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Abstract

Deformation features within Plio-Pleistocene Bredasdorp Group coastal aeolian-
ites within the Southern Cape, South Africa, have been studied to resolve the
neotectonic history of the region, estimate the recent to current upper-crustal
stress field, and infer seismic hazard. Previous studies indicate possible Quater-
nary faulting within the Southern Cape, major faults within the underlying geol-
ogy, and a horizontal maximum compressive stress (Sgmnq.) orientated WNW-

ESE to NW-SE.

This study utilised geological mapping, small-scale fieldwork, and remote sens-
ing to investigate joints, faults, kink folds, cataclasites, and soft-sediment de-
formation features within the aeolianites. The majority of these deformation
features are found proximal to the inferred traces of the Blomerus and Struisbaai
faults. In places along the Blomerus Fault, the aeolianite cross-beds dip at angles
of 40°-90°, as opposed to dips of <37 ¢ (the angle of repose for unconsolidated

aeolian sands) observed in the rest of the study area.

Possible mechanisms responsible for the aeolianite deformation are: 1) wave
action-induced collapse; 2) active sedimentary processes during deposition and
consolidation of the aeolian dunes; 3) tectonic activity on underlying faults
within the study area. The relative sea level transgression-regression cycles
since the consolidation of the aeolianites indicate that the sea level was too low
to erode the aeolianites. Likewise, sedimentary processes do not account for
the brittle deformation types, non-slope confined deformation, and consistent
orientations observed. Normal fault displacement on the Blomerus Fault and
the formation of a monocline-type drag fold in the overlying aeolianites, some
time between 125 ka - 1.8 Ma, does however account for the steeply dipping
cross-beds and deformation features. Limited normal fault displacement on the
Struisbaai Fault, some time after 160 ka, may explain the minor aeolianite de-

formation east of the Blomerus Fault.
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An average NW-SE (099 °© - 174 °) orientated Sg,,q. trajectory for the Southern
Cape is inferred from joint orientations. The Blomerus and Struisbaai faults are
either well or moderately-well orientated to this stress field for future reactiva-
tion as normal faults. The dimensions of the faults indicate palaeomagnitude
estimates of M,, > 6.1, with the Blomerus Fault exhibiting a potential maximum
M,,~7.3. From the estimated earthquake magnitudes, the inferred recurrence
interval of seismicity for the Southern Cape is on the 100 ka to 1 Ma time-scale,
which implies that the possibility of a future earthquake in the next 100-1000
years is low. However, considering the time since the last faulting events, and
the potential for large earthquakes (M, > 6.0) within the region, a low to mod-

erate earthquake hazard is estimated for the Southern Cape.
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Chapter 1

Introduction

Earthquake activity constitutes a considerable hazard to critical facilities (e.g. dams, nuclear
power stations, nuclear waste storage sites) particularly if the facilities are located on or near
faults capable of earthquake rupture (Andreoli et al., 1996; Giirpinar, 2005; Singh et al.,
2011). If there is either a lack of contemporary seismic monitoring, or significant earthquake
rupture only occurs episodically separated by extensive time of seismic quiescence (10 ka
or more), there is commonly no documentation of regional active tectonics (McCalpin and
Nelson, 2009). If no earthquake record for a given area exists, or faults capable of rupture are
unidentified, the assessment of earthquake hazard becomes more difficult (Giirpinar, 2005;

England and Jackson, 2011).

Intraplate regions such as Southern Africa, are considered to be relatively quiet in terms
of active tectonics (Viola et al., 2005), and possess low strain rates relative to the global av-
erage strain rate proposed by Pfiffner and Ramsay (1982). Earthquake activity can be tempo-
rally clustered on faults with relatively brief episodes of activity, then prolonged recurrence
intervals while strain accumulates again (Sibson, 2002; Li et al., 2009). Additionally, the
spatial distribution of intraplate earthquakes has been attributed to the preferential reactiva-
tion of pre-existing structures, which formed during prior tectonic episodes (Zoback, 1992b).
Pre-existing faults will typically reactivate if they are favourably orientated in a prevailing
stress field (Sibson, 1985; White ef al., 1986). Consequently, any fault exhibiting evidence
for palaecoearthquakes and that is also well orientated to fail in the current stress field, could

potentially experience a future faulting event.



Given the complexity of many continental intraplate regions and the possible lack of
earthquake records for a specific area, the investigation of preserved palacoearthquakes and
recent crustal deformation features can often be the only means to provide a neotectonic his-
tory and an earthquake hazard estimation (McCalpin and Nelson, 2009). Neotectonic and
palaeoseismological studies have been done in other intraplate regions of the world, for ex-
ample in the central and eastern parts of the United States of America and in Australia (e.g.
Hancock and Engelder, 1989; Cox et al., 2001; Sandiford, 2003; McCalpin, 2005). In the
Southern Cape of South Africa, previous structural and neotectonic studies (field investi-
gations and aeromagnetic surveys) have already suggested the following: 1) Past tectonic
activity occurred during the Late Tertiary to Quaternary (Andersen and Andreoli, 1990); 2)
Major faults are present within the Table Mountain Group sandstones and quartzites, and
the Cape Granite Suite units (the underlying geology) (Andersen and Andreoli, 1990); 3) A
possible horizontal maximum compressive stress field orientated WNW-ESE to NW-SE for
the Southern Cape upper crust (Andreoli et al., 1996).

The Southern Cape falls into the so-called Wegener Stress Anomaly (WSA), recognised
through the orientation of the maximum horizontal compressive stress (S nq.) being almost
perpendicular to the Sy, trajectory for the rest of Southern Africa (Andreoli et al., 1996;
Viola et al., 2005; Bird et al., 2006). As there is a lack of stress field data for the South-
ern Cape region, particularly offshore-onshore stress field integration, this study will add
to the stress field data for the WSA. Although previous neotectonic activity was suggested
by Andersen and Andreoli (1990) for the Southern Cape, a wider and more comprehensive
study within this region, will add to the understanding of South African neotectonics, and
potentially for wider intraplate tectonics. The assessment of the reactivation potential of the
recognised faults, can provide an earthquake hazard estimation for the Southern Cape. This
is particularly important as the study area encompasses a proposed site of a nuclear power
station at Bantamsklip.

