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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 (SHmax) 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 SHmax 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 Mw > 6.1, with the Blomerus Fault exhibiting a potential maximum

Mw∼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 (Mw > 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; Gürpinar, 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 (Gürpinar, 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 et al., 1986). Consequently, any fault exhibiting evidence

for palaeoearthquakes and that is also well orientated to fail in the current stress field, could

potentially experience a future faulting event.
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Given the complexity of many continental intraplate regions and the possible lack of

earthquake records for a specific area, the investigation of preserved palaeoearthquakes 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 (SHmax) being almost

perpendicular to the SHmax 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 palaeoearthquakes 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 palaeomagnitudes for identified past earthquake
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events; 4) compare the orientations of faults exhibiting palaeoearthquake 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).

Figure 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, palaeoseismol-

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 palaeoearthquake(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.
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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:

τ 2 = 4σ′nT + 4T 2 (2.1)

and

τ = C + µi(σn − Pf ) (2.2)

Where τ is the shear stress, σn is the normal stress, T the tensile strength of an intact

rock unit, C the cohesive strength of intact rock, Pf pore fluid pressure, µi the coefficient

of internal friction, and σ′n is the effective normal stress (σn - Pf ) (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 σ′1 > σ′2 > σ′3 (where σ′1 = σ1

- Pf and so forth) within the crust, rock failure can be determined by how the Mohr stress

circle (size of the stress circle = (σ′1 - σ′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) σ′3 = -T ; provided that τ = 0 & σ′n < 0

B) σ′3 < 0 but -T < σ′3 ; provided that τ 6= 0

C) σ′n > 0 ; provided that τ 6= 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):

θ = 45 ◦ − tan−1µi
2

(2.3)
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The angle from the fracture to the maximum principal stress (σ1) is defined as θ, where 2θ

represents the acute angle between a conjugate pair of shear fracture planes, and is bisected

by σ1. The 2θ 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 2θ value of

0 ◦ (Fig. 2.2A) (Secor, 1965). Which means the fracture is parallel to σ1 and σ2 axes, and

perpendicular to σ3 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 (τ ) versus normal (σ′n) 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 σ1 is described by θ. The positions of σ′1 & σ′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 2θ <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 (σ1 > σ2 > σ3) at time of

fracture(σ2 is in the plane of the fractures). The fractures are: A) Tensile fracture, B) Hybrid-shear fracture, C)

Coulomb-shear fracture/fault. The angle θ between the fracture surface and σ1 is indicated in B and C only, as

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

(Fig. 2.2B) with a low θ angle, (∼ 30 ◦ or less) (Price and Cosgrove, 1990). Conjugate hybrid

fractures (Fig. 2.3) with a small acute angle (2θ) will thus include σ1 as the acute bisector,

and σ3 as the obtuse bisector, with σ2 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 2θ ∼60 ◦, depending on the coefficient of internal

friction (µi) 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 θ angle to σ1 at approximately∼30 ◦ (Ramsey and Chester, 2004)

(Fig. 2.2C) with a typical rock co-efficient of friction µi = 0.6 (Brace, 1960). Conjugate faults

(Fig. 2.3) form with the 2θ constituting the acute angle between the conjugates, enclosing σ1

as the acute bisector. σ3 is thus the obtuse bisector, with σ2 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 (σ1), and the obtuse bisector (σ3), in comparison to the types

of conjugate rock failure planes: Coulomb-shear fractures (normal faults), and hybrid-shear fractures. The

intermediate stress axis (σ2) is in the plane of the fractures. The angle 2θ (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 σ1, σ2, σ3 stress axes exchange (assuming the state of

stress is Andersonian, with σv 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 2θ 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

σ2 and σ3 are relatively similar in magnitude, the magnitude of (σ3) may increase until it

surpasses (σ2), 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 et 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 Simón, 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 σ3, and parallel to σ1 and σ2

(Fig. 2.2A) (Engelder and Geiser, 1980). As there is commonly uncertainty between whether

σ1 or σ2 is the vertical principal stress axis if the joint plane is vertical or steeply inclined,

σ3 (or the extension direction) is typically the only constrained stress axis. As a result, for

multi-generational joint sets, the σ3 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 σ3 orientation. However,

the σ1 and σ2 orientations exchange from vertical to horizontal. As such, a horizontal stress

component can only be described from the average σ3 direction. This minimum horizontal

stress is known as SHmin, which will be perpendicular to vertical joints or inclined to steeply

dipping joints. The maximum horizontal stress, SHmax, is at 90 ◦ to the SHmin 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 σ1 (with a horizontal σ3) provides evidence for an extensional tectonic

regime; a horizontal σ1 (with a horizontal σ3), 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 SHmin and SHmax.

Figure 2.4: Typical joint systems (in 3-D) with indicated principal stress axes (σ1 > σ2 > σ3) at time of jointing.

Corresponding maximum (SHmax) and minimum (SHmin) horizontal compressive stresses are shown. The

same SHmax and SHmin 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 SHmin and parallel to the SHmax

trajectories (Hancock and Engelder, 1989) (if SHmin ≈σ3 and SHmax ≈σ1 or σ2). 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 et 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 SHmax and SHmin (Eyal et al., 2001), with deviations most commonly between 10 ◦ and

15 ◦ (Zoback, 1992a). As such, over large intraplate regions, variations of SHmax orientations

are expected, but at the relatively local area scale of the Southern Cape, uniformity in SHmax

and SHmax trajectories is most likely.

Other techniques deriving contemporary SHmax and SHmin 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 et al., 2011), such as coastal aeolianite units rich in marine

organism shell fragments composed of calcium carbonate (CaCO3). 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:

τ = C + µsσ
′
n (2.4)

Where τ is the shear stress required for failure, C is the cohesional strength of the pre-

existing fault, µs is the static co-efficient of rock friction of a fault, and σ′n is the effective

normal stress) (Scholz, 1990; Sibson, 1985, 1998). The τ value is required to overcome the

τf (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 2θr. 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 2θ. Note the difference

between µi and µs. Modified from Scholz (1990); Sibson (1998)

In Fig. 2.5 the Mohr Circle B describes shear failure in an intact rock with µi = 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 µs = 0.6 on Fig. 2.5) (Scholz,

1990), resulting in a frictional failure envelope with a decreased slope plotted through the

τ and σ′n = 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 (θr) is provided by the equation:

θr = 45 ◦ − tan−1µs
2

(2.5)

Which describes the angle that a pre-existing optimally orientated plane of weakness will

make to σ1 at reactivation (Sibson, 1998). The angle θr for most rocks, has been previ-

ously determined to be in the range between 25 ◦ - 30 ◦, with optimal reactivation occurring

at ∼30 ◦ if µs ∼0.6 (Sibson, 1985, 1998). If however a pre-existing fault possesses a θr

>30 ◦, reactivation will typically only occur if there is: 1) high Pf , 2) σ3 is tensile, and 3)

low µs (<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 2β 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 2β, 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 2β will preferentially

reactivate instead of formation of new optically orientated faults given by 2θ. 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 (C1, C2, C3) is subsided

with the underlying unit (U ). 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 (C1, C2, 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 σ3 inferred horizontal and σ1 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 4×10−14.s−1

(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 palaeoseismology 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 (Gürpinar, 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 (Gürpinar, 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)

(Gürpinar, 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.
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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 plates (Nocquet et al., 2006). Southern Africa is located on the Nubia Plate

in close proximity to the suggested sub-plate boundary. The study area is located within the

Southern African region.
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Figure 3.1: The African Plate illustrated with the Nubia and Somalia sub-plate boundaries as provided by Heidbach et al. (2010). The

African continent and off-shore shelf regions are shown in darker grey. The position and trend of the African Superswell is shown from

Nyblade and Robinson (1994). Dark arrows give directions of ridge-push forces deriving from oceanic spreading ridges. White arrows

provide plate motion trajectories relative to the surrounding plates as suggested by Nocquet et al. (2006). Study area is shown. Figure

modified from Viola et al. (2005)

The surrounding African Plate boundary is predominately spreading ridges, with the only

convergent margin being in North Africa (Viola et al., 2005). In relation to Southern Africa,

the closest spreading ridges are the Mid-Atlantic spreading ridge (MASR) and the south-

western part of the Indian Ocean spreading ridge (IOSR). Tectonic stress within Southern

Africa could be predicted to derived from plate boundary effects such as ridge-push from the

MASR and IOSR (as indicated on Fig. 3.1).
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Southern Africa is however commonly experiencing an extensional tectonic regime within

the African Plate, which is discordant to the expected compressional regime due to the sur-

rounding spreading ridges (Bird et al., 2006). It has been suggested that this discrepancy is

a result of an elevated African topography possessing a larger horizontal extensional force

than the ridge-push force (Bird et al., 2006).

The elevated topography of Southern Africa, and decreased off-shore bathymetry has

been attributed to the ’African Superswell’ (Nyblade and Robinson, 1994). This feature,

considered a topographical/bathymetric ‘high’ (relative to the earth geoid, centred on Africa),

trends from the SE Atlantic ocean to eastern Africa and possesses on average an elevated

heat flow within the underlying lithosphere, relative to the surrounding continental/oceanic

lithosphere (Nyblade and Robinson, 1994). Locally, the African Superswell is observed to

have an approximate NE-SW trend throughout the Southern Africa region (Fig. 3.1). The

African Superswell is suggested to influence the African Plate through ‘swell-push’ force

(Singh et al., 2009) producing vertically orientated stress and large-scale uplift (Lithgow-

Bertelloni and Silver, 1998).

Southern Africa, despite the prevailing tectonics, is considered to be a relatively tecton-

ically stable continental region, with low levels of seismicity (Viola et al., 2005). However

the African Plate is not a stationary entity, as tectonic migration in response to plate-scale

forces is an ongoing and significant process.

3.2.2 Plate Migration

The African Plate is undergoing relative motion approximately towards the NE with respect

to the surrounding plates (Fernandes et al., 2004; Nocquet et al., 2006) (Fig. 3.1). This

motion would suggest the ridge-push force of the MASR is most significant (Viola et al.,

2005).

The Nubia and Somalia sub-plates have distinct relative motion directions, with a cur-

rent divergence occurring across the East-African rift (EAR) (Nocquet et al., 2006). The

divergence and rotation of the Somalia plate away from the Nubia plate has been suggested

by Bird et al. (2006) to cause an NE-SW crustal lithospheric extensional stress across the

incipient rift within the Southern Africa region.
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3.3 Underlying Geology

The underlying regional geology of the study area (Fig. 3.2) can be sub-divided into the

Syntaxis and Southern Domain of the Cape Fold Belt (CFB) (Söhnge, 1983; Andersen and

Andreoli, 1990; Johnston, 2000), and the older Saldanian Belt (Rozendaal et al., 1999). The

CFB and the Saldanian Belt involve lithostratigraphic units which have been overprinted by

multiple deformation events (Hälbich et al., 1993), and owing to the underlying geology

potentially having significant control on the deformation of surficial deposits, the lithostrati-

graphic units and tectonic events thus need to be characterised and described.

3.3.1 Pre-Cape Orogeny

The rock units deposited and deformed before the Cape Orogeny are the Neo-Proterozoic age

Malmesbury Group (Tygerberg Formation) and the Cape Granite Suite rock units (Rozendaal

et al., 1999). The Malmesbury Group was deposited during rifting and eventual break-up of

Rodinia (from 780 to 600 Ma) (Rozendaal et al., 1999).

The Pan-African orogenic event subsequently deformed the Malmesbury Group units,

with the intrusion of the Cape Granite Suite occurring contemporaneously at this time (be-

tween 550 to 510 Ma) (Hälbich et al., 1993; Rozendaal et al., 1999) (Tab. 3.1). The deformed

Malmesbury Group and Cape Granite constitute the Saldanian Belt ,which trends throughout

the south-western and southern margins of Southern Africa (Söhnge, 1983; Rozendaal et al.,

1999) (Fig. 3.2).

3.3.2 Cape Orogeny

The Paleozoic Cape Supergroup rocks (Table Mountain Group, Bokkeveld Group, and Wit-

teberg Group), were deposited (unconformably on the Saldanian Belt rocks) within the Cape

Basin between the Mid-Cambrian to the Mid-Carboniferous (Shone and Booth, 2005). These

Saldanian Belt and the Cape Supergroup rock units preserve the Cape Orogeny effects.

The Permian-Triassic Cape Orogeny involved significant deformation of the Saldania

belt and Cape Supergroup rocks between 280 Ma - 235 Ma (Hälbich, 1983; Hälbich et al.,

1993), throughout the merging of the Pangea (Singh et al., 2011). The formation of the
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CFB occurred during this orogenic event, with the Western Domain, Syntaxis, and Southern

Domain sections all developing simultaneously (Johnston, 2000). The study area is primarily

situated within the Southern Domain of the CFB.

The deformation of the Southern Domain of the CFB was typically through a north-

south compression, resulting in a 120 kilometer shortening of the rock packages (Johnston,

2000). The compressional strain accommodation resulted in intense to gentle folding and

steep thrust fault propagation, with common thrust stack development (Söhnge, 1983; Häl-

bich et al., 1993; Johnston, 2000). The deformation structures have an approximate east-west

trend, with northward-verging folds, and southward dipping (bedding-parallel) thrust faults

(Johnston, 2000).

Table 3.1: Summary of the stratigraphy of the south-western part of Southern Africa. Major tectonic events

are correlated with deposition and emplacement of lithological units. Details taken from Hälbich (1983), Söh-

nge (1983), Andersen and Andreoli (1990), Malan (1990), Hälbich et al. (1993), Ben-Avraham et al. (1997),

Rozendaal et al. (1999), Johnston (2000), Shone and Booth (2005), Trumbull et al. (2007)
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3.3.3 Gondwana Breakup

The Late-Jurassic to Early-Cretaceous rifting and eventual breakup of the super-continent

Gondwana initially resulted in the intrusion of the Cape Dyke Swarm (CDS) between 150

Ma - 130 Ma (Trumbull et al., 2007). The orientation of the dykes developed parallel to the

palaeo-stress field at the time (dykes intrude through tension fractures), with a trend NW-SE

(Hälbich et al., 1993; Trumbull et al., 2007).

The main rifting phase during 140 Ma - 130 Ma resulted in widespread structural inver-

sion of the CFB, with a north-south to NE-SW extension on average (Hälbich, 1983; Pa-

ton, 2006). The continued extension and rifting process resulted in reactivation of the Cape

Orogeny thrust faults into normal listric faults (Fig. 3.2) (Paton, 2006). These normal faults

(eg. the Worcester and Kango faults) are predominately southward dipping, with numerous

antithetic components dipping northward (Hälbich et al., 1993; Paton, 2006).

The separation of the African and South American (Falklands Plateau) continents caused

the formation of the Agulhas-Falklands Fracture Zone (AFFZ) (Hälbich et al., 1993; Thom-

son, 1999). The AFFZ (Fig. 3.3) is a major transform fault zone (dextral strike-slip displace-

ment sense) which was active from 130 Ma to 65 Ma (Ben-Avraham et al., 1997).

Figure 3.3: Schemmatic figure of major structures constituting the Agulhas-Falklands fracture zone, and major Gondwana breakup

related extensional faults. Position of basins within the Agulhas Shelf are indicated. Modified from Thomson (1999); Paton (2006)
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Transtension and dextral wrenching (due to the westward migration of the Falklands

Plateau relative to the Agulhas Shelf) on the AFFZ caused en echelon extensional listric

faults to propagate from the AFFZ onto the Agulhas Shelf (Fig. 3.3) (Andersen and Andreoli,

1990; Paton, 2006). The resultant normal faulting (synthetic and antithetic normal fault

development) and subsequent half-graben and grabens formed the off-shore Bredasdorp and

Outeniqua Basins (Hälbich et al., 1993). The trend of the normal listric faults from the AFFZ

is typically NW-SE to E-W towards the study area with southward dipping faults on average

(Paton, 2006).

The Gondwana Breakup is seen to be the last major large-scale tectonic episode affect-

ing the region (Viola et al., 2005), with these rift-related extensional structures being the

youngest developed faults present in the underlying geology of the study area.

3.4 Post Breakup Tectonics

The Southern Cape developed as a passive continental margin due to the rifting and eventual

breakup of the super-continent Gondwana (∼135 Ma) (Bradley, 2008; Leroy et al., 2008).

Passive continental margins are typically observed to be stable tectonic features, however

substantial post-rift uplift of the continental margin can occur (Leroy et al., 2008). Most

applicable to this research project are the most recent regional uplift events over the south-

western parts of Southern Africa, which occurred successively during the Neogene.

3.4.1 Neogene Uplift Events

The first significant regional uplift event occurred during the Miocene (∼18 Ma) (Partridge,

1998; Partridge and Maud, 2000). The coastal platform, seen as the Cretaceous-age African

Surface (pediplain), was incised significantly by river channels during the Miocene (Holmes

et al., 2007). The river terrace development which consequently ensued, provides evidence

for epeirogenic uplift of approximately 200 metres throughout the Southern Cape region

(Partridge and Maud, 2000; Marker and Holmes, 2005).

The second major regional uplift event occurred during the Pliocene (∼ 5 Ma) (Partridge

and Maud, 2000; Holmes et al., 2007). Again the reworking of the African Surface and
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river terrace development provides evidence for epeirogenic uplift and seaward tilting of the

coastal platform, most distinctly along the so-called Saldanha-Agulhas Axis (SAA) (An-

dreoli et al., 1996). Regional uplift is considered to be of no more than 200 metres for the

south-western part of the Southern Cape (Partridge and Maud, 2000).

Andersen and Andreoli (1990) further suggest that to accommodate this regional uplift,

pre-existing structures may have been utilised instead of the uplift being purely epeirogenic

in nature, possible fault reactivation after the Jurassic-Cretaceous Gondwana Breakup is ex-

pected to have therefore occurred during the Neogene.

Both these uplift events have been attributed to the African Superswell initiation and con-

tinued large-scale uplift (Nyblade and Robinson, 1994), however isostatic uplift and thermal

uplift of the Southern Africa passive margin are also postulated as possible mechanisms for

the regional uplift of the Southern Cape (Partridge and Maud, 2000).

3.4.2 Quaternary Fault Reactivation

Recent and contemporary fault reactivation throughout Southern Africa is well documented

(Singh et al., 2009, 2011). Offshore of the West Coast of Southern Africa active fault reacti-

vation has been documented, typically as the development of multiple mud volcanoes (Viola

et al., 2005). Active tectonics is also recorded and documented in Namaqualand and South

Namibia (Viola et al., 2005, 2012), as well as in the interior of Southern Africa (Koffie-

fontein, Witswatersrand basin, and Lesotho), typically attributed to mining activity (Singh

et al., 2009).

However in the more southern parts of Southern Africa, recorded active tectonics is com-

monly concentrated on the Ceres-Worcester area, and the Kango-Bavainskloof-Coega faults

throughout the CFB (Singh et al., 2009). Other relatively dispersed seismic events are also

being recorded seaward of the ’Great Escarpment’ along the CFB mountains(Singh et al.,

2009). Active tectonics within the CFB appear to be largely restricted to structures inherited

from the Cape Orogeny and Gondwana breakup period, with complex intraplate earthquake

characteristics (Bird et al., 2006; Singh et al., 2009).
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3.4.3 Wegener Stress Anomaly

Through the use of Late-Neogene and Quaternary-age deformation structures, bore-hole

breakout data, and geological stress indicators, a regional upper-crustal stress field can be

estimated and measured for the south-western part of Southern Africa (Fig. 3.4). This stress

field can be described as possessing a SHmax oriented NW-SE to NNW-SSE for the offshore

Namibia and Namaqualand region (Viola et al., 2005, 2012), a WNW-ESE to NNW-SSE

oriented SHmax for the Southern Cape and Bredasdorp Basin region (Andreoli et al., 1996),

and an approximate NW-SE oriented SHmax for the south-western Cape region (Green and

Bloch, 1971; Bird et al., 2006).

Figure 3.4: Diagram showing the orientation of SHmax at locations within the south-western part of Southern Africa. Stress orien-

tation data is derived from indicated sources (including Logue et al. (2012)). Average trajectory of SHmax is NW-SE. Figure modified

from Bird et al. (2006)
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The similarity of all SHmax directions to one another suggests a large-scale stress field

prevailing over the south-western region of Southern Africa (Fig. 3.4). The stress field pos-

sesses an approximate NW-SE trajectory of SHmax in a NW-SE trend over the region on

average (Bird et al., 2006). The stress field was given the name ’Wegener Stress Anomaly’

(WSA) by Andreoli et al. (1996), with no solid explanation for its existence available. The

WSA is considered to have existed over the region at least since the Cretaceous time from

the orientation of the emplaced NW-SE trending Cape Dyke Swarm until present (Andreoli

et al., 1996) (Tab. 3.1).

3.5 Late Cenozoic Sea-Level Fluctuations

The Late Cenozoic relative sea-level (RSL) fluctuation (driven by glacio-eustatic sea-level

change (Partridge and Maud, 2000; Maud and Botha, 2000)) at the southern continental

margin of Southern Africa, needs to be outlined because of the significant effect that RSL

fluctuation has on the deposition and erosion of coastal rocks (Marker and Holmes, 2005).

The Late Cenozoic and Upper Pleistocene-Holocene RSL fluctuation curves as illustrated in

(Fig. 3.5) displays the most recent interglacial - glacial cycles, with the respective marine

regressions and transgressions shown.

Since the Late Pliocene, the Southern Cape has experienced several major marine regres-

sion/transgression events (Haq et al., 1987). On average, the marine regressions involved

∼50 metres below present sea level shoreline shifts, with the marine transgressions typically

involving <30 metre above present sea level shoreline shifts (Haq et al., 1987). More re-

cently however, the last interglacial at 130 ka - 118 ka resulted in a maximum 6 - 7.5 metres

above present sea level shoreline transgression (Clark et al., 2009; Carr et al., 2010), and the

last two glacial periods at ∼135 ka and ∼22 ka, both resulted in successive shoreline regres-

sions of 120 - 130 metres below present sea level (Ramsay and Cooper, 2002; Waelbroeck

et al., 2002).

The formation of the Late Cenozoic marine platforms and terraces, as observed within

the Southern Cape, are also a consequence of this RSL fluctuation (along with regional

continental uplift and tilting events) (Maud and Botha, 2000). It is upon these marine terraces

that the Pliocene to Pleistocene Bredasdorp Group deposits are distributed; with the locations
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and elevations of the different deposits, and subsequent wave action erosion, being controlled

by the relative position of the shoreline over time (Marker and Holmes, 2005).

