRs (Leonard, 2014) suggest that it likely 
formed in a small number (1–5) of significant (∼M

w 7) events (G. Salomon et al., 2022). G. Salomon et al. (2022) 
also concluded that the Hebron Fault followed a pre-existing Mesoproterozoic shear zone and is segmented where 
a granite batholith interrupts its fabric.

Additional evidence of neotectonics in southern Namibia is scarce. The Dreylingen Fault SW of the Hebron Fault 
(Figure 1a) is suggested to have recently been active (Viola et al., 2005), yet the fault is mainly expressed in base-
ment rocks and no evidence of the displacement of Quaternary deposits has been presented. A linear array of mud 
volcanoes off the SW Namibian coast potentially delineate an offshore fault that has been recently active (Viola 
et al., 2005), however, direct analyses of it are impossible without high resolution seismic data along its length. 
Finally, Dauteuil et al. (2018) describe micro-scale brittle structures in Cenozoic strata in the coastal regions of 
the Tsau ‖Khaeb National Park (Sperrgebiet) (Figure 1b), which they interpret as evidence of larger neotectonic 
events. It is however difficult to use cm-scale offsets across small structures to reconstruct regional tectonics.

In NE Namibia, between the Kalahari and the Congo Cratons, Wanke (2005) describes potential displacement of 
faults within the Eiseb Graben. These faults displace linear dunes thought to have stabilized between 35 and 28 ka 
indicating that they have been active in the late Quaternary. The Eiseb Graben faults form the western extension 
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of the faulting associated with the Okavango region (the SW branch of the East African Rift) and follow the 
Pan-African Damara Belt which separates the cratons (Figure 1a). It has been suggested rifting may continue 
across northern Namibia to link with NNW-SSE striking faults in the Namibian Highlands or continue to the 
Mid-Atlantic Ridge via the Walvis Ridge (Daly et al., 2020; Wedmore et al., 2021), although these interpretations 
remain hypotheses due to the limited constraints on rifting from geodesy, seismology and geomorphology within 
Namibia (Hasterok et al., 2022).

Here, we present remote sensing and field evidence for four newly identified fault scarps in southern Namibia, 
which have significant implications for regional seismic hazard and contribute to the international catalog of SCR 
events. We demonstrate that this faulting reactivates (and in some cases terminates against) pre-existing shear 
zones, indicating that the older structures control seismic hazard in the region.

2. Geological and Geomorphological Setting

The geology of southern Namibia records repeated deformation events during the Proterozoic, Cambrian, 
Carboniferous–Jurassic and Cretaceous. The resulting crust along and outward of the western margin of the 
Proto-Kalahari Craton (Figure  1) contains a complex set of structures with varying orientations (Corner & 
Durrheim, 2018). We argue that these structures determine the location and orientation of neotectonic faulting, 
and affect the potential size of earthquakes and the scaling relationships observed for these faults. A number of 
studies have established that pre-existing shear zones play an important role in controlling the location and orien-
tation of African rifts and, more recently, individual earthquake ruptures (e.g., Daly, 1988; Kolawole et al., 2018; 
Wedmore et al., 2022). Consequently, we now briefly review the orientations and ages of large-scale fabrics and 
structures generated during the significant tectonic episodes that have affected the study area.

1.  Mesoproterozoic, generally NW-SE trending, penetrative, gneissic foliation developed during multiple phases 
of folding and thrusting in the Namaqua Orogeny, during the assembly of southern Rodinia (Johansson 
et al., 2022; Macey et al., 2022). This foliation broadly aligns with subvertical NW-SE trending transpressional 

Figure 1. Location and geological setting of newly identified faults. (a) Simplified geology of Namibia. Solid black lines are confirmed neotectonic faults; recent 
reactivation of the Dreylingen Fault (black dashed line) is speculative. Inset: Country borders; Congo and Proto-Kalahari Cratons; Major orogenic belts of southern 
Africa; Earthquakes with Mw ≥ 4 from the International Seismological Centre (ISC) catalog for the period 1964 to July 2022. ASZ—Aurus Shear Zone, DB—
Damara Belt, GB—Gariep Belt, KB—Kaoko Belt, MRPSZ—Marshall Rocks-Pofadder Shear Zone, NNB - Namaqua-Natal Belt. (b) Digital Elevation Model 
(NASA:JPL, 2013) and newly identified fault scarps near Aus, southern Namibia, between the coast and the Great Escarpment within and adjacent to the Tsau ‖Khaeb 
National Park. Roads are shown as gray lines.
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shear zones, such as the Marshall Rocks-Pofadder Shear Zone (MRPSZ), that formed at the end of the orogenic 
cycle.

