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The brittle structural history of western South Africa has been investigated by remote sensing and field
studies to build a conceptual scheme for its >500 Ma long evolution. Paleostress tensors were computed
from a significant fault-slip dataset and a relative geochronological succession of brittle deformation events
was established. This was aided by separating in time faulting events through the usage of Cretaceous weath-
ering horizons, silicified fluvial deposits, paleosols and 77–54 Ma olivine melilitite plugs as time markers. The
oldest features recognized formed during four compressional episodes assigned to the Neoproterozoic Pan
African evolution. This history is expressed by sub-vertical conjugate fracture sets and fits well the inferences
derived from remote sensing. The greatest compressive direction rotated from NW-SE to NNE-SSW and final-
ly to almost E–W. A subsequent ENE-WSW-oriented extensional episode is associated with the local effects of
the opening of the Atlantic Ocean and was followed by a second, ca. E–W extensional episode, linked to the
well-acknowledged Mid-Cretaceous (115–90 Ma) event of margin uplift. A late Santonian (85–83 Ma) NW-
SE compressive paleostress deformed the Late Cretaceous sequences and was in turn followed firstly by a
renewed episode of NE-SW extension and later by ca. NNE-SSW Late Maastrichtian (69–65 Ma) shortening.
The latter is broadly coeval with the emplacement of the Gamoep magmatic suite. A phase of WNW-ESE Ce-
nozoic extension is assigned to the extensional phase recorded in the Okawango delta, interpreted as reflect-
ing propagation of the East African Rift System into southern Africa. No stress tensor was computed for the
present day “Wegener anomaly” stress field, oriented NW-SE. However, in situ stress measurements were
used to perform slip tendency analysis, which indicates that, under the currently existing stress conditions,
WNW-ESE- and NNW-SSE-striking faults are critically stressed and are the most likely reactivated, in agree-
ment with the present seismicity.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Old cratonic crystalline basements usually present compelling
evidence of complex brittle deformation histories. Unfortunately,
their typically long geological evolution and the repeated structural
reactivation of inherited structures can obliterate fully or partially
much of the information that is necessary to unravel these histories.

Munier and Talbot (1993), for example, showed that the Precam-
brian basement of southeast Sweden is fully saturated of fractures
and they derived a statement of general validity wherein the ratio
between fragmentation (i.e. generation of new fractures) to jostling
(i.e. reactivation of old fractures) in old terranes decreases with
rway, NGU, 7491 Trondheim,
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time in response to the partial (if not total) accommodation of
every new deformational episode by preexisting structures. Despite
the structural complexities resulting from this, Viola et al. (2009)
and Saintot et al. (2011) showed that it is actually possible to unravel
the extremely long and complex brittle history of the Fennoscandian
Shield by an integrated structural approach consisting of a detailed
geometric and kinematic study of striated fault planes and brittle
fault rocks analysis. They proposed a paleostress vs. time chart for
two different areas in southwest Sweden that covers more than 1.5
and 1.7 Ga of brittle structural history, respectively.

Inspired by a similar approach, and aiming at the same time at a bet-
ter understanding of strain localization and structural reactivation in
old metamorphic terranes, we present here the results of a study that
focuses on the brittle deformational history of part of Namaqualand,
western South Africa (Fig. 1). At Vaalputs, in the heart of Namaqualand
(Figs. 1 and 2), the South African Nuclear Energy Corporation (Necsa)
he western margin of South Africa: More than 500 Myr of continued
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Fig. 1. Main constitutive tectonic elements of southern Africa. The study area is framed by a rectangle and zoomed into in Fig. 2.
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operates a site licensed for the disposal of low- and intermediate-level
radioactive waste in ca. 7 m deep trenches (e.g. Brandt et al., 2005).
Although the geology of the region has been the subject of numerous
in depth studies (see Cornell et al., 2006 for a recent review), the
structural framework of the area and its brittle component in particular
remain poorly explored andunderstood. In this studywepropose a new
conceptual structural scheme for Namaqualand's long brittle structural
evolution, based primarily on the analysis of selected brittle structures.
Key components of this analysis included both remote sensing and
fieldwork to gather sufficient fault-slip data to generate a statistically
robust reconstruction of the paleostress evolution of the region. Indirect
time constraints were obtained through the analysis and comparison of
the deformation episodes that affected lithologies of known age and by
the unraveling of crosscutting relationships among different sets of
structures. This approach also made it possible to add constraints to
the brittle evolution of the region during the geologically fundamental
process of the opening and the evolution of the South Atlantic Ocean.
Finally, we have also computed fault-slip tendency analysis to better
understand the behavior and the role of inherited brittle structures
within the present-day stress field, and thus the control they may
exert on the current seismicity of western southern Africa.

2. Regional geologic setting

2.1. Geological background

The western coast of South Africa is characterized by the occurrence
of diverse lithologies, from Proterozoic metamorphic rocks to Neopro-
terozoic and Mesozoic sedimentary and igneous sequences (Fig. 1).
The Mesoproterozoic Namaqualand Metamorphic Province (NMP),
part of the Namaqua-Natal Mobile Belt (Fig. 1), comprises intensely de-
formed supracrustal sequences intruded by numerous pre-, syn- and
post-tectonic granitoids (Fig. 2; e.g. Johnson et al., 2006). Exhumation
of the NMP rocks during the Early Neoproterozoic (between 1000 and
800 Ma) was followed by deposition of the Gariep Supergroup in a
pull-apart basin (Gresse, 1995). The sediments of the Neoproterozoic–
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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Cambrian Vanrhynsdorp Group unconformably overlie the Gariep
Supergroup (Johnson et al., 2006; Fig. 2). The Vanrhynsdorp and Gariep
Group rocks were deformed and metamorphosed during the Pan-
African orogeny between 650 and ca. 500 Ma at relatively low
temperatures. Based on 40Ar-39Ar cooling ages (Frimmel and Frank,
1998; Gresse et al., 1988; Reid et al., 1991), it can be argued that most
of the region studied here entered the brittle realm by ca. 500 Ma.
However, lateral/local differences in the cooling pattern might have
occurred depending on the distance from the Pan African orogenic
front and the presence of discrete, fluid-permeable shear zones (e.g.
Frimmel and Frank, 1998).

The Meso- and Neoproterozoic rocks are unconformably overlain
by the Ordovician–Devonian thick siliciclastic sequences of the Cape
Supergroup (Fig. 2; Johnson et al., 2006). From the late Carboniferous
to the Early Jurassic, the Karoo Supergroup, which consists of several
kilometers of clastic sediments, was deposited in the Karoo Basin
(Fig. 1). This is considered as a foreland basin, possibly formed
in response to orogenic loading of the Cape Fold Belt to the south
(Johnson et al., 2006). The Cape Fold Belt, a component of the
Gondwanides chain, formed during mostly Triassic crustal shortening
related to the subduction and accretion of the paleo-Pacific plate be-
neath Gondwana (de Wit and Ransome, 1992). The break-up of
Gondwana (ca. 170–150 Ma; Hawkesworth et al., 1999) started with
the separation of west Gondwana (Africa and South America) from
east Gondwana (Australia, Antarctica, India and New Zealand), follow-
ing the extrusion of the voluminous and extensive continental flood
basalts of the Drakensberg Group (184–174 Ma; Jourdan et al., 2007)
and, close to the study area, the emplacement of numerous dolerite
sills (Karoo magmatic event). The subsequent break-up of west
Gondwana between 144 and 125 Ma started with rifting accompanied,
along the margin, by the intrusion of syenite and granite plutons,
as well as dolerite dykes (e.g. Eales et al., 1984; Reid and Rex, 1994;
Trumbull et al., 2007). In the southern Atlantic, the rift–drift transition
was marked by the northward propagation of the spreading center
over a period of around 40 Myr, with sea-floor spreading beginning
at about 134 Ma (Eagles, 2007; Rabinovich and LaBrecque, 1979).
he western margin of South Africa: More than 500 Myr of continued
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Concomitant with the early drift phase, numerous mafic alkaline intru-
sions, including kimberlites and related rocks, intruded across southern
Africa. Two distinct intrusion peaks have been reported at 145–115 and
95–80 Ma, corresponding to kimberlite Group II and I, respectively (e.g.
Basson and Viola, 2004; Smith et al., 1985). Two further clusters of
kimberlitic plugs were later emplaced in our study area, the older
(~77–~54 Ma) near Vaalputs (Gamoep cluster) and the younger
(56–38 Ma) ca. 50 km to the SSW, near Garies (Bitterfontein cluster;
Fig. 2; Phillips et al., 2000).