Figure 3.5: Relative sea-level (RSL) curves for the Late Cenozoic (3.5 Ma to Present) and the Upper Pleistocene - Holocene (220 ka to

Present). The Late Cenozoic RSL curve illustrates long term regression-transgression cycles, with the approxiamte consolidation period of

the Wankoe Formation (grey area) indicated. The Pleistocene - Holocene RSL curve illustrates the last two inter-glacial and glacial cycles

(and regression-transgression cycles), with the periods of consolidation for the Waenhuiskrans Formation aeolianites found at Bantamsklip

and Agulhas indicated. Ages of consolidation as described by Marker and Holmes (2005) for the Wankoe Formation, and by Bateman

et al. (2004) for the Waenhuiskrans Formation. Late Cenozoic RSL curve modified from Haq et al. (1987), and Pleistocene - Holocene

RSL curve modified from Bintanja et al. (2005).
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3.6 Cover Sequence Geology

The Pliocene to Pleistocene-age cover sequence present along the southern continental mar-

gin of Southern Africa, and most specifically the Southern Cape is comprised of the Bredas-

dorp Group coastal, marine and marginal marine deposits (Malan, 1990).

3.6.1 The Bredasdorp Group

The Bredasdorp Group outlined in Tab. 3.2, is the most recent lithological unit present

through the study area (Tab. 3.1), and covers the underlying geology unconformably from

Hermanus to Plettenberg Bay (Malan, 1990; Partridge and Maud, 2000) (Fig. 3.2). The suc-

cession has a variable width ranging between 0.2 km to 7 km (Roberts et al., 2006), and

possesses a total thickness of ∼500 metres (Malan, 1990; Partridge and Maud, 2000).

The Bredasdorp Group consists of typically marginal-marine, coastal deposits, with inter-

stitial marine deposits deposited during marine regressions (see previous section) (Partridge

and Maud, 2000). The succession is characterised by aeolianites, calarenites, calcerous sand-

stones, pebbly limestones, beach gravels, and calcretes (Malan, 1990). These lithologies are

comparable elsewhere along the south-western continental margin of Southern Africa with

the Algoa Group and the Sandveld Group lithologies further to the east and west respectively

(Partridge and Maud, 2000).

The Bredasdorp Group was deposited and consolidated during interglacial periods through-

out the Pliocene and Pleistocene (Brooke, 2001). Constant sea-level fluctuation and climate

change were the main controlling factors for the formation and preservation of the succes-

sions (Brooke, 2001; Bateman et al., 2004). The atmospheric conditions during glacial low-

stands periods are commonly cooler and winder on average, with sediment predominately

mobile; however during interglacial high-stand periods, the warmer and wetter conditions

aided in the consolidation and carbonate cementation of the various Bredasdorp Group rock

units (Brooke, 2001).

The Bredasdorp Group, although consisting of several different coastal and marginal

marine rock Formations (Tab. 3.2), needs to be limited to the Wankoe and Waenhuiskrans

Formations, due to these Formations being the most useful for this research project. Both the

Wankoe and Waenhuiskrans Formations are the most geographically pervasive throughout
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Table 3.2: Summary of the Bredasdorp Group stratigraphy. The different ages of Formations indicated from the late Pliocene to

Holocene. Depositional environment at time of formation outlined. Lithological and petrographic characteristics described. Details taken

from Malan (1989a), Malan (1989b), Malan (1990), Malan (1991a), Malan (1991b), Bateman et al. (2004)
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the Southern Cape, and constitute the majority of the Bredasdorp Group. The Formations

furthermore possess lithological characteristics which will assist in the analysis of internal

deformation features.

3.6.2 Wankoe Formation

The Late Pliocene and Lower Pleistocene-age Wankoe Formation constitutes the majority of

the Bredasdorp Group (Partridge and Maud, 2000). It was deposited during the Late-Pliocene

sea-level regression between 2.8 Ma - 2.3 Ma (Siesser and Dingle, 1981; Malan, 1989b),

with consolidation occurring into the Lower Pleistocene (approximately 1.8 Ma) (Marker

and Holmes, 2005) (Fig. 3.5). The Wankoe Formation can be described as an aeolianite-

type rock unit (consolidated wind blown dune), which has commonly weathered heavily to

become thoroughly calcified on average (Malan, 1989b). The lithological characteristics and

depositional environment are summarised in Tab. 3.2.

Numerous prominent topographical highs throughout the Southern Cape are weathered

Wankoe Formation ridges, which are commonly positioned relatively distal from the present

shoreline (Malan, 1989b). These ridges are most distinctive, and commonly the diagnostic

feature used when locating the Wankoe Formation within the Southern Cape region.

3.6.3 Waenhuiskrans Formation

The Upper Pleistocene Waenhuiskrans Formation is the second-most abundant Formation

within the Bredasdorp Group (Partridge and Maud, 2000). It was deposited either during

the penultimate marine regression between ∼180 ka to 160 ka, with consolidation by 160

ka (Agulhas aeolianites), or during the last marine regression between 125 ka and 88 ka,

with consolidation occuring up to 80 ka (Bantamsklip aeolianites), as described on Fig. 3.5

(Bateman et al., 2004). The Waenhuiskrans Formation is typically described as an aeolianite-

type (consolidated wind blown dune) deposit, which exhibits moderate to heavy degrees of

surface weathering (Malan, 1989a). The lithological characteristics and depositional envi-

ronment is summerised in Tab. 3.2.

The Waenhuiskrans Formation differs most significantly from the Wankoe Formation in

the lower levels of weathering, lower unit thickness, and increased content of rounded marine
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gastropod shells and foraminifera fragments (Malan, 1989a). The Waenhuiskrans Formation

is often observed as wave-eroded cliff faces, with general dune topography, commonly rel-

atively proximal to/or submerged by the present sea-level (Malan, 1989a; Bateman et al.,

2004).

3.7 The Study Area and Local Structural Geology

The study area of this research project is located at the most southerly part of Southern

Africa, specifically between the coastal towns of Gansbaai and Arniston/Waenhuiskrans

within the Southern Cape. The location of the study area is illustrated on Fig. 3.2. The

local geology of the area has been previously described by Andersen and Andreoli (1990) in

a Atomic Energy Corporation report on the structural geology of the Southern Cape.

3.7.1 Recognised Faults and Landform Disruption

Through previous use of aeromagnetic surveys, numerous underlying faults were detected by

Andersen and Andreoli (1990), these being the Elim and Struisbaai Faults, interpreted to be

reactivated thrust faults during the extensional regime at Gondwana breakup times. Uilkraal,

Celt Bay, and Kleyn Hagelkraal faults, interpreted to be strike-slip in the displacement, are

also of Gondwana breakup age (Andersen and Andreoli, 1990). The Donkergat Fault was

also initially detected with the use of aeromagnetic surveys and later confirmed through bore-

hole drilling (fault breccia was exposed in the drill core) (Andersen and Andreoli, 1990). The

fault was suggested by Andersen and Andreoli (1990) to be strike-slip in nature and possibly

related to the development of the AFFZ.

Landform disruptions involve fault scarps to the north of Cape Agulhas, geologically

recognised by the superimposition of Table Mountain Group quartzites against Enon Forma-

tion silicified conglomerates (of Cretaceous age ) ( Fig. 3.2) (Andersen and Andreoli, 1990).

Furthermore the outcropping Waenhuiskrans Formation dune bodies and ridges are observed

to be truncated by both the underlying postulated Blomerus Fault to the north-east of Gans-

baai, and by the Struisbaai Fault to the north of Cape Agulhas (Andersen and Andreoli,

1990).
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3.7.2 Neotectonic Features

Within the Southern Cape, Andersen and Andreoli (1990); Andreoli et al. (1996) recognised

recent (neotectonic) joints, faults, and breccias cross-cutting consolidated Pliocene - Pleis-

tocene coastal deposits at Quoin Point (to the east of Gansbaai). The presence of structural

deformation in the Waenhuiskrans Formation deposits, having been consolidated since the

last interglacial period, provides a maximum age of a deformation event < 88 ka (Andersen

and Andreoli, 1990).

Only limited other geological evidence of neotectonic activity has been previously doc-

umented within the study area and surrounding region. This study therefore attempts to

add to the pre-existing data collected, and contribute towards a further understanding of the

neotectonics and tectonic evolution of the Southern Cape.
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Chapter 4

Results

4.1 Remote Sensing

An initial remote sensing reconnaissance of the Southern Cape region is necessary to recog-

nise primary evidence of large-scale landform disruption by possible faults. The use of

various platforms (e.g. satellite imagery, aerial photography, and digital elevation models

(DEM’s)) allows for topographical lineaments to be mapped. Lineaments are linear features

which cross-cut or truncate landforms in an extensive manner across the Earth’s surface

(Drury, 1993). Although commonly formed by human activity (fences and roads) or image

processing artefacts, lineaments can also be formed by fault activity (Drury, 1993). Faults

involve significant deformation of the upper crust, which can result in the surface trace of

faults preferentially eroding into linear valleys or depressions; and as the vertical/horizontal

displacement of the surface geology along a fault plane can potentially truncate overly-

ing/adjacent landforms, fault traces are often viewable on large-scale imagery of a region

(Drury, 1993). Consequently, by applying this correlation between lineaments and faults,

possible large-scale faults in the Southern Cape can be identified and subsequently studied

in the field at the local level.

4.1.1 Regional Satellite Imagery

Multiple lineaments are identified and mapped on the natural colour (5, 4, 3 spectral band

composite) Landsat 7 image of the Southern Cape region (Fig. 4.1), obtainable from the
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United States Geological Survey LandsatLook Viewer website (http://landsat.usgs.gov).

Figure 4.1: Natural colour Landsat 7 image of the Southern Cape. A) Original Landsat 7 image. B) Annotated image with lineaments

mapped in yellow. The Blomerus Lineament extends from Walkerbay to Bantamsklip in an approximate NW-SE segmented trend. The

Brandfontein, Struisbaai, and Soetanysberg lineaments trend approximately E-W across the respective areas. Locations of observable dune

lineaments are indicated, see Fig. 4.3 for lineament locations. Image courtesy of the U. S. Geological Survey (http://landsat.usgs.gov).

The lineaments (Fig. 4.1B: as yellow lines) are identified through the recognition of lin-

early arranged scarp features, ridges, elongate topographical depressions, and differences in

colour tone. Depending on the arrangement of the features, they are subsequently mapped

as a single continuous lineament, segmented parts of a single lineament, or multiple discrete

lineaments.
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The lineament A (Blomerus) is present from the Walkerbay area, through the North Gans-

baai area, the Heidehof and Groot Hagelkraal Farm areas, and into the Bantamsklip area.

Lineament B (Brandfontein), extends from Brandfontein to North of Struisbaai. Lineament

C (Struisbaai) is roughly parallel to lineament B, extending from the west to east of the Ag-

ulhas headland. Lineament D (Soutanysberg) is more cryptic in appearance and traces along

the north of the Soutanysberg.

The Blomerus Lineament possesses a ∼NNW-SSE trend, with a combined segemented

length of ∼35 km and an average segment length of ∼10 km. The Brandfontein and Stru-

isbaai lineaments both trend ∼E-W and have continuous lengths ∼15 km to 10 km respec-

tively. The Soetanysberg Lineament trends ∼E-W with a length similar to the Brandfontein

Lineament, ∼15 km.

The lineaments mapped on Fig. 4.1 are either relatively linear lineament segments (transvers-

ing the Walkerbay, Heidehof Farm, Groot Hagelkraal Farm, and Bantamsklip areas), or rel-

atively arcuate lineaments (transversing the North Brandfontein, Brandfontein, Struisbaai

areas). The orientation and aligned nature of the linear lineament segments suggest a single

lineament (the Blomerus Lineament) extending through all these areas (segmentation may

be due to the preservation of landforms defining the lineament in certain places only). The

arcuate lineaments (e.g. Brandfontein, Struisbaai lineaments) are considered to be discrete

lineaments.

Figure 4.1 illustrates that the lineaments cross-cut and truncate both the topographically

mountainous areas, and the coastal plain areas. From the geology of the Southern Cape

completed by Malan (1990); Andersen and Andreoli (1990) (outlined in Fig. 3.1), both the

underlying geology (Cape Granite Suite, Table Mountain Group, Bokkeveld Group), and the

more recent Tertiary-Quaternary cover sequence (Bredasdorp Group) are cross-cut/truncated

by the lineaments.

4.1.2 Digital Elevation Model

Digital elevation models (DEM’s) are topographical representations of the Earth’s surface,

where the elevation data is obtained through the use of satellite surveys (refer to McCalpin

(2009) for details on DEM elevation data acquisition and processing specifics). DEM’s can
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therefore be used to expose topographical anomalies, most particularly lineaments, which

may suggest existing fault structures (McCalpin, 2009). DEM’s are therefore used to confirm

the lineaments already mapped on the Landsat 7 image.

Figure 4.2: 90 metre resolution Digital elevation models for the Southern Cape. DEM’s are Hillshaded to expose topographical fea-

tures. A) Hillshaded with the sun azimuth set to 315 ◦ with a sun angle of 10 ◦. Lineaments (traced in red) are mapped from Walkerbay,

through Heidehof Farm, Groot Hagelkraal Farm, and Bantamsklip areas to Quoin Point in a NW-SE orientation; Brandfontein, and Stru-

isbaai areas in a E-W orientation. B) Hillshaded with the sun azimuth set to 045 ◦, with a sun angle of 10 ◦. Lineaments are mapped

from the Walkerbay to Quoin Point, and north of Brandfontein areas, with a NW-SE orientation; Brandfontein and Struisbaai areas with

an approximate E-W orientation. All the lineaments mapped on the DEM’s confirm the lineaments on the Landsat 7 image. DEM’s are

georeferenced using the WGS84 datum, and processed in Quantum GIS (version 1.8.0 - Lisboa).

The DEM for the Southern Cape is acquired from the NASA Shuttle Topographical Mis-

sion (SRTM), and is obtainable from the CGIAR-CSI SRTM website (http://srtm.csi.cgiar.org)

at 90 metre resolution. The DEM is further processed to provide two hillshaded DEM’s
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(Fig. 4.2) (refer to Chenrai (2012) for specifics on DEM hillshade processing). DEM A as

shown in Fig. 4.2 is hillshaded with a sun azimuth of 315 ◦ and a sun angle of 10 ◦. The DEM

B in Fig. 4.2 is hillshaded with a sun azimuth of 045 ◦, and a sun angle of 10 ◦. The different

sun azimuths expose different topographical features orientated obliquely to the sun azimuth

direction.

DEM A & B in Fig. 4.2 exhibit corresponding linearly arranged scarps, truncated ridges,

and linear depression features to the Landsat 7 image (Fig. 4.1), these features can be mapped

as lineaments (shown in dashed red on the DEM’s). As a result, the lineaments identified and

mapped on Fig. 4.1 are confirmed on both DEM A and B. However, the DEM’s do provide

some additional lineament information: DEM A and B shows evidence for an additional

scarp feature in the Quoin Point area on the same line as the Blomerus Lineament. DEM B

in particular displays a very distinct scarp feature, in the Walkerbay area (on the Blomerus

Lineament). A lineament is also traced ∼NW-SE on DEM B north of the Brandfontein

Lineament.

From both the cross-cutting and truncating nature (involving both the underlying and

cover sequence geology), and large-scale lengths, the lineaments could suggest the orien-

tation and locations of faults. Furthermore, because the orientations and locations of the

Blomerus, Brandfontein and Struisbaai lineaments are significantly similar to the faults al-

ready suggested and mapped by Andersen and Andreoli (1990), these lineaments in particu-

lar warrant further investigation at the local scale. Therefore, the local-scale study areas will

be demarcated in areas that these lineaments traverse through.

4.1.3 Dune Lineaments

‘Dune lineaments’ are observed in the Walkerbay and Quoin Point areas (Fig. 4.3), where re-

cent Holocene dune bodies are disrupted or preferentially deposited to form linearly arranged

depressions and scarps along the Blomerus Lineament recognised on both the Landsat 7 im-

age (Fig. 4.1) and the Southern Cape DEM (Fig. 4.2).

The Walkerbay dune lineament is also distinct on the Google Earth image (Fig. 4.3A).

At ground level a clear elongate topographical depression is bounded by Holocene dunes

to the south, and a raised topography to the north (Fig. 4.3B). The dune lineament can be
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seen to trend NW to the North Gansbaai area to the SE (Fig. 4.3A), and possesses a length

of approximately 15 km. The Walkerbay dune lineament is aligned with, and has a similar

orientation to the other Blomerus Lineament segments.

Figure 4.3: Dune lineaments in the Walkerbay and Quoin Point areas (indicated in white). Dune lineament locations are shown on the

Landsat 7 image. A) Google Earth image of the Walkerbay dune lineament is shown to disrupt Holocene dunes. The dune lineament is

characterised by a linearly arranged depression trending NNW-SSE. B) Photograph (taken facing SE) of the Walkerbay Lineament whilst

standing on the edge of linear depression (position shown on the Google Earth image). C) Aerial photograph showing the Quoin Point

dune lineament, a linear scarp and depression feature trending NW-SE to NNW-SSE. Aerial photograph courtesy of the Chief Directorate

of Mapping and Surveys, South Africa.

The Quoin Point dune lineament is observable on the aerial photograph in (Fig. 4.3C),

Holocene transverse dunes are obliquely disrupted by a ∼NW-SE trending elongate depres-

sion. The length of the dune lineament is approximately 3.5 km. The Quoin Point dune lin-

eament has the same orientation as, and is aligned with, the Blomerus Lineament (Fig. 4.1).
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4.2 Field Observations

4.2.1 Aeolianite Petrology

Outcrops of Bredasdorp Group aeolianites located throughout the Southern Cape study re-

gion, have characteristic petrographic features (documented by Malan, 1990) attributed to

either the Late Pliocene - Middle Pleistocene Wankoe Formation, or the Upper Pleistocene

Waenhuiskrans Formation. The spatial distribution of the Wankoe and Waenhuiskrans For-

mations has also been suggested by Malan (1989b,a). Therefore, the aeolianites within the

different study areas will be investigated to confirm the specific rock units present.

Wankoe Formation

The aeolianites within the North Gansbaai, Heidehof and Groot Hagelkraal farm areas form

relatively isolated prominent hills and ridges (sometimes referred to as "koppies") (Fig. 4.4A),

typically with∼150 metres or more height elevations. The hills are located at approximately

40 - 50 metres above present sea level, with the present coastline several kilometres away

from the hills. There are no obvious wave-cut cliffs within these aeolianites.

The hills are commonly well vegetated, weathered, and rounded topographical features

with cliff exposures on the NE sides of the hills and ridges. Karstified aeolianite and calcrete

’capping’ units cover the top surfaces of the hills. Numerous horizons and palaeosol surfaces

within the hills exhibit the effect of karstification, and have a similar orientation to the cross-

bedding and bounding surfaces (Fig. 4.4B).

Cliff exposures display abundant karstic weathered units, which obliterate the cross-

bedding (Fig. 4.4C), in places as karstic dripstone features (Fig. 4.4D). Unkarstified cliff ex-

posures exhibit large-scale tabular cross-bedded, and massive units. The cross bedded units

are typically between 1 metre and 10 metres in thickness (Fig. 4.4D). The cross-bedding dip

direction is towards the NE-E on average on the eastern sides of the aeolianite units, and

towards the SW-W on the western sides.

The aeolianites are characteristically well-consolidated to calcified, with some weathered

sections possessing lower levels of cementation. The particles constituting the aeolianite are

commonly sand-sized and are of a quartz-rich and calcareous composition. The aeolianite
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Figure 4.4: Typical macro-scale petrographic features observed in Wankoe Formation outcrops throughout the North Gansbaai, Hei-

dehof, and Groot Hagelkraal farm areas. A) Outcrop position is several kilometres from the present coastline and involves prominent, well

vegetated hills. B) Karstification features (internal bedding/palaeosol surfaces) within the rounded outcrops, with predominantly NE-side

cliff exposures. C) Weathering features and obliterated sedimentary structures. D) Large-scale cross-bedding dipping towards the NE, and

karstic dripstones. E) In situ intact terrestrial gastropod shell, distinctive of the Wankoe Formation. F) The aeolianites overlie the African

Surface ferrigenious sediments.
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units appear grey or yellow to orange, with white calcrete caps or inter-beds. Minor to no

biological content can be seen in hand sample, except for isolated terrestrial gastropod shells

and fragments (Fig. 4.4E)

Within the study area, these specific aeolianite units unconformably overlie either the

African Surface ferrigeneous sediments (as described by Partridge (1998); Partridge and

Maud (2000)) or Table Mountain Group sandstone and quartzite units (Fig. 4.4F).

The constituents of the aeolianites involve three main aggregate components: Detrital

grains, ooid grains (coated grains), and marine organism skeletal/shell fragments (bioclasts)

(Fig. 4.5A & B).

The siliciclastic grains are typically sub-rounded to sub-angular and possess a well-sorted

size distribution (Fig. 4.5A). The grain sizes are fine to medium sand, commonly between

0.1mm to 0.5mm. Quartz is the predominant mineral, with relatively minor feldspar and

lithic fragments. The grains exhibit minor coating, with grain boundaries in contact with the

cement. The detrital material provides a volume percentage of∼20% of the whole aeolianite

unit.

The ooid grains (coated grains) exhibit cortices of calcerous minerals (micrite, microspar

calcite) surrounding an inner detrital grain nucleus. Most commonly the nuclei of these

coated grains are quartz grains. The roundedness of the grains appears to have increased as

a result of diagenetic cortex growth (Fig. 4.5A & B) (Adams and MacKenzie, 1998). The

size of the nuclei grains are approximately the same as the uncoated siliciclastic grains. The

volume percentage of these coated grains in the aeolianite is ∼15%. Therefore the overall

detritally derived material (detrital grains and superficial ooids) content is ∼35%.

The marine organism shell fragments are predominantly constituted by foraminifera

skeletal remains or molluscan fragments (gastropod or possible bivalve fragments) (Fig. 4.5E).

Typically the bioclasts have a similar roundedness to the siliciclastic material, generally

rounded and sub-angular. The size variation between the different bioclasts is within the

range of 0.2mm to 1mm, with the molluscan fragments having the larger size distribution on

average. The biological content compared to the detrital material and superficial ooid grains

is relatively high. The volume percentage of the bioclasts within the aeolianite unit is ∼40%

on average.

The matrix cementing the detrital grains, superficial ooids, and marine organism frag-
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Figure 4.5: Photomicrographs of Wankoe Formation aeolianite, sample taken from an outcrop in the Groot Hagelkraal area. Pho-

tographs A, C, and E are in plane-polarised light, with the corresponding cross-polarised light photographs B and D. Typical micro-scale

features involve: A and B) A composition made up of detrital grains, superfical ooid grains, and bioclast material; with a well sorted,

grain supported texture. C and B) Cement matrix features, involving anhedral sparry calcite, microspar calcite, and minor micrite rinds

surround the cemented grains. No significant pore-space is visible. E) Biological content comprised by foraminifera, gastropod, and other

unidentifible molluscan skeletal and shell fragments.
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ments (Fig. 4.5C & D), is predominantly comprised of anhedral sparry calcite with minor

amounts of microspar calcite. The aeolianite in thin section has low amounts of micrite

present within the cement, however some micritic rinds coat/surround certain detrital grains.