2.  Neoproterozoic (Tonian), North-South to NNW-SSE orientated, extensional brittle structures that formed 
during the emplacement of the syn-rift Gannakouriep dyke swarm and associated East-West rifting and forma-
tion of the Gariep Basin and intrusive complexes (Reid et al., 1991; Rioux et al., 2010).

3.  Neoproterozoic (Ediacaran) to early Cambrian NW-SE trending, transpressive Gariep Belt ductile struc-
tures, for example, the Aurus Shear Zone in the study area, which formed during the assembly of Gond-
wana (Frimmel, 2008; Thomas et al., 2016). Other pre-existing NW-SE structures, for example, the MRPSZ 
were also reactivated; Concurrently, NW-SE compression in the Damara Belt, central Namibia, resulted in a 
NE-SW tectonic fabric there that is roughly orthogonal to the Namaqua-Natal Belt and Gariep Belt structures 
further south. During this compressional regime, a foreland basin developed, into which the Nama Group 
was deposited. Today, the Nama Group outcrops widely at the top of the escarpment and plateau in southern 
Namibia and overlies igneous and metamorphic units with a regionally map-able nonconformity.

4.  Post-Nama Group, predominantly N-S and NW-SE trending, extensional faults of speculative age that are 
evident in satellite imagery as lineaments on the modern-day escarpment and plateau (see G. Salomon 
et al., 2022; Viola et al., 2005, for further details).

5.  Carboniferous to Jurassic NE-SW orientated, basin-bounding extensional faults that accommodate hundreds 
of meters of Karoo Supergroup sedimentary strata (M. M. Johnson et al., 1996).

6.  Early Cretaceous, coast-parallel ∼N-S normal faults that accompanied the opening of the South Atlantic and 
basaltic volcanism during the rifting of SW Gondwana (E. Salomon et al., 2015; Reid & Rex, 1994; Torsvik 
& Cocks, 2013), that ultimately resulted in the late Mesozoic–present-day passive margin. Minor alkaline 
intrusions also occurred in the Early Cretaceous in the coastal region of the Tsau ‖Khaeb National Park 
(Marsh, 1975).

7.  Paleogene volcanism occurred in the Tsau ‖Khaeb National Park in the Klinghart Mountains (Marsh 
et al., 2010) and along a NE-SW trending line (Corner, 2000; Walter et al., 2022). The nature and tectonic 
framework of these volcanic events are poorly understood (Walter et al., 2022).

Following the significant km-scale accelerated Cretaceous erosion during and post-dating Gondwana breakup 
revealed through low temperature thermochonometry (Brown et al., 1990; Raab et al., 2005; Wildman et al., 2021), 
southern Namibia entered a prolonged phase of relative tectonic quiescence, landscape stability, and slow erosion 
rates, evidenced by the presence of ancient (estimated up to 40 Ma) erosional land-surfaces (Picart et al., 2020) 
and cosmogenic nuclide measurements that indicate an erosion rate of, for example, 8  m/Myrs (Bierman & 
Caffee, 2001; Cockburn et al., 2000).

2.1. Age of Fault Scarps

The exceptional landscape stability in southern Namibia is due to the predominantly stable continental setting 
it occupies, but also the prolonged aridity of the Namib Desert. The aeolian and subordinate fluvial desert sedi-
ments record aridity since at least 30 Ma and hyper-arid conditions for the last 15 Myrs (Dingle et al., 1983; 
Miller et al., 2021; Ward et al., 1983). Much of these sediments are consolidated by secondary carbonate cements 
(forming calcrete) which are of speculative genesis and age and occur widely in southern Namibia including the 
Hebron Fault scarp (G. Salomon et al., 2022; White et al., 2009) and in the vicinity of the fault scarps described 
in this study.