In the study area only small patches of Cretaceous sediments are
observed (Dasdap Formation, see below), whereas a wide range of
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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Cenozoic sedimentary deposits cover the low coastal plain (Fig. 2).
Raised marine terraces, often rich in placer diamonds and occurring
at various elevations along the coast, have been linked to Miocene,
Pliocene and Quaternary transgressions (Pether et al., 2000).

2.2. Geomorphic evolution

In the Namaqualand area, the coastal plain is separated by a broad
and deeply incised highland region (the Namaqualand Escarpment)
from the predominantly featureless, rolling plain that extends inland
at an altitude of ~1000 m a.s.l. (Fig. 2). The latter was named the
he western margin of South Africa: More than 500 Myr of continued
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Bushmanland Plateau by Mabbutt (1955), and later attributed to the
Late Cretaceous–Early Cenozoic “African” planation surface (e.g.
King and King, 1959; McCarthy et al., 1985; Partridge and Maud,
1987). Semiarid, and home to a sparse population, the Bushmanland
Plateau conforms to the requirements for the safe disposal at Vaalputs
of low- and intermediate-level radioactive waste (e.g. Brynard, 1988;
Brynard et al., 1996; Levin, 1988). The plateau represents the west-
ernmost sector of the elevated margin of African subcontinent. It cur-
rently attracts considerable scientific interest because it is part of
the broad region of elevated topography that overlies the low-
velocity zone mapped at the lower mantle-core boundary, called
the African Superswell (Lithgow-Bertelloni and Silver, 1998;
Nyblade and Robinson, 1994).

The Namaqualand Escarpment is dominated by a rugged and
mountainous landscape of granitic rocks rising in places to more
than 700 m above the plateau. In this area, sandy pediments with
more gentle slopes merge into valley floors that are deeply incised
and largely controlled by geological structure, following faults and
other lineaments (Fig. 2). The origin of this deeply-incised geomorphic
feature is contentious, and may represent the relic of the Late Jurassic
elevated shoulders that framed the proto-Atlantic rift (Partridge and
Maud, 1987). Alternatively, the highlands have been interpreted as
remnants of a post-rift, easterly-migrating bulge arising from the
isostatic adjustment of the continental margin to the retreat of
the escarpment (Brandt et al., 2005; Gilchrist et al., 1994; Kooi and
Beaumont, 1994). Recently, low-temperature thermochronological
studies have indicated a component of tectonically induced late Creta-
ceous uplift in the area of the Namaqualand Escarpment (Brown, 1992;
Kounov et al., 2009).

3. Stratigraphy of the study area

Belowwe describe inmore detail the tectonostratigraphic units that
crop out in the study area and which were pivotal to the establishment
of the time sequence of brittle deformational events proposed in our
model. The section of Fig. 3 illustrates a schematic view of the most
significant stratigraphic relationships observed.

3.1. Namaqua Metamorphic Province

The investigated Namaqua Metamorphic Province is part of a gran-
ulite, granite and charnockite belt exceptionally enriched in U and Th
(Andreoli et al., 2006). These rocks experienced high temperature, in-
termediate pressure granulite-facies metamorphism (T: 800–860 °C
and P: ~5–6 kbar) during the Grenvillian orogeny ca. 1030 Ma ago
(Waters, 1989). To the west, along the Atlantic coast, the Namaqua
gneisses bear lower grade (staurolite zone) mineral assemblages
indicating a tectonic-metamorphic overprint during the ~550–500 Ma
Pan African orogeny (e.g. Frimmel, 2000). The escarpment area to the
west of the Bushmanland Plateau is dissected by a swarm of generally
NNW-striking, brittle–ductile to brittle faults clearly discernible in
Zone of intense weathering

Dwyka Formation

Dasdap Formation

Fa
Na

Po

Late Cretaceous-Palaeocene
alkaline volcanic plugs

Crater sedimentary in-fills

Unweathered Namaqualand gneisses

Fig. 3. Representative section showing the stratigraphic relationships observed within the s
scale.
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Landsat satellite imagery as deeply incised valleys, which are one of
the targets of our study (see below).

3.2. Karoo Supergroup sediments

Late Carboniferous to the Early Jurassic Karoo sediments cover
presently almost one third of South Africa (Fig. 1) and in the study
area they are represented mainly by Late Carboniferous–Early
Permian tillites of the Dwyka Group (Fig. 2). These are only seldom
exposed on the Bushmanland Plateau around the Vaalputs site, but
become increasingly exposed eastward (Fig. 2). An important feature
of all Karoo rocks exposed in the region is their highly indurated
nature, which in turn allows the preservation of joints and fractures.
Sets of NNW-trending reactivated and often conjugate faults dissect
both the Permian Dwyka Group and the overlying Triassic Prince
Albert Formation over a broad area NE of Vaalputs. No Jurassic
dolerites are reported from the Vaalputs area.

3.3. Cretaceous-Palaeocene lithological sequences

Scattered outcrops of lithological sequences from this time inter-
val are exposed only along a narrow belt at the transition between
the Bushmanland Plateau and the Namaqua escarpment. Their impor-
tance cannot be overlooked because, in addition to testifying to
events for which the record has been largely lost over most of South
Africa, these rocks are also extremely useful in our study in that
they provide key time markers. They are typically found on or close
to silicified mesas, and include the alluvial fan sequence of the Dasdap
Formation (Figs. 3 and 4a; Brandt et al., 2003), scattered outcrops of
tropical regoliths, and a swarm of ultramafic alkaline pipes and their
craters often recognizable by the sedimentary or breccia in-fills. The
Dasdap Formation is a relic of a high energy, erosional-depositional
cycle laid on the retreating, rifted continental margin under the
tropical, humid conditions of the Late Cretaceous (Brandt et al., 2003;
Kounov et al., 2009; Partridge andMaud, 1989, and references therein).
Likewise, the regoliths comprise a variety of different facies such as
hillside scree deposits, nodular ferricretes (palaeosoils), and silcrete-
kaolinite profiles typical of tropical, humid conditions (Fig. 4; Brandt
et al., 2005; McCarthy et al., 1985; Partridge and Maud, 1989, 2000).

By the end of the Cretaceous to the beginning of the Paleogene, the
region was intruded by a great number of kimberlite/and olivine-
melilitite basalt pipes of the so-called Gamoep cluster (Fig. 2;
Cornelissen and Verwoerd, 1975). Scarce dating of these volcanic
rocks gives ages between 77 and 54 Ma (cf. Moore and Verwoerd,
1985; Phillips et al., 2000). Haughton (1931) proposed an age between
the Late Cretaceous and the Early Tertiary based on fossil frogs found in
the infill of one of the pipes. Later studies focussing on the palynology
of these infill sediments, proposed the Early Paleocene as the age of the
infill (64–54 Ma). We have analyzed some pipe occurrences of Late
Cretaceous age in the Vaalputs area that can be assigned with
confidence to the Gamoep suite. The volcanic pipes are found as actual
Faults within fresh Namaqualand gneiss

Faults segments obliterated by deep weatheringults cutting weathered 
maqualand gneiss

st-Cretaceous faults

tudy area. Faults belonging to different generations are indicated. Section not drawn to
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Fig. 4. Examples of Cretaceous–Paleocene rocks and morphotectonic features from eastern Namaqualand. a): Basal unconformity separating the highly weathered Namaqua base-
ment from the basal conglomerate-coarse immature sandstones of the Late Cretaceous Dasdap Formation (Brandt et al., 2003; coordinates: 30° 20.360′, 18° 27.062′). b): View to the
north of the mesa of Kookoppe (Fig. 2 for its location), formed by the weathered metamorphic basement and sandstones of the Dasdap formation. c) and d): Evidence of tectonism
affecting Late Cretaceous rocks and morphological features: c): Discrete, ca. top-to-the-NW thrust plane (42/138, dip and dip direction) that deforms Dasdap formation sandstones
(30° 20.147′, 18° 27.002′). d): Highly weathered metamorphic basement dissected by discrete fractures and a sharp thrust plane. e): Hillock of metamorphic basement showing the
depth extent of the yellow-looking weathering front affecting its top. f): Example of fracture-controlled weathering (conceptually shown also in Fig. 3). Corestones with onion-type
exfoliation patterns are formed within rock volumes bound by discrete fracture planes that act as conduits for the weathering fluids.
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basaltic plugs, as breccia pipes and as often oval to elongated patches of
arenaceous pipe-fill sediments surrounded by basement (Cornelissen
and Verwoerd, 1975; Scholtz, 1985).