The precipitant cement appears to have infilled the inter-granular pore-spaces completely,

with no significant pore-spaces remaining after cementation.

The rock texture is typically grain-supported and well-sorted. The aeolianites are rela-

tively homogeneous (with little to no variation in the clastic and matrix composition between

different outcrops and different samples). The presence of sparry calcite and microspar cal-

cite is evidence for neomorphism of the primary micrite cement during diagenesis.

Considering the work already completed by Malan (1989b, 1990) on the Bredasdorp

Group (refer to Tab. 3.2), and the observations of this study, the following points can be

made: The outcrop position relative to the present coastline suggests at least one marine

transgression may have eroded away aeolianites closer to the present coastline since the time

of deposition (Fig. 3.5). The high levels of karstification and calcification of the aeolianites,

and the sparry calcite cementation (neomorphism) imply that these are relatively old aeolian-

ite units. From the above, the aeolianites in the North Gansbaai, Heidehof Farm and Groot

Hagelkraal Farm belong to the Wankoe Formation.

Waenhuiskrans Formation

The aeolianite units within the Bantamsklip, Agulhas, and Waenhuiskrans areas, form ele-

vated hills or mounds, commonly shaped by wave action to form sea cliffs (Fig. 4.6A). The

pervasive aeolianite units are typically proximal to the current coast line, with isolated out-

crops further inland in low elevation areas. The aeolianites at the coast are not well vegetated,

with the inland mound outcrops exhibiting somewhat higher levels of vegetation.

The aeolianite mound or hill outcrops possess height elevations between ∼2 metres to

∼10 metres (Fig. 4.6B). The maximum thickness of the aeolianite units are found within the

Agulhas area, with a thickness up to a 100 metres in places.

Karstic weathering of the aeolianite outcrops is typically limited, with the sea cliffs ap-

pearing relatively unweathered (Fig. 4.6C). However, the aeolianite outcrops further inland

commonly exhibit more karstic weathering (Fig. 4.6D), with some karstic dripstone features
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Figure 4.6: Typical macro-scale petrological features of the Waenhuiskrans Formation in the Bantamsklip, Agulhas, and Waenhuikrans

areas. A) Outcrops are on or relatively proximal to the present coastline. B) Wave-cut cliffs in the Waenhuiskrans area, with elevation

heights ∼10 metres or more in places. C) Large-scale cross-bedding dipping towards the SW on average, also exhibiting low levels

of karstic weathering. D) Cross-bedded aeolinite exhibiting higher levels of karstic weathering. Outcrop is situated further inland of the

coast. E) In situ intact marine gastropod shells, distinctive of the Waenhuiskrans Formation. F) Underlying the base of the Waenhuiskrans

Formation, the Klein Brak Formation pebbly limestone.
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observed. Karstic cap units are commonly seen covering the surfaces of the aeolianites.

In the majority of the aeolianite outcrops the sedimentary cross-bedding features remain

relatively intact and not obliterated by karstic weathering. The sedimentary features in-

volve large-scale tabular cross-bedded units within the aeolianites, which predominantly dip

towards the SW (Fig. 4.6C). The thickness of the beds containing the cross-bedding are

between 1 - 3 metres on average.

The aeolianite units are typically semi-consolidated to well-consolidated, with the well-

weathered outcrops exhibiting the lowest levels of consolidation. The composition of the

aeolianites are calc-arenitic, with quartz grains and calcereous marine shell fragments being

the main constituents. Cemented quartz grains and marine shell fragments are medium to

course sand-sized (<2mm), with larger cemented marine gastropod shells (Fig. 4.6E). The

weathered aeolianite outcrops appear light-brown or yellow to grey.

Within the study area, the aeolianite units either overlie the Table Mountain Group

quartzites and sandstones unconformably, or conformably overlie the Kleinbrak Formation

pebbly limestones (previously recognised by Malan, 1990)(Fig. 4.6F).

The aeolianites typically involve two major aggregate components: coated detritial grains,

and bioclastic fragments (Fig. 4.7A & B).

The rounded to sub-angular siliciclastic grains are constituted predominantly by quartz

grains, with minor feldspar and lithic fragments (Fig. 4.7A & B). The sizes of the silici-

clastic material is medium to course sand sized, with diameters commonly between 0.2mm

to 0.7mm. The grains are rounded to sub-angular and are relatively well sorted with only

minor variations in grains size distribution. The detrital grains exhibit widespread micrite

coating (Fig. 4.7C & D), which increases the level of roundness of the grains. The volume

percentage of the siliciclastic material is 35% - 40% of the overall aeolianite rock units.

The bioclastic material is constituted by a wide range of marine organisms’ shell and/or

skeletal fragments (Fig. 4.7E). The fragments derive predominantly from foraminifera, mol-

lusc, and echinoderm species. The degree of fragmentation is greatest in the larger gastro-

pod and bivalve bioclasts (molluscan). The fragments are rounded to sub-angular in shape

on average. The typical diameter size distribution is between 0.2mm and 1mm (with some

shell fragments up to ∼2mm in diameter), a relatively moderate level of size sorting of the

material. The bioclastic fragments are coated with micrite, the same as the detrital grains
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Figure 4.7: Photomicrographs of Waenhuiskrans Formation aeolianite. Sample taken from the Bantamsklip study area. Photographs

A, C, and E are taken in plane-polarised light, photographs B and D are the corresponding cross-polarised light images. A) & B) The

two main clastic components making up the aeolianites: detrital grains exhibiting micrite coating, and bioclastic material also exhibiting

micritic coating. C) & D) Cement is predominantly micrite with minor microspar calcite. Cement is located on the grain boundary contacts,

with abundant rounded pore-spaces. E) Biological content, mostly foraminifera, molluscan, and echinoderms (also view in C & D). Shell

and skeletal fragments constitute a high volume percentage of the whole aeolianite unit.
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(Fig. 4.7C & D). The aeolianites exhibit a relatively high biological content relative to detri-

tal material, with >50% of the overall rock being shell/skeletal fragments.

The cementing matrix is constituted almost entirely by clay sized (<5µm) micrite (∼95%),

with minor amounts of microspar calcite (Fig. 4.7C & D). The cement is predominantly dis-

tributed at the grain-boundary contacts of the detrital grains and bioclastic material, forming

meniscus-type rounded pore-spaces. The cement (and significant pore space) has a volume

percentage of ∼5% - 10% of the aeolianites.

The overall rock texture is grain-supported and well-sorted. The aeolianite is relatively

homogeneous (the rock composition does not vary significantly between different outcrops

and different samples). The lack of neomorphism is evident through the high micrite con-

tent of the cement (no sparry calcite is observed in thinsection from any of the aeolianites

sampled), providing evidence for only minor levels of diagenesis.

Considering the work already completed by Malan (1989a, 1990) on the Bredasdorp

Group (refer to Tab. 3.2) and the observations of this study the following can be said: The

lower average level of consolidation and karstification of the aeolianites, the volume content

of bioclastic material, the lack of neomorphism, all suggest a younger aeolianite deposit. The

outcrop position of the aeolianites relative to the present coastline implies a lower sea level

at time of deposition (Fig. 3.5) compared to the Wankoe Formation. These characteristics

suggest that the aeolianites observed in the Bantamsklip, Agulhas, and Waenhuiskrans areas

belong to the Waenhuiskrans Formation rather than the Wankoe Formation.
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4.2.2 Geological Maps and Cross Sections

The regional geology of the Southern Cape (Fig. 4.8), is described in Chapter 3 (sections

3.3-3.7), and was initially geologically mapped by Andreoli et al. (1988). Further spatial

distribution and petrological characteristics of the Bredasdorp Group aeolianites, and details

on observed geological structures (faults) collected during the field investigation and remote

sensing, have been added to the original geological map of the Southern Cape.

The geological maps for the North Gansbaai (Fig. 4.9), Heidehof Farm (Fig. 4.10), Groot

Hagelkraal Farm (Fig. 4.11), and Bantamsklip (Fig. 4.13) cover the areas traversed by the

Blomerus Lineament (Fig. 4.1 & Fig. 4.2). The postulated Blomerus Fault (Andersen and

Andreoli, 1990) is suggested to extend approximately along the same trace. The Blomerus

Lineament and the Walkerbay and Quoin Point dune lineaments can thus be assumed to indi-

cate the inferred surface trace of the Blomerus Fault. As such, the Blomerus fault is implied

to trace ∼NW-SE (in a possibly segmented manner) from the Walkerbay area through to the

Quoin Point area (Fig. 4.8). The length of the Blomerus Fault is considered to be at most

∼50 km in length (on land), but could potentially extend offshore from Quoin Point.

The Agulhas geological map (Fig. 4.14) covers the area in which the Brandfontein and

Struisbaai lineaments are mapped (Fig. 4.1 & Fig. 4.2). The Brandfontein and Struisbaai

faults were originally mapped with the use of aeromagnetic surveys (Andersen and An-

dreoli, 1990) and are in approximately the same orientations and positions as the mapped

lineaments. As such, the lineaments can be considered to indicate the respective fault sur-

face traces. The Brandfontein Fault has an arcuate trend roughly WNW-ESE to E-W from

Brandfontein to the north of Struisbaai. The Struisbaai Fault possesses a similar trend across

the Agulhas headland. Both the Brandfontein and the Struisbaai Faults potentially continue

offshore, as suggested by Andersen and Andreoli (1990).

The North Gansbaai (Fig. 4.9), Heidehof (Fig. 4.10) and Groot Hagelkraal Farm (Fig. 4.11)

geological maps reveal Wankoe Formation aeolianites overlying the inferred trace of the

Blomerus Fault. The typical outcrop pattern for the Wankoe Formation is most distinct on

the Heidehof and Groot Hagelkraal Farm maps; with isolated rounded hills on the SW-side

of the Blomerus Fault trace, and larger more laterally extensive ridges on the NE-side of

the Fault trace. The smaller hills are separated from the larger ridges by NW-SE trending
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linear valleys approximately aligned to the Blomerus Fault trace, this topography can also be

viewed on the geological cross sections (Fig. 4.12).

The cross sections in Fig. 4.12, show the Blomerus Fault exhibiting a SW dip of ∼60 ◦

(the fault orientation has been inferred from large-scale listric normal faults in the Bredas-

dorp Basin (Paton, 2006)). The down-thrown block is on the SW-side, with the footwall on

the NE-side having negligible vertical displacement in comparison. Multiple NE-dipping

antithetic normal faults are inferred (Fig. 4.12) off of the main Blomerus Fault, defining a

fault zone (breccia and gouge units delineating the fault zone on surface). The downward

slip displacement of the Blomerus Fault is inferred to be significant (several metres at least)

towards the SW, with similar displacements on the antithetic faults towards the NE. This

displacement is estimated from the space required to accommodate the rotation of the over-

lying Wankoe Formation units (between ∼20 ◦ - ∼40 ◦). The rotation is estimated from the

cross-bedding dip angles.

In both the geological maps (Fig. 4.10 & Fig. 4.11) and the geological cross sections

(Fig. 4.12), the typical dip directions of the cross-bedding within the Wankoe Formation ae-

olianites is towards the NW-W-SW on the SW-side of the Blomerus Fault trace, and towards

the NE-E-SE on the NE-side. The cross-bedding in the aeolianites on the SW-side possess a

steeper dip relative to the aeolianites on the NE-side (refer to section 4.2.4).

The Wankoe Formation in the North Gansbaai (Fig. 4.9), Heidehof (Fig. 4.10), Groot

Hagelkraal Farm (Fig. 4.11) areas have been, in places, mechanically and chemically weath-

ered and eroded into surficial deposits (reworked deposits). These surficial deposits are com-

monly semi-consolidated to unconsolidated. Distinct alluvial terrace deposits define two

topographical terrace levels, the higher is typically on the NE-side, and the lower on the

SW-side of the mapped areas.

The Bantamsklip (Fig. 4.13), Agulhas (Fig. 4.14), and Waenhuiskrans (Fig. 4.16) geolog-

ical maps predominantly involve the Waenhuiskrans Formation aeolianites. These deposits

overlie the Blomerus Fault in the Bantamsklip area, and the Brandfontein and Struisbaai

faults in the Agulhas area. The aeolianites are shown to outcrop proximally to the coast

line, and are commonly overlain by active Holocene dunes. The outcrop pattern is areally

extensive low-lying hill and mound-shaped outcrops (refer to section 4.2.1).
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The cross-bedding in the Waenhuiskrans Formation aeolianites is consistent in all the

mapped areas, with dip direction towards the SW on average. The presence of the underlying

Brandfontein and the Struisbaai faults in the Agulhas area does not appear to affect the cross-

bedding orientation in the overlying aeolianites (Fig. 4.14).

The geological cross section for the Agulhas study area (Fig. 4.15) illustrates the Waen-

huiskrans Formation overlying the inferred traces of the Struisbaai and Brandfontein faults.

The orientation of the faults is provided by similar faults surveyed offshore in the Bredasdorp

Basin (Paton, 2006). The faults dip towards the south with ∼60 ◦ dip angles.

The Waenhuiskrans Formation is typically semi-consolidated in the Bantamsklip area,

with more consolidated outcrops located in the Agulhas and Waenhuiskrans areas. How-

ever, in all the study areas, abundant mechanical and chemical weathering and erosion of

the Waenhuiskrans Formation aeolianites have resulted in overlying unconsolidated surficial

deposits.

Enon Formation ferrigenous conglomerates and silcretes (silicified conglomerate) (Fig. 4.23A)

known to date to the Late Jurassic - Early Cretaceous Gondwana break-up (Dingle, 1973)

are observed in the northern parts of the Agulhas field area, NE of the Brandfontein Fault

(Fig. 4.14).

The Enon Formation units crop out to the south of the inferred trace of the Brandfontein

Fault with an outcrop trend approximately E-W, parallel to the Brandfontein Fault. The

geological cross section of the Agulhas study area (Fig. 4.15) includes the inferred position

of the Enon Formation relative to the Brandfontein and Struisbaai faults in basins formed

from half-graben development. The down-thrown hangingwall of the faults is thus suggested

to be on the southern side of the faults.
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Figure 4.10: Geological map of Heidehof Farm study area. Area originally mapped by Andreoli et al. (1988), with additions from

remote sensing and field observations. The inferred trace of the Blomerus Fault is seen to traverse the mapped area. Strike/dip symbols

represent cross-bedding orientations. The cross section A - A’ trace is indicated on the map.
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Figure 4.11: Geological map of Groot Hagelkraal Farm study area. Area originally mapped by Andreoli et al. (1988), with additions

from remote sensing and field observations. The inferred trace of the Blomerus Fault is seen to traverse the mapped area. Strike/dip

symbols represent cross-bedding orientations. The cross section B - B’ trace is indicated on the map.
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Figure 4.16: Geological map of the Waenhuiskrans study area. Area originally mapped by Andreoli et al. (1988), with additions from

field observations. This is the type locality of the Waenhuiskrans Formation, as described by Malan (1989a). Strike/dip symbols represent

cross-bedding orientations.
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4.2.3 Joints and Faults

The most abundant brittle deformation features found within the Southern Cape region, in

both the Late Pliocene to Lower Pleistocene Wankoe Formation, and the Upper Pleistocene

Waenhuiskrans Formation aeolianites, are pervasive joints. Faults on the other hand are

relatively rare in comparison. The characteristics and orientation trends of both these defor-

mation features will be outlined through the following sections.

Joint Characteristics

Joints are approximately planar discontinuities which cut through intact aeolianite units, with

no appreciable shear displacement across or along the fracture plane (refer to section 2.1).

The joints dip steeply at angles ranging from 60 ◦ to 90 ◦, with an average dip angle of ∼75 ◦

(Fig. 4.19). The joints in the aeolianites are predominantly metre long features. However,

in specific locations throughout the Southern Cape, joints have variable lengths from several

centimetres (Fig. 4.17B), to tens of metres (Fig. 4.23D).

The joints are open fractures or in-filled with secondary calcite precipitate. The joints

fracture through bedded aeolianites, and can become obliterated by karstification of the upper

sections of aeolianite outcrops. The bedding features (cross-bedding and bedding planes) are

predominantly cross cut by the joints. The veins commonly form positive erosive features in

outcrop, while open fractures form negative erosive features.

Joints are parallel to sub-parallel to one another, constituting distinctive joint sets (de-

fined as J0, J , J ′). The aeolianites display either a single joint set or multiple joint sets

(Fig. 4.17). Distinctive joint sets observed at a single aeolianite outcrop do not necessarily

continue without change to adjacent outcrops (some local variation in joint systems). Joint

set nomenclature is therefore outcrop-based and should not be applied to whole areas or

regionally.

The Wankoe Formation aeolianites exhibit two distinct joint sets (J & J ′), although in

places three joint sets are also seen, typically as an orthogonal joint set to the dominant J (at

Heidehof Farm). Similarly, the Waenhuiskrans Formation aeolianites commonly exhibit two

joint sets (J & J ′) and less commonly three joint sets (J0, J & J ′).

A typical example of a two joint set system (J & J ′) in the Wankoe Formation aeolianites
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Figure 4.17: Joint systems observed in the Southern Cape. Vertical cliff exposures exhibiting: A) Intersecting joint sets (J , and J ′)

within Wankoe Formation aeolianite. B) Intersecting joints (J , and J ′) in Wankoe Formation aeolianites. Horizontal surface exposures

exhibiting: C) Three sets of steeply dipping joint veins, J0, J , and J ′ cross-cut Waenhuiskrans Formation aeolianite. J0 is cross-cut by

coeval J , and J ′. D) A similar joint pattern as seen in (C), at a proximal outcrop. (A), (B), (C) and (D) show J as the dominant joint set,

with J ′ terminating and abutting up against J . See text for more details. Geological compass and hand lens for scale.
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(Fig. 4.17A & B), involve two joint sets mutually cross cutting or abutting against each other.

In most examples, J is typically the dominant joint set with J ′ abutting up against J (also

seen in the Waenhuiskrans Formation). An example of a three joint set system (J0, J , and J ′)

in the Waenhuiskrans Formation aeolianites (Fig. 4.17C & D), involve joints cross-cutting

each other (J0 is cross-cut by J & J ′) and abuttment (J and J ′ only, with J ′ commonly

terminating at the point of intersection with J).

The ‘joint sets’ which mutually cross-cut and intersect to form low acute angles (∼30 ◦ or

less), such as those seen in Fig. 4.18 B (Waenhiskrans Formation) and Fig. 4.18C (Wankoe

Formation), can be considered possible hybrid fractures (refer to section 2.1). The fractures

firstly appear coeval, with neither of the fractures offsetting the other, and the cross-bedding

has no visible offset across the fractures. Typically the possible hybrid fractures possess an

acute intersection angle with an orientated sub-vertical bisector, and a sub-horizontal obtuse

bisector.

The joints within the Wankoe Formation, in the Heidehof and Groot Hagelkraal areas,

are predominantly within the tilted aeolianites or towards the SW of the inferred Blomerus

Fault, with significantly less in adjacent untilted aeolianite units. In the North Gansbaai

area, Wankoe Formation aeolianites exhibit lower abundance of joints but a similar level of

systematic joint expression relative to the Heidehof and Groot Hagelkraal areas. The joints

in the Waenhuiskrans Formation are most abundant in the aeolianites in the Bantamsklip area

with slightly less in the Agulhas area. Relative to the Bantamsklip and Agulhas areas, the

Waenhuiskrans area possesses the least amount of joints. All the Waenhuiskrans Formation

aeolianites exhibit similar systematic joint patterns.

Fault Characteristics

Faults within the Wanhuiskrans Formation and Wankoe Formation aeolianites are less abun-

dant than joints. The lengths of the faults are typically on the metre-scale to tens of metres-

scale range depending on the location and fault pattern (e.g. conjugate faults are shorter (in

terms of lengths) than single normal faults on average). The faults all cross-cut the sedi-

mentary structures and cross-bedding features of the respective aeolianite units (Fig. 4.18A,

Fig. 4.23C, Fig. 4.24C).
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Figure 4.18: A) Conjugate normal faults intersect to form a sub-vertical to vertical orientated acute angle bisector, with a sub-horizontal

obtuse angle bisector orientated NE-SW. Normal faults cross-cut and offset the cross-bedding of Wankoe Formation aeolianite. B) Possible

conjugate hybrid fractures in Waenhuiskrans Formation aeolianite with no significant shear off-set across the fracture planes. C) Another

example of possible hybrid fractures in Wankoe Formation aeolianite, with no significant shear off-set across the fracture planes, similar

to (B). In both (B) and (C) possible conjugate hybrid fractures intersect to form a small acute angle (2θ<30 ◦), and exhibit similar acute

and obtuse bisector orientations as (A). D) Multiple parallel normal faults off-setting significantly oversteepened cross-bedding, outcrop

located on the inferred trace of the Blomerus Fault, on the Heidehof farm. E) Stereonet showing orientations and fault slip directions of

the normal faults from the outcrop in (D). All photographs are taken of vertical cliff faces, geological compass, and hand lens for scale.
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Conjugate normal faults are observed in the Wankoe Formation in the Groot Hagelkraal

and Heidehof areas (Fig. 4.18A). The shear displacement along the normal faults is typically

minor, on the centimetre-scale. The line of intersection between the conjugate faults has a

trend direction approximately NW, with a shallow dip of approximately 10 ◦- 15 ◦ on average.

The conjugate normal faults in both the Heidehof and Groot Hagelkraal areas are commonly

located near to heavily jointed aeolianite.

Normal faults are also observed in the Wankoe Formation within brittle folds (kink folds)

and significantly oversteepened cross-bedded aeolianite units (Fig. 4.18D). The faults which

have typical lengths on the metre-scale, possess shear displacement towards the NE, be-

tween 5 - 10 centimetres on average. An isolated normal fault is observed in the Waen-

huiskrans Formation aeolianites on the inferred trace of the Struisbaai Fault in the Agulhas

area (Fig. 4.23C). This normal fault possesses a length of several metres, with shear displace-

ment on the centimetre-scale towards the north.

Reverse faults are found within brittlely folded Wankoe Formation aeolianites in the Hei-

dehof area (Fig. 4.24C). The shear displacement is towards the NE on average, and involves

cross-bedding offsets on the centimetre-scale. The reverse faults only appear in aeolianites

which are significantly over-steepened and folded.

Orientation of Joints and Faults in the Aeolianites

The measured orientations of joints and faults within the Waenhuiskrans or Wankoe For-

mation can be compiled graphically. The orientations of all the joints are displayed on the

stereonet in Fig. 4.19, and the joint strike trends are shown in the strike azimuth frequency

plots (positioned spatially) on Fig. 4.20. The different study areas each exhibit preferential

trends in the orientation (strike and dip) of the joint planes, where the orientation trends relate

to specific joint sets in the field (the highest frequency of joint strikes on the strike azimuth

plots equates to the dominant joint set). These trends will be outlined in the following:

The Agulhas, Bantamsklip, Groot Hagelkraal, and Heidehof Farm joint distributions all

display discrete joint set orientations (Fig. 4.19 & Fig. 4.20):

• The Groot Hagelkraal and Heidehof Farms study areas both have joint sets intersecting at

∼ 30◦ (Fig. 4.17A & B), with the Heidehof Farm joints exhibiting an additional third set
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Figure 4.19: Poles to planes stereonet plot of all measured joints and conjugate fractures (faults and hybrid fractures). Displayed data

is collected from all study areas, with study area designated by colour, and rock formation by symbol. The plot is Kamb contoured, with

2σ intervals, at a significance level of 3σ.

orthogonal to the dominant joint set. The Groot Hagelkraal and Heidehof areas’ dominant

joint set dips towards the NE, with the less dominant joint set towards the SW. The orthogonal

joint set in the Heidehof area dips towards the NW and SE equally.