The aims of this study are therefore: 1) determine whether there is evidence for neo-
tectonic activity within the Southern Cape, and most particularly if palacoearthquakes can
be identified on the previously reported faults, namely the Blomerus, Struisbaai, and Brand-
fontein Faults (Fig. 4.8); 2) provide local and regional current/neotectonic stress field esti-

mates for the Southern Cape; 3) Suggest palacomagnitudes for identified past earthquake
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events; 4) compare the orientations of faults exhibiting palacoearthquake evidence to the
prevailing stress fields, and consider if these faults possess the potential for reactivation.
5) Postulate a recurrence interval for seismicity within the Southern Cape region, and thus
estimate earthquake hazard.

The study concerns the Southern Cape region, which is located within the south-western

part of Southern Africa (Fig. 1.1).

Figur e 1.1: The study area is located at the southern-most part of Africa. Regionally the study area is ~150 kilometres SE of the city

of Cape Town, located along the southern coastal area of South Africa.

The Late Pliocene to Lower Pleistocene Wankoe Formation and Upper Pleistocene Waen-
huiskrans Formation (of the Bredasdorp Group) coastal aeolianites (Malan, 1990) located
proximal to faults previously recognised by Andersen and Andreoli (1990), are the primar-
ily focus of this investigation. The underlying geology is considered only where it may be
relevant to deformation of the overlying aeolianites, otherwise it has been ignored for the
purpose of this study. Brittle deformation features, such as joints, faults, brittle/kink folds,
and breccias within the Wankoe and Waenhuiskrans Formation aeolianites, are the main tar-
gets for data collection. Soft-sediment deformation features (if found within the aeolianites)
are considered if associated with the recognised faults. The aeolianites located throughout
the Southern Cape (not just proximal to the faults), have been examined to provide the hor-

izontal stress field estimates. The underlying geology was not used to provide palaeo-stress
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fields, because of its ancient nature and complex deformation history.

The theoretical background required to complete this study has been outlined in Chapter 2
through the following themes: Rock mechanics (brittle deformation, joints, and fault reac-
tivation), crustal and neotectonic stress fields (principal stress axes, horizontal compressive
stresses, and stress variability), sedimentary processes able to produce deformation features
within aeolian dune bodies, and earthquake hazard (intraplate earthquakes, palacoseismol-
ogy, and methodology). This theoretical background was applied during the data collection
and interpretation phases of the study.

To place the study within a geological context, the regional and local geological setting of
this study is outlined in Chapter 3 through the following: Demarcation of the geographical
position of the study area, the large-scale tectonic setting, the regional stratigraphy of the
underlying geology, the major tectonic episodes (the Cape Orogeny and the break up of
Gondwana) affecting the regional underlying geology, sea-level fluctuations affecting the
region’s coast line, the stratigraphy and characteristics of the cover geology, and a review of
the previous work on the Southern Cape local geology.

A large-scale reconnaissance of the study region was done through remote sensing (satel-
lite imagery, aerial photography, and digital elevation models), to uncover potential large-
scale landform disruption features, which together with the geological setting review, delin-
eate the sites of local investigation.

Local-scale field work is initially focussed on the petrology of the aeolianites to deter-
mine the specific rock formation (Wankoe or Waenhuiskrans Formations) present within the
study areas, and record the sedimentary features (cross bedding and karstic features) within
the aeolianites. Subsequently the geology of the local study areas was mapped (maps involve
the adaptation of pre-existing maps made by Andersen and Andreoli (1990) for the Southern
Cape) and geological cross-sections produced. Field investigation involved the measurement
and documentation of deformation features present within the aeolianite units.

The spatial distribution of the Wankoe and Waenhuiskrans Formation aeolianites, and the
relative abundance, orientations, deformation style, and distribution of the different brittle
deformation and soft-sediment features (within and between the different aeolianite units)
can be compared to work previously done by McKee (1979); Haq et al. (1987); Hancock
et al. (1991); Schlische (1995); Willsey et al. (2002); Finch et al. (2004); Bintanja et al.
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(2005); Pirrotta and Barbano (2010); Owen et al. (2011) to suggest whether sedimentary
processes with aeolian dunes, (neo)tectonic activity on underlying faults, or collapse induced
by wave undercutting of the aeolianites can account for the origin of these features.
Consequently, if neotectonics is determined as the most likely origin of the deformation
features, the reactivation potential of the faults will be obtained by comparing the geometry
of the identified faults with the estimated regional and local stress fields. A moment magni-
tude for the palacoearthquake(s) will be estimated, and a recurrence interval for seismicity
within the Southern Cape, will be estimated from previous work done by Kenner and Segall
(2000); Sandiford (2003); Sandiford and Egholm (2008); Li et al. (2009) in other intraplate
regions of the world. Subsequently, from these findings an estimate for earthquake hazard

will be suggested for the Southern Cape.






Chapter 2

Theoretical Background

2.1 Rock Failure

The brittle failure modes of rocks within the upper crust have been studied and described
thoroughly within the literature (e.g. Jaeger and Cook, 1976; Sibson, 1998; Ramsey and
Chester, 2004). Before an attempt to analyse and interpret observed rock deformation fea-
tures in this study, and as this investigation involves surfical deposits within the brittle de-
formation regime (Jaeger and Cook, 1976), the characteristics of brittle failure need to be

examined.