4. Structural analysis

4.1. Remote sensing analysis

A basic remote sensing study was used to carry out a preliminary
structural analysis of the area, with a particular focus on the easily
recognizable fractures that deform the NMP. Observations from re-
mote sensing were subsequently ground-truthed during fieldwork
(the main component of our study) and the results are presented in
the next section.

Our simple remote sensing analysis is based on the study of a series
of Landsat images (Fig. 5, RGB 742 spectral band composite, pan-
sharpened to 14.25 m spatial resolution) and Google Earth imagery.
Lineaments were mapped onscreen using the human eye without
applying any minimum length rule. On the Landsat images one single
illumination source is fixed to the NE, which can lead to interpretation
bias wherein lineaments at high angle to the azimuth of the illumina-
tion source could be overemphasized (e.g. Smith and Wise, 2007).
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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However, the complete lack of vegetation, the excellent exposure con-
ditions and the very high resolution of the Google Earth imagesmade it
possible to double check and improve the Landsat-based interpretation
and generate a reliable lineament strike rose diagram.

Numerous laterally extensive and continuous linear features/
lineaments, developed as a result of preferential erosion along steep
to sub-vertical faults and fractures, can be mapped (Fig. 5; subsequent
field work confirmed this interpretation). Indeed the NMP displays
very prominent fractures and fracture sets characterized by systematic
trends and consistent geometric relationships. The compilation of the
strike orientation of several hundreds of lineaments (Fig. 5) reveals
the relative narrow angular sector populated by the mapped strike
directions and a stark predominance of NNW-SSE trends. The
Namaqualand ductile grain, including lithological boundaries and the
regional foliation, trends ca. E–W. There are numerous apparent E–W
lineaments that follow this trend and that were not considered in our
analysis as they represent lithological contacts or landforms entirely
controlled by the foliation.

Based on their spatial arrangement, on their persistency and on
the kinematic evidence that could be derived from the unambiguous
displacement of visual markers, these structural features were
grouped in four different systematic families of conjugate fractures.
he western margin of South Africa: More than 500 Myr of continued
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Fig. 5. Landsat image of the study area, focussed on the exhumed NMP. The latter is saturated of faults and fractures, which correspond to prominent sets of lineaments. The strike of
more than 400 lineaments (red lines) is plotted in the rose diagram. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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A number of chosen examples are shown in Fig. 6. They are named
here “a” to “d” and are sorted and characterized below according to
the relative geochronological order that is described in detail in the
discussion section of the paper. The rose diagram of Fig. 5 is moreover
interpreted in Fig. 6 in terms of the strike angular dispersion of the
faults of the four sets.

Set “a” This group is characterized by sub vertical conjugate fractures
oriented from WNW-ESE to WSW_ENE and NW-SE, with si-
nistral and dextral kinematics, respectively. Their intersection
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
reactivation, Tectonophysics (2011), doi:10.1016/j.tecto.2011.10.009
defines an acute angle bisected by a W/WNW-E/ESE-oriented
greatest compressive horizontal stress direction - σ1 (Fig. 6a
and b). Fractures and faults are observed with variable length,
from a few hundreds of meters to several kilometers.
Although rarely seen at the mesoscopic scale in the field, set
“a” includes some of the most impressive large lineaments
of the region. One of them crosses the whole of the Namaqua
highlands (it is easily visible in Fig. 5), strikes NW-SE and is
almost 55 km long. It is interpreted as an originally sinistral
fault belonging to a “giant” fault/fracture conjugate set.
he western margin of South Africa: More than 500 Myr of continued
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Fig. 6. Study of the high-resolution Google Earth images allowed the identification of 4 different systematic sets of conjugate faults/fractures (set “a” to set “d”). North up for all images.
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Set “b” Faults and fractures that can be ascribed to this set are among
the most common brittle structures of the entire NMP (Fig. 6c
and d). They strike ca. NW-SE and N–S and their intersection
defines an acute angle bisected by a greatest horizontal
compressive stress oriented NNW-SSE. Fig. 6d confirms the
unambiguous kinematics of this conjugate set, wherein a con-
tinuous, EW-trending dark lithological band is displaced by
both NW-SE dextral and ca. N–S trending sinistral faults of
set “b”.

Set “c” Conjugate sets of subverical strike-slip fractures belonging to
set “c” are only slightly misaligned with respect to faults of
group “b” through a 20–30° clockwise rotation. Sinistral
fractures strike approximately N–S, dextral ca. NE-SW. The
greatest horizontal compressive stress derived from this set
is thus oriented NNE-SSW (Fig. 6e). The geometric relation-
ships between structural features of set “b” and “c” require
significant reactivation of the ca. N–S-striking faults.

Set “d” Conjugate fracture sets belonging to group “d” are relatively
small structures and are only rarely observed in the field.
They define a W/WSW-E/ENE-oriented greatest compressive
horizontal stress and their orientation, in places, is not far
from that of faults and fractures assigned to set “a”, thus
implying their possible reactivation (Fig. 6f). It cannot be
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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excluded, based on this simple analysis, that fractures of set
“d” are actually slightly misoriented fractures of set “a”.

4.2. Field study results

Field structural investigations, including fault-slip data collection
and analysis, were carried out on a number of conventional outcrops,
polished pavements and trenches with the aim of establishing a ro-
bust and field-constrained model for the local brittle structural evolu-
tion. Fig. 7 shows examples of typical structures analyzed during our
study. These are localized and discrete faults and their associated fault
rocks, shear and hybrid fractures, tension gashes and slickensided
fault planes.

Specific attention was paid to direct crosscutting relationships
among several generations of faults because this helped add con-
straints to the relative time sequence of events. Crosscutting relation-
ships observed within the highly weathered silicified and kaolinitized
mesas that cap the Namaqualand metamorphic rocks are, for example,
shown in Fig. 8a; steep normal faults accommodating NE-SW extension
consistently cut across and offset low-angle, top-to-the-NW and
SE-dipping thrusts.

The analysis and characterization of fractures affecting lithologies
of known age was used to bracket the age of deformation of specific
he western margin of South Africa: More than 500 Myr of continued

image of Fig.�6
http://dx.doi.org/10.1016/j.tecto.2011.10.009


Fig. 7. Examples of brittle structural features investigated during this study. a): Discrete brittle transtensional fault (Loc. 20, Fig. 2; 29° 13.292′, 17° 39.223′). b): Cataclasite formed
at the expense of granite-gneiss of the Namaqua metamorphic complex (Loc. 55, Fig. 2; 30° 21.325′, 18° 17.736′). The fault rock is associated with a sinistral brittle fault oriented N–
S. c): Sinistral offset of a mafic schlieren within granite gneiss along a brittle deformation zone oriented 83/288 (same locality as b). d): Thin fracture oriented 88/066 causing cen-
timetric sinistral offset of a quartz vein (Augrabies waterfalls; 28° 35.596′, 20° 20.424′). e): Unoriented hand specimen of striated fault plane. f): Slightly curved striations along fault
plane (Loc. 37, Fig. 2; 30° 07.316′, 18° 27.244).
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events. Fig. 8b, for example, shows the orientation of conjugate frac-
tures mapped within Dwyka tillites, whereas Fig. 8c of sinistral faults
cut by dextral faults and predating the emplacement of a volcanic
plug of the Gamoep suite.

The implications of these geometric relationships used to generate
the model and draw the conclusions of our paper are discussed below
in detail.