• Joint sets in the Bantamsklip area (the sets J and J ′ as seen in Fig. 4.17C & D, J0 assumed

to not be the most recent deformation features, thus ignored for this study), intersect at∼ 70 ◦

with the dominant joint set striking E-W. The dominant joint set dips towards the S-SSW,

with the less dominant joint set towards the SW.

• The Agulhas area has two distinctive joint sets, orientated ∼ 45 ◦ apart, with the acute

bisector orientated WNW-ESE. The dominant joint set dips towards the NE, with the less

dominant dipping towards the SW.
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Figure 4.20: Joint strike azimuth frequency plots for locations of Wankoe and Waenhuiskrans Formation outcrops throughout the

Southern Cape. The strike azimuth frequency plots display at least two sets of joints for all locations. The trend of joint set orientations

typically range between E-W to N-S with the dominant direction approximately NW-SE. The frequency of joint plane strike varies in

a clockwise manner through space from an E-W to NW-SE to N-S azimuth from Cape Agulhas/Waenhuiskrans to Bantamsklip, Groot

Hagelkraal Farm, Heidehof Farm, and eventually North Gansbaai. The azimuth frequency plots are superimposed on a hill-shade DEM of

the Southern Cape, illustrating the topographical features in relation to the study areas.

The North Gansbaai, and Waenhuiskrans areas both have trends in joint set orientations

(Fig. 4.19) (Fig. 4.20), but due to the small sample sizes, joint sets can only be inferred

approximately from the stereonet and strike azimuth frequency plots:

• North Gansbaai area plot displays a NNE-SSW dominant joint set, with a subordinate

joint set approximately NW-SE. The dominant joint set dips towards the ESE, with the less

dominant joint set towards the NNE-NE.

• The Waenhuiskrans area has a dominant joint set WNW-ESE and another minor set orien-

tated NW-SE. The dominant joint set dips towards the SSW, with the less dominant joint set

towards the SW.

The mean strike orientation of joints within the Southern Cape can be summarised as

the following: Both the Waenhuiskrans and Agulhas plots exhibit predominant joint strikes

WNW-ESE to NW-SE, Bantamsklip has a preferred joint strike approximately E-W, the

Groot Hagelkraal and Heidehof Farm area joints strike approximately NW-SE to NNW-

SSE, North Gansbaai has a N-S to NNE-SSW preferred joint strike. Therefore the dominant
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strike trend from the azimuth frequency plots for all the study areas in the Southern Cape is

approximately NW-SE.

The measured fault planes, from all study areas within the Southern Cape, on average

share a similar orientation to the measured joints. The faults have an overall strike trend

NW-SE. The significant difference in orientation between the joints and faults however, is

the steepness of the dip angle. The normal faults are typically less steeply dipping than the

joints on average, with the faults possessing dip angles of ∼60◦ (e.g. Fig. 4.18E) and the

reverse faults having dip angles of ∼65◦-70◦ (Fig. 4.24C).

4.2.4 Aeolianite Cross-Bedding Orientations

Two particular study areas, the Heidehof and Groot Hagelkraal Farm areas, exhibit different

orientations of cross-bedding within the aeolianite units. In both, the Wankoe Formation

aeolianites display significant change in both dip direction and dip angle of the cross-bedding

across the inferred surface trace of the Blomerus Fault; which constitutes a NW-SE axis

across both study locations (Fig. 4.21 & Fig. 4.22).

As seen on Fig. 4.21, the Heidehof Farm displays a variation in cross-bedding dip direc-

tion and angle with location. The aeolianites on the SW-side of the Blomerus Fault possess

a relatively steep dip between 42◦ to 82◦ SW (Fig. 4.21A). The cross-bedding within the

aeolianite units directly on the inferred trace of the Blomerus Fault has an increased dip

angle between 67◦ - 88◦ towards the SW-W (Fig. 4.21B). The aeolianites on the NE-side

of the Blomerus Fault display a relatively shallow dip angle between 3◦ - 11◦ towards the

NE (Fig. 4.21C). The respective strike and dip of the cross-bedding is represented on the

stereonet plots in Fig. 4.21.

The Groot Hagelkraal Farm exhibits a similar variation in cross-bedding dip direction

and angle to the Heidehof Farm area (Fig. 4.22). The SW-side of the inferred surface trace

of the Blomerus Fault consists of aeolianite units dipping between 34◦ - 57◦ towards the

SW (Fig. 4.22A). The aeolianite units on the NE-side of the inferred surface trace of the

Blomerus Fault display cross-bedded units dipping relatively shallowly at 11◦ - 28◦ towards

the E on average (Fig. 4.22B). This variation in cross-bedding orientation can be viewed on

the stereonet plots in Fig. 4.22.
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Both the study locations (Heidehof Farm and Groot Hagelkraal Farm), have abrupt changes

in cross-bedding dip direction and dip angle across the inferred surface trace of the Blomerus

Fault. The aeolianites found on the SW-side of the Blomerus Fault have dip angles typically

in excess of the angle of repose for unconsolidated sediments (37◦), and up to sub-vertical

in locations (significantly over-steepened), towards the SW-W. In contrast, the aeolianites

found on the NE-side of the Blomerus Fault typically have cross-bedding dip angles less

than the angle of repose for unconsolidated sediments, and dip towards the E on average.

Figure 4.23: Geological features associated with the Cape Agulhas area. A) Enon Formation (ferrigenous sediments and silicified

conglomerates) found in association with the inferred Brandfontein Fault exposed at surface. B) Typically shallow dipping cross-bedding

of the Waenhuiskrans aeolianites located in the Agulhas area (refer to stereonet). No cross-bedding over the angle of repose (∼ 37 ◦)

is observed throughout the Cape Agulhas aeolianites. C) Minor deformation features are observed, with joints, conjugate hybrid joints

(Fig. 4.18B) and metre-scale normal faults observed proximal to the inferred trace of the Struisbaai Fault. The aeolianites are generally

undeformed, and found to be in the same state as at time of consolidation, except for natural weathering and erosion effects.
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The change in cross-bedding dip angle and direction across the NW-SE axis of the in-

ferred surface trace of the Blomerus Fault is observed to be a laterally extensive trend both

to the NW of the Heidehof Farm area, and to the SE of the Groot Hagelkraal Farm area.

As such, this cross-bedding orientation trend is considered to be a significant feature on the

hundred metres to kilometres-scale across the western part of the Southern Cape.

The large-scale and significant variability in orientation of the cross-bedding is only ob-

served in the Wankoe Formation, and exclusively in close proximity to the inferred surface

trace of the Blomerus Fault. This is in contrast to the lack of significant changes in cross-

bedding orientation observed in the Waenhuiskrans Formation (other than ‘natural’ minor

variation in cross-bedding), for example as seen in the Agulhas study location (Fig. 4.23B).

Consequently, a relatively consistent cross-bedding dip angle and dip direction towards the

SW is seen in the Waenhuiskrans Formation throughout the Southern Cape.

4.2.5 Brittle Folds and Kink Folds

The folds as seen in the Wankoe Formation aeolianites, in the Heidehof and Groot Hagelkraal

Farm areas, most commonly involve two distinct types:

Kink folds are relatively small-scale features, involving tens of centimetres to half a metre

fold widths (Fig. 4.24A & B). The observed kink folds involve localised angular folding

across a single hinge (kink plane) or two hinges (kink band) (e.g. Fig. 4.24A) (as discussed

by Ramsay, 1967). The deflection of the cross-beds typically forms kink bands with reverse

shear-sense displacement along the kink planes (Fig. 4.24A & C). This sense of deflection

of the cross-beds within the kink folds (kink bands) is consistent throughout the study areas.

However, normal shear-sense kink bands are also observed in a localised area of the Heidehof

Farm (Fig. 4.24B).

The brittle folds are typically metre-scale features, and involve the angular folding of

cross-bedded aeolianite through multiple hinges (zone of kink folds and fractures) (Fig. 4.24D).

The brittle fold are consistently heavily fractured, almost brecciated in places. Monocline-

type brittle folds, as seen in Fig. 4.24C (the larger structure), exhibit southward dipping

(oversteepened) cross-beds of aeolianite deflected to a sub-horizontal orientation. The de-

flected cross-bedding is cross-cut by faults through the hinge. Throughout the Heidehof and
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Groot Hagelkraal Farm study areas, only a few examples of brittle folds are observed.

The cross-bedded aeolianite units typically host the brittle folds and kink folds, with

no brittle folds observed within the massive or karstified aeolianite units. Furthermore, the

brittle folds and kink folds are typically concentrated in the aeolianites exhibiting steeply

dipping cross-beds. For example, Fig. 4.24A shows a kink band in comparatively shallow

dipping cross-beds, whilst the kink folds shown in Fig. 4.24B are within very steep to sub-

vertical dipping aeolianite cross-beds.

Figure 4.24: Brittle folds and kink folds in Wankoe Formation aeolianite. A) Relatively steep dipping cross-bedding fractured and

kink folded, with fracture along the planes of maximum flexure (kink planes). B) Kink band in significantly oversteepened cross-bedding,

with significant deformation within the ‘hinge-zone’. C) Steeply dipping cross-bedding brittlely folded to a relatively horizontal plane,

with multiple reverse faults cross-cutting the cross-bedding across the hinge. Some small-scale kink folds are observed within the structure.

D) Brittle fold with multiple fractures (almost brecciated) through the hinge. Brittle folds and kink folds appear to involve consolidated

cross-bedded aeolianite only. All pictures taken of vertical cliff exposures, with geological compass/hand lens for scale.
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The orientation of the brittle folds, kink folds, and kink bands within the aeolianites

on the Groot Hagelkraal Farm and Heidehof Farm areas has two main trends in fold axes.

The fold hinges typically plunge relatively shallowly towards either the SE or NW, the fold

hinges being approximately parallel to the strike of the host cross-bedding. The other less

frequent plunge direction is towards the SW (illustrated in Fig. 4.24A), with the plunge angle

typically steeper than the NW to SE plunging folds (illustrated Fig. 4.24B and C).

The spatial distribution of the brittle folds and kink folds is also commonly adjacent or

proximal to the brecciated aeolianite units. In places, a gradual change from brittlely folded

cross-beds to cataclastically deformed (brecciated or gouged) aeolianite is seen.

Although relatively sparsely observed, brittle folds and kink folds are recognised in two

study areas only, the Heidehof Farm and the Groot Hagelkraal Farm. The deformation is

therefore concentrated to the Wankoe Formation, with no brittle folds or kink folds observed

in the Waenhuiskrans Formation aeolianites. The brittle folds and kink bands are also located

only in the aeolianite units to the SW of the inferred Blomerus Fault axis striking NW-SE

through these two study locations (as seen previously in Fig. 4.21 & Fig. 4.22).

4.2.6 Cataclasites

Cataclastic rocks (cataclasites), as described by Davis and Reynolds (1996), are characterised

by pervasive fractures and exhibit typically sharp, angular grains and fragments, which have

formed as a result of cataclasis. Cataclasites can be sub-divided into two categories: Gouge

which exhibits <30% of the the whole rock unit as angular fragments, and breccias which

exhibit >30% of the whole rock unit as angular fragments (Sibson, 1977).

Breccias and gouge units are only observed cross-cutting Wankoe Formation aeolianites

on the Heidehof and Groot Hagelkraal Farm study areas. Furthermore, the spatial distribution

of the cataclasites is typically localised in the aeolianites proximal to the inferred surface

trace of the Blomerus Fault (Fig. 4.25). The breccias are not limited to the SW-side of the

NW-SE Blomerus Fault trace, and also occur on the NE-side. However, the majority of

breccia and gouge outcrops are on the SW-side of the Blomerus Fault and within the steeply

dipping aeolianites (refer to section 4.2.4).

The characteristics of the brecciated aeolianites vary throughout the two study areas:
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Figure 4.25: Locations and breccia types observed throughout the Heidehof and Groot Hagelkraal farm areas. A) Blocks of cross-

bedded Wankoe Formation, off-set and rotated relative to surrounding unbrecciated aeolianite, cemented by finer gouge and massive

calc-arenitic sands. B) Gouge involving angular to sub-rounded fragments of aeolianite, with the majority of the cross-bedding features

obliterated. Cohesion of the gouge is low on average, and erodes preferentially. C) Angular fragments of fragmented aeolianite cemented

together with calcite veins, in a typical breccia. Locations of the breccias and gouge units relative to the inferred trace of the Blomerus

Fault are indicated on maps. The breccias are in close proximity to the fault trace. Photographs all taken of vertical cliff exposures.
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Most commonly, the breccias comprise rotated and off-set coarse fragments of cross bed-

ded aeolianite set in a finer-grained calc-arenite matrix (Fig. 4.25A). The angular fragments

constitute >50% of the whole brecciated aeolianite unit. The angular fragments are typically

heavily fractured, with the cross-bedding within the blocks exhibiting significant deflection

and off-set from the surrounding unbrecciated aeolianite cross-beds. The matrix is typically

semi-consolidated sediment grains, being comprised of sand-sized particles derived from the

aeolianites. The matrix lacks significant internal cohesion and consolidation, and is prefer-

entially eroded relative to the angular cross-bedded aeolianite fragments.

Less commonly, the brecciated units are characterised by coarse angular and heavily

fractured fragments of aeolianite set in a much finer calcite matrix (Fig. 4.25 C). The angular

fragments comprise of massive or cross-bedded aeolianite, with minor rotation or off-set of

the angular fragments to the surrounding unbrecciated aeolianites. The fragments generally

constitute >60% of the whole breccia units. The matrix is a fine-grained secondary calcite

in-fill, precipitated into the interstitial fractures between the angular fragments. The matrix

typically erodes preferentially, although in places the angular fragments (depending on the

level of consolidation of the fragments) will erode preferentially. However, the whole brec-

ciated unit has a low cohesion on average, and will erode preferentially compared to the

surrounding unbrecciated aeolianite.

The aeolianite gouge units (Fig. 4.25B) predominantly crop out at specific localities on

the Heidehof Farm, with only minor gouge units seen on the Groot Hagelkraal Farm (usually

in association with breccia units). The gouge consists of relatively fine-grained (typically

on the millimetre to centimetre-scales) angular to sub-rounded fragments. The fragments

constitute the entire gouge unit with no differentiable matrix component. All sedimentary

structures within the aeolianite units are obliterated, with the gouge exhibiting significant

pulverisation. The gouge units possess low cohesion and consolidation, and are preferen-

tially eroded compared to the surrounding ungouged/unbrecciated aeolianites.

The breccias and gouge units crop out of the aeolianites, and are not observed to be

surface features on the inclined slope of the aeolianite hills. The cataclasites in places are

eroded down on the slopes, and form debris flow deposits. The breccias and gouge units

continue into the aeolianites to some depth (observation is made with the aid of an excavation

trench on the Heidehof Farm).
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The orientation of the different cataclasite units is inferred from the outcrop pattern along

the E to SE facing slopes of the aeolianite hills, throughout both the Heidehof and Groot

Hagelkraal Farm study areas. The breccias and gouge units outcrop in an approximately

NW-SE direction on average, roughly parallel to the inferred surface trace of the Blomerus

Fault (Fig. 4.25).

4.2.7 Soft-sediment Deformation

Soft-sediment deformation (SSD) features are localised to the Heidehof Farm study area and

only observed in the Wankoe Formation aeolianites. The SSD features on the Heidehof Farm

area are in close proximity to the inferred surface trace of the Blomerus Fault (Fig. 4.26E).

The features are only observed in the relatively steeply dipping aeolianites on the SW-side

of the NW-SE trace of the Blomerus Fault.

The SSD features, although relatively similar, do have some variation in the style of de-

formation. As shown in Fig. 4.26A, the downward deflection and rotation of cross-beds form

two ‘bowl-shaped’ features. The deformed cross-bedding is incorporated within the SSD fea-

tures as internal layering, which is subsequently ductily deformed and fractured within the

different ‘bowls’. The ‘bowls’ have a massive inter-bed laterally separating the two features,

which the ‘bowl-shaped’ features cross-cut and pinch-off. The cross-beds below the features

exhibit some structural disruption, whilst the cross-beds above these features are relatively

undeformed.

The SSD feature as seen in Fig. 4.26B involves cross-bedding that has been deflected

and rotated downwards by a centre ’plug-shaped’ feature. The ‘plug’ does cross-cut some

of the surrounding cross-bedding, although predominantly the cross-bedding is displaced

downwards in a ductile manner. The feature possesses some cryptic internal layering, but is

relatively massive compared to the surrounding cross-bedding. The ‘plug’ is cross-cut and

laterally pinched-out by the above undeformed cross-bedded aeolianite.

Figure 4.26C shows a significantly more weathered example of the SSD features. The

deformation feature can also be described as an elongate ‘plug-shaped’ or ‘wedge-shaped’

feature, which deflects, and downwardly displaces the surrounding cross-bedding. The cross-

bedding is nearly obliterated within the structure, with a relatively massive appearance.
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Figure 4.26: Soft-sediment deformation features observed in the Heidehof farm area. Cross-beds are deformed in a ductile manner,

around central ‘plug’/‘wedge’/‘bowl-shaped’ features. The cross-beds are deflected/rotated downwards to form a ‘plug’/‘wedge-shape’

(B) and (D), or are cross cut by the ‘plug’ body (C). There is remnant cross-bedding features within the ‘bowl-shaped’ bodies, generally

off-set and exhibiting ductile deformation (A) and general loss of cohesion. The cross-bedding appears to continue undeformed above the

‘plug’ features. E) The locations of the soft-sediment deformation features relative to the Blomerus Fault (inferred trace).
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Figure 4.26D also shows a multiple ‘plug-shaped’ SSD feature similar to Fig. 4.26A.

The surrounding cross-bedding is also deflected downwards in a ductile manner around the

‘plugs’. The feature is predominantly massive internally, with only minor remnant bedding

present. The feature is also cross-cut by the above typically undeformed cross-bedded aeo-

lianites, but some downward collapse of the above cross-bedding can be seen into the SSD

feature.

The SSD features typically possess a heterogeneous internal structure; the remnant cross-

bedding (or layering) visible within the ‘plugs’ or ‘bowls’ can be traced to the surrounding

undeformed cross-beds. The features usually involve ductile deformation features (folding of

the sedimentary structures), with no brittle deformation structures visible. The SSD features

are found to be typically small-scale, with most of the features possessing widths/lengths on

the tens of centimetre to metre-scales.

The orientation of the SSD features are in the same orientation as the surrounding in-

clined cross-bedding beds of the aeolianites. The ‘bowls’ feature in Fig. 4.26A shows this

most clearly, with the ’bowls’ parallel to the SW dipping cross-bedding below and above the

feature. The outcrop distribution of the features is in an approximately NW-SE trend across

the Heidehof Farm.
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Chapter 5

Discussion

5.1 Petrology

The Late Pliocene - Lower Pleistocene Wankoe Formation and the Upper Pleistocene Waen-

huiskrans Formation aeolianites require discussion in terms of aeolian dune deposition, ac-

cumulation, and past consolidation processes, to explain the present outcrop pattern and the

internal sedimentary structures. The cross-bedding orientation trends within the Wankoe

Formation aeolianites on the Heidehof and Groot Hagelkraal farms, need to be resolved in

terms of the expected characteristics of aeolian dunes, and what mechanisms would account

for the oversteepened cross-bedding orientations. The outcrops of Enon Formation within

the Agulhas area also need to be explained and related to recognised underlying fault struc-

tures, thus helping to constrain the structural history of the Southern Cape.

5.1.1 The Aeolianites

Both the Wankoe and Waenhuiskrans Formation aeolianites formed from the accumulation

of aeolian dunes (Malan, 1989b, 1990). Characteristics of aeolian dune formation and in-

ternal structure are therefore important to understand when considering observed internal

deformation features.

The aeolianites in the Heidehof and Groot Hagelkraal Farm areas both have two preferred

cross-bedding dip directions (Fig. 4.4), with the predominant cross-bedding dip direction

towards NE-E. Aeolian dunes which form in areas with two seasonal wind directions will
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typically exhibit an internal structure which reflects this variability (McKee, 1979) (Fig. 5.1).

This is because of alternating accumulation of lee slope and windward slope deposits with

subsequent season (Leeder, 2011). The Southern Cape during the Quaternary is known to

have seasonal variability in wind direction (Bateman et al., 2004).

Figure 5.1: The internal structure of aeolian dunes found in regions of seasonal wind variability. The dominant/primary wind direction

(shown towards the NE) results in a preferred cross-bedding direction reflecting the primary lee slope, whilst the less dominant/secondary

wind direction (shown towards the SW) will result in cross-bedding in the opposite direction (dune migration therefore varies seasonally).

The alternation of cross-bedding orientation is preserved as cross-cutting cross-bedded units. Figure adapted from McKee (1979)

As the aeolianites exhibit cross-bedding consistent with the expected aeolian dunes, the

aeolianites which outcrop on the SW-side of the inferred Blomerus Fault (cross-bedding dips

92



Univ
ers

ity
 of

 C
ap

e T
ow

n

towards the W on average), and the ridges on the NE-side (cross-bedding dips towards the

E on average) would have originally been a single continuous dune body. Hence, the large-

scale cross-bedding on either side of the dune body will be near the angle of repose (or less)

for unconsolidated aeolian sand (<37 ◦) (Allen, 1970).

The Wankoe Formation aeolianites before consolidation were reversing-type dunes, with

a typical transverse ridge-type form (after descriptions provided by McKee, 1979). These

dunes formed extensive backshore dune fields, which covered much of the Southern Cape

coastal plain during the Late Tertiary (Malan, 1989b). The aeolianite outcrops in the North

Gansbaai, Heidehof, Groot Hagelkraal, and to the North of Bantamsklip may have been a

semi-continuous dune field before and at the time of consolidation.

The Waenhuiskrans Formation aeolianites in the Bantamsklip, Agulhas, and Waenhuiskrans

areas possess a predominant cross-bedding dip direction SW, which indicates a dominant

westerly wind direction during the Upper Pleistocene; this palaeowind direction is also sug-

gested by Bateman et al. (2004). The dunes accumulated in headland by-pass dune fields, and

were relatively extensive during the Upper Pleistocene sea regression (Marker and Holmes,

2005).