Pickford (2015) points out that most of the surface moisture in the coastal Sperrgebiet is supplied from fog that is 
blown inland and therefore prefers the term “calc-crust” to describe these cemented units. While Pickford (2015) 
is correct in emphasizing the role of fog in generating near-surface moisture in the Namib, we do not differentiate 
between these two genetic classifications in this study. It seems probable that near-surface moisture was supplied 
through multiple sources with ocean-derived fog likely a large contributor near to the coast but with a diminishing 
role progressively inland.

During our fieldwork in the Namib, within the inland regions of the Tsau ‖Khaeb National Park and at the base 
of the Great Escarpment (Figure 1), we observed abundant near-surface carbonate-cemented sediments that are 
well-exposed in fault scarps and we refer to them throughout this paper simply as calcrete. Some, but not all 
of these units are possibly the in-land correlatives of calc-crusts described from coastal regions that have been 
biostratigraphically dated to two long-lived periods in the Middle–Late Miocene (Calc-crust 1), and Pliocene to 
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Holocene (Calc-crust 2; Pickford, 2015). However, the accuracy of these ages have not been verified by radi-
ometric dating methods, and the isolated outcrops in our study area cannot be confidently correlated to better 
studied coastal outcrops (e.g., Pickford et al., 2008), reducing their utility in constraining fault scarp age and slip 
rates. Until radiometric ages are attained for these units and correlations with studied outcrops are be made with 
confidence, we withhold from assigning specific ages to the fault scarps described here. Carbonate-cemented 
sediments could be anything from Middle–Upper Miocene, the biostratigraphically constrained age of the oldest 
calcrete (i.e., Calc-crust 1 of Pickford  (2015)) to Holocene, with multiple periods of carbonate precipitation 
likely. Accordingly, the fault scarps studied here may have initiated at any point in the last ∼15 Ma, which is 
compatible with Early Miocene age estimates for the major planation surface that dominates the in-land Tsau 
‖Khaeb National Park and is displaced across the faults (planation surface S6 of Picart et al., 2020).

3. Methods

A geological mapping survey of the area along the Great Escarpment SE of Aus revealed a previously unidenti-
fied fault scarp in June 2019. Subsequently, satellite images were used to locate and delineate additional recently 
active faults that displace sedimentary cover. This was principally performed using Bing Maps and Pléiades 
imagery in ArcGIS and QGIS. Once lineaments were mapped, the Shuttle Radar Topography Mission NASA-
DEM (NASA:JPL, 2013) was used to determine whether a scarp is present along their lengths at the resolution 
available. Higher, 0.5 m resolution Pléiades satellite imagery along the lengths of the most promising faults were 
obtained for further assessment of their character. Aeromagnetic intensity maps and 1:50k geological maps were 
supplied through the Geological Survey of Namibia. Since the majority of the mapped lineaments ran through 
unconsolidated sediments and calcrete of the Namib Group as well as recent alluvium and scree, they were super-
imposed over the aeromagnetic maps (intensity reduced to pole) in which major aeromagnetic lineaments were 
mapped. Following remote sensing, fieldwork was conducted in May 2021 to confirm whether the most prom-
ising lineaments mapped were indeed fault scarps. Real-time kinematic (RTK) positioning GPS surveys were 
carried out along representative portions of four scarps using a TRIMBLE R8 GNSS/R6/5800 GPS base station 
and hand-held rover mounted to a 2 m high measuring pole. GPS measurements were taken at 2 s intervals as 
the rover was walked along a pre-determined 200–500 m straight path that was perpendicular to and crossed the 
fault scarp avoiding local scarp complexities and post-slip sedimentary depositional and erosional modifications.

The displacement D and throw T were derived from these profiles (insets in Figures 2–4). Linear regression was 
used to fit straight lines through points above and below the scarp. Areas affected by small channels close to the 
scarp were manually excluded in some cases (e.g., profile A1 Figure 2). The vertical separation V between the 
projection of these two surfaces was then calculated at the center of the scarp. To convert the vertical separation 
to the throw in cases where the fault dips in the same direction as the slope the following equation was used:

𝑇𝑇 =
𝑉𝑉 cos(𝛿𝛿) sin(𝛼𝛼)

sin(𝛿𝛿 − 𝛼𝛼)
+ 𝑉𝑉 (1)

where δ is the fault dip and α is the average of the two slopes (adapted from K. L. Johnson et al., 2018). If the 
normal fault dips in the opposite direction of the slope,