2.1.1 Conditions of Brittle Failure

Assuming a rock unit is homogeneous and intact, it will typically obey the Griffith and

Coulomb criteria, defined respectively as:
7% = 40! T + 4T? (2.1)
and
T =C+ pi(o, — Py) (2.2)

Where 7 is the shear stress, o, is the normal stress, 7' the tensile strength of an intact
rock unit, C' the cohesive strength of intact rock, P pore fluid pressure, ; the coefficient
of internal friction, and o’,, is the effective normal stress (o,, - Py) (Brace, 1960; Jaeger

and Cook, 1976). Therefore conditions of failure are controlled by both inherent properties
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of a specific rock unit, and the type and magnitude of applied stress. As a result, brittle
rock failure can be described using the Mohr diagram and plotted Griffith-Coulomb failure
envelope in Fig. 2.1 (Sibson, 1998).

Rock failure typically occurs when the tensile/shear strengths of a given rock unit are
exceeded by either applied compressional stress or fluid pressure conditions (Jaeger and
Cook, 1976). Given effective principal compressive stresses o’y > 0’5 > 0’3 (Where 0/ = 04
- P and so forth) within the crust, rock failure can be determined by how the Mohr stress
circle (size of the stress circle = (0’1 - ¢’3) the effective differential stress) will migrate, by
varying the magnitude of the respective principal stresses (towards tensile or compressional
normal stress conditions) and the pore fluid pressure, and subsequently intersect the Griffith-
Coulomb failure envelope defined by equations 2.1 and 2.2 (Fig. 2.1) (Sibson, 1998). Where
along the failure envelope intersection occurs, can be seen in Fig. 2.1. The three Mohr circles
labelled A, B and C illustrate the following stress conditions (after Jaeger and Cook, 1976):

A) 0’3 =-T ; provided that T =0 & o/, <0

B) 0’3 <0but-T < ¢’5 ; provided that 7 # 0

C) o', > 0 ; provided that 7 £ 0
Thus from Fig. 2.1 and the outlined stress conditions, Mohr circle A describes tensile failure
within the tensile field, with no shear stress component. Mohr circle C describes compressional-
shear failure, with the effective normal stress compressional, and possessing a significant
shear stress component. Mohr circle B describes the transition from tensile failure to compressional-
shear failure as hybrid tensile-shear failure, including both tensile and shear stress compo-

nents. (Hancock, 1985; Price and Cosgrove, 1990; Sibson, 1998; Ramsey and Chester, 2004)

2.1.2 Rock Failure and Stress Orientations

Fractures commonly form at specific angles to applied stress (Jaeger and Cook, 1976). As-
suming an intact and homogeneous host rock, the angle between the fracture plane and the
principal stress axes can be determined from Griffith-Coulomb theory, and is given by the
equation below (Jaeger and Cook, 1976; Sibson, 1998):

tan ™

0 =45° —
2

(2.3)



The angle from the fracture to the maximum principal stress (o) is defined as 6, where 26
represents the acute angle between a conjugate pair of shear fracture planes, and is bisected
by 0. The 26 angle can be seen on Fig. 2.1 as the angle made by the line between the point
of Mohr circle - failure envelope intersection, and the centre of the Mohr circle.

As seen on Fig. 2.1 as Mohr circle A, tensile failure (fracture) results in a 26 value of
0° (Fig. 2.2A) (Secor, 1965). Which means the fracture is parallel to o; and o5 axes, and
perpendicular to o3 axis (Secor, 1965). Furthermore the only displacement observed on the

fracture will be normal to the failure plane, with no shear displacement (Ramsey and Chester,

2004).

Figure 2.1: Generic mohr diagram with the Griffith-Coulomb failure envelope plotted in shear (7) versus normal (¢’ ,,) stress space.
Different conditions of brittle failure are shown by the mohr circles: A) Tensile failure, B) Hybrid tensile-shear failure, C) Compressional-
shear failure. The angle between the failure plane and o1 is described by 6. The positions of 0’1 & ¢’3 are indicated for Mohr circle C as

an example. Modified from Sibson (1998); Ramsey and Chester (2004).

As shown on Fig. 2.1 Mohr circle B, hybrid extensional-shear failure will intersect the
failure envelope to typically form a 26 <60° (Price and Cosgrove, 1990). This results in

hybrid tensile-shear fractures (here onwards referred to as hybrid fractures) (Hancock, 1985)
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Figure 2.2: Different types of brittle fractures compared to the principal stress axes (o1 > oo > 03) at time of
fracture(o is in the plane of the fractures). The fractures are: A) Tensile fracture, B) Hybrid-shear fracture, C)
Coulomb-shear fracture/fault. The angle 6 between the fracture surface and o is indicated in B and C only, as

A has 0 = 0. Modified from Hancock et al. (1991); Ramsey and Chester (2004).

(Fig. 2.2B) with a low 6 angle, (~ 30 ° or less) (Price and Cosgrove, 1990). Conjugate hybrid
fractures (Fig. 2.3) with a small acute angle (260) will thus include o; as the acute bisector,
and o3 as the obtuse bisector, with o5 in the plane of the fracture (Dunne and Hancock,

1994)(Fig. 2.3).

Mohr circle C on Fig. 2.1, compressional-shear fractures (otherwise known as faults)
intersect the failure envelope to form a 26 ~60 °, depending on the coefficient of internal
friction (u;) of the rock mass (Price and Cosgrove, 1990; Sibson, 1998) (Fig. 2.1). The
result is compressional-shear fractures (Coulomb-shear), faults, and also conjugate shear
fractures. The faults form a 6 angle to o, at approximately ~30 ° (Ramsey and Chester, 2004)
(Fig. 2.2C) with a typical rock co-efficient of friction p; = 0.6 (Brace, 1960). Conjugate faults
(Fig. 2.3) form with the 26 constituting the acute angle between the conjugates, enclosing o,
as the acute bisector. o3 is thus the obtuse bisector, with o5 parallel to the intersection line

of the fault planes (Price and Cosgrove, 1990; Hancock et al., 1991; Sibson, 1998).
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Figure 2.3: The orientation of the acute bisector (¢1), and the obtuse bisector (c3), in comparison to the types
of conjugate rock failure planes: Coulomb-shear fractures (normal faults), and hybrid-shear fractures. The
intermediate stress axis (o) is in the plane of the fractures. The angle 26 (dark grey - hybrid fractures, light
grey - normal fauts) defines the conjugate fracture angles (read text for explanation). Sense of shear offset

indicated. Modified from Hancock et al. (1991).