5.1.2 Tilted Cross-Bedding

Unconsolidated aeolian dunes at the time of formation, require the lee slopes (sand avalanche

slopes) to possess dip angles commonly between 30 ◦ - 34 ◦ (McKee, 1979), and with a

maximum of 37 ◦ (Allen, 1970). Shallower dipping cross-beds are also typical (<30 ◦),

with bounding surfaces between beds of cross-bedding commonly dipping between 20 ◦-26 ◦

(Fig. 5.1).

In places the aeolianites at the Heidehof and Groot Hagelkraal farms however exhibit

cross-bedding dips angles >37 ◦ (Fig. 4.21 & Fig. 4.22). The aeolian sediments could not

have achieved these dip angles whilst unconsolidated, therefore these aeolianites must have

been tilted once the aeolianites were at least semi-consolidated to achieve cross-beds with

dip angles >37 ◦.

The similarity in the tilted cross-beds found on both the Heidehof and Groot Hagelkraal

farms indicate a widespread tilting event post-consolidation (Fig. 4.12). The tilted beds are
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only found to outcrop on the SW-side of the inferred Blomerus Fault (see section 4.2.4 and

geology maps Fig. 4.10 & Fig. 4.11).

The cross-beds have been tilted between 20 ◦ and ∼50 ◦ (Fig. 4.21 & Fig. 4.22), with

aeolianite units on the ten - hundred metres-scale dimensions exhibiting tilting. The process

which caused the large-scale tilting of the cross-beds needs to have occurred once the aeo-

lianites were consolidated to semi-consolidated, and would have needed to simultaneously

created space into which the units of cross-bedding could rotate/tilt into.

Figure 5.2 illustrates a simplified 2D representation of the cross-bedding rotation problem

as observed in the field. The pre-tilted aeolianite (Fig. 5.2A) possess cross-beds which dip

towards the SW at angles at or below the angle of repose. For this example the aeolianite

has been limited to a 10 metre long horizontal unit, with an overall orientation expected at

time of deposition and consolidation. The unit is than tilted to 20 ◦ (Fig. 5.2B), the cross-

bedding now possess steeper than 37 ◦ dip angles, which is contrasted against actual cross

bed orientations taken from Groot Hagelkraal Farm (on stereonet). A continued tilting to

40 ◦ (Fig. 5.2C) shows a now significantly over-steepened unit of cross-bedded aeolianite,

which is similar to what is observed in the Heidehof Farm area (on stereonet).

The downward space required to rotate a 10 m long unit of aeolianite 20 ◦ and 40 ◦

(Fig. 5.2) can be determined by applying the trigonometrical relationship:

tan θ =
(NE − SW length)

(vertical height)
(5.1)

A 20 ◦ rotation of a 10 m long block would require a vertical space below the block of

approximately 3.6 m, whilst a 40 ◦ rotation would require a space of approximately 8.4 m.

Therefore a subsidence of between ∼3.5 m and ∼8.4 m or more is required to achieve

the cross-bedding orientations as measured in some locations in the Heidehof and Groot

Hagelkraal Farm areas.

The rotation of the aeolianites (as seen in the field) is however a larger-scale situation

than the example above. Scaling these calculations up to accommodate the 20 ◦ rotation

of the ∼200 m NE-SW length sections of tilted aeolianite (eg. Fig. 4.11), would require a

subsidence of ∼73 m. This is an unrealistic amount of space required beneath the aeolianite

units to accommodate the tilting.

The other possible means of achieving the observed tilting of the aeolianites, is through
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multiple smaller-scale block segments rotating independently (more similar to the example

used in Fig. 5.2). This method appears to fit the field observations, such as the tilted aeolian-

ites at the NW-corner of the Heidehof Farm exhibit, over a 200 m NE-SW distance, a pro-

gressively decreasing tilt angle towards the SW. This implies that discrete sections (blocks)

of the aeolianite tilted differently with respects to one another. Similar observations are

found in multiple localities on the Heidehof and Groot Hagelkraal Farms.

Figure 5.2: Schematic 2D diagram of a cross-bedded unit of aeolianite undergoing different degrees of tilting. The dip angle of the

cross-bedding can be observed to steepens progressively with tilting. See text for details.
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5.1.3 Enon Formation

The Late Jurrasic - Early Cretaceous Enon Formation, as described by Dingle (1973); Viljoen

(1992); Domoney (2009), is a alluvial fan and scree conglomerate deposit, and can also be

observed as silcretes in the Southern Cape (Andreoli, M. pers. comm. 18 Jan 2012). The

Enon Formation was later ferrigenized during the Cretaceous African Surface planation event

(Holmes et al., 2007), which can be seen in the Agulhas area.

The conglomerates are commonly found in normal fault-bound extensional basins, such

as the Heidelberg/Riversdale basin (Viljoen, 1992), and localities along the Worcester and

Kango Faults (Domoney, 2009). These basins formed as a result of the breakup of Gondwana

(the separation of Africa and South America) and the formation of the AFFZ, which resulted

in large-scale normal fault-related half-graben development (Hälbich et al., 1993)(refer to

section 3.3.3).

The outcrops of Enon Formation within the Agulhas study area (Fig. 4.14, Fig. 4.23),

could be accounted for by two possible scenarios: 1) The Enon Formation outcrops are in

situ and represent the presence of an underlying normal fault-related half-graben basin, or

that these Enon Formation outcrops have been transported from elsewhere, reworked, and

deposited within the study area. 2) The presence of the inferred Brandfontein Fault (pro-

posed from aeromagnetic survey work by Andersen and Andreoli (1990)) E-W striking sur-

face trace to the north of these Enon Formation outcrops indicate that the Enon Formation

conglomerates are normal fault-related half-graben in-fill deposits. The outcrop pattern fur-

thermore reflects an extensive deposit in a E-W manner across the Agulhas headland, which

would further support the presence of a large-scale normal fault to the north trending in a

similar orientation.

5.2 The Deformation Features

The various deformation features observed in the Wankoe and Waenhuiskrans Formation

represent the progressive deformation history of the aeolianites since consolidation. The aim

of this section is therefore to determine how these features formed, with a particular look at

the stress-state within the aeolianites at the time of rock failure. The outcrop pattern of the
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deformation features, and specific trends in the orientation and spatial distribution will also

be discussed and related to large-scale geological structures where applicable.

5.2.1 Joints, Hybrid Fractures, Faults and Conjugate Faults

The Joints

Systematic joints/joint veins (considered synonymous) and joint sets, all cross-cut sedimen-

tary structures, with some joints cross-cutting other deformation features (kink folds and

breccias). The joints do not cause ductile deformation of the surrounding bedding through

deflection or rotation of the sand grains. The joints are not infilled by unconsolidated sand,

and don’t exhibit ductile collapse of the joint walls. As a result, the joints most likely prop-

agated through already consolidated, or at least partially consolidated aeolianite at the time

of failure. Individual joint sets possibly formed at subsequent times, with some joints (joint

sets) on the Heidehof and Groot Hagelkraal areas appearing to have been rotated with the

cross-bedding, whilst other joints do not.

The penetrative nature of the joints through the aeolianites indicate that the joints are

not an exterior/surface phenomenon affecting the aeolianites, as would be expected with di-

agenetic, thermal, or weathering-type processes (volumetric changes) (Pirrotta and Barbano,

2010). The presence of multiple joints cross-cutting the aeolianite rock units, thus involve

the internal brittle deformation of a significant volume of rock.

Aeolianites which are cross-cut by both a dominant joint set (J) and a less dominant

joint set (J ′) (Fig. 5.3), commonly have deviation/deflection of J ′ around the joints in J , or

otherwise abutting up against J (Fig. 4.17) (refer to section 4.2.3). An explanation for joint

deflection or abutment against the dominant joints is provided by Hancock et al. (1991), who

described the dominant joint as the primary joint that formed first in a previously intact rock

and within a presumably undisturbed stress field. Consequently, later joints formed in a rock

unit which was no longer isotropic and intact, and now possessed an altered internal stress

field (Hancock et al., 1991; Caputo, 2005) (joint deflection is discussed in more detail later).

Mutually cross-cutting joints on the other hand, may also be the result of stress field

variation at time of failure. A stress state change occurs instantaneously as the primary

joint forms, with the secondary joint forming subsequently. The orthogonal joint set in the
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Heidehof Farm area may also have formed because of low differential stress, with principal

stresses (σ2 & σ3) switching orientation during rock failure (refer to section 2.1.3) (Caputo,

2005), this would account for the 90 ◦ change in the joint orientation.

The orientations of the specific joints and the corresponding joint sets (Fig. 5.3) were

described previously in section 4.2.3. The stress conditions at time of deformation can be

inferred, provided that conditions required for Griffith-tensile failure are still assumed (refer

to section 2.1 on Mohr-Griffith-Coulomb theory) (Fig. 2.1). Because the joints are tensile

fractures (Hancock and Engelder, 1989), and assuming the host aeolianites are relatively ho-

mogeneous, isotropic, and intact, this implies the joints formed at or near the tensile strength

of the aeolianites, and propagated normal to σ3 (Secor, 1965; Sibson, 1998).

Assuming the joints are near to the same orientation as at the time of formation, the

joints within the same joint set provide an σ3 trajectory specific to that joint set, this can

then be combined with other joint sets to produce an average σ3 trajectory for an outcrop.

Because the joints are typically steeply inclined to vertical in outcrop (Fig. 4.17), a near to

horizontal σ3 trajectory throughout the majority of jointed aeolianites can be suggested. This

relatively horizontal σ3 orientation supports an Andersonian stress-state for the study area

(after Anderson, 1951).

In Fig. 5.3 the dominant (and assumed primary) joint set, J , indicates a σ3 trajectory

orientated NNE-SSW to E-W on average for the Southern Cape, with the less dominant joint

sets providing σ3 trajectories NE-SW on average. All the joints were previously plotted

on the stereonet (Fig. 4.19), with Kamb contoured poles to the joint planes providing a σ3

trajectory towards the NE-SW on average (local stress fields will be discussed in greater

detail in section 5.6.1).

The differences in orientation and abundance of joints within either the Wankoe or Waen-

huiskrans Formation can be viewed on Fig. 5.3. The joints strike typically more E-W in the

Waenhuiskrans Formation, when compared to the Wankoe Formation. The Wankoe Forma-

tion (Heidehof and Groot Hagelkraal study areas in particular) have minor joint sets which re-

flect the Waenhuiskrans Formation joint strike trends, which implies the Wankoe Formation

underwent the same episode of joint formation as the Waenhuiskrans Formation. Moreover,

the Wankoe Formation is also significantly more jointed than the Waenhuiskrans Formation,

indicating a longer deformation history.
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Figure 5.3: Joint strike trends for the study areas plotted as azimuth frequency plots. Discrete joint sets are indicated as J if the

dominant joint set, and J ′ for the less dominant joint set, with the orthogonal joint set (Heidehof study area) indicated. The joint sets are

simplified schematically as 3D planar representations. The least principal stress (σ3) is assumed to be orientated perpendicular to the joint

planes.
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Faults and Conjugate Faults

The relatively small-scale faults (fault plane lengths on the metre-scale) on the Heidehof,

Groot Hagelkraal, and Cape Agulhas study areas can be sub-divided into three groupings:

normal and reverse fault arrays, isolated normal faults, and conjugate normal faults.

The normal fault array within the steeply tilted aeolinites on the Heidehof Farm (as shown

on Fig. 4.18D), caused brittle deformation (deflection and offset) of the surrounding cross-

bedding (refer to section 4.2.3) during fault displacement. Extension fractures in the cor-

responding footwalls (orientated at ∼30 ◦ off of the normal fault planes) are most probably

a result of shear displacement on the fault, and also cross-cut the cross-bedding. Thus the

faults must have formed post-consolidation of the aeolianites, and most likely during the

tilting of the aeolianites.

The normal faults have a similar orientation and fault offset directions (Fig. 4.18E), with

a preferred fault dip angle of ∼60 ◦. The hangingwall slip vectors are towards the ENE

on average, which indicates the faults accommodated an ENE-WSW extension of the aeo-

lianites. Moreover, the relative abundance of the normal faults within the tilted aeolianites

implies a significant amount of ENE-extension may have occurred syn-tilting of the aeolian-

ites. Therefore the normal faults may have initially been sub-vertical joints which underwent

rotation post-formation (tilted with the cross-bedding) and experienced simultaneous shear

to become normal faults.

The reverse fault array (as seen in Fig. 4.24C) in the tilted aeolianites, exhibit a signifi-

cant difference to the normal faults; the faults are located within a section of oversteepened

aeolianite which has been folded horizontal (the reverse faults are associated with brittle

folds). The faults most likely formed as a consequence of the folding within the tilted aeo-

lianite. This folding would have caused localised shortening within the fold hinges, and as

the aeolianites are rheologically brittle, reverse faults formed to accommodate the resultant

strain (discussed in more detail in section 5.2.2). The hangingwalls of the reverse faults off-

set the cross-bedding towards the NE, with brittle deformation of the sedimentary structures.

The reverse fault arrays within Wankoe Formation aeolianites appear to be rare, as no other

examples are found preserved elsewhere or in the Waenhuiskrans Formation.

The isolated normal fault in the Agulhas area (Fig. 4.23C) has a similar orientation and
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hangingwall slip direction to the Heidehof Farm normal faults. A similar extension of the

aeolianites ∼N-NE must have occurred. The single, longer normal fault in the Agulhas

area, appears to have accommodated the extension of the aeolianites instead of an array

of shorter normal faults (such as seen on the Heidehof Farm). The lack of tilting of the

Waenhuiskrans Formation aeolianites at this locality, additionally indicates a lower level of

overall deformation.

Figure 5.4: Composite interpretive figure derived from the field observations in the Groot Hagelkraal and Agulhas study areas. The

principal stress axes provided, are assumed to possess orientations similar to the stress orientations at the time of fracture propagation. A)

The orientation of the principal stresses in relation to an example of observed conjugate normal faults. A sub-vertical σ1 direction and

sub-horizontal σ3 direction can be derived from the faults. B) The mean line of intersection (taken from the planes of the faults) indicate

a sub-horizontal σ2 trending ∼NW. C) Vertically intersecting joints or possible hybrid fractures (no significant observable shear) in the

Agulhas area, with bisecting acute and obtuse bisectors orientated sub-vertically and sub-horizontally respectively. D) Hybrid fractures

acute/obtuse bisector lines provide the respective σ1/σ3 orientations. On the other hand, vertically intersecting joint sets would possess σ3

directions perpendicular to the joint planes, which consequently provide an average σ3 orientated near horizontal. Refer to text for more

details.

The conjugate normal faults on the Groot Hagelkraal and Heidehof Farms (Fig. 4.18A)

are within aeolianites exhibiting lesser degrees of tilt than the aeolianites hosting the normal

101



Univ
ers

ity
 of

 C
ap

e T
ow

n

and reverse fault arrays. The conjugate normal faults both cross-cut and brittlely off-set the

cross-bedding, which indicates a post-consolidation time of shear fracture formation.

The dihedral angles (acute intersection angle between 45 and ∼50 ◦) as described in

section 4.2.3, would suggest a 2θ angle similar to the expected 2θ > 45 ◦ angle for conjugate

normal faults forming in homogeneous and intact rock (in agreement with the Coulomb-

shear failure criterion) (Sibson, 1998; Ramsey and Chester, 2004) (Fig. 2.1).

Assuming the deformation features have not significantly rotated or been translated since

formation, the acute bisector σ1 is orientated sub-vertically, with the obtuse bisector σ3 ori-

entated sub-horizontally at time of shear failure (Fig. 5.4A). The intersection line of the fault

planes indicate a ∼NW trending σ2 sub-horizontal direction estimate (Fig. 5.4B & refer to

Fig. 2.3). Other examples of conjugate normal fault in the Groot Hagelkraal Farm have

similar orientations, and thus describe similar stress conditions.

The conjugate normal faults indicate a horizontal aeolianite extension NE-SW on aver-

age, throughout the Groot Hagelkraal and Heidehof farms. Considering the abundance of

conjugate normal faulting, this implies that there was significant extension syn-tilting of the

aeolianites. This extension direction is also similar to what is observed from the normal fault

arrays in the steeper tilted aeolianites on the Heidehof Farm. The presence of normal fault

arrays in the steeply tilted aeolianites, and conjugate normal faults in the less steeply tilted

aeolianites, could indicate the degree of aeolianite tilting controls the type of fault and fault

pattern.

The Hybrid Fractures

Steeply dipping fractures, which appear coeval and mutually intersect to form small dihedral

angles (typically <30 ◦), are observed in the aeolianites on the Agulhas, Groot Hagelkraal and

Heidehof farms (Fig. 4.18B & C) (see section 4.2.3). Similarly to other joints, these fractures

cross-cut all sedimentary structures, suggesting the fractures formed post-consolidation.

As the fractures intersect at low angles to one another, as in the case of Fig. 4.18C, the

following three explanations can possibly account for these deformation features: 1) Verti-

cal joints propagating through non-intact rock, experience joint deflection because of stress

variability, and eventually intersected one another. 2) There are low differential stress mag-
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nitudes at time of fracture initiation, where σ1-σ3 is too low for shear fractures to form and

too high for strictly tensile fractures to form. The two fractures therefore represent conjugate

hybrid fractures (with assumed micro-scale shear off-set across the fractures) (after Han-

cock, 1985), refer to section 2.1.2 (Fig. 2.1). 3) An alternative method of steeply dipping

conjugate hybrid fracture formation is considered by Hancock and Engelder (1989); Ramsey

and Chester (2004), as when two proximal sub-vertical joints link together by crack propaga-

tion, typically via minor en échelon joints between the main joints to form conjugate hybrid

fractures.

Assuming these deformation features are at a similar orientation at present as at the time

of formation, the orientation of the conjugate hybrid fractures/intersecting joints indicate ei-

ther a sub-vertical orientation of σ1 (acute bisector), and a sub-horizontal σ3 (obtuse bisector)

at time of fracture initiation, if considered hybrid fractures (Fig. 5.4C); if two intersecting

joints, the σ3 orientations would be sub-horizontally inclined (Fig. 5.4D).

Variability in Brittle Fractures

Variation in deformation styles and orientation of deformation features can be discussed in

terms of the assumptions made about the host rocks, and the prevailing stress-state. Because

joints, faults, and hybrid fractures are interpreted using the Mohr-Griffith Coulomb failure

criteria (Fig. 2.1) (refer to section 2.1.1), three main assumptions are required:

1) That there is compositionally and structurally homogeneous, intact, and isotropic host

rock (Sibson, 1998). 2) Stress is uniform and homogeneous through the host rock (Sibson,

1998). 3) An Andersonian stress-state prevails through the region (after Anderson (1951)).

These assumptions however do not always apply to ‘real-world’ geological situations,

and therefore by how much the aeolianites’ rock properties deviate from ‘ideal’ conditions

(the assumptions above) for rock failure may have implications for the observed rock defor-

mation.

Rock homogeneity and isotropy has been widely assumed thus far, however in terms of

sedimentary rocks, the rock components (quartz, shell fragments, lithic fragments, calcite

cement - refer to section 4.2.1), and the proportion of the said components may result in

significant heterogeneity through the rock (Caputo, 2005). As each of the components have
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a specific tensile/shear strengths, the volume proportion of each of the components to the

whole rock, will have an effect on the overall strength of the rock unit (Jaeger and Cook,

1976; Caputo, 2005). Similarly, a bedded sedimentary rock may have varying rock strengths

through subsequent beds containing different proportions of components (e.g. layers rich in

calcite cement) (Caputo, 2005).

Tensile strength and stress fields are influenced by the level of cohesion and consolidation

of sediments and also by rock stratification, with sedimentary structures/depositional fabrics

resulting in rock heterogeneity and structural anisotropy (Jaeger and Cook, 1976; Amadei,

1996). Rock discontinuities (e.g. joints) influence the level of rock isotropy, and result in

alterations to the stress field to accommodate the new discontinuities (most particularly if

formed in a previously intact rock) (Caputo, 2005). Consequently, rock heterogeneities and

anisotropy can effect stress, and lead to non-uniform stress fields within rocks (Amadei,

1996; Sibson, 1998).

Variability in the stress field orientation, and resulting variation in the joint/fracture/fault

patterns and orientations, can occur through the exchange of principal stresses at time of

rock failure (Caputo, 2005). By varying the the stress axes containing σ1, σ2, σ3, will cause

differently orientated fractures to form (such as possibly the case with orthogonal joint sets

on the Heidehof Farm, and in Fig. 5.4D). The fractures may appear to be coeval, but could

represent a temporal shift of the stress axes (possible on time-scale of seconds) (Caputo,

2005).

An Andersonian stress-state requires a planar earth surface (Anderson, 1951), which de-

viates from the aeolianites’ concave-down and undulating surfaces on average. The vertical

and horizontal stresses will adjust orientation to account for this surface and the overburden

stress (follows Anderson, 1905), possibly resulting in an non-Andersonian state of stress

within the aeolianites. The non-planar surface of the aeolianites result in progressively more

‘Andersonian’ deformation features near the centre of the aeolianite hills (higher confining

stress), with altered orientations towards the edges.

All the above may account for local changes in joint and fault characteristics, and indi-

cate a deviation from the initial assumptions made. Considering that there is some minor

and local variability, the joints, faults, and possible hybrid fractures do still do exhibit signif-

icant trends in the orientation (as reflected in Fig. 5.3) and deformation style of the features

104



Univ
ers

ity
 of

 C
ap

e T
ow

n

over the Southern Cape. Therefore, the assumptions with respect to the homogeneity of

the aeolianites (the aeolianites are compositionally homogenoeous on average), and the An-

dersonian state of stress (joints and faults orientations tend to agreement with σv=σ1/σ2/σ3)

are considered to approximate well for the Southern Cape. The aeolianites are nevertheless

anisotropic in places, and consequently this could have and effect on stress fields and the

deformation features orientations.

5.2.2 Kink folds and Brittle Folds

Kink folds (see section 4.2.5) are angular straight-limbed folds (Fig. 4.24A & B) which

involve strain accommodation along a single kink plane (defining the hinge and axial plane)

or two parallel kink planes forming a kink band (Ramsay, 1967). Kink bands will form as a

consequence of shear strain across cross-bedding, whilst a single kink plane forms if there is

cross-bedding-parallel shortening (Ramsay, 1967). Therefore, the normal fault arrays could

be related to the formation of the kink bands, due to the similar sense of shear.

As the kink folds deform the aeolianites cross-beds in a brittle manner (brittle fracture

along the kink planes is common), the kink folds most likely formed post-consolidation of

the aeolianites. Additionally, as the kink folds are found only in the tilted sections of the

aeolianites, with the kink plane orientation varying from vertically to inclined (dip towards

the NE) with the increase in aeolianite tilt, implies these features are related to the tilting

event.