4.2.1. Inversion of fault-slip data and fault-slip tendency analysis

4.2.1.1. Methodology. More than 300 fault-slip data were collected,
processed and interpreted during this study to ground truth the
structural observations derived through remote sensing, to place
them in a consistent kinematic/geometric framework and to derive
a robust model of the evolution of the stress field through time.

Collection of a fault-slip datum includes the fault plane orientation,
the slip direction as determined by striations, and the sense of slip. The
latter was established by conventional kinematic analysis of brittle
structural features (e.g. Hancock, 1985; Petit, 1987). Inversion of fault
slip data sets in terms of stress tensor relies on the Wallace–Bott
hypothesis (Bott, 1959; Wallace, 1951) that states that the maximum
resolved shear stress on a fault plane is parallel to the observed slip
direction. A newly formed fault plane has an orientation that allows
the relative magnitudes of shear stress τ and normal stress σ on this
plane to meet with the Mohr-Coulomb yield criterion, τ=c+μσ,
where c is the shear strength and μ is the coefficient of friction.
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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According to these two mechanical laws, stress inversion techniques
search for the state of stress that best accounts for a given fault-slip
dataset by iteratively adjusting the theoretical slip pattern associated
with a known stress state until it fits the slip pattern observed at
the outcrop (e.g. Angelier, 1979; Angelier et al., 1982; Etchecopar et
al., 1981). To this purpose, the orientation of the principal stress axes
σ1, σ2 and σ3, with σ1≥σ2≥σ3 (compression positive) and the stress
ratio R=(σ2-σ3)/(σ1-σ3), which reflects the shape of the stress ellip-
soid (oblate for R>0.5; prolate for Rb0.5), are varied systematically
so as to minimize the sum of all misfit angles with the misfit angle α,
which represents the angle between the calculated maximum shear
stress and the actual measured slip direction for an individual fault
plane.

This approach derives kinematic (or strain) axes for each individual
fault plane assuming that, during brittle deformation in upper crustal
conditions, axes of strain coincide with axes of stress (e.g. Anderson,
1951). In this study, we used the numerical program ‘TENSOR’
(Delvaux and Sperner, 2003) to perform the stress inversion. The soft-
ware computes the best fitting stress tensor for a given fault slip data
set by an iterative procedure called “rotational optimization”, by
which the best solution is identified by rotating incrementally the com-
puted stress tensor until optimization is attained with respect to the
fault slip data set analyzed. A misfit function tends to (1) minimize
the normal stress, (2) maximize the shear stress and (3) reduce the
misfit angle α between the resolved shear stress and the real slip for
each striated fault plane and thus controls the optimization procedure.
he western margin of South Africa: More than 500 Myr of continued
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Fig. 8. a): Example of structural investigations at an outcrop of weathered metamorphic basement (Loc. 37, Fig. 2; 30° 07.316′, 18° 27.244′). Systematic, mutual crosscutting rela-
tionships were documented, allowing the establishment of a relative time sequence of the faulting episodes. Deformation phase labels D7 and D8 refer to the scheme of Fig. 17. b):
Conjugate fracture sets mapped within Permian Dwyka tillites (Loc. 53; Fig. 2; 30° 13.884′, 18° 41.730′). c): Selected examples of dextral faults cutting across older sinistral faults. In
the case of the Volcanic plug, sinistral and dextral faults are both cut by the intrusion. Green great circles plot conjugate fractures. d): Example of detailed outcrop fracture mapping
at Garing (Fig. 2; 30° 06.128′, 18° 29.941′). Conjugate sets are plotted by colored great circles. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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The quality of the final computed stress tensor reflects the number of
data, their quality and the value of the misfit angle α (acceptable
whenb30°). It is important to stress that no assumption is made on
the attitude of fault planes relative to stress axes. Whether a fault
plane is newly created or is instead a reactivated preexisting disconti-
nuity has no consequence for the reconstruction of the reduced
paleostress tensor. This is important in old basements because many
fault movements have occurred along older fractures and inherited
planar anisotropies.

Our methodological workflow relied on a preliminary manual
sorting of the total data set. Inversion was then computed on the in-
dividual sub-sets, and the quality of the results was checked through
the misfit criteria mentioned above. Fault slip data incompatible with
a given stress tensor (for example because of misfit angle α>30°)
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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were assigned to another sub-set or moved to the waste. The process
was repeated until a unique and stable stress tensor was derived from
a given, homogeneous sub-set.

In addition to the inversion of fault-slip data, in order to establish
whether inherited faults within the NMP are critically stressed in the
present-day stress field, we have carried out an assessment of fault
slip tendency. The tendency of a specific fault to slip in a given state
of stress can be estimated by the slip tendency parameter (TS), de-
fined as the ratio between shear (τ) and normal traction (σn) on a
surface (Morris et al., 1996):

TS ¼
τ
σn

ð1Þ
he western margin of South Africa: More than 500 Myr of continued
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Slip tendency is a useful expression of the frictional reactivation
theory, which states that slip on a pre-existing and cohesionless sur-
face takes place when the resolved shear traction exceeds friction.
The calculated values can be normalized by the friction coefficient
considered to represent failure conditions in a given setting. 0.6 is
the value adopted in our analysis (Byerlee, 1978). For critically
stressed fractures, normalized slip tendency values are equal or
above unity whereas they are less than one for non-critically stressed
fractures. The normal (σn) and shear (τ) tractions on any plane can be
calculated by

σn ¼ σ1l
2 þ σ2m

2 þ σ3n
2 ð2Þ

and

τ ¼ σ1−σ2ð Þ2l2m2 þ σ2−σ3ð Þ2m2n2 þ σ3−σ1ð Þ2l2n2 ð3Þ
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where l, m and n are the direction cosines of the plane normal in the
principal coordinate system.

Slip tendency values can be calculated for all possible orientations
by solving Eqs. (2) and (3) and substituting the results in Eq. (1). Final
results can be then plotted in stereoplots, providing a quick and ro-
bust tool for assessing whether a specific orientation is critically
stressed and has a high slip potential, both under dry and hydrostatic
conditions.

4.2.1.2. Stress inversion results
Field data used in this study are presented in Figs. 9 and 10, with

Fig. 9 showing individual outcrop raw data (see Fig. 2 for the localities).
The dataset is complex and outcrops studied contain brittle features
that are obviously the results of multiple faulting. Some of the sites
investigated contain sufficient fault planes to allow the computation
of individual, site-specific states of stress, but other sites contain statis-
tically insufficient data (Fig. 9).
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Before meaningful inversion could be computed, it was necessary
to separate the heterogeneous data sets into homogeneous sub-sets
by using field criteria (for example age relationships or type of miner-
alization on the fault plane) and visual and mathematical compatibil-
ity criteria (e.g. grouping of calculated individual axes and maximum
angular deviation of axes from calculated sub-set means). Fig. 10
shows the result of a preliminary conceptual sorting of the data
wherein, given the common presence of the Late Cretaceous silicified
and kaolinitized paleosols, of weathering profiles and alluvial fan
sequence sediments of the Dasdap Formation that cap the Namaqua
metamorphic rocks in the study area (Brandt et al., 2003), we have
split the total fault-slip data into a batch derived from fresh NMP
rocks (“Total unweathered”, row 2 in Fig. 10) from a second batch
derived from the weathered sections, the paleosols and the fluvial
sediments (“Total weathered”, row 3 in Fig. 10; see Fig. 3 for a sche-
matic presentation of these relationships). In addition we used the
Gamoep melilite suite as a second time marker during the sorting of
our dataset. This approach is exemplified by the structural analysis
of a ~20 m high, silicified, breccia pipe standing pillar-like above the
basement granites SW of Vaalputs (Volcanic plug in Fig. 2). This explo-
sive vent contains numerous striated fault planes (Location 48 in
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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Fig. 9) and was used to compute well-defined post-Late Cretaceous
tensors.

The subset “Higher temperature faults” (row 1 in Fig. 10) refers in-
stead to striated fault planes decorated predominantly by relatively
high-temperature mineral phases such as quartz and epidote (e.g.
Drake et al., 2009). These were used to make inferences about the
earlier part of the brittle deformational history of the area, assuming
that this took place at deeper crustal conditions than the younger
events.