2.1.3 Stress Variability

Conjugate fractures, as discussed before, develop due to either compressional-shear frac-
ture, or hybrid extensional-shear fracture. However another mechanism can cause mutually
cross-cutting fractures to form, that being the process of stress swap/exchange during tensile

fracture (Caputo, 2005).

Stress swap occurs as a result of o1, 09, 03 stress axes exchange (assuming the state of
stress is Andersonian, with o, equal to one of the principal stresses (Anderson, 1951)), which
if the rock is currently in a state of tensile failure, will cause the orientation of developing
tensile fractures to switch orientation by 90 ° (Caputo, 2005). This swap in the stress axes

and fracture geometry will form coeval, mutually cross-cutting orthogonal tensile fractures,
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the tensile fractures will therefore appear similar to the conjugate fractures in outcrop (with
a large 26 angle) (Caputo, 2005).

Typically the causes of stress variability and resultant stress axis exchange can be caused
by the following processes or characteristics of a rock unit: 1) If the lesser principal stresses
0y and o3 are relatively similar in magnitude, the magnitude of (o3) may increase until it
surpasses (02), at which point a stress swap will happen, and orientation of the propagating
tensile fracture will switch (Caputo, 1995). 2) A rock unit can also involve different zones
of higher or lower tensile strength (commonly attributed to the degree of consolidation and
cohesion), and furthermore the presence of pre-existing sedimentary structures and fractures
may also influence the stress orientation (compositionally heterogeneous and structurally

anisotropic), and hence the ability for stress to vary through space (Jaeger and Cook, 1976;

Caputo, 2005).

2.2 Joints

Tensile fractures which exhibit no shear displacement along the fracture surface can be la-
belled as joints (Engelder and Geiser, 1980; Engelder, 1987; Hancock et al., 1991; Dunne
and Hancock, 1994). However, according to Hancock (1985) conjugate hybrid fractures can
also be labelled as joints, if no appreciable shear displacement can be observed. This results
in a ‘joint spectrum’ from distinct tensile fractures to conjugate hybrid fractures (Hancock
and Engelder, 1989; Dunne and Hancock, 1994). The use of hybrid fractures as joints how-
ever is controversial (Hancock ef al., 1991), and should be used with care in field studies. For
simplicity in this research project, hybrid fractures will be included within the joint category

if no shear displacement can be observed across the fracture.

2.2.1 Joint Characteristics and Terminology

Multiple joints (>3) propagating through an intact rock with a single preferred orientation
are known as a joint set (Engelder and Geiser, 1980; Dunne and Hancock, 1994). Joints
constituting a joint set can also be described as systematic, in contrast to non-systematic

joints which are orientated randomly to one another, and therefore cannot be placed within a
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specific joint set (Engelder and Geiser, 1980; Hancock et al., 1991).

As other studies only utilized steeply inclined (45 °- 80 °) (Fig. 4.17A), or sub-vertical
(80°-90°) (Fig. 4.17B) joints (e.g. Engelder and Geiser, 1980; Hancock and Engelder, 1989;
Hancock et al., 1991), the same criteria will be applied to this study. Joints are commonly
planar features, pervasive, commonly form intersecting sets, and are generally consistent in
orientation across space (Arlegui and Simén, 2001), for these reasons distinctive joint set
orientations can be observed on the local to regional-scale.

When multiple joint sets are observed to propagate through an intact rock, a joint system
can be described (Dunne and Hancock, 1994). The joint sets defining a joint system can
be coeval (mutually cross-cut), or multi-generational (abutted, cross-cut, and overprinted)
(Engelder and Geiser, 1980; Price and Cosgrove, 1990; Hancock et al., 1991). If coeval joint
sets intersect consistently to form acute angles, the joints represent either ‘conjugate sets’
(Hancock et al., 1991) or joints that are related in formation (formed together).

Joints that have been in-filled with a precipitated mineral (such as calcite) from a fluid,
become known as joint veins (Caputo, 2005; Bons et al., 2012). A joint vein has the same

characteristics as tensile fractures with regards to relationship to the principal stress axes.

2.2.2 Joints as Geological Stress Indicators

Joints are tensile fractures, which therefore propagate normal to o3, and parallel to oy and o
(Fig. 2.2A) (Engelder and Geiser, 1980). As there is commonly uncertainty between whether
01 Or 0y is the vertical principal stress axis if the joint plane is vertical or steeply inclined,
o3 (or the extension direction) is typically the only constrained stress axis. As a result, for
multi-generational joint sets, the o3 orientation can be tracked over time by studying the
oldest to youngest joint set.

Figure 2.4, illustrates two joint system examples with two related steeply dipping joint
sets. Both of these joint systems are characterised by a horizontal o3 orientation. However,
the 0, and o5, orientations exchange from vertical to horizontal. As such, a horizontal stress
component can only be described from the average o3 direction. This minimum horizontal
stress is known as S g, Which will be perpendicular to vertical joints or inclined to steeply

dipping joints. The maximum horizontal stress, S gas, 1 at 90 ° to the S g,,in trajectory.
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The orientations of the principal stress axes are important to infer, as they indicate the
dominant tectonic regime at time of joint formation. If an Andersonian state of stress is
assumed, a vertical o1 (with a horizontal o3) provides evidence for an extensional tectonic
regime; a horizontal o, (with a horizontal 3), evidence for a strike-slip tectonic regime (An-
derson, 1951). Other geological deformation features can provide evidence for the principal
stress axes orientation, these being conjugate normal faults or hybrid fractures for example.