Alternatively, the brittle folds are different when compared to the kink folds (Fig. 4.24C

& D), typically owing to the larger limb-to-limb fold widths on average (see section 4.2.5),

and a more diffuse brittle deformation across the ‘hinge-zone’ of the folds (opposed to a sin-

gle or two parallel kink planes in the kink folds/bands). The ‘hinge-zone’ breakages typically

manifest as either reverse faults (Fig. 4.24C), breccias (intense non-systematic fracturing and

cataclasis) (Fig. 4.24D), or multiple kink folds. The brittle folds also brittlely deformation

aeolianite cross-beds, with no ductile features present. As the brittle folds are only found in

the tilted aeolianite, this likewise implies a post-consolidation/and possible syn-tilting time

of formation. From the orientations and distribution of the folds within the tilted aeolian-

ites, these folds are the result of internal shortening and resultant buckling of the aeolianites
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during tilting.

Principal stress orientations can be estimated from kink bands, with σ1 orientated be-

tween the parallel to fold limb (orientation of the cross-bedding planes) and the normal to

the kink band (the kink planes are planes of maximum shear) (Hudleston and Labao, 1993).

Consequently, the kink folds suggest a horizontally orientated σ1 in the less tilted aeolian-

ites and a vertically inclined σ1 in the steeply tilted aeolianites, at time of kink formation

(both provide a compression direction approximately NE-SW) (Fig. 4.24A & B). Likewise

the shortening direction is typically almost parallel to the angle of tilt in the aeolianites. The

principal stress orientations for the brittle folds are not realistic to estimate due to the signifi-

cant deformation involved in fold formation (Hudleston and Labao, 1993), but the similarity

to the orientation of the kink folds suggest an approximate shortening direction NE-SW,

which is near parallel to the tilt angle of the cross-bedding.

5.2.3 Cataclasites

The cataclasites (breccias and gouge units) on the Heidehof and Groot Hagelkraal Farms

(Fig. 4.25) are predominantly found in the tilted aeolianites. These features cross-cut and

penetrate the sedimentary structures, brittle folds, and joints (refer to section 4.2.6). The

cataclastic rocks can thus be seen to have formed both post-consolidation and after the for-

mation of the folds, joints, and faults; therefore towards the late stages of aeolianite defor-

mation. Some joints do cross-cut the breccias in places, implying a further late extension

through the aeolianites.

The fine-grained fragments in the gouge units reflect a significant level of crushing/pulverisation

and particle-size reduction during cataclasis (Scholz, 1990) (Fig. 4.25C). The obliteration of

original sedimentary structures during gouge formation further indicates substantial levels of

deformation (Hausegger et al., 2010). The sub-rounded fragments found within the gouge,

imply some minor rotation (abrasive wear and erosion rounding) of the fragments during

gouge formation (Hausegger et al., 2010), this could indicate significant movement during

cataclasis.

Alternatively, the breccias involve lower levels of deformation on average to the gouge

units, which is distinguishable by the lack of total pulverisation and significant size reduction
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of the fragments. The breccias which do crop out nearest to the steeply tilted aeolianites, do

exhibit rotation and some pulverisation of the block fragments (Fig. 4.25A). The breccias

which crop out within the least tilted aeolianites just exhibit significant unsystematic fractur-

ing and minor off-set of the angular fragments (Fig. 4.25C). The breccias tend to crop out of

the less tilted aeolianites on average, when compared to the gouge units.

As suggested by Hausegger et al. (2010) carbonate cataclasites (typically associated with

fault action) exhibit a deformation gradient from a core zone, characterised by more gouge-

rich units (the comparatively most deformed rocks), to breccias (less deformed rocks), into

the damage zone, characterised by brittlely deformed host rocks (the least deformed in com-

parison). Within the study areas, the distribution of the gouge, breccia, and brittlely deformed

units commonly agree with this same deformation gradient. There is a gradual decrease in

the degree of deformation, away from the most tilted aeolianites, towards the less tilted aeo-

lianites in the SW.

As seen in Fig. 4.25, the outcrops of breccia and gouge units define an approximate NW-

SE trend on both the Heidehof and Groot Hagelkraal Farms. The gouge units are limited

to the most steeply tilted aeolianite units, and breccias to the less tilted aeolianites (and

untilted aeolianites in places). The outcrop trend corresponds to the NW-SE orientation and

distribution trends of the joints, faults, and folds, which implies a similar mechanism of

formation.

Considering the above, the cataclasites may be the result of the following:

1) The tilting of the aeolianites caused internal buckling, extension, and flexure along dis-

crete zones of weakness within the aeolianites (which accounts for the spatial distribution

of the cataclasites). The zones of weakness would preferentially undergo brittle failure and

cataclasis, separating sections of aeolianite (multiple blocks) with increasing tilt towards the

NE. The tilted blocks of aeolianite would therefore be bound by localised zones of catacl-

asites. Additionally, the degree of tilt would change the amount of overburden stress (σv),

by an increase of overburden by rotation-thickening of the overlying aeolianite, thus local-

ising higher magnitudes of stress in the more steeply tilted aeolianites. Consequently, as

the amount of tilt would influenced the stress distribution within the aeolianites, it will also

control the level of rock deformation (which accounts for the deformation gradient).

2) Cataclasites are typical fault rocks (Scholz, 1990; Heilbronner and Keulen, 2006) which
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form at low pressure and temperature conditions (Heilbronner and Keulen, 2006). The pos-

sibility of past fault activity deforming the tilted aeolianites can therefore be suggested. Cat-

aclasites formed during earthquakes will thus crop out near and along fault surfaces (Heil-

bronner and Keulen, 2006), which is seen by the spatial distribution of the breccias and gouge

units along the inferred trace of the Blomerus Fault (Fig. 4.25). A cataclasitic deformation

gradient is also a common feature of fault zones (Caine et al., 1996), and does account for

the gradual decrease in the level of deformation away from the inferred trace of the Blomerus

Fault.

The presence of breccias and gouge units may further explain the topography of the

Heidehof and Groot Hagelkraal study areas. Cataclasites can be more incohesive and possess

lower rock strengths than uncataclastically deformed rock, and will erode more easily as a

result (Scholz, 1990). The valleys which extend NW-SE across the two study areas, presently

separate the tilted aeolianite from the non-tilted aeolianite (Fig. 4.10, Fig. 4.11). As the tilted

aeolianite possess the most deformation features, preferential erosion of the cataclasites and

brittlely deformed units (within a once continuous aeolianite dune body) may have occurred

since the formation of the cataclasites.

5.2.4 Soft-sediment Deformation Features

The soft-sediment deformation (SSD) features on the Heidehof Farm (Fig. 4.26) are different

from the other deformation features already discussed. The ductile bending and deflection

of the cross-bedding around the ‘bowl’ or ‘plug-like’ features and the distinct lack of brittle

failure structures, imply these features formed in pre-consolidated aeolian dunes. The SSD

features have a similar sense of rotation as the cross-bedding, indicating the tilting of the

aeolianites occurred post-formation of the SSD features.

The SSD features have internal layering which either correspond to partially intact ae-

olian cross-beds (which exhibit off-set and ductile deformation), or are relatively massive

with only remnant sedimentary structures. As a result, the SSD features all exhibit some sort

of disruption, or obliteration of the primary sedimentary features. The type, method, and

extent to which SSD features deform (and thus preserve layering) is controlled by the mois-

ture content (influences internal cohesion), and the level of compaction and consolidation of
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sand particles (McKee, 1979; Van Loon, 2009). The formation of SSD structures within the

aeolianites on the Heidehof Farm could thus have three possible origins:

1) The SSD features are products of ancient plant (rhizoliths) or animal activity (burrows)

(Klappa, 1980; Van Loon, 2009). However, the lack of root casts, karstic mineralisation,

petrified roots, and palaeosol horizons which typify rhizoliths (Klappa, 1980) would indicate

that this is not the origin. Animal burrows (or trace fossils) would exhibit total reworking of

the interior sediments within the ‘bowl’, or ‘plug-like’ features, with no layering or partial

layering preserved (Bordy, E. pers. comm. 25 Jan 2013). The evident layering of the SSD

features does suggest that animal activity is not the mechanism of formation.

2) Sedimentary associated processes during aeolian dune deposition is a common cause for

SSD feature formation (McKee, 1979; Moretti, 2000; Pirrotta and Barbano, 2010; Owen

et al., 2011). As outlined in section 2.4.1, soft-sediment deformation will typically occur as

a result of overloading on slopes, gravity flows of sediment, slumping, and wave action on

coast lines (McKee, 1979; Obermeier, 2009; Owen et al., 2011). The SSD features are con-

fined within dipping cross-bedding (Fig. 4.26), which indicates the SSD features formed on

existing dune slopes at the time of deformation. The SSD features have a similar appearance

to high-angle asymmetric folds, and slump structures (particularly the ‘bowl-shaped’ struc-

tures), which are commonly observed near the base of aeolian dune slopes McKee (1979).

The slump and fold SSD structures form through compression of moist sediments due to sed-

iment loading (McKee, 1979), triggered by gravity acting on the slope (Owen et al., 2011).

These sedimentary processes could provide a possible origin for the SSD features.

3) SSD features can also form as a consequence of earthquake activity (Moretti, 2000; Mon-

tenat et al., 2007; Pirrotta and Barbano, 2010; Owen et al., 2011). Seismic shaking of uncon-

solidated to semi-consolidated sediments can produce a wide variety of SSD features known

as seismites (Montenat et al., 2007). Seismites can form from suddenly applied horizontal

shear stress, which causes thixotropy of the sediments and thus creates ‘bowl’, ‘plug’, and

‘wedge-shaped’ structures (Montenat et al., 2007; Pirrotta and Barbano, 2010). Thixotropy

causes a loss of internal cohesion and liquefaction of the sediments (assuming pore-space

water is present), which subsequently results in disruption or obliteration of sedimentary

features (Montenat et al., 2007; Obermeier, 2009; Pirrotta and Barbano, 2010). Owing to
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the SSD features being spatially distributed proximal to the inferred trace of the Blomerus

Fault, seismically-triggered slope failure (after Owen et al. (2011)) or seismically-induced

thixotropy of the unconsolidated aeolian sediments could account for the features. Moreover,

as the SSD features on the Heidehof Farm (Fig. 4.26) do appear to be quite similar to these

thixotropic wedges as described by Montenat et al. (2007); Pirrotta and Barbano (2010), a

seismic origin for the SSD features is therefore also a possibility.

5.3 Origin of the Brittle Deformation Features

The majority of the brittle deformation features observed throughout the Southern Cape is lo-

cated within the tilted Wankoe Formation aeolianites (on the Heidehof and Groot Hagelkraal

Farms). Owing to this, the mechanism(s) responsible for the tilting of the aeolianites would

likewise explain the origin of the deformation features. The tilting of the aeolianites and the

deformation features can therefore have three postulated origins, these being the following:

1) Wave action induced undercutting of the consolidated to semi-consolidated aeolianites

and eventual sea cliff collapse. 2) Sedimentary-related processes during deposition and con-

solidation of the aeolianites. 3) Tectonic movements within the underlying geology, possibly

during and after the consolidation of the aeolianites (i.e. neotectonics). The aim of this sec-

tion is therefore to compare and contrast the characteristics of each of the alternative theories,

and arrive at the most plausible explanation(s) for the origin of the deformation features.

5.3.1 Wave undercutting

The Wankoe and Waenhuiskrans aeolianites are proximal to the Southern Cape coastline, and

therefore could have been eroded by wave-action since the time of deposition and consoli-

dation. As such, the undercutting and eventual collapse of the aeolianites through hydraulic

wave action, would require the sea waves to be in contact with the aeolianite units (at least

within the tidal range). The variation of the relative ‘height’ of the past sea level can thus

be compared with the onshore elevation at which the aeolianites are distributed, allowing for

an assessment of whether wave action could account for the tilting of the aeolianites and the
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deformation features.

The Wankoe Formation was deposited and consolidated between the Late Pliocene to

Lower Pleistocene (∼2.3 Ma - 1.8 Ma) (Siesser and Dingle, 1981; Malan, 1989b; Marker

and Holmes, 2005) (section 3.6.2). The Late Cenozoic sea level curve in Fig. 3.5 illustrates

how the relative sea level experienced two major sea transgressions (at∼1.7 Ma &∼1.0 Ma)

since the consolidation of the Wankoe Formation (Haq et al., 1987). During these subsequent

marine transgressions, the sea level rose to∼20 m - 30 m above modern sea level (Haq et al.,

1987). As the Wankoe Formation aeolianites distributed on the coastal shelf at ∼50 m+

above modern sea level (Heidehof & Groot Hagelkraal Farms) (Fig. 4.4), the possibility of

wave undercutting the aeolianites would be unlikely. The last marine transgression possible

of reaching and eroding the Wankoe Formation aeolianites was between ∼3.0 Ma - 3.1 Ma

(Haq et al., 1987) (Fig. 3.5).

The Waenhuiskrans Formation involved two episodes of deposition and consolidation

during the Upper Pleistocene, with the Agulhas aeolianites possessing an age of∼160 ka and

the Bantamsklip aeolianites possessing a consolidation age of∼88 ka (Bateman et al., 2004)

(section 3.6.3). As illustrated by the Upper Pleistocene sea level curve (Fig. 3.5) the relative

sea level has undergone a single marine transgression (∼120 ka) since the consolidation of

the Agulhas aeolianites, and a marine regression (∼20 ka) since the consolidation of the

Bantamsklip aeolianites, with the sea level transgressing since then to the present sea level

(Bintanja et al., 2005). The sea level has only reached approximately the present relative sea

level (0 m) during this last marine transgression (Bintanja et al., 2005). The Waenhuiskrans

Formation aeolianites in the Agulhas area are distributed 20 m+ above modern sea level, and

the Bantamsklip area aeolianites are located at elevations of ∼50 m above modern sea level.

Wave undercutting of the Waenhuiskrans is therefore only limited to the Waenhuiskrans

Formation aeolianites that are at sea level (Waenhuiskrans and Quoin Point), which exhibit

prominent sea cliffs but minimal deformation features (Fig. 4.6).

Although uncertainties exist regarding relative sea level reconstructions (Bintanja et al.,

2005), the curves utilised in this study (Fig. 3.5) correspond adequately with relative sea

level research from around the world (e.g. Lambeck and Chappell, 2001; Bard et al., 2002;

Ramsay and Cooper, 2002; Miller et al., 2012). Wave undercutting-induced collapse and re-

sulting tilting of the aeolianites is therefore an unlikely candidate to explain the deformation
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features observed in both the Wankoe and Waenhuiskrans Formation aeolianites.

5.3.2 Sedimentary Processes

Sedimentary processes potentially responsible for the deformation features have previously

been outlined in section 2.4, and discussed in section 5.2.4 (SSD features).

The sedimentary processes that exist in aeolian sand dunes during deposition and con-

solidation, can cause faulting, folding, breccia formation, and contorted bedding of aeolian

sediments (McKee, 1979). However, because the deformation processes are associated with

deposition, initial consolidation and compaction of sediments, the sediments are required

to be unconsolidated to at most partially consolidated at the time of deformation (Owen

et al., 2011). Furthermore, sedimentary processes responsible for deformation within aeo-

lian dunes are typically restricted to slopes (McKee, 1979; Pirrotta and Barbano, 2010; Owen

et al., 2011).

The deformation features pervasively penetrate the interior of the Wankoe and Waen-

huiskrans Formation aeolianites, and crop out on either side of the outcrops. The deforma-

tion features are therefore not confined to the original aeolian dune slope (the cross-bedding

planes) processes such as overloading, sediment avalanche (semi-consolidation), or mass

debris flows (post consolidation). Moreover, the deformation features all involve the brit-

tle deformation of consolidated aeolianite. This implies that the SSD features are the only

observed syn-deposition deformation of the aeolianites (section 5.2.4).

Additionally, sedimentary processes commonly produce deformation features which are

randomly distributed and orientated, with irregular/varying deformation styles (depending

on specific slope conditions, moisture content, compaction of sediment) (McKee, 1979).

In comparison, the observed deformation features in both the Wankoe and Waehuiskrans

Formation exhibit significant trends in orientation, and exhibit distinct similarities within

specific deformation feature types, throughout the different study areas (tens to hundreds of

km’s apart).

Karstic dissolution does cause deformation of carbonate rocks, with collapse features

being formed by the dissolution of CaCO3 (Owen et al., 2011) (refer to section 2.4.2).

However, karstic collapse structures would likewise possess random distributions, deforma-
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tion styles, and orientation trends. This would differ greatly to the observed systematic and

consistent brittle deformation features.

The coincidence of Wankoe Formation aeolianites, at both the Heidehof and Groot Hagelkraal

farms, exhibiting the same deformation features and rotation of the aeolianites (the Farms are

situated significantly distantly apart (Fig. 4.8)) implies that the tilting of the consolidated ae-

olianites is unlikely to be the consequence of sedimentary processes, or mass debris flows.

Sedimentary processes are therefore unlikely to be responsible for the brittle deformation

features observed throughout the Southern Cape. For this reason, the geological evidence

indicates that another larger-scale and pervasive process is responsible for both the tilting

and deformation of the aeolianites.

5.3.3 Neotectonics

Considering both wave induced collapse and sedimentary process have been shown to inad-

equately account for both the tilting and deformation features observed in the field areas, a

neotectonic source is required to be examined. Tectonic movements within the underlying

geology would cause significant deformation of a cover sequence (Schlische, 1995; Willsey

et al., 2002; Finch et al., 2004) (as outlined in section 2.5.2). Potential earthquake sources

(faults) and the geometry and extent of these faults need to thus correspond accordingly with

the observed distribution of deformation features and the tilted units within the Wankoe and

Waenhuikrans Formation aeolianites (the cover sequence).

Faults previously suggested by Andersen and Andreoli (1990) within the underlying ge-

ology, and the remote sensing images (Fig. 4.1, Fig. 4.2) indicate three potential faults within

the study areas. These are the Blomerus, Struisbaai, and Brandfontein faults, which have the

respective inferred traces viewable on Fig. 4.8.

The position of the tilted aeolianite units in the Heidehof and Groot Hagelkraal Farm

areas relative to the Blomerus Fault, can be viewed on the maps in Fig. 4.10, Fig. 4.11 and

on the geological cross section Fig. 4.12. The tilted aeolianite units are located proximal to

the inferred trace of the Blomerus Fault in both study areas, with the most tilted aeolianites

positioned directly on the fault trace. The degree of tilt of the aeolianites can be seen to

also increase from the SW to the NE towards the inferred trace of the Blomerus Fault, with
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the aeolianites on the NE-side of the fault trace exhibiting no tilt (refer to section 4.2.4,

and section 5.1.2). The Blomerus fault can therefore be considered an axis over which the

aeolianites change from an un-tilted state, to being significantly rotated.

As discussed by Willsey et al. (2002), fault displacement on an underlying blind fault

(reverse or normal displacement sense) will produce drag-folds in the overlying strata (sec-

tion 2.5.2). Both the orientation of the tilted cross-beds and the downward space required

to rotate the aeolianites to the degree observed, can be accounted for by the formation of a

monocline-type drag fold (Willsey et al., 2002). The monocline drag fold would be produced

by a blind normal fault in the underlying geology (down-faulted hangingwall on the SW-side

of the inferred Blomerus fault trace running ∼NW-SE) (Willsey et al., 2002). Whether the

Blomerus Fault is a normal fault will be discussed later, however the tilting of the aeolianites

does seem to be associated with the Blomerus Fault, with past fault movement being the

cause of rotation.

The joints on the Heidehof and Groot Hagelkraal Farms have strike trends, which on

average are parallel or inclined to the inferred trace of the Blomerus Fault. The conjugate

normal faults (Groot Hagelkraal Farm), and possible hybrid fractures (Agulhas area), both

possess intersection lines (between shear fracture planes) which trend approximately parallel

to the Blomerus Fault and the Struisbaai Fault respectively. These deformation features

indicate a NE-SW extension over the Blomerus Fault trace, and a ∼N-S extension over the

Struisbaai Fault trace.

Joints are known precursory features to fault development (Peacock, 2001; Blenkinsop,

2008) and can imitate the pre-faulting stress field (Peacock, 2001). Joints forming syn-fault

movement (co-seismic), will reflect the related stress field and geometry of the fault (Pea-

cock, 2001). As the joints commonly increase in abundance towards the inferred Blomerus

and Struisbaai Fault traces, it could be suggested that at least some of the joints are associated

with past fault movement (co-seismic or post-seismic related extension features) (Peacock,

2001). The spatial distribution of the joints in the North Gansbaai and Bantamsklip study

areas, although in the vicinity of the inferred trace of the Blomerus Fault, do not have strike

trends which correlate with the fault trace, as do some joints found on the Heidehof and

Groot Hagelkraal study areas (non-seismic deformation features).

There is a significant lack of joints cross-cutting aeolianites away from the inferred fault
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Blomerus and Struisbaai fault traces. The joints observed in the Waenhuiskrans study area

do not correlate with any known or inferred faults, which implies these joints formed as a

consequence of prevailing regional extensional stress and resulting strain.

The spatial distribution and orientation of brittle folds, kink folds, small-scale faults, and

cataclasites on the Heidehof and Groot Hagelkraal Farms are predominantly found within

the tilted aeolianite units, and have orientation trends similar to the inferred trace of the

Blomerus Fault. The level of deformation, most particularly with regards to the breccias and

gouge units, increase towards the NE on the SW-side of the inferred trace of the Blomerus

Fault. This deformation gradient is a common feature of the surface expression of a fault

zone (Scholz, 1990; Heilbronner and Keulen, 2006). The deformation features are therefore

related to fault movement on the Blomerus Fault within the underlying geology.

The tilting of the aeolianites (Heidehof and Groot Hagelkraal study areas) and the brit-

tle deformation features (North Gansbaai, Heidehof, Groot Hagelkraal, and Bantamsklip

study areas) can be linked to tectonic movement on the Blomerus Fault, at some time post-

consolidation of the aeolianites. However, drag folds can form because of readjustment of a

cover sequence to movement on an underlying blind normal fault (Fagereng, A. pers. comm.

2 Sept 2013). Consequently, there is a difference in strain rate between the formation of

a monocline drag fold and the faulting within the underlying geology. And as such, some

deformation features, related to the readjustment of the Wankoe Formation aeolianites, may

have formed some time after the actual faulting event (post-seismic features).

The brittle deformation features found in the Agulhas study area can additionally be

linked to past movements on the Struisbaai Fault, at some time post-consolidation of the

aeolianites. It is important to note, however, that no evidence for past tectonic activity can

be linked to the Brandfontein Fault (lack of deformation features on or near the fault trace).

The SSD features proximal to the inferred trace of the Blomerus Fault, could likewise

have been produced by fault movement and subsequent seismic shaking on the Blomerus

Fault (Montenat et al., 2007; Pirrotta and Barbano, 2010; Owen et al., 2011). The presence

of possible ’seismites’ could thus indicate an initial fault movement during the deposition of

the aeolianite units on the Heidehof Farm. The origin for the SSD features is nevertheless

not definitely tectonic, with sedimentary processes a plausible alternative for the formation

of these features.
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Considering the deposition and consolidation ages of the Wankoe and Waenhuiskrans

Formation, neotectonics can therefore be considered the most likely cause for the tilting and

brittle deformation features within the respective aeolianite units.