Based on the assumption that faults that deform the unweathered
NMP but not the paleosols result from a history predating the Late
Cretaceous development of the latter, we processed initially fault-
slip data merged from the “Higher temperature faults” and “Total
unweathered” subsets (data from row 1 and 2 in Fig. 10), implying
that these are the oldest brittle features documentable by our study.
Most of these striated fault planes are steep to vertical strike-slip
faults and bear subhorizontal striations. The corresponding total
dataset is complex and heterogeneous and it contains faults that
formed in response to more than just one single deformation phase.
Four distinct and relatively robust compressive paleostress tensors
were derived and are labeled 1 to 4 in Fig. 11. In addition, there are
he western margin of South Africa: More than 500 Myr of continued
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Fig. 11. Compressional paleostress tensors derived from the fault-slip data of rows 1 and 2 in Fig. 10. Stress tensors are labeled 1 to 4 for ease of reference. See text for more details.
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a number of normal and strike-slip faults (Fig. 10), which were used
to constrain two additional states of stress (Fig. 12).

Tensors 1 to 4 are all based on the inversion of sets of conjugate,
steep shear fractures, which show variable degrees of preservation
(Fig. 11). Paleostress Tensor 1 is characterized by broadly overlapping
sinistral and dextral strike-slip sub-vertical fault planes trending
NW-SE. These do not define a clear conjugate set, but a reliable
strike-slip stress tensor was computed with a sub-horizontal σ1 ori-
ented 01/315 and σ3 at 05/224. Caution is necessary when interpret-
ing this tensor and a few more of those discussed below (e.g. Tensor
4), as the acute angle defined by the faults of the suggested conjugate
set is extremely tight and some of the faults are subparallel to σ1

(mechanically unlikely). Similar results were however obtained also
by Viola et al. (2009), Saintot et al. (2011) and Viola et al. (2011) in
studies dealing with the Precambrian basement of SW Scandinavia,
which is fully saturated with fractures and which, similarly to the Na-
maqualand basement, underwent a long and complex brittle history.
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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Under these conditions it is common to observe rather “closed”
conjugate sets, which likely reflect low friction coefficients and severe
reactivation. These factors can indeed promote slip along highly
misoriented fault planes.

Stress Tensor 2 is defined by a statistically robust set of
NNW-striking dextral and a few N-S sinistral strike-slip faults. A tight
acute angle constrains σ1 at 10/352 and a sub-vertical σ3 at 70/230.

Stress Tensor 3 suggests a minor clockwise rotation of the greatest
compressive stress σ1 with respect to Tensor 2, with σ1 oriented 06/
016. A well-defined family of N–S-trending sub-vertical dextral faults
and a set of ca. NE-SW sinistral faults characterize it. We interpret
these two tensors as truly representative of two separate and distinct
shortening episodes with an only slightly different σ1 (and not as just
resulting from data scatter and possible interchange of σ2 and σ3)
because several outcrops presented compelling evidence of initially
sinistral c. N–S trending faults that were reactivated dextrally, consis-
tent with a progressive clockwise reorientation of σ1.
he western margin of South Africa: More than 500 Myr of continued
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Fig. 12. Extensional paleostress tensors computed from the fault-slip data of rows 1 and 2 in Fig. 10.
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The last compressive tensor derived from these faults, Tensor 4,
constrains a ca. E–W σ1 at 05/269 and a sub-vertical σ3 at 82/046.

The “waste” of this analysis consists of 13 faults that do not fit the
above tensors, because of either geometric or kinematic incompatibility
(Fig. 11).

Several normal faults were also found (Fig. 10) and have been
used to compute two different tensional stress tensors (Fig. 12).

Tensor 5 was computed by inverting steep (probably reactivated
older strike-slip fault planes) transtensional faults and is defined by
a sub-horizontal extension direction toward 054 (Fig. 12). The second
tensional tensor (Tensor 6) yields a ca. E–W horizontal extension
direction (Fig. 12).

Processing of fault-slip data from the weathered silicified and
kaolinitized mesas and from the Dasdap Formation yielded 2
compressive (Fig. 13) and 2 tensional (Fig. 14) paleostress tensors, all
of which are taken to postdate those described hitherto. In order to
test the possibility of partial reactivation of preexisting faults, which
are those that in our work-flow predate the Late Cretaceous, the
deposition of the Dasdap Formation and the development of the
paleosols, we have tested the compatibility of the “waste” from the
previous analysis (that is, from the computation of Tensors 1 to 6)
with the tensors derived from the “Total weathered” dataset. Results
were positive, given that all but one of the 13 rejected faults could be
implemented successfully within the sub-sets inverted to Tensors 7 to
10.

A first tensor (Tensor 7, Fig. 13) was generated through the inver-
sion of a set of ca. NW- and SE-moderately dipping thrusts. σ1 trends
NW-SE and is horizontal (00/307), with a sub vertical σ3 oriented 86/
211. The stress ratio of 0.4 indicates thrusting under almost pure
compression conditions.

A second, shortening tensor (Tensor 8, Fig. 13) was derived
through the inversion of a set of NW-SE to E–W striking and moder-
ately dipping thrusts and several sub vertical strike-slip faults taken
from the waste of the “Total unweathered” subset. A horizontal σ1

striking 00/207 was obtained, together with a sub vertical σ3 at 84/
111. The corresponding stress ratio of 0.75 indicates radial
compression.

In addition, two clear and statistically robust extensional stress
tensors were constrained by a number of normal faults (Tensor 9
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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and 10, Fig. 14). Tensor 9 constraints extension along the direction
08/048, and is characterized by a stress ratio of 0.25. Tensor 10, on
the other hand, defines an almost orthogonal stretching direction,
wherein σ3 is now oriented 02/292 and the stress ratio is 0.31.

In the analysis of the post-Late Cretaceous stress tensors, data
shown in row 4 of Fig. 10 deserve special attention. Those striated
fault planes are derived predominantly from a volcanic breccia pipe
that belongs to the Gamoep suite (Volcanic plug in Fig. 2). Apart
from a few extensional faults that do not allow any statistically
reliable inversion, striated planes derived from this “well-dated”
time marker confirm a robust compressional stress tensor with a σ1

oriented 09/230 (Fig. 15). This is similar to the shortening direction
00/207 mentioned above (Tensor 8 of Fig. 13), which, in the absence
of more compelling and geochronologically-constrained evidence,
justifies the merging of the data derived from the silicified and
kaolinitized paleosols and from the Dasdap Formation with the data
from the volcanic plug.

4.2.1.3. Slip tendency analysis results
Overcoring data from Namaqualandmines indicate that the region

is presently in a state of strike-slip faulting regime, with an overall
NW-SE oriented compression (Nieuwoudt and Rozendaal, 1990). σ1

values range from 56 MPa at 720 m depth to 83 MPa at 1572 m
depth, and σ3 values from 17 MPa to 36 MPa, respectively. σ2 is in-
variably subvertical. Stress ratios R=(σ2-σ3)/(σ1-σ3) vary generally
between 0.1 and 0.2 (Fig. 16a). The stress state evolution with
depth is shown in a differential stress vs. mean stress diagram
(Fig. 16a for dry conditions and Fig. 16b for the case of presence of
water under hydrostatic conditions), together with Mohr-Coulomb
failure curves for friction coefficient values (μ) of 0.2, 0.4, 0.6 and
1.0. The data from various depths indicate that the stress state is
rather close to the failure curve with friction coefficient 0.6, which
is typically considered as the limit for frictional reactivation (Byerlee,
1978).

5. Discussion

The goal of our study is to propose a scheme for the regional brittle
evolution, wherein each computed paleostress tensors is placed in
he western margin of South Africa: More than 500 Myr of continued
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Fig. 13. Compressive paleostress tensors obtained from the inversion of fault-slip data from the weathered silicified and kaolinitized mesas and from the Dasdap Formation (row 3
in Fig. 10).
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time and assigned to one of the orogenic events that have affected the
region. It is important to stress that studies of this kind rely on a num-
ber of assumptions and that the complex and long geological evolu-
tion of the region makes any analysis of the brittle history
extremely challenging. As a consequence, it should be born in mind
that there are several sources of uncertainty involved in our study
and that the results and the model presented below should be evalu-
ated critically and cross-checked against other types of independent
observations.