Sub-vertical joints are limited to providing evidence for S g, and S gmaz-

Figure 2.4: Typical joint systems (in 3-D) with indicated principal stress axes (o1 > o2 > 03) at time of jointing.
Corresponding maximum (S g7,,4,) and minimum (S g.,,i,) horizontal compressive stresses are shown. The
same S gmaz and S g orientations are given for two different principal stress axes orientations. Converting
the 3D stress field to a the horizontal stress field representation, thus overcomes the ambiguity in principal

stress orientations. Modified from Hancock et al. (1991).
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2.2.3 Neotectonic Joints

Neotectonic joints are joints that formed during the same regional/local tectonic regime on-
going at present day, in other words they are recent deformation features (Hancock and
Engelder, 1989; Hancock et al., 1991; Stewart and Hancock, 1994). As such, the joints will
strike perpendicular to the contemporary or neotectonic Sg,,i, and parallel to the Sgaz
trajectories (Hancock and Engelder, 1989) (if S gy,in, =03 and Sy <01 Or 03). Therefore
joints determined to be of neotectonic age can be used to estimate the neotectonic stress field,
and of pre-neotectonic age used to constrain a palaeostress field (Eyal et al., 2001).

Joints located in rocks consolidated/lithified prior to the Late Cenozoic are typically dif-
ficult to define as neotectonic, so commonly the youngest or final joint is inferred to be neo-
tectonic (Hancock and Engelder, 1989). Ancient rock units will have complex deformation
histories, which are difficult to constrain in terms of neotectonic deformation (Khadkikar,
2002). However, if the joints are located in recent (Late Cenozoic) and surficial rock units,
this uncertainty is removed (Khadkikar, 2002). Recent surface deposits furthermore lack
a burial history and with continuous deposition allow for the neotectonic stress field to be
temporally constrained over the 1 ka - 10 ka timescale (Khadkikar, 2002). The lower differ-
ential stress in the shallow crust and surficial deposits also makes joints the preferred method
of strain accommodation (Jaeger and Cook, 1976; Caputo, 2005). Consequently, joints are

common deformation features in surface rock units, and can provide neotectonic stress fields.

2.3 Regional Tectonic Stress Fields

The compilation of stress orientations from recent geological evidence (neotectonic joint sets
and systems) from local-scale outcrops across a region can allow for the regional contempo-
rary stress field to be estimated (Eyal ef al., 2001).

Regional intraplate tectonic stress can originate from both plate boundary forces, such
as ridge push (Zoback, 1992b; Eyal et al., 2001), and the resistance to relative plate motion,
such as asthenospheric drag (Zoback and Zoback, 1980). Additionally tectonic stress can be
derived from within plate interiors, from mechanisms such as ‘swell push’ (for example the

’African Superswell” in Southern and East Africa) (Nyblade and Robinson, 1994).
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Regional intraplate tectonic stress fields are relatively uniform in terms of the orientation
of S'Hmaz and Sy (Byal et al., 2001), with deviations most commonly between 10 ° and
15 ° (Zoback, 1992a). As such, over large intraplate regions, variations of S, orientations
are expected, but at the relatively local area scale of the Southern Cape, uniformity in .S g7,,4.
and S pymq. trajectories is most likely.

Other techniques deriving contemporary S g4, and S g, are commonly from in situ
stress measurements (Reynolds et al., 2003). These techniques can involve stress trajectories
constrained from borehole-breakout data, focal mechanisms and other geophysical methods
(Zoback and Zoback, 1980; Lund and Townend, 2007). These stress indicators are com-
monly used for constructing regional and global stress pattern maps, for example the World
Stress Map (Zoback, 1992a), and can be used to provide context to more localised stress field

studies (such as this study).

2.4 Sedimentary Process and Related Deformation

Brittle deformation features observed in sedimentary rock units are not necessarily a conse-
quence of tectonic activity (Owen et al., 2011). The deformation features may also be caused
by sedimentary processes either within the rock unit, or external processes applied to the the
rock unit (from the surrounding environment) during deposition and consolidation (Pirrotta
and Barbano, 2010). Deformation caused by sedimentary processes will commonly be pre-
served in the consolidated remnant of previously unconsolidated sedimentary units (McKee,

1979).

2.4.1 Soft-sediment Deformation

Unconsolidated sediment (’soft-sediment’) is typically cohesionless, with low shear strength
(Moretti, 2000). The shear strength is thus easily exceeded with a change in the stress state
of the sediment. This leads to inter-granular shear failure and a breakdown of the granular
packing structure (Obermeier, 2009). The loss of the internal granular structure and subse-
quent sediment readjustment results in the formation of deformation features. Soft sediment

deformation (SSD) is therefore a common occurrence in unconsolidated to near-consolidated
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sediments (such as aeolianites or dune bodies) (Owen et al., 2011).

SSD can derive from sedimentary related process on-going during deposition, consoli-
dation and erosion. Syn-depositional soft sediment deformation is caused by overloading
and/or unequal loading of sediments due to bedform topography, or over-steepening of de-
positional surfaces (Pirrotta and Barbano, 2010; Owen et al., 2011). These deformation
processes are typically driven by gravity, and can result in both internal flow within a dune,
or mass-movement of the grains on the slope surfaces, to attain a slope angle near/at the
angle of repose (Moretti, 2000). Post-deposition related causes of deformation can be at-
tributed to the volumetric expansion of sediment due to thermal stress, pore-fluid increase,

or the precipitation of inter-granular cement (Pirrotta and Barbano, 2010).

External causes of SSD can be due to tectonic activity (Owen et al., 2011), typically
in the form of earthquake shaking, resulting in deformation preserved as ’seismites’ within
the sediment units (Moretti, 2000). Wave action can be another significant trigger of SSD
in coastal aeolian dunes (Owen et al., 2011), with waves undercutting unconsolidated dune

faces (wave action can erode and undercut semi-consolidated to consolidated rock as well).

Common SSD features typically include brittle folds and fractures (discontinuous defor-
mation features), slump structures, autoclastic brecciation, sand dykes, liquefaction deposits,
contorted cross-bedding, and overturned bedding (McKee, 1979; Moretti, 2000; Pirrotta and
Barbano, 2010; Owen et al., 2011). SSD features are commonly spatially variable in terms
of orientation and style, due to the effects of local stress perturbations leading to local slope

failure or slumping throughout the dune body (Pirrotta and Barbano, 2010).