𝑇𝑇 =
𝑉𝑉 cos(𝛼𝛼) sin(𝛿𝛿)

sin(𝛼𝛼 + 𝛿𝛿)
. (2)

Equation 2 was originally intended for use with reverse faults dipping in direction of the slope (adapted from 
Thompson et al. (2002)), however this equation also applies to normal faults dipping in the opposite direction 
of the slope. The geometry of both cases is illustrated in Figure S1 in Supporting Information S1. For either 
scenarios,

𝐷𝐷 =
𝑇𝑇

sin(𝛿𝛿)
. (3)

We do not have firm constraints on the dip of the faults described here other than the near-surface dip of the 
Anusi-Tafelkop Fault, which has a polished bedrock scarp with a dip of 73°, although this may not be represent-
ative of the dip at seismogenic depths (Figure 6a). Given the steep dip observed at this location, the evidence for 
the reactivation of steeply dipping ductile shear zones and comparison with the Hebron Fault we assign a dip of 
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60° to all of the faults in this study as our preferred value. We include the results for dips of 45° and 75° in Tables 
S1 and S2 in Supporting Information S1 to illustrate the uncertainty associated with this assumption.

The length of the faults were assessed from measuring the visible surface rupture length (SRL). Two faults were 
separated into segments based on their geometry, though this should not be taken to imply that these segments 

Figure 2. Pléiades imagery of the Hai-s (segments A and B) and Tsau ‖Khaeb (Segment C) faults, with location of the GPS profiles. Insets show the region of the fault 
trace that is enlarged and the elevation profiles across the scarp with 10× vertical exaggeration. Colored letters and arrows correspond to fault segments discussed in the 
text and Tables S1 and S2 in Supporting Information S1. Arrows are positioned on the down-thrown side of the fault. The extent of Figure 5c is shown by the white box. 
V: vertical offset across the fault; Δs: difference in angle of displaced surfaces.
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will necessarily fail in separate events or that past events necessarily ruptured an entire segment. The presently 
observable SRL may be lower than the true length of the fault that has failed. This may be either because the 
earthquake did not breach the surface across the whole length of the fault, or because the tapered ends of the 
rupture have been censored by subsequent erosion (e.g., Leonard, 2014; Stirling et al., 2002). A recent compi-
lation of dip-slip (DS) earthquakes in SCRs suggested that the length could be approximated as the SRL when 
longer than 15 km (Leonard, 2014). As this is the case for all of the ruptures studied we simply report the SRL 
and use this as the fault length for calculations and comparisons, but note that this is likely to be an underestimate 
of the true rupture length.

In order to assess the likely displacement in a single event, and the likely magnitude of individual earthquakes, 
we use regression-based relationships from DS faults in SCR regions (Leonard, 2014). The expected average 
displacement Dav is calculated from Lm, the length of the rupture in meters:

log��� = � + 0.833log(��), for�� > 2500� for DS in SCR (4)

where aμ = −3.572, a−σ = −3.78 and a+σ = −3.38 for the mean (μ) and one standard deviation (±σ) results of a 
partial linear regression. Similarly Mw, the moment magnitude is calculated from Lkm the length of the rupture in 
kilometers:

�� = � + 1.667log(���), for��� > 2.5�� for DS in SCR (5)

where aμ = 4.32, a−σ = 4.12 and a+σ = 4.51. The Dav and Mw estimates are given in Table S2 in Supporting Infor-
mation S1 alongside the segment lengths L and the average observed displacements 𝐷̄𝐷 .

These relationships result in slightly larger offsets and magnitudes than empirical relationships based on data-
sets dominated by earthquakes in more rapidly deforming regions (e.g., Wells & Coppersmith, 1994). On the 
other hand, as noted above, it is likely that the fault lengths used may underestimate the true length by a few 
kilometers resulting in the possible underestimation of these values. In addition, the majority of the events the 
Leonard (2014) regressions are based on are reverse faults rather than normal faults.