Fig. 17 is a “paleostress tensor vs. time” chart, with which we sug-
gest a conceptual model for the evolution of the region. The paucity of
well-dated time markers and the lack of geochronological data to bet-
ter constrain the time dimension of our stress tensors unfortunately
compromise the establishment of an absolute time-sequence of de-
formational events. Nonetheless, the time line is punctuated by a
few, broadly defined “episodes”, which can be used to frame the
states of stress into narrower time windows. In addition to the Late
Cretaceous paleosols, the Dasdap Formation (Brandt et al., 2003) and
the Gamoep melilite suite, we can also rely on one important and
well constrainedMid Cretaceous tectonic event related tomargin uplift
and a pulse of accelerated denudation along the Southern Africa mar-
gin (e.g., Brown et al., 2000; Kounov et al., 2009; Tinker et al., 2008).
To refine our reconstruction, we have also reviewed a significant
amount of literature that deals with the state of stress of the African
plate during its evolution. Fig. 18 presents a comprehensive compila-
tion of the relevant literature; the figure allows a synthetic overview
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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of the main compressive and extensional episodes recognized or sug-
gested hitherto for various parts of the African plate (e.g. Basson and
viola, 2003, 2004; Davies and Coward, 1982; Frimmel, 2000; Gresse,
1995; Guiraud and Bosworth, 1997; Haddon and McCarthy, 2005;
Johnston, 2000; Kounov et al., 2009; Nürnberg and Müller, 1991;
Raab et al., 2002; Rabinovich and LaBrecque, 1979; von Veh, 1993).

In synthesis, our model is derived through the comparative analy-
sis of our own results against the available time markers and the
known episodes of crustal compression and extension. We discuss
this model below in detail, from old to young.

5.1. Pan African history

The brittle deformational history we have investigated began prob-
ably already by ca. 0.95 Ga in response to the exhumation and progres-
sive cooling of the rocks of the Namaqua Belt (Cornell et al., 2006;
Eglington, 2006; Frimmel and Frank, 1998). The Pan African orogenic
cycle, which resulted in the amalgamation of the supercontinent
Gondwana (e.g. Unrug, 1997), was expressed in southwest Africa by
the development of the Gariep Belt (Fig. 1) and its subsequent accre-
tion onto the Namaqua foreland (e.g. Frimmel, 2000). Docking caused
an important brittle structural overprint of the Namaqua foreland,
whereas only minor thermal resetting is instead reported, mostly con-
fined to the most proximal part of Namaqualand foreland and to
discrete zones (Frimmel and Frank, 1998). Existing models for the
buildup of the Gariep Belt (e.g. Frimmel, 2000; Gresse, 1994, 1995)
he western margin of South Africa: More than 500 Myr of continued
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Fig. 14. Extensional paleostress tensors computed from the fault-slip data of row 3 in Fig. 10, that is from the weathered silicified and kaolinitized mesas and from the Dasdap
Formation.
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agree in suggesting a progressive reorientation of the principal short-
ening direction during orogenic evolution as well as significant strain
partitioning due to the shape of the curved Gariep Arc. Frimmel
(2000; his Fig. 4), for example, has proposed that the evolution of the
Pan-African syn-orogenic stress field began with an overall E–W com-
pression at about 580–540 Ma, followed by sinistral transpression
resulting from ca. NW-SE shortening and followed by a later phase of
NE-SW directed compression in the southern part of the belt at about
490–500 Ma. Gresse (1994) elaborated on the structural mapping by
von Veh (1988, 1993) and Davies and Coward (1982) and in addition
reported a late phase of ca. easterly-vergent thrusts and asymmetric
folds along the southernmost part of the Gariep Arc exposed onshore.
All authors concur on significant strain partitioning along strike and
variable kinematics. These reconstructions are all based on the analysis
of structures within the belt itself, but no structural analysis was car-
ried out in its foreland (that is, Namaqualand).

Our results help bridge this gap. We suggest that the earliest map-
pable brittle structural features of western Namaqualand can indeed
be ascribed to the waning stage of the Pan African evolution and the
docking of the Gariep Belt. The structures considered as representative
of this event are striated faults planes and fractures that affect the
unweathered parts of the basement and are coated by quartz and
Fig. 15. View to the north of a c. 20 m high, silicified, breccia pipe standing pillar-like above
detail photograph. Stress inversion indicates a well constrained NE-SW phase of shortening
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epidote, indicative of relatively high T conditions (e.g. Drake et al.,
2009). These do not continue into the stratigraphically higher Late
Cretaceous weathered mesas or are geometrically and kinematically
incompatible with the tensors derived from fault-slip data measured
within the mesas and the Late Cretaceous rocks. In our reconstruction,
we therefore assign paleostress Tensors 1 to 4 (Fig. 11) to the late
Pan-African event (no other significant regional sources of proximal or
far-field stresses are known to have affected the region between the as-
sembly of Gondwana and the initiation of its dispersal) and identify 4
separate shortening phases, D1 to D4 (Fig. 17) for the Namaqualand
foreland. We interpret them as resulting from the accommodation of
far-field stresses in a foreland crustal block that, due to its partial exhu-
mation, had already attained thermal conditions leading to its overall
brittle behavior.

The establishment of a relative chronological sequence for the
events from D1 to D4 is not straightforward. However, based on the
comparison with the sequence of deformational episodes proposed
for the “indenting” Gariep Belt, we propose the scheme of Fig. 17.
D1 is interpreted as the oldest shortening phase because of limited
evidence of reactivation and because of its overall geometric compat-
ibility with the earliest shortening by Frimmel (2000). As mentioned
earlier, we assign to D1 one of the largest and most significant faults
the Namaqualand basement granites. The breccia is internally faulted as shown in the
.

he western margin of South Africa: More than 500 Myr of continued
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that dissect the Namaqua basement of the region studied (Fig. 4). The
common observation in the field of convincing evidence of fault
reactivation consistent with a progressive clockwise rotation of the
greatest compressive stress from its initial ca. NW-SE trend is in
agreement with our reconstruction and D2 and D3. For example,
several cases of dextral reactivation of ca. N–S trending and originally
sinistral faults have been documented (Fig. 7c), consistent with the
transition from D2 to D3 (Fig. 17). Structures formed during D2 and
D3 are the most common and form a dense fault network that affects
the entire Namaqualand (Fig. 4). It is not clear at this stage whether
these are two separated events, or instead the expression of a
progressive rotation of the greatest compressive stress. Structures
that can be assigned to D4 are not so numerous and are found predom-
inantly within the northernmost part of the study area.

Results of the fault-slip data inversion procedure find support in
the remote sensing analysis. Shortening directions almost identical
to those constrained by the paleostress tensors characteristic of defor-
mation phases D1-D4 were in fact inferred through the analysis of the
imagery of the region (Fig. 6), which has led to the identification of
four systematic sets of conjugate strike-slip faults (set “a” to set “d”
of Fig. 6). We propose that fault sets “a”, “b”, “c” and “d” are the result
of deformation phases D1, D2, D3 and D4, respectively. The subvertical
planar attitude of the faults that we assign to sets “a” to “d” explains
why they were picked selectively by the remote sensing analysis.
Most of the faults and fractures of the later tectonic events are either
the result of reactivation of these Pan African precursors or are simply
not seen as straight (and easily recognizable) lineaments on the re-
mote sensing imagery due to their low dip (see below).