2.4.2 Karstic Deformation

Karstic weathering processes cause deformation features (collapse structures) to form in
calcareous sediments (Owen ef al., 2011), such as coastal aeolianite units rich in marine
organism shell fragments composed of calcium carbonate (C'aC'O3). The weathering oc-
curs through a process of karstic dissolution, whereby calcite cement is removed and re-
precipitated elsewhere by water movement through the sediment, thus weakening the source

sediment (Owen et al., 2011).
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2.4.3 Post-Consolidation Deformation

The method by which sediment is deposited and able to accumulate on slopes, is largely
controlled by the angle of repose of that sediment (Allen, 1970). For coastal aeolianites of
calc-arenitic (quartz grains and marine organism shell fragments) composition this angle lies
between approximately ~32° and ~37° (Allen, 1970). Therefore ~37° is the maximum
angle a slope for an aeolianite cross-bed can possess. Any angle greater than 37 © indicates
some type of deformation (rotation of the cross-bedding) has occurred post-consolidation.
Rotation of post-consolidated aeolianite cross-beds, and subsequent deformation could be
due to slope failure triggered from under-cutting of slopes through wave action (Flemming,
1965), or tectonic activity, as cemented sediment is susceptible to earthquake-induced slope

failure (Keefer, 2002).

2.5 Fault Reactivation

Constraining the orientation and characteristics of larger-scale fault structures in the under-
lying geology, within the context of the prevailing stress field, is crucial in assessing the
reactivation potential of a fault. Reactivation of faults within the brittle crust is typically the
preferred means of accommodating strain, rather than formation of new faults (Sibson, 1985)
when oriented favourably to imposed stress. To understand how faults are able to reactivate,
and how the imposed stress field influences fault reactivation, the condition for re-shear of

pre-existing faults needs to be evaluated.

2.5.1 Condition of Reactivation

Faults are known to be potential planes or zones of mechanical weakness within the crust
(Scholz, 1990), consequently elastic strain build-up will eventually lead to shear failure if
the the fault is conditioned to reactivate (Sibson, 1986, 1992). The conditions for fault reac-
tivation typically involve changes in the prevailing stress state (magnitude and orientation),
the fluid pressure, and the level of cohesion of the fault itself (Scholz, 1990).

Reactivation of faults can be best described with the use of Mohr diagrams with plotted

frictional failure envelopes. As the Griffith-Coulomb failure envelope describes failure in
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intact rock, pre-existing faults (assuming lower cohesion or rock strengths) also reactivate
in agreement with Coulomb failure criterion, whereby the frictional reactivation criterion is

given as:

7 =C+ pso, (2.4)

Where 7 is the shear stress required for failure, C' is the cohesional strength of the pre-
existing fault, yu, is the static co-efficient of rock friction of a fault, and ¢’,, is the effective
normal stress) (Scholz, 1990; Sibson, 1985, 1998). The 7 value is required to overcome the
7r (shear strength). Both criteria can be plotted and reactivation potential of pre-existing

faults assessed (Fig. 2.5 and Fig. 2.6).

Figure 2.5: Mohr Diagram with both the frictional failure envelope for a cohesionless fault, and Coulomb
failure envelope plotted. The condition for reactivation of a pre-existing fault is described by Mohr circle A,
with optimal reactivation angle 26,.. This is in contrast to the condition for formation of a new fault within
intact rock shown by Mohr circle B, with optimally orientated fault formation angle 20. Note the difference

between p; and ps. Modified from Scholz (1990); Sibson (1998)

In Fig. 2.5 the Mohr Circle B describes shear failure in an intact rock with p; = 0.75,
whereby the Mohr circle intersects the Griffith-Coulomb failure envelope (refer to section

2.1.1).
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Pre-existing faults are locations of prior shear movement, and are commonly seen as
"damage zones" quite different to intact rocks (Sibson, 1992). Faults are characterised by
brecciated units and gouge rock units, which have typically low cohesion (assumed to be zero
for this example) and a lower friction co-efficient (plotted as s = 0.6 on Fig. 2.5) (Scholz,
1990), resulting in a frictional failure envelope with a decreased slope plotted through the
7 and ¢’,, = 0 origin in stress space (Fig. 2.5) (Etheridge, 1986; White et al., 1986; Scholz,
1990; Dubois et al., 2002; Nortje et al., 2011).

From the frictional failure envelope, pre-existing fault possess a lower shear strength than
the surrounding rock, and will typically fail before the surrounding intact rock if the stress
orientation is favourable (Etheridge, 1986). Frictional failure (sliding) therefore requires
lower differential stress to fail, in comparison to shear failure in an intact rock (Fig. 2.5,
Mohr circle A) (Sibson, 1985).

The fault orientation relative to the prevailing stress field affects the potential for a fault
to reactivate (Sibson, 1985; White et al., 1986). In Fig. 2.5, Mohr circle A, describes fric-
tional failure of an optimally orientated pre-existing fault (Sibson, 1985; Scholz, 1990). The

optimal reactivation angle (#,.) is provided by the equation:

tan~t g

6, = 45° —
2

(2.5)

Which describes the angle that a pre-existing optimally orientated plane of weakness will
make to o at reactivation (Sibson, 1998). The angle 6, for most rocks, has been previ-
ously determined to be in the range between 25 ° - 30 °, with optimal reactivation occurring
at ~30° if pus ~0.6 (Sibson, 1985, 1998). If however a pre-existing fault possesses a 6,
>30°, reactivation will typically only occur if there is: 1) high P, 2) o3 is tensile, and 3)
low ps (<0.5), or the fault will be sufficiently mis-orientated to the prevailing stress field to
experience reshear (Sibson, 1985).