To roughly estimate the range of the number of events that may have formed the scarp (n) we calculate 𝐷̄𝐷

𝐷𝐷𝑎𝑎𝑎𝑎(𝑎𝑎+𝜎𝜎)
 

rounded down to the nearest integer with a minimum value of 1 and 𝐷̄𝐷

𝐷𝐷𝑎𝑎𝑎𝑎(𝑎𝑎−𝜎𝜎)
 rounded up to the nearest integer. 𝐷̄𝐷 

is the average displacement calculated from profiles from that segment or fault. Where younger surfaces showed 
a dramatic reduction in scarp height compared to neighboring older surfaces (A2 and F2) these were excluded 
from the average. Due to limited time in the field only a small number of profiles could be measured and so 𝐷̄𝐷 
should not be interpreted as a reliable average total displacement along the whole fault and is simply reported here 
to allow an approximate estimate of the number of scarp-forming events.

4. Results

In the following sections, we describe the newly identified faults in detail. The names of these faults are shown, 
along with their location, in Figure  1b. Pronunciations of the three Khoekhoegowab names are provided as 
supplementary audio files.

4.1. Tsau ‖Khaeb

The Tsau ‖Khaeb and Hai-s faults (Figures 2 and 3) are both situated within the Tsau ‖Khaeb National Park 
(Sperrgebiet) and their surface traces run through predominantly Cenozoic calcretes and elsewhere through 
unconsolidated, active aeolian and sheet-wash alluvial deposits. The Tsau ‖Khaeb scarp (segments C and D in 
Figure 2) is 80 km long, with an arcuate trace that is ∼N-S at its northern extent (26° 40′S) and gradually curves 
to attain a NW-SE orientation at its southern extremity (27° 20′S). Two short splays are present along its length, 
there is a small, 200 m wide step-over zone (27°10′S, Figure 5a) and the fault trace merges with one branch 
of  the Hai-s fault in the north (Figure 1b; 2). The vertical separations measured along the Tsau ‖Khaeb Fault 
scarp ranged from 1.1 to 10.2 m (Figure 2). Further to the SW, the fault trace is not clearly visible in satellite 
imagery but there are sporadic parallel scarps (Segment E in Figure 3). These are considered extensions to the 
Tsau ‖Khaeb Fault and were not studied in detail.
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Segment C, the central N-S orientated portion of the scarp, has higher vertical offsets (from N to S: 6.1, 10.2, 
7.0, 8.8 m) than the southern, curved Segment D (1.8, 3.2, 1.1, 3.0 m). Two significant branches occur along 
the southern portion of the fault at 27° 11′S and 27° 20′S. Both were observed to have small and diffuse scarps 
in the field (e.g., profile D3). For most of its length, the scarp runs through calcrete that is covered by a thin 
(<50 cm) veneer of unconsolidated aeolian sand barring a small portion that is covered by an active longitudinal 
and barchan dune field (Figure 3).

In the northern section of the fault (at profile C1, Figure 2) the scarp has two distinct slope breaks which suggest 
this is a compound scarp: an older scarp that has retreated backward as a result of post-slip erosion, has a highly 
irregular trace in map-view and a scree apron; a second younger, steeper and straighter scarp that coincides with 
the fault trace and perhaps represents the offset in the most recent event. Similar features are observed in two 
branches of the Hai-s Fault, which are described and interpreted in detail in Section 5.2 (Figures 5c–5e; Figure S3 
in Supporting Information S1).

4.2. Hai-s

The Hai-s Fault trace is more complex than the other faults described, with a main axis that runs N-S, parallel to 
the northern section of the Tsau ‖Khaeb Fault and two sub-parallel branches that join it at acute angles (Figure 1b; 
Segments A and B in Figure 2). The longest of these branches (Segment B) runs sub-parallel to the main fault 
for 26 km. The total length of the fault is 40 km with total vertical offsets of 5.1–5.8 m in areas where the scarp 
runs through sediments preserved by well-indurated calcrete. The offset value is suddenly reduced where the fault 
runs through unconsolidated alluvium in a river bed (profile A2 in Figure 2 and Figure S3 in Supporting Informa-
tion S1). In this area it has a vertical separation of 1.1 m (Figure 2 profile A2, note the proximity of profiles A3 
and A4). As in the northern part of the Tsau ‖Khaeb Fault there are two distinctive slope breaks which suggest 
they are compound scarps (note the steep section at the front of the scarp captured in profiles A3, A4, A5 in 
Figure 2 and Figure S3 in Supporting Information S1. A similar feature may be visible in A1, but interpretation 
is less clear due to the presence of a small channel in front of the scarp).