5.4 The Large-scale Faults

The brittle deformation features and the tilting of the aeolianites have been linked to either

the Blomerus or Struisbaai faults. As a neotectonic cause for the deformation features has

been shown most likely, the faults proposed as palaeoearthquake sources need to be better

understood. An examination of the faults will explain how and why the cover sequence

(Wankoe and Waenhuiskrans Formations) deformed during palaeoearthquake(s). The aim

of this section is thus to discuss the geometry of the faults, the faults characteristics, how

the faults formed/origin, and integrate the field evidence with remote sensing evidence and

theory. As the majority of deformation features and aeolianite tilting is associated with

the Blomerus Fault, this fault will be the main focus of this section, with the other faults

discussed in lesser detail.

5.4.1 Blomerus Fault

As already outlined in section 3.3.3, the underlying geology of the Southern Cape underwent

the last major extensional tectonic episode during the Break-up of Gondwana and the sub-

sequent development of the Agulhas-Falklands Fracture Zone (AFFZ), between 140 Ma to

65 Ma (Hälbich, 1983; Paton, 2006). This extensional tectonic episode resulted in numerous

onshore and offshore S to SW-dipping listric normal faults, with hangingwall down-faulting

towards the south (Von Veh, 1992; Paton, 2006) (Fig. 3.3).

Normal faults typically strike E-W within the Southern Domain of the Cape Fold Belt

and NW-SE within the Syntaxis domain (Von Veh, 1992). The sub-surface geometry of

the normal faults was determined by Viljoen (1992); Paton (2006), with the onshore and

offshore normal faults exhibiting fault plane dip angles of ∼60 ◦ on average (Fig. 5.5B). As

the Blomerus Fault is within the zone of post-Gondwana extensional fault development, other

Cape Fold Belt/Gondwana breakup-related normal faults can be used as geometric analogies

116



Univ
ers

ity
 of

 C
ap

e T
ow

n

for faults within this study (assumed to be the similar if not the same).

Figure 5.5: Seismic section of the Plettenberg Fault within the Outeniqua Basin offshore the Southern Cape. A) Two way time seismic

section. B) True depth section annotated with the (pre, syn, and post) Gondwana rift sediments. The planar nature and dip angle of the

fault is used as an approximation of the faults found onshore in the Southern Cape. The figure is adapted from Paton (2006)

As illustrated in Fig. 5.6 (and postulated in section 5.3.3), the down-faulting of the hang-

ingwall on the SW-side of the Blomerus fault would displace the overlying aeolianites down-

ward. During hangingwall subsidence, the aeolianites would be expected to either tilt simul-
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taneously or readjust over time to form a monocline-type drag fold (Schlische, 1995). The

level of rotation in the aeolianites is determined by the relative horizontal distance from the

propagating fault plane and fault tip (Willsey et al., 2002). The greatest rotation of rock

units is above the centre of the fault within the hangingwall (and within the cover sequence)

(Schlische, 1995; Willsey et al., 2002) (Fig. 5.6D). Less tilted aeolianites are expected above

the fault tip, and away from the fault plane (Fig. 5.6A & F), with minor rotation to no tilting

of the footwall units (Fig. 5.6F) (Schlische, 1995). The tilted aeolianites in the Heidehof

and Groot Hagelkraal study areas conform with a monocline fold over a blind normal fault

(Willsey et al., 2002).

The smaller-scale normal fault arrays in the very steeply dipping aeolianites (Fig. 5.6D)

dip at ∼60 ◦ towards the NE on average. The main Blomerus fault plane is assumed to

dip towards the SW with a dip angle of ∼60 ◦. The dip orientation of the smaller-scale

normal fault arrays (∼60 ◦ is the expected angle for Andersonian normal faults to form in

homogeneous and intact rock (Anderson, 1951)). If formed during the tilting event, the faults

are co-seismic deformation features, and can be considered to be secondary antithetic faults

off of the main Blomerus Fault (the faults have formed at the expected 2θ angle to σ1 for

Mohr-Coulomb shear failure (Ramsay, 1967)). These secondary faults accommodated the

aeolianite extension during monocline folding and rotation during hangingwall subsidence,

by forming fault-bound blocks in the hangingwall with decreasing rotation levels away from

the fault plane (Fig. 5.6) (refer to section 5.1.2).

The kink folds and brittle folds can be linked to the both the formation of the fault-related

monocline fold and to shear on the antithetic normal faults. A monocline drag fold above a

blind normal fault can be sub-divided into an anticline component in the footwall and above

fault-tip, and a syncline component in the hangingwall (Schlische, 1995). The monocline

components will have zones of shortening related to fold curvature, with these zones within

the base of the footwall anticline, and within the top of the hangingwall syncline (Ramsay,

1967). To accommodate this shortening the aeolianites developed kink and brittle folds. The

kink folds may also have formed to accommodate shear strain at the tips of the antithetic

normal faults (Ramsay, 1967). The brittle folds and kink folds are consequently syn-drag

fold deformation features.
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The joints which formed as a result of aeolianite extension during monocline fold de-

velopment are located proximal to, and on the Blomerus Fault (section 5.3.3). These defor-

mation features provide an average sub-horizontal least compressive stress (σ3) ∼NE-SW,

or approximately perpendicular to the Blomerus Fault. Assuming an Andersonian state of

stress, and that the co-seismic stress field at the time of faulting is reflected in the joints, a

σ3 direction orientated horizontally perpendicular to the fault plane, would further support

the Blomerus Fault as a blind normal fault rather than a strike-slip fault (Anderson (1905,

1951)).

The cataclasites distributed along the Blomerus Fault (Fig. 5.6C & E) have already been

shown to be the result of brittle flexure of the aeolianites during tilting (fold breccias), and

possibly by brittle shear failure of the aeolianites themselves during active fault movement

(as previously discussed in section 5.2.3). As breccias and gouge units are typically the

result of earthquake activity on a fault (Heilbronner and Keulen, 2006), the distribution of the

cataclasites delineate the surface fault zone associated with the Blomerus fault. Additionally,

the outcrop distribution which characterises the cataclasites around the inferred trace of the

Blomerus Fault, could indicate the Blomerus Fault is not a single fault plane, but multiple

antithetic faults, and possible splays. This reasoning agrees with the field evidence, with

the smaller-scale normal faults are interpreted as antithetic to the main Blomerus Fault. The

cataclasites can therefore be assumed to be the surface expression of the Blomerus Fault (and

possible splay faults) and the secondary antithetic faults.

From the work done by Andersen and Andreoli (1990); Viljoen (1992); Paton (2006) and

the field evidence from this study, the Blomerus Fault is most likely a normal fault with a SW-

dipping fault plane (or possibly multiple SW-dipping fault splays) possessing an inferred dip

angle of ∼60 ◦ on average, with NE dipping antithetic normal faults. At depth the Blomerus

Fault may dip less steeply, with a typical listric geometry (as observed in other Gondwana

breakup normal faults (Paton, 2006)), but considering the near surface scope of this study,

the listric geometry cannot be confirmed.

The length of the Blomerus Fault can be estimated from the lineaments through the aeo-

lianites, as shown on Fig. 4.1 and Fig. 4.2 and the inferred fault trace on the maps (Fig. 4.8,

Fig. 4.9, Fig. 4.10, Fig. 4.11, Fig. 4.13) indicating a fault length of ∼30 km. This fault

length can be further extended into the Walkerbay and Quoin Point areas if the associated
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dune lineaments are taken into account.

Dune lineaments have been linked to faults previously by De Beer (2012), as where

holocene dune deposits collect along buried fault scarps Fig. 5.7. The Walkerbay and Quoin

Point dune lineaments possess a combined length of ∼20 km, and orientations of ∼140 ◦

and 135 ◦ respectively. The dune lineaments are therefore similar to the Blomerus Fault trace

orientation and lie on the same line as the Blomerus Fault across the Southern Cape. Con-

sequently, the dune lineaments can be suggested to be surface expressions of the Blomerus

Fault through the Walkerbay and Quoin Point areas. The Blomerus Fault thus extends from

the Walkerbay area to Quoin Point in a potentially segmented manner (refer to remote sens-

ing section 4.1); a length of ∼50 km or more (if the fault extends off shore).

Figure 5.7: A cartoon cross section through a dune lineament. An older fault scarp, formed from normal faulting, acts as a sand

transport obstacle, allowing younger unconsolidated aeolian sediments to accumulate at the base of the scarp. The collecting sediment will

eventually result in significant dune development parallel to the buried fault scarp. Figure not to scale, and adapted from De Beer (2012).

The Blomerus Fault trends∼140 ◦ (approximately NW-SE on average) across the South-

ern Cape (see section 4.2.2). The orientation of the Blomerus Fault initially suggests it is

part of the Cape Fold Belt Syntaxis-related faults (as observed in the change in orientation of

the Worcester Fault to the north of the Southern Cape) (Von Veh, 1992) (Fig. 3.2). The other

known normal faults in Southern Cape are predominantly orientated E-W to ENE-WSW

within the Cape Fold Belt Southern Domain (e.g. the Elim Fault), with a southward change in

strike as the Syntaxis Domain is approached (Andersen and Andreoli, 1990; Von Veh, 1992).

The orientation of Blomerus Fault is therefore somewhat anomalous within the Southern

Cape, and also appears to cross-cut the NE-SW trending fold structures which characterise

the Syntaxis (Von Veh, 1992).
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The Blomerus Fault is orientated approximately parallel to the strike of the Agulhas Falk-

lands Fracture Zone (AFFZ) related normal faults (extensional direction orientated NE-SW)

(Fig. 3.3), and parallel to both the Cape Dyke Swarm dykes (trend NW-SE), and the mag-

netic anomalies related to Mesozoic-age sea floor spreading to the SW of South Africa (trend

NW-SE) (Von Veh, 1992; Thomson, 1999; Paton, 2006). The similarity of the Blomerus

Fault to the Gondwana break-up related dykes and the sea floor spreading pattern, indicates

the Blomerus Fault formed during the rifting of Gondwana and the subsequent extensional-

tectonics and not by the reactivation of a Cape Orogeny thrust fault (an origin similarly

postulated for the other known NW-SE trending normal faults in the Southern Cape (Ander-

sen and Andreoli, 1990; Von Veh, 1992)). As a result, the Blomerus Fault can be considered

an onshore AFFZ-related normal fault. The age of the dykes (refer to section 3.3.3) is given

between 150 Ma - 130 Ma (Trumbull et al., 2007), which combined with the AFFZ being ac-

tive from 130 Ma to approximately 65 Ma (Ben-Avraham et al., 1997), provides a potential

age for the Blomerus Fault within the underlying geology.

5.4.2 Brandfontein Fault

The Brandfontein Fault is already postulated from aeromagnetic surveys done by Andersen

and Andreoli (1990), with the corresponding lineament viewable on Fig. 4.1 and Fig. 4.2, and

the inferred fault trace mapped on Fig. 4.14. Unlike the Blomerus Fault, the Brandfontein

Fault is well in the Southern domain of the Cape Fold Belt (Von Veh, 1992) (Fig. 3.2),

and possesses an approximately ESE-WNW strike across the Agulhas headland (see section

4.2.2).

The Enon Formation (as already discussed in section 5.1.3) is found to crop out to the

south of the inferred trace of the Brandfontein Fault. The presence of the Enon Formation

as a known half-graben in-fill deposit (Viljoen, 1992), indicates that the Brandfontein Fault

plane has a southward dip. This interpretation was already considered on the geological cross

section Fig. 4.15 and from the field evidence, which corresponds to Fig. 5.5B. The geometry

of the fault would therefore be considered similar to the AFFZ normal faults mapped offshore

in the Bredasdorp - Outeniqua Basin (Fig. 3.3 (Paton, 2006). The Brandfontein Fault can

therefore be suggested to also be an AFFZ-related normal fault, and due to having syn-rift
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deposits (Enon Formation) associated with it, was reactivated or formed during the Late

Jurrasic - Early Cretaceous break-up of Gondwana (Viljoen, 1992).

As previously mentioned in section 5.3.3, no neotectonic structures are associated with

this fault, but the confirmation of an onshore Gondwana breakup age faults within the study

area, does suggests that the presence of other Gondwana breakup faults can feasibly exist

within the Southern Cape.

5.4.3 Struisbaai Fault

The Struisbaai Fault is also already postulated from aeromagnetic surveys done by Andersen

and Andreoli (1990), with the corresponding lineament viewed on Fig. 4.1 and Fig. 4.2,

and the inferred fault trace mapped on Fig. 4.14. This fault possesses a similar orientation

(approximately WNW-ESE to E-W fault strike) to the Brandfontein Fault and thus also to

the offshore AFFZ-related normal faults (Fig. 3.3) (refer to section 4.2.2).

The Struisbaai Fault exhibits an arcuate trace, with the fault strike becoming more WSW-

ENE as it traverses westward; which is considered a common feature of faults within the

Southern Cape as they approach the Cape Fold Belt Syntaxis from the Southern domain

(Fig. 3.2) Von Veh (1992). The underlying geology of the Agulhas headland is characterised

by a E-W trending northward-verging over-turned anticline (Von Veh, 1992). The fold has

also been suggested to be through-faulted by a south-dipping thrust fault (Von Veh, 1992).

The Struisbaai Fault therefore initially formed as a thrust fault during the Cape Orogeny

(Johnston, 2000; Paton et al., 2006). From the aeromagnetic survey and structural analysis

work by Andersen and Andreoli (1990), the Struisbaai fault reactivated during the Gondwana

breakup (the geophyiscs indicate significant down-faulting of the hangingwall on the south-

side of the Struisbaai Fault).

Cape Orogeny thrust faults which reactivated as normal faults during later extensional

tectonics, can have fault plane dips between 45 ◦ - 60 ◦ (Paton et al., 2006). The Struisbaai

Fault consequently could have a shallower dipping fault plane geometry than the Blomerus

Fault (<60 ◦).

The deformation features in the Waenhuiskrans Formation at Agulhas can additionally

provide some indication of the subsurface geometry of the Struisbaai Fault. The isolated
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normal fault observed in the Agulhas area (located on the inferred trace of the Struisbaai

Fault) indicates an extensional direction approximately N-NE (refer to section 5.2.1). Down-

faulting of the hangingwall of the Struisbaai Fault would cause subsidence and extension on

the south-side of the fault, and extension of the aeolianites over the fault trace. The isolated

normal fault could thus be an antithetic secondary fault to the main Struisbaai Fault (similar

to what is observed in the Heidehof Farm area). The possible hybrid fractures observed to the

south, and in close proximity to the inferred fault trace, may also indicate a splaying upwards

of the Struisbaai Fault, with joints and hybrid fractures developing within the hangingwall

cover sequence due to lower vertical stress (Sibson, 1998; Finch et al., 2004).

The Waenhuiskrans Formation aeolianites are not tilted in the Agulhas area, indicating no

fault-related drag folding of the cover sequence, and a relatively lower level of deformation

in comparison to the aeolianites proximal to the Blomerus Fault. The limited reactivation

of the Struisbaai Fault ( minor displacement on the fault) may be linked to the dip angle

of the fault. The fault is not optimally orientated to reshear given a prevailing palaeostress

field (after (Sibson, 1985)). The Struisbaai Fault (and related deformation features) however

does show evidence of neotectonic activity in the Agulhas area since the deposition and

consolidation of the Waenhuiskrans Formation aeolianites.

5.5 Relative Timing and Age of Deformation Events

The cross-cutting relationships between different deformation features and the sedimentary

features of the Wankoe and Waenhuiskrans Formation, provide a relative timing for the for-

mation of the deformation features (deformation sequence), and the age of the deformation

event(s). Owing to the abundance of preserved deformation features within the Heidehof

and Groot Hagelkraal study areas (Blomerus Fault), these areas will provide the predomi-

nant information towards constraining the deformation sequence related to normal faulting.

The differences in types of deformation features associated with the individual faults, implies

there are different deformation levels and deformation sequences between the Blomerus and

Struisbaai faults. Therefore, this section aims to outline a deformation sequence for the

Blomerus Fault, and compare it to the Struisbaai Fault. Moreover, this section will provide a

relative age for the preserved palaeoearthquakes on the Blomerus and Struisbaai faults.
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5.5.1 Deformation Sequence

The Blomerus Fault appears to have deformed the overlying Wankoe Formation (and the

Waenhuiskrans Formation in the Bantamsklip study area) in at least one faulting event; al-

though if the SSD features are considered seismites, at least two Blomerus Fault-related

palaeoearthquakes can be suggested. Similarly, the Struisbaai Fault appears to have de-

formed the overlying Waenhuiskrans Formation aeolianites in at least one faulting event.

The deformation sequence for the Blomerus Fault-associated deformation features in the

Wankoe Formation aeolianites (and on Fig. 5.6) is illustrated in Fig. 5.8. The deformation

sequence is sub-divided into pre-consolidation deformation, post-consolidation deformation,

pre-seismic deformation, co-seismic deformation, and post-seismic erosion to fully describe

the sequence of deformational events.

The sequence initiates (Fig. 5.8A) during the Late Tertiary marine regressional phase

(Siesser, 1972; Malan, 1989b), with the initial accumulation and deposition of aeolian sands

over the Blomerus Fault (effectively creating a blind normal fault). Before consolidation, ei-

ther sedimentary-related processes or an initial faulting event causes soft sediment deforma-

tion (SSD) structures to form in the overlying aeolian sands (Owen et al., 2011) (Fig. 5.8B).

Consolidation of the aeolian sands (Fig. 5.8C) during the subsequent Lower Pleistocene

marine transgression phase (Bateman et al., 2004), preserved the internal sedimentary struc-

tures and the SSD structures.

Regional tectonic stress fields within the upper crust propagate into the surficial consoli-

dated aeolianites (Fig. 5.8D). Extensional stress conditions results in wide-spread elongation

of the aeolianites, which is accommodated by subsequent joint formation (Engelder, 1987).

These joints cross-cut the sedimentary features and constitute the pre-seismic deformation

features (alternatively known as non-seismic tectonic deformation).

Regional stress acting on the Blomerus Fault (assumed to have been favourably orien-

tated to the prevailing stress field) causes elastic strain build-up and eventual shear failure

of the Blomerus Fault (Sibson, 1985; Etheridge, 1986). Shear failure of the fault results in

hangingwall subsidence, which in turn causes an initial NE-SW extension and subsidence

of the overlying Wankoe Formation aeolianites above the Blomerus Fault (Fig. 5.8E). The

aeolianite extension is accommodated by conjugate normal faults and joints (Blenkinsop,
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2008). The subsidence of the aeolianites induces initial tilting, and possible early breccia-

tion of the aeolianites. A fault-related drag fold begins to form within the cover sequence

(Willsey et al., 2002).

Figure 5.8: A cartoon representation of the deformation sequence as seen in the Blomerus Fault affected Wankoe Formation aeolianites.

All representation figures are vertical cross-sections of the aeolianites, and are not necessarily to scale. Refer to the text for details regarding

the different deformation stages.

With continued displacement on the Blomerus Fault (Fig. 5.8F), the fault propagates up-

wards into the Wankoe Formation aeolianites (Schlische, 1995; Willsey et al., 2002; Finch
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et al., 2004). During and after fault propagation, the subsiding hangingwall causes signifi-

cant rotation and tilting of the aeolianites (Willsey et al., 2002), with related brittle folding.

Contemporaneously to the rotation of the aeolianites, secondary antithetic faults develop

(cross-cut the tilted cross-bedding) to the main Blomerus Fault, with subsequent kink fold-

ing of the aeolianites. The combination of upward fault propagation and aeolianite drag

folding, results in abundant brecciation and formation of gouge units. The breccias and

gouge units obliterate all sedimentary features and delineate the fault zone of the Blomerus

Fault (Heidbach et al., 2010). With post-faulting readjustment of the Wankoe Formation ae-

olianites to the underlying geology over time, the monocline drag fold now fully develops.

Drag fold-related late extension related joints cross-cut the breccias and kink folds in places

(Ramsay, 1967; Willsey et al., 2002).

The post-seismic phase involves the erosion of the heavily deformed aeolianites, which

surround the upward propagated Blomerus Fault core (Fig. 5.8G). The low rock strength and

cohesion of the breccias, gouge units, and heavily jointed and faulted aeolianites, leads to

preferential erosion of these units (Scholz, 1990). The erosion forms topographical valleys

(and scarps/truncated aeolianite outcrops in places) delineating the trend of the Blomerus

Fault in the present landscape. Surviving breccia, gouge units, antithetic normal faults, and

joints are still viewable in the less tilted aeolianite units (which have lower levels of defor-

mation, and thus higher preservation potential).

The deformation sequence describes a general increase in differential stress (and strain)

over time. The joints characterise the pre-seismic deformation features due to low differential

stress, and with higher stress magnitudes, shear fractures, folding, and cataclasites preferen-

tially form (Jaeger and Cook, 1976). It can therefore be suggested a palaeoearthquake on

the Blomerus Fault lead to a transient increase of the differential stress, with consequent

relatively high strain rates (Sibson, 1986). Owing to the brittle rheology of the aeolianites,

relatively high differential stress and high strain rates, at low temperatures (earth surface

conditions) abundant brittle deformation features formed within the Wankoe Formation.

The relatively lower levels of deformation in the Bantamsklip study area indicate the

deformation sequence only progressed up to the point of Fig. 5.8D, with the Waenhuiskrans

Formation aeolianites either not proximal enough to the Blomerus Fault itself (The joints are

not co-seismic deformation features), or only formed joints as a consequence of prevailing
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regional stress. The aeolianites in the Agulhas study also appear to have only involved a

deformation sequence up to (at most) the stage described by Fig. 5.8E, or significantly less

slip occurred on the Struisbaai Fault (with consequently lower deformation levels) than the

Blomerus Fault.

The deformation sequence as outlined by this section can be suggested to adequately de-

scribe the aeolianite deformation sequence, as a response to neotectonic fault activity on the

Blomerus and Struisbaai faults. However, as noted by McCalpin and Nelson (2009), there

is inherent uncertainty when interpreting whether several deformation features represent a

single relatively large magnitude earthquake event, or multiple low magnitude earthquake

events. A significant length of time (1ka - 10Ka) after the formation of deformation features,

with active mechanical and chemical weathering of the host rock and deformation features,

can make multiple palaeoearthquakes appear to be a single event through the preserved evi-

dence (McCalpin and Nelson, 2009). Thus the deformation sequence could potentially rep-

resent several faulting events, but this cannot be confirmed within the scope of this study.

5.5.2 Age of Deformation Events

Providing an age for the deformation features associated to the Blomerus and Struisbaai

faults, is crucial in inferring the neotectonic history of the Southern Cape. As recognised

by McCalpin and Nelson (2009), the typical method of dating palaeoearthquakes is by con-

straining the possible maximum (oldest) and minimum (recent) ages at which the deforma-

tion features could have formed. The dating of the deformation events thus needs to take

into account the ages of the Wankoe and Waenhuiskrans Formation aeolianites, and any cal-

librated ages derived for the consolidation times of the lithologies (McCalpin and Nelson,

2009).