5.2. Early to Mid Cretaceous evolution

The first extensional paleostress tensor derived from the “Total
unweathered” dataset (data of row 2 in Fig. 10 and Tensor 5 in Fig. 12)
is tentatively assigned to the Late Jurassic–Early Cretaceous stage of
the opening of the South Atlantic Ocean (D5 in Fig. 16; Rabinovich and
LaBrecque, 1979; Nürnberg and Müller, 1991). Striated fault planes
inverted to compute it were mapped mostly along a cross-section from
Springbok to the coast, thus at high angle to the present coastline.
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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Numerous brittle faults occur (e.g. Fig. 7a) but many do not show clear
kinematic evidence. Only a few fault planes could therefore be used to
constrain these directions; nonetheless, we believe that the computed
tensor is geologically meaningful. For example, the NE-SW extension di-
rection we propose is mechanically compatible with the general NW-SE
to WNW-ESE strike direction of Early Cretaceous doleritic dikes, such as
the Cape, the Mehlberg and the Garies-Knersvlakte dyke swarms, dated
at about ca. 134–132 Ma (Reid and Rex, 1994; Fig. 2) and widely ac-
knowledged as reliable strain gouges of the initial crustal stretching
linked with the opening of the South Atlantic.

It is intriguing, however, that one of the most important tectonic
events to have affected the western margin of the African continent
during the Mesozoic is expressed in our study by only a handful of stri-
ated fault planes (only 5 faults were inverted to constrain this
extensional event; Fig. 16). It should be kept in mind, though, that
the study area formed a domain of the passive margin that remained
rather distal from the actively rifting area. Most of the more intensively
faulted and stretched margin is presently part of the submerged
African shelf, not the target of our study. Moreover, the paucity of ex-
tensional structures in the study area that can be ascribed to this
stage of the opening of the Atlantic Ocean is consistent with the ab-
sence of faults causing offset across obvious lithological/strain markers
such as the Neoproterozoic Gannakouriep dyke swarm (Fig. 2).

In fact, far-field, Early Cretaceous NNE-SSW extensional stresses
were proposed by Basson and Viola (2003, 2004) for the core of the
Kaapval craton of South Africa (thus far away from the actively
deforming Atlantic passive margin) based on studies dealing with
the emplacement mechanisms of Early Cretaceous kimberlitic dykes
(Fig. 18). They proposed a tectonic scenario wherein tensional stres-
ses generated by the incipient break-up and heralded by the transcur-
rent Agulhas-Falkland fracture zone, led to localized crustal extension
within the continental interior in the brittle (seismic) carapace of the
upper crust triggering the formation of kimberlite dyke–fracture
arrays.

The second, ca. E–W oriented extensional stress tensor (D6 in
Fig. 17) is interpreted as being connected with the significant, tecton-
ically induced Mid Cretaceous (115–90 Ma) denudation episode that
has been inferred to be responsible for the removal of up to 2.5–
he western margin of South Africa: More than 500 Myr of continued
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used to constrain the sequence of the states of paleostress derived in our study.
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3 km of crust across the western coastal zone in front of the escarp-
ment in South Africa (e.g. Brown et al., 2002; Kounov et al., 2008,
2009; Tinker et al., 2008). Fission track analysis has helped constrain
a distinct period of accelerated cooling in the coastal domain during
this time interval, which is reasonably associated with enhanced ex-
humation and erosion. Onshore denudation was coupled with sub-
stantial uplift offshore Namaqualand, where seismic profiles and
boreholes show significant erosional horizons marking the Aptian
regression (121–112 Ma; e.g. Brown et al., 1995; Gerrard and Smith,
1983). Several lines of evidence indicate the tectonic character of
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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this episode and its regional significance (see Kounov et al., 2009 for
a review). We propose that this denudation episode caused the
exhumation of the NMP in the study area. The formation of the fluvial
Dasdap Formation described by Brandt et al. (2003) is probably asso-
ciated with this episode.

5.3. Late Cretaceous evolution

As the area was exhumed to the surface, it underwent significant
weathering leading to the development of thick saprolites (silicified
he western margin of South Africa: More than 500 Myr of continued

image of Fig.�18
http://dx.doi.org/10.1016/j.tecto.2011.10.009


19G. Viola et al. / Tectonophysics xxx (2011) xxx–xxx
and kaolinitized, weathered metamorphic rocks topped by sedi-
ments) and paleosols. The crater fill sediments developed on top
the Late Cretaceous (77–54 Ma) volcanic pipes of the Gamoep suite
contain ferricrete and silcrete-kaolinite palaeosol clasts suggesting
that weathering was active in the area already prior to this volcanic
activity. On the other hand, the fact that these sediments are also
weathered indicates that intense surface processes continued the
pervasive weathering of the NMP well into the Cenozoic. We can
therefore suggest that the rocks presently exposed at the surface in
the study area were at or near the surface already in the Mid Creta-
ceous, consistent with the preservation of pollens, dinosaur bones
and frogs (de Wit et al., 1992; Tyson and Partridge, 2000) as fossils
in the Late Cretaceous crater infill deposits.

Following these lines of reasoning, the remaining part of the re-
construction of the brittle evolution is interpreted as being related
to the post-Mid Cretaceous geological evolution. Unfortunately, the
addition of time constraints to our newly derived paleostress tensors
for that time interval is made particularly challenging by the fact that
there is no clear sequence of tectonic events known so far from the
west coast of South Africa. Several tectonic phases have been instead
reported from within the African continent for the Late Cretaceous
(e.g. Delvaux et al., 2011; Guiraud, 1998; Guiraud and Bosworth,
1997; Raab et al., 2002). During the Late Santonian (85–83 Ma), a
generally NW-SE oriented, remarkable compression phase has
been recognized in large parts of the African continent and it has
been linked genetically to a major change in the position of
the poles of rotation for the opening of the Atlantic Ocean. This
event was also synchronous with the onset of the separation
between India and Madagascar (Plummer, 1996; Schlich, 1982).
Based on the remarkably similar orientation of the greatest stress
axis and on the available time constraints, we suggest that compres-
sional Tensor 7 (Fig. 13; D7, Fig. 16) represents the far-field
expression of such event in South Africa and in central-southern
Namibia.

The next major tectonic event widely documented almost in the
whole African plate is an NE-SW extensional episode of Campanian-
Maastrichtian age (ca. 80–70 Ma). According to Guiraud and Bosworth
(1997) it can be recognized by the rejuvenation and opening of
numerous rift basins along the continental margin as well as in the
plate interior. Along the eastern margin of southern Africa, local rifting
events related to the overall evolution of the Indian Ocean have also
been reported in addition to localized subsidence along the southern
margin of the continent (Dingle et al., 1983). A number of normal faults
from our study area, some of which are probably older reactivated
structures, constrain indeed a phase of NE-SW extension (Tensor 9,
Fig. 14) and are therefore assigned to this tectonic episode of
continent-scale importance (D8, Fig. 16). The evidence that this tecton-
ic phase postdates the Late Santonian compression (D7) is found in the
field relationships presented, for example, in Fig. 8a, where SE dipping
low-angle reverse faults are cut by a set of NW-SE trending normal
faults.

The Campanian-Maastrichtian time interval is also the age of the
peak of alkaline volcanic activity in the Gamoep cluster of Namaqua-
land (77–66 Ma; Phillips et al., 2000). Huge traps of flow basalts of the
same age are recognized offshore between Africa and Madagascar
(e.g. Raillard, 1990).

A further compressional event accommodating NNW-SSE to N–S
shortening within the African continent has been described for the
end of the Cretaceous and the beginning of the Paleogene (e.g. Janssen
et al., 1995; Maurin and Guiraud, 1993; Raab et al., 2002). Most of the
deformation assigned to this phase is reported from the northern part
of the continent in the hinterland of the Alpine orogen (e.g. Guiraud
and Bosworth, 1997). In southern Africa, though, Maastrichtian
compression is also described, for example along the Damara belt in
central Namibia by the reactivation of major Pan-African shear zones
(e.g. the Waterberg thrust, Raab et al., 2002). We tentatively suggest
Please cite this article as: Viola, G., et al., Brittle tectonic evolution along t
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that Tensor 8 (Fig. 13) is the local expression of this tectonic stage
(D9, Fig. 17). In fact, shortening directions that are ascribed to this
event across the continent are rather heterogeneously oriented, in
contrast to, for example, the Late Santonian shortening phase (see
Guiraud and Bosworth, 1997). It should be noticed, however, that it is
possible that the fault slip data used to compute this tensor derive
from faulting related to more than just one single tectonic phase. The
sorting and separation of these possible multiple phases were probably
unsuccessful due to the small misorientation angle between their prin-
cipal stress axes. Close inspection of the fault data stereoplots shows in
fact the existence of structures with almost N–S oriented striations
(Fig. 13).