There are two potential interpretations of the multiple slope breaks observed: (a) that they result from differential 
erosion following a single event; or our preferred explanation (b) that they result from at least two earthquakes, 
separated by a significant time. The first explanation could be correct if, for example, a resistant lithology was 
overlain by softer material, for example, bedrock overlain by sediments. In this case, the offset in the resistant 
lithology could have been preserved as a straight, steep feature whilst the softer overlying layer retreated back-
wards, due to ease of erosion, from the initial single rupture. However, field observations reveal similar calcretes 
exposed along both scarps. The straight, frontal scarp also appears to cross alluvium, for example, at A2; here, the 
observed is directly along-strike of the frontal scarp, is relatively straight and has a similarly small height (∼1 m) 
to that of the frontal scarp. Whilst the height of scarps created in a single earthquake can vary significantly as the 
rupture crosses from duricrusts to unconsolidated sediments, it is highly unlikely that the scarp in more cemented 
sediments would retreat further than that in unconsolidated alluvium. The frontal scarp therefore appears to be 
largely insensitive to lithology and has not retreated appreciably more in unconsolidated alluvium compared to 
well-cemented duricrusts. Geomorphologically, the frontal scarp is much straighter than the high-sinuosity main 
scarp (e.g., Figure 5c), also giving the impression that it formed more recently. Finally this frontal scarp has a 
similar height to that expected for a single event on a fault of this length (Table S2 in Supporting Information S1, 
Leonard, 2014).

We therefore consider that the complex, multiple scarp morphology results from at least two separate earth-
quakes. The straight, steep scarp represents the most recent rupture on this fault. The larger, sinuous scarp behind 
it is then interpreted to have formed in one or more previous earthquakes; its morphology and position result from 
having more time to erode compared to the frontal scarp.

4.3. Anusi-Tafelkop

The Anusi-Tafelkop Fault runs 15  km across valleys and mountains at the foothills of the Great Escarp-
ment (Figures 1b and 4). The fault trace has a general NNW-SSE trend and has a single step-over zone that 
separates two segments; this step-over is largely obscured by recently active alluvium (Figure 6a). The scarp 
has a maximum measured height of 3.2 m, which is preserved in a section along the fault where it displaces 
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Figure 3. Pléiades imagery of the southern Tsau ‖Khaeb Fault trace (segments C and D) and extensions (Segment E) with location of the GPS profiles. Insets show 
the region of the fault trace that is enlarged and the elevation profiles across the scarp with 10× vertical exaggeration. Colored letters and arrows correspond to fault 
segments discussed in the text and Tables S1 and S2 in Supporting Information S1. Arrows are positioned on the down-thrown side of the fault. Abbreviations as in 
Figure 2.
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Figure 4. Pléiades imagery of the (a) /Gãb Fault and the (b) Anusi-Tafelkop Fault, with location of the GPS profiles. Hill A, Hill B, and the fissure are discussed in the 
text and displayed in Figure S2a and S2b in Supporting Information S1. Insets show the region of the fault trace that is enlarged and the elevation profiles across the 
scarp with 10× vertical exaggeration are positioned at the bottom left. Colored letters and arrows correspond to fault segments discussed in the text and Tables S1 and 
S2 in Supporting Information S1. Arrows are positioned on the down-thrown side of the fault. The extent of Figure 6c is given in white. Abbreviations as in Figure 2.
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Figure 5. Morphology of surface rupture scarps. (a) Tsau ‖Khaeb Fault scarp at sunrise casting a shadow onto the hanging wall. The maximum vertical offset along 
this portion of the fault is 10.2 m. See Figure 2 for photograph location. (b) 10 m high diffuse scarp along the Tsau ‖Khaeb Fault. (c) Pléiades imagery of compound 
scarps along each of two branches of the Hai-s Fault indicating multiple events and post-slip scarp retreat (see Figure 2 for location). (d) GPS data along the profile 
indicated in (c), showing two distinct scarps. (e) A diffuse, higher, older, eroded scarp (labeled Scarp 1 in c) and a, steeper, younger scarp (labeled Scarp 2 in c) 
with offset surfaces indicated with dashed lines. White circles highlight the position of people for scale. See Figure S3 in Supporting Information S1 for additional 
photographs and the precise camera location used to document these scarps.
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