Furthermore, within an imposed stress field (Fig. 2.6), the formation of new faults op-
posed to fault reactivation (Fig. 2.6 at point C), will typically only occur if the pre-existing
faults are not enclosed by the 23 angle (Fig. 2.6 between points A & B) in other words,
sufficiently mis-orientated for reshear (Etheridge, 1986; Scholz, 1990; Nortje et al., 2011).
However, as seen within the range of 2/, there is an ability for non-optimally pre-existing

faults to reactivate before new faults form (Scholz, 1990). Therefore, in most cases existing
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faults will most likely reactivate before new faults form, provided a favourable orientation to

the prevailing stress field, and that conditions of frictional failure (equation 2.3) are met.

Figure 2.6: Mohr Diagram with both the frictional failure (pre-existing fault) and Coulomb failure (intact
rock) envelopes shown. The Mohr circle describes the stress condition for formation of new faults at C', and re-
activation at A and B, however pre-existing faults with an orientation within the range of 25 will preferentially
reactivate instead of formation of new optically orientated faults given by 26. Modified from Sibson (1985);

Scholz (1990)

Consequently, a constrained regional tectonic stress field is essential in determining the
reactivation potential of pre-existing faults. As such, any fault which has been determined to
have previously undergone a faulting event (therefore assumed to be pre-disposed to reshear),
favourably orientated in the prevailing stress field, and possessing a shear strength less than
the surrounding host rock, will undergo future fault reactivation (Etheridge, 1986; Baudon

and Cartwright, 2008; Nortje et al., 2011).

2.5.2 Effect of Fault Reactivation on Cover Sequences

The reactivation of faults in the underlying geology (blind faults) has characteristics which

influence the deformation of the overlying undeformed Tertiary and Quaternary deposits.
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With reactivation of a pre-existing normal fault (Fig. 2.7 A), vertical displacement may oc-
cur through subsidence of the hangingwall, and this displacement translates into the cover
sequence. This is shown in Fig. 2.7 A, where the cover sequence (C}, Cy, C3) is subsided
with the underlying unit (UU). This process causes monocline drag folds to develop in the
cover sequence (illustrated by a hangingwall syncline, and a footwall anticline) (Schlische,
1995; Finch et al., 2004). These drag folds have hinge lines orientated parallel to the fault

and are laterally extensive (Schlische, 1995).

Figure 2.7: The progressive deformation of a cover sequence (Cy, Co, C3), by the reactivation of a normal
fault in the underlying units (U). A) shows an initial vertical displacement of the hangingwall, with subsequent
folding of the cover. B) Continued vertical displacement on the normal fault results in significant rotation of the
cover sequence, and internal deformation, with eventual fault breach. Modified from (Schlische, 1995; Finch

et al., 2004)

With continued displacement on an underlying blind normal fault, the fault propagates
upwards into the cover sequence (Fig. 2.7 B) (Finch et al., 2004). This results in progres-
sive folding of the cover sequence into a more pronounced monocline, with an increas-
ingly widening zone of deformation (characterised by brecciation and brittle deformation)
focused on the fault growth upwards (Finch et al., 2004). The normal fault may also become
splayed and progressively diffuse, with eventually the monocline faulted through the fold

ramp (Finch et al., 2004). Furthermore due to the diminished confining vertical stress, nor-
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mal faults are also expected to become steeper, even near-vertical at the surface (Stewart and
Hancock, 1994). The end result is a cover sequence that has been rotated from an initially
horizontal orientation to a significantly steeper orientation.

The reactivation of strike-slip faults, beneath an undeformed cover sequence, is quite
different to normal faults. As strike-slip faults are typically vertical, and sense of off-set
is horizontal, commonly no drag folds develop in the overlying geology (McCalpin et al.,
2009). The most common large-scale deformation feature associated with blind strike-slip
faults are the lateral off-set of rivers, alluvial terraces, fan deposits, and other landform fea-
tures (e.g. valleys and ridges) (McCalpin et al., 2009). As the Southern Cape is considered a
region of extensional tectonics (Andreoli et al., 1996; Bird et al., 2006) (refer to section 3.6)
with o3 inferred horizontal and o orientated vertical from the presumed neotectonic normal
faults, these faults may still have undergone past reactivated as strike-slip faults and could
potentially still reactivate in the future as strike-slip faults. Consequently, possible evidence

for past strike-slip fault activity will be investigated in this study.

2.6 Intraplate Seismicity

Intraplate regions are considered to be tectonically stable (Zoback, 1992a), with low strain
rates (Kenner and Segall, 2000), typically less than the global average of 4x10~!4 571
(Pfiffner and Ramsay, 1982). Additionally, as the majority of fault displacement is accu-
mulated during reactivation of pre-existing faults occur during earthquake rupture (Sibson,
1986), intraplate regions have relatively slow elastic strain accumulation and low slip rates
on faults. This is observed in how only 0.5% of the total recorded earthquake moment release
is measured within stable intraplate zones (Sandiford and Egholm, 2008).

The majority of recorded and preserved earthquake activity is concentrated on plate-
boundary zones, where seismicity commonly occurs in a quasi-periodic manner due to steady
relative plate motion (Sibson, 2002; Li et al., 2009). Intraplate seismicity, in contrast, is
spatially concentrated in specific zones and scattered through wide regions, with episodes of
clustered seismic activity followed by prolonged quiescent intervals (Li et al., 2009). The
quiescent intervals typically extend for tens of thousands of years or more (> 10 Ka) (Sibson,

2002).
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Intraplate seismicity is more commonly the consequence of reactivation of pre-existing
faults formed during a prior tectonic event, than the formation of new faults (Sibson, 2002).
This would indicate that the majority of intraplate earthquakes are localised to inherited
tectonic structures (for example ancient orogenic and rifted zones) (Sibson, 2002) and have
a predictable distribution. The distribution of intraplate seismicity is however, observed to
migrate through different fault zones and fault segments over time, and additionally occur
on faults located away from inherited tectonic structures, producing complex distribution
patterns (Li et al., 2009). The relationship between seismicity and inherited structures as a
result remains poorly understood (Li et al., 2009). The need therefore to characterise faults
with past (ancient and recent) seismic rupture is crucial in constructing a pattern of intraplate

seismicity, thus understanding the occurrence of earthquakes in stable intraplate regions.