Irrespective of whether this subset is really internally homoge-
neous, the post-Late Cretaceous age of all its individual components
is confirmed by the fact that the tensor was derived from reverse
faults mapped within the Gamoep suite volcanic breccia pipe and
faults from the “Total weathered” dataset.
5.4. Cenozoic and present-day stress state

Several studies have dealt with the Cenozoic geomorphic evolu-
tion of southern Africa and, indirectly, have addressed issues related
to tectonisms during this time interval (e.g. Andreoli et al., 1996;
Burke, 1996; Burke and Gunnell, 2008; Moore, 1999; Partidge, 1998;
Partridge and Maud, 1987). No study, however, has proposed direct
structural constraints on the proposed sequence of events and only
morphologic or sedimentological features were used to infer and
constrain large-scale tectonic processes affecting southern Africa.
Conclusions remain thus general and disputable, do not rely on
clear and robust structural evidence and often describe only very
local events. The evolution of southern Africa during the last ~30 Ma
is generally related to the nucleation and amplification of several
epeirogenic flexure axes and the connected reorganization of the
river drainage systems (e.g. Moore, 1999; Partridge and Maud,
1987). Some have attributed this evolution to dynamic processes in
the mantle and the formation of the African Superswell (e.g. Burke,
1996; de Wit, 2007; Doucoure and de Wit, 2003).

Some attempts have been made toward a unifying review of the
neotectonic evolution in South Africa, either by building on available,
although limited, stress and structural/geomorphologic and geophys-
ical data (Andreoli et al., 2009; Bird et al., 2006; Viola et al., 2005) or
on the spatial distribution of seismic epicenters and sparse geodetic
data (Hartnady, 2002). On a first account, it would seem that the
two approaches lead to different conclusions. Whereas, for example,
Bird et al. (2006) modeled the present stress pattern in southern
Africa as arising from the resistance of the unbroken lithosphere to
the relative rotation of the incipient Somalia plate away from Africa
plate, the alternate model views the African plate in southern Africa
as having already been fragmented in a number of small plates sepa-
rated by a network of diffuse boundaries (cf. DeMets et al., 2010). In
describing the evidence for late Cenozoic (neotectonic) faulting in
the Vaalputs area, including the ~4 km wide, 25 km long Santab
fault swarm, Brandt et al. (2005) explored instead the possibility
that such features originated from the eastward migration of a
coast-parallel axis of uplift akin, not unlike the model proposed by
Gilchrist et al. (1994).

In consideration of the scarcity of confirmed data, only one tensor
was assigned to the Cenozoic tectonic evolution of the area. The last
tensor (Tensor 10, Fig. 14) obtained from the “weathered” fault set
is tentatively attributed to the Pliocene-Early Pleistocene NW-SE ori-
ented extensional tectonic phase reported in the Kalahari basin (D10
in Fig. 17;e.g. Haddon and McCarthy, 2005; McCarthy et al., 2002).
This stage is related to the propagation of the East African Rift System
into southern Africa and formation of local fault-bounded depressions
(Modisi et al., 2000).
he western margin of South Africa: More than 500 Myr of continued
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6. Continued fault reactivation and faulting style

Our reconstruction suggests up to ten distinct deformation
episodes, all of which are constrained by the inversion of statistically
robust outcrop fault slip datasets (Fig. 17). So many events were in
part accommodated by important structural reactivation during the
>500 Myr long brittle evolution of this region. Evidence of reactivation
is documented by, for example, the rose diagram of Fig. 6, which indi-
cates very limited dispersion of the orientations of the steep brittle
faults inherited from the Pan African history, which controlled the
overall subsequent development of the large-scale brittle grain of
Namaqualand. The paleostress state evolution summarized in Fig. 17
also demonstrates important reactivation through the presence of
similarly oriented faults in different deformation episodes bearing
striations with significantly different trends caused by renewed fault-
ing along the preexisting planes.

This in turn confirms the idea that, once formed, a fault-fracture
represents a zone of intrinsical mechanical weakness, which is repeat-
edly exploited during subsequent deformation phases to accommodate
further increments of strain. The fracture saturation state of the NMP
and the progressively decreasing ratio between fragmentation and jos-
tling with time (sensu Munier and Talbot, 1993; Viola et al., 2009)
inhibited therefore the nucleation and development of new brittle
structures with orientations other than the overall NNW-SSE grain
(inherited from the early Pan African evolution) that characterizes
the NMP.

Viola et al. (2005) presented evidence of significant fault reactiva-
tion also from the offshore domain in the Orange basin, where the
alignment of mud volcanoes and the interpretation of seismic lines
shot at high angle to the alignment trend were used to suggest the
presence of strike-slip faulting along NNW-SSE steep faults. In addition,
they also proposed that strike-slip faults root down into- and
reactivated older listric normal faults genetically linked to the local
opening of the Atlantic Ocean. Viola et al. (2005) interpreted
NNW-SSE-oriented wrench faulting as a neotectonic phenomenon,
expression of the so-called “Wegener anomaly” (Fig. 17; Andreoli et
al., 1996; Bird et al., 2006).

The results of our fault slip tendency analysis, calculated from the
present-day stress as constrained by the in situ stress determinations
of Nieuwoudt and Rozendaal (1990) (Fig. 17), are in agreement with
these observations and allow to better define the concept of fault
reactivation and to link it to the present-day seismicity of the area
(Andreoli et al., 2009). At all depths considered, slip tendency values
are highest for conjugate faults striking WNW-ESE and NNW-SSE and
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dipping between 50° and 90°. The highest computed slip tendency
values are above or close to 1, suggesting that faults with such orien-
tations are prone to failure in the present stress field. This orientation
prediction strengthens the suggestions of Viola et al. (2005) with re-
gard to neotectonic strike-slip faulting along steep to sub-vertical
NNW-SSE and conjugate direction trends. Moreover, it is also in
agreement with the location of a cluster of seismic events recorded
and located immediately to the west of Vaalputs (Fig. 19; Andreoli
et al., 2009; J. Scheepers, pers. comm.), where numerous earthquakes
up to magnitude 4 are aligned along a ca. 25 km long NNW-SSE seis-
mogenic weak fault zone with a remarkable morphologic signature.

Finally, we notice how the faulting style in the weathered profiles
is remarkably different from that observed and documented within
the fresh NMP basement. Fault-slip data derived from the latter are
invariably associated with steep to sub vertical strike-slip faults,
often arranged in conjugate sets with very tight acute angles. On
the other hand, faults and fractures from the weathered horizons
are predominantly low-angle thrusts and normal faults. The sub-
horizontal fossil weathered horizons may have acted as a weak
mechanical boundary such that post-weathering deformation was
preferentially localized along faults and fractures subparallel to
weathering front in the kaolinite-enriched weathered mesas (e.g.
Angerer et al., 2011).

7. Conclusions

This study has gathered and compiled for the first time a significant
data set of brittle structures in Namaqualand, western South Africa.
Remote sensing, field work and stress tensor inversion have been
used to propose a robust conceptual model that accounts for more
than 500 Myr of brittle deformational history along thewesternmargin
of South Africa. This long-lasting, complex brittle evolution stems from
the generation of steep strike-slip fractures and faults in the NMP dur-
ing the Neoproterozoic Pan African orogeny, when the Gariep Mobile
Belt docked against the rigid Namaqualand foreland as part of the
process that formed super continent Gondwana. The subsequent and
continued reactivation of these pre-existing, inherited structures (up
to the present time, as documented by the local present-day seismic
activity) has controlled vehemently the accommodation of younger in-
crements of strain, both compressional and extensional, that resulted
predominantly from the Mesozoic evolution of the plate and the open-
ing of the Atlantic Ocean. The paleostress tensors summarized in Fig. 17
describe these multiple episodes of fragmentation and reactivation,
and, furthermore, tie in reasonably well with the known geological
evolution of the region. Comparison of our results with other episodes
of deformation known to have affected the African plate (Fig. 18)
allows the better characterization of a number of important tectonic
events at the continental scale and yields useful insights into the
mechanisms that controlled the opening of the South Atlantic Ocean.
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