2.7 Neotectonics

Neotectonics is the study of recent crustal movements and deformation by the description of
the contemporary stress field (through use of geological stress indicators), and identification
of active or seismically quiescent geological structures (tensile fractures, faults) (Stewart and
Hancock, 1994; McCalpin and Nelson, 2009). This combined with the recognition of faults
with a favourable orientation to the contemporary stress field, which could reactivate in the
future and generate seismic activity (Stewart and Hancock, 1994). For the Southern Cape,
recent crustal deformation is specified to be Late Cenozoic, or specifically post-Miocene in

age (McCalpin and Nelson, 2009; Viola et al., 2012).

Geological structures (tensile fractures, faults) can develop and propagate over extended
time periods (ka-Ma time-scales) and instantaneously(McCalpin and Nelson, 2009). The in-
stantaneous propagation of crustal deformation features would be due to earthquake rupture
and subsequent shaking, which is the reason palacoseismology is incorporated within the
broader field of neotectonics, and utilised to document recent crustal movements (McCalpin

and Nelson, 2009).
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2.7.1 Palaeoseismology

Seismic activity is common throughout large areas of the Earth’s crust, with recent and cur-
rent seismic activity recorded and described. Back through the geological past however,
many seismic events could not be recorded due to the lack of human presence and instrumen-
tation at the time of the earthquake event. These unrecorded earthquakes commonly leave
geological evidence (McCalpin and Nelson, 2009), and can be documented using the modern
geology research techniques. Following this, the aim of palaeoseimology is therefore an at-
tempt to describe ancient (prehistoric) earthquakes, specifically the location, rupture source,

timing, and the possible magnitude of past seismic events (McCalpin and Nelson, 2009).

2.7.2 Methodology and Techniques

Palaeoseismology study techniques involve the investigation of preserved evidence of an-
cient earthquakes (McCalpin and Nelson, 2009). Preserved earthquake evidence can be
subdivided into two categories according to the spatial extent or scale of the deformation
features:

1) Landform evidence, where landform disruption has occurred; commonly in the form of ge-
omorphological off-sets, lineaments, fault-scarps, or monocline drag-folds (McCalpin, 2009;
McCalpin and Nelson, 2009).

2) Stratigraphic evidence, where lithological deformation features are preserved within the
stratigraphic record (blind fault-related deformation or earthquake shaking deformation),
typically preserved below the land surface and exposed later due to erosion or human ac-
tivity (McCalpin, 2009; McCalpin and Nelson, 2009).

The use of remote sensing and digital terrain models (DEM’s) can typically delineate
landform disturbances (McCalpin, 2009). Geophysical surveys (for example aero-magnetic
surveys) and local-scale (outcrop-scale) geological mapping are used to document strati-
graphic evidence for past earthquake activity, and expose any trends within the deformation
(orientation, style, degree of deformation) (McCalpin, 2009).

The process of investigation needs to start from a regional-scale to a local-scale in order
to fully document the extent of the deformation and fault structure reactivated or formed by

past seismic activity (McCalpin, 2009). Past-earthquake evidence needs to be constrained in
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time, whether this is done with absolute or relative dating techniques (McCalpin and Nelson,
2009). An age of co-seismic deformation is needed to determine the length of the quiescent
interval and possible recurrence time, therefore allowing for a seismic hazard assessment

(McCalpin and Nelson, 2009).

2.8 Earthquake Hazard

Human records (if they exist) of past earthquakes are typically subjective, and can exaggerate
the magnitude of the event, and involve conflicting records of the earthquake timing and
magnitude (Giirpinar, 2005). The lack of detailed records of past earthquake activity in
many regions, leads to an over-estimation of earthquake hazard in areas of frequent and
significant earthquake activity, and under-estimation of seismic hazard in areas of minimal
to no recorded seismic activity (periods of quiescence) (Li et al., 2009). Therefore the use
of palaeoseismological investigations for quantifying and qualifying earthquake hazard is
commonly the most reliable and objective method available (Giirpinar, 2005).

The International Atomic Energy Agency (IAEA), recommends the use of palaeoseis-
mological studies in evaluation of seismic hazard for critical facilities (dams, power stations)
(Giirpinar, 2005), and the U.S. Nuclear Regulatory Commission (2007) requires thorough
geological investigations of past seismic activity, and faults with reactivation potential at the
sites of proposed nuclear power stations. South Africa, which has no standard regulatory
document for seismic hazard, therefore makes use of these international regulatory guide-
lines when evaluating seismic hazard (Singh et al., 2009).

Therefore, through resolving the contemporary regional stress field from geological stress
indicators, the recognition of favourably orientated faults to the prevailing stress field, and
the assessment of the reactivation potential of the faults, a seismic hazard estimation can
be determined. Seismic hazard determination is of critical societal importance, as potential
earthquake damage to critical facilities due to poorly constrained local seismic hazard would

have serious consequences to general human population living nearby.

26



Chapter 3

Geological Setting

3.1 Geographic Position of the Study Area

This investigation focusses in on the Southern Cape region, which is positioned within the
southern-most part of Southern Africa (in the Republic of South Africa) (Fig. 3.1). The
local study area involves the coastal area between the towns of Gansbaai and Waenhuiskrans

(Fig. 3.2).

3.2 Tectonic Setting

The position of the study area in relation to the surrounding plate boundaries, and other
tectonic plate-scale forces is illustrated by Fig. 3.1. The study area is in an intraplate setting
within the larger-scale African plate (Andreoli et al., 1996; Viola et al., 2005). The active
tectonics and forces potentially effecting the study area derive from the geodynamics and

tectonic characteristics of the African Plate.

3.2.1 The African Plate

The African Plate, as shown in Fig. 3.1 can be sub-divided into two sub-plates, the Nubia
and the Somalia plat