As the deformation features in both the Wankoe and Waenhuiskrans Formation aeolian-

ites formed post-consolidation, the deformation features must be younger than the con-

solidation times of the respective units. The Wankoe Formation (refer to sections 3.5.2)

consolidated by ∼1.8 Ma, during the Lower Pleistocene (Marker and Holmes, 2005). The

Waenhuiskrans Formation (refer to sections 3.5.3) in the Bantamsklip study area has a con-

solidation age of ∼80 ka, and in the Agulhas study area a consolidation age of ∼160 ka
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(Bateman et al., 2004). These consolidation ages therefore provide upper age constraints for

the palaeoearthquakes.

The Blomerus Fault has been linked to the deformation features cross-cutting the Wankoe

Formation aeolianites in the North Gansbaai, Heidehof, and Groot Hagelkraal study areas;

and possibly the Waenhuiskrans Formation aeolianites in the Bantamsklip study areas (if the

joints are co-seismic or post-seismic deformation features). The Blomerus Fault has addi-

tionally been linked to two fault scarps (Walkerbay and Quoin Point dune lineaments) possi-

bly involving Waenhuiskrans Formation (off-set) and recent Holocene dunes. Consequently,

the palaeoearthquake(s) on the Blomerus Fault could potentially have two age scenarios:

1) If the joints within the Waenhuiskrans Formation at the Bantamsklip study area are con-

sidered tectonic deformation features (due to either seismic shaking, fault movement beneath

the aeolianites, or cover sequence readjustment to fault movement); and if the dune linea-

ments are considered to be defined by scarps in the Waenhuiskrans Formation, in both the

Walkerbay and Quoin Point areas, a faulting event on the Blomerus Fault occurred some

time after 80 kya.

2) If the joints observed in the Bantamsklip study area associated to prevailing regional

stress fields (non-seismic tectonic deformation features), and if the dune lineaments are

fault scarps involving the underlying geology, an earlier faulting event is most likely. The

palaeoearthquake(s) must have happened before the deposition and consolidation of the

Waenhuiskrans Formation, with deformation of the Wankoe Formation aeolianites only. This

event occurred after 1.8 Ma and some time before 125 ka (the deposition age of the Waen-

huiskrans Formation (Bateman et al., 2004)). The joints cross-cutting the Bantamsklip area

Waenhuiskrans Formation aeolianites do however provide evidence for neotectonic stress

fields and resulting deformation younger than 80 ka.

As none of the fault-related (drag fold) deformation features are observed in the Waen-

huiskrans Formation aeolianites in the Bantamsklip study area, the Blomerus Fault therefore

has evidence for a palaeoearthquake(s) event during the Lower to Middle Pleistocene.

On the other hand, the deformation features observed in the Waenhuiskrans Formation

aeolianites in the Agulhas study area must have formed some time after 160 ka. The Stru-

isbaai Fault therefore has evidence for an Upper Pleistocene-aged palaeoearthquake. This

age is consequently the youngest relatively dated evidence for neotectonic fault activity doc-
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umented for the Southern Cape study region.

5.6 Stress Fields

The use of joints as geological stress indicators to constrain palaeostress fields and contem-

porary stress fields, is widely applied within the field of neotectonics (Engelder and Geiser,

1980; Hancock and Engelder, 1989; Hancock et al., 1991; Eyal et al., 2001; Khadkikar,

2002; Roberts and Myrvang, 2004) (refer to section 2.2). Owing to how joints propagate

normal to σ3 (Secor, 1965), the prevailing stress field in which the joint formed can be de-

termined (refer back to section 5.2.1). Conjugate shear fractures and faults can additionally

be used to determine the stress field of a given rock unit (Hancock and Engelder, 1989), but

because joints have a high abundance (within the Southern Cape), joints are the preferred

stress field indicator for this study. This section thus aims to constrain the local and regional

stress fields for the Southern Cape, and provide possible explanations for any spatial and

temporal variation of the respective stress fields. Furthermore the estimated regional stress

field will be compared to the Wegener Stress Anomaly (WSA) (Andreoli et al., 1996), and

any differences between the two discussed.

5.6.1 Local and Regional Stress Fields

The joint planes measured throughout the different study areas have been plotted on the

streonets in Fig. 5.9 as pole-to-plane data. The orientation density of the joint data has been

subsequently Kamb contoured with 2σ contour intervals, at a 3σ significance level (where

σ in this case represents standard deviation rather than a principal stress axis) (follows after

Kamb (1959)).

The joint pole to plane data assumed to represent σ3 trajectories, display variable ori-

entations for σ3 (distributed spread of data on the stereonets). As a consequence, the data

points are averaged to provide mean σ3 orientations for the study area/region. This is done

through statistical calculation of eigenvectors by stereonent software, and involves the fol-

lowing method:

From Watson (1966), the stereonet is considered a spherical projection, with each data
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point representing a unit mass on the sphere surface. A rotation axis (through the centre of

the sphere) with the least distance to the points of mass on the surface of the sphere, would

thus possess the least moment of inertia (Watson, 1966; Lisle, 1989; Whitaker and Engelder,

2005). Conversely, the moment of inertia is dependant on the orientation of the rotation axis,

and the distribution of the mass points relative to the rotation axis (Lisle, 1989; Whitaker

and Engelder, 2005). An orientation tensor (refer to Watson (1966) pg: 788 for the tensor

matrix derived from the direction cosines of the pole to joint plane data) therefore produces

eigenvectors (E1,E2,E3) which define a three mutually perpendicular axis system so that the

eigenvector E1 corresponds to the point of lowest moment of inertia (rotation axis closest to

all of the data points), E3 to the point of highest moment of inertia, and E2 the intermediate

moment of inertia (Watson, 1966; Whitaker and Engelder, 2005). The axis that defines the

lowest moment of inertia and the E1 eigenvector is consequently the mean statistical point

within the data points (Whitaker and Engelder, 2005). TheE1 eigenvector thus approximates

the mean σ3 principal stress axis for a given number of joints.

As the joints measured in the field study areas only provide σ3 principal stress directions,

the ambiguity between the orientations of σ1 and σ2 require the stress field to be reduced

to the horizontal compressive stress components, SHmin and SHmax (Zoback and Zoback,

1980; Hancock et al., 1991) (refer to section 2.3.1). As the joints are relatively vertical planar

features, the eigenvector E1 therefore also approximates the SHmin direction. Considering

SHmax is perpendicular to SHmin the two horizontal compressive stress directions can be

constrained (SHmax will additionally correspond closely to either E2 or E3 if the eigenvector

is relatively horizontal).

Local Stress Fields

The joint data for the study areas has been organised in Fig. 5.9 by study area, and firstly

displays the Wankoe Formation and subsequently the Waenhuiskrans Formation stress field

data. The Kamb contoured poles to joint planes stereonet plots correspond to Fig. 5.3, where

data clusters correlate to specific joint sets cross-cutting the aeolianite outcrops. The local

horizontal compressive stress field is duly estimated for the respective study areas.

The North Gansbaai study area (Fig. 5.9A) stereonet plot for the joints, exhibit two clus-
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Figure 5.9: Stereonets with plotted pole to joint planes, Kamb contoured to express orientation density trends. The respective statistical

eigenvector plot is provided, with the approximated SHmin and SHmax stress fields. See text for details on stereonets, statistics, and the

local, regional, and age-related stress fields.
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ters of poles in the WNW and the NE. The calculated eigenvectors indicate a horizontal E1

WSW, and the horizontal E2 NNW. The approximate local horizontal stress field for the

North Gansbaai area is: SHmin azimuth trend 084 ◦ and SHmax azimuth trend 174 ◦.

The Heidehof study area (Fig. 5.9B) stereonet plot for the joints exhibit six clusters of

poles, in a descending order of abundance, in the NE/SW, NW/SW, and NNE/SSW. The cal-

culated eigenvectors indicate a horizontalE1 NE, and the horizontalE2 SE. The approximate

local horizontal stress field for the Heidehof area is: SHmin azimuth trend 040 ◦ and SHmax

azimuth trend 130 ◦.

The Groot Hagelkraal study area (Fig. 5.9C) stereonet plot for the joints exhibit four

clusters of poles, in a descending order of abundance, in the NE/SW, and the NNE/SSW

(approximately the NE and SW quadrants). The calculated eigenvectors indicate a horizontal

E1 SW, and the horizontalE2 NW. The approximate local horizontal stress field for the Groot

Hagelkraal area is: SHmin azimuth trend 059 ◦ and SHmax azimuth trend 149 ◦.

The Bantamsklip study area (Fig. 5.9D) stereonet plot for the joints exhibit three clus-

ters of poles, in a descending order of abundance, in the N/S, and the ENE. The calculated

eigenvectors indicate a sub-horizontal E1 NNE, and the sub-horizontal E2 ESE. The approx-

imate local horizontal stress field for the Bantamsklip area is: SHmin azimuth trend 009 ◦ and

SHmax azimuth trend 099 ◦.

The Agulhas study area (Fig. 5.9E) stereonet plot for the joints exhibit two dispersed

clusters of poles, in a descending order of abundance, in the SW-S, and in the NE (approx-

imately the NE and SW quadrants). The calculated eigenvectors indicate a sub-horizontal

E1 SSW, and the horizontal E2 WNW. The approximate local horizontal stress field for the

Agulhas area is: SHmin azimuth trend 027 ◦ and SHmax azimuth trend 117 ◦.

The Waenhuiskrans study area (Fig. 5.9F) stereonet plot for the joints exhibit two dis-

persed clusters of poles, in a descending order of abundance, in the NNE-WNW, and in the

SSW-SSE. The calculated eigenvectors indicate a horizontal E1 NE, and the sub-horizontal

E2 SW. The approximate local horizontal stress field for the Waenhuiskrans area is: SHmin

azimuth trend 028 ◦ and SHmax azimuth trend 118 ◦.

The local stress fields as described above can be geographically positioned on Fig. 5.10A.

The stress fields for the different study areas exhibit a trend of the SHmax and SHmin tra-

jectories, with a average SHmin direction orientated NE-SW. There is however significant

133



Univ
ers

ity
 of

 C
ap

e T
ow

n

variation of the SHmax and SHmin trajectories. The SHmax direction can be seen to vary from

the eastern to the western parts of the Southern Cape; there is a more WNW-ESE SHmax

trajectory in the Waenhuiskrans, Agulhas, and Bantamsklip areas, changing progressively to

a more NNW-SSE SHmax in the Groot Hagelkraal, Heidehof, and North Gansbaai areas. The

shift in stress field trajectory is therefore a clockwise rotation from east to west.

The variability in the stress field through the Southern Cape, may be due to various

measuring bias, such as abundances differences of joints in specific study areas relative to the

other study areas (Wankoe versus Waenhuiskrans Formations). The geometry of aeolianite

outcrops furthermore also effect the measuring of joints (joints parallel to outcrop slopes

are typically eroded away and not measurable). The systematic errors associated with data

collection (compass, data recording errors) may additionally influence the calculated stress

field variability.

However, if the variability in stress field over the Southern Cape is assumed to exist, this

variation may be due to the following effects:

1)Topographical effects, primarily on the outcrop scale and secondly on a regional scale. The

aeolianite ridges which constitute the study outcrops, have variable shapes in the different

study areas. Therefore the geometry of these ridges may influence the internal stress fields

(within a prevailing regional stress field) and consequently the fracture patterns (Miller and

Dunne, 1996) (also refer to section 5.2.1 on variation in deformation features). On a regional

scale, the NW part of the Southern Cape possesses higher topographical features (the Cape

Fold mountains) than the SE to E part of the Southern Cape (Bredasdorp coastal plain) (refer

to the DEM on Fig. 5.10A). The disturbance of the prevailing regional stress field though

induced compressive/tensile stresses, or rotation of the stress trajectories, can significantly

effect the fracture patterns observed through the Southern Cape (Miller and Dunne, 1996;

Roberts and Myrvang, 2004).

2) The effects of pre-existing geological structures in the underlying geology. Stress has been

known to be effected by pre-existing structures and crustal anisotropies within a given region

(Zoback and Zoback, 1980; Zoback, 1992b). Residual stress from the formation of ancient

crustal anisotropies (orogenic belts such as the Cape Fold Belt) are however, not considered

to significantly effect the contemporary (neotectonic) stress field (Zoback, 1992a). Nev-

ertheless, the assumption that the pre-existing Cape Fold Belt related structures themselves
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(folds, faults within the underlying geology) can influence the prevailing regional stress field,

would therefore control the orientations of the local stress fields within the Southern Cape.

The clockwise rotation of the stress field does appear to correspond to the transition from

the Southern domian to the Syntaxis domain of the Cape Fold Belt (Fig. 3.2); indicating a

possible link between regional underlying crustal anisotropy and stress fields.

Regional Stress Field

The joints measured at all the study areas have been compiled on a single stereonet, and

plotted as poles to joint planes (Fig. 5.9G). The poles are Kamb contoured for the orientation

density of the joints. The data points on the stereonet are colour-coded to study area, and

symbol-coded for host rock, being either the Wankoe or Waenhuiskrans Formations (the data

colour and symbol key is viewable on Fig. 4.19).

The Southern Cape region stereonet plot exhibits a dispersed clustering of pole to plane

data throughout the azimuth range, but a significantly higher density of poles in the NE

and SW quadrants. The calculated eigenvectors indicate a sub-horizontal E1 NE, and the

horizontal E2 SW. The approximate horizontal stress field for the Southern Cape is: SHmin

azimuth trend 043 ◦ and SHmax azimuth trend 133 ◦.

In order to account for different levels of representation (sampling bias) of the the joints

for the local study areas, a mean SHmin azimuth trend is taken from the means of the local

SHmin azimuth trends (Caputo, 2005), this provides an additional SHmin azimuth trend for

the Southern Cape of 039 ◦, with a corresponding SHmax azimuth trend of 129 ◦. The ‘mean

of the means’ stress field azimuth trend is sufficiently similar to the stress field orientation

calculated form the Southern Cape composite stereonet (Fig. 5.9G) to be considered the same

(within the errors inherent to data collection).

The difference between the stress fields estimated from the Wankoe and Waenhuiskrans

Formations, could possibly indicate a temporal shift in the stress field between consoli-

dation and deformation of the respective aeolianite formations. The data collected from

the Wankoe and Waenhuiskrans Formation aeolianites are compiled and Kamb contoured

(Fig. 5.9H), with the resultant eigenvectors providing SHmax orientations for the Wankoe

Formation NNW-SSE and the Waenhuiskrans Formation WNW-ESE. This indicates a shift
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towards a more E-W orientated SHmax from the Late Pliocene - Lower Pleistocene to the

Upper Pleistocence.

The Kamb contours for the different aeolianite formations do exhibit significant overlap

which could imply the temporal shift in the stress field is a consequence of standard deviation

in joint data (both respective E1 eigenvectors are within range of the 4σ and 6σ contours

for each of the data sets), the effect of sampling bias, where more data is available for the

Wankoe Formation, is also a possible source of the stress field variation.

5.6.2 Wegener Stress Anomaly

The Wegener Stress Anomaly (WSA) as described by Andreoli et al. (1996); Viola et al.

(2005); Bird et al. (2006), is a NW-SE trending region over the south-western part of South-

ern Africa with a SHmax stress direction orientated on average NW-SE (Fig. 3.4). This WSA

relative to the larger-scale Southern Africa stress field, and the sources of the stress field are

not fully understood (Bird et al., 2006) (refer to section 3.4.3).

The SHmax and SHmin stress field orientations determined for the individual study areas

and for the Southern Cape correspond to the stress field estimates provided by the following:

Green and Bloch (1971); Andreoli et al. (1996); Brandt et al. (2005); Viola et al. (2005);

Logue et al. (2012) (Fig. 5.10B), for areas within the south-western part of Southern Africa

and the offshore continental shelf. These estimates, derived from earthquake focal mecha-

nisms, bore-hole breakout orientations, and fault slip derived stress orientations, all indicate

an ∼NW-SE orientated SHmax with extension SHmin orientated ∼NE-SW.

As the stress fields in this study agree with the larger-scale NW-SE trending SHmax WSA

stress field (Bird et al., 2006), the mechanisms responsible for the intraplate tectonic stress

field for the SW part of Southern Africa can likewise apply to the Southern Cape. The

regional stress field of the Southern Cape may be a product of one of the following mech-

anisms or a combination of some/all of the mechanisms: 1) Ridge-push derived horizontal

compressive stress originating from the surrounding mid-oceanic spreading ridges (Viola

et al., 2005). 2) High continental topography induced horizontal extensional stress (Bird

et al., 2006). 3) Swell-push as a consequence of the ‘African Superswell’ resulting in verti-

cal compressive stress (Singh et al., 2009). 4) Different relative plate motion of the Somalia

136



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure 5.10: Maps illustrating the spatial distributions of the respective stress fields and the fault reactivation potential of the different

faults. A) Local stress fields in relation to the study areas plotted on a DEM for the Southern Cape. Lighter areas on the DEM represent

higher topography. B) Literature provided SHmax orientations for the SW part of Southern Africa, indicate the NW-SE SHmax orientated

Wegener Stress Anomaly. C) Local Stress fields and the regional stress field plotted adjacent to the proposed faults in the Southern Cape

to indicate fault reactivation potential. See text for more details.
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Plate in contrast to the Nubia Plate, causing stress to accumulate as a result of incipient plate

boundary formation through intact lithosphere (Bird et al., 2006).

The WSA is poorly understood (Andreoli et al., 1996), the stress field derived from this

study can therefore add to the previous WSA stress field orientation estimates for the SW part

of Southern Africa. More research is needed to fully understand the mechanisms behind the

origin of the WSA in terms of global tectonics, but this study does consequently reinforce the

understanding of the WSA as a neotectonic and contemporary stress field feature (Andreoli

et al., 1996; Viola et al., 2012).

5.7 Earthquake Hazard

Faults are typically recognised as planes of mechanical weakness in the crust (White et al.,

1986; Nortje et al., 2011). Hence any faults which are unable to further accommodate

elastic strain accumulation, and are favourably orientated to a prevailing stress field, will

preferentially reactivate instead of the formation of a new fault (Sibson, 1985; Baudon

and Cartwright, 2008). This section will thus compare the orientations of the faults which

are associated with neotectonic deformation features and exhibiting prior shear failure (the

Blomerus and Struisbaai faults, with the Brandfontein Fault therefore excluded from this

section), against the orientations of the local and regional Southern Cape stress fields. The

type of fault reactivation will also be discussed, and as no evidence for compressional (thrust

or reverse) faulting has occurred in the recent geological time within the Southern Cape

(Bird et al., 2006), whether the faults could potentially reactivate as normal or strike-slip

type faults will need to be determined. Finally, estimates for palaeomagnitudes of the past

faulting events and a possible recurrence interval for Southern Cape seismicity will be pro-

vided.

5.7.1 Reactivation Potential of the Recognised Faults

The reactivation potential of the Blomerus and Struisbaai faults is dependant on the cohesion

and shear strength of the faults, the value of the static frictional co-efficient (µs), and the

orientation of the faults to the prevailing stress field (assuming an Andersonian state of stress,
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and conditions for Mohr-Coulomb shear failure) (Sibson, 1985, 1986, 1998; Nortje et al.,

2011) (refer to section 2.5.2).

As the Blomerus and Struisbaai Faults formed at the time of Gondwana rifting and sub-

sequent formation of the AFFZ (during the Jurassic-Cretaceous), both the faults can be con-

sidered relatively mature. Therefore, the co-efficient of static friction can be assumed to be

relatively low on the Byerlee rock friction range 0.6 < µs < 0.85 (Byerlee, 1978; Sibson,

1998). If the assumed value of µs ≈ 0.6, then the fault should reactivate when the fault plane

is approximately 30 ◦ to σ1 (Sibson, 1985).

The Blomerus ‘fault plane’ (the fault may involve significant splays) is found to be ori-

entated approximately 140 ◦ across the study areas (Fig. 5.10C). The local stress field SHmax

orientations that encompass the area that the Blomerus Fault transverses through, include the

following: North Gansbaai - 174 ◦; Heidehof Farm - 130 ◦; Groot Hagelkraal Farm - 149 ◦;

Bantamsklip - 099 ◦. The regional stress field SHmax is orientated 133 ◦ with the ‘mean of

means’ azimuth trend 129 ◦ (Fig. 5.10C).

The deformation features associated with the Blomerus fault (normal faults, conjugate

normal faults (section 5.2.1)) typically have a sub-vertical σ1 direction, which indicates that

the SHmax trajectory approximates the σ2 and SHmin trajectory approximates σ3 (a normal

faulting regime). This implies, if the Blomerus fault is orientated parallel to the SHmax

trajectory or within a close range of this stress field trajectory and is assumed to dip at

∼60 ◦, that the fault is suitably orientated to fail in the neotectonic stress field (Zoback,

1992b). The Blomerus Fault is orientated between 34 ◦-41 ◦ to the local North Gansbaai

and Bantamsklip SHmax trajectories respectively, and orientated <10 ◦ to the Heidehof and

Groot Hagelkraal SHmax trajectories. Additionally the Blomerus Fault is orientated ∼10 ◦

to the regional SHmax trajectory. The Blomerus Fault is therefore favourably orientated to

reactivate as a normal fault in the estimated regional stress field, but at a local level could

preferentially reactivate in the Heidehof and Groot Hagelkraal areas rather than in the North

Gansbaai and Bantamsklip areas (segmented reactivation).

The Struisbaai Fault is inferred to have a shallower fault plane dip relative to the Blomerus

Fault (refer to section 5.4.3). The lower dip angle of the fault plane would influence the re-

activation potential, as reactivating thrust faults as normal faults needs µs < 0.55 because

of the higher reactivation angle (θr) (refer to section 2.5.1 and Fig. 2.5), and a tensile σ3
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or high fluid pressure required (Sibson, 1985). This notwithstanding, the Struisbaai fault

is considered to have formed as a steep angled thrust fault (Andersen and Andreoli, 1990),

which implies that the required conditions of reactivation would not be too dissimilar as

those required to reactivate the Blomerus Fault.

Similar to the Blomerus Fault, the Struisbaai Fault posses associated deformation features

(possible hybrid fractures and normal faults (refer to section 5.2.1) which suggest a sub-

vertical σ1 orientation. As a consequence, the Struisbaai Fault plane would also need to be

relatively aligned to the SHmax trajectory (containing σ2) direction. The Struisbaai Fault’s

arcuate orientation 088 ◦-100 ◦ is typically less than 30 ◦ off of the local SHmax trajectory.

The more eastern parts of the Struisbaai Fault are orientated <30 ◦ off of the regional SHmax

trajectory. Therefore, the Struisbaai Fault is moderately orientated to fail as a normal fault

in the prevailing local and regional stress fields. The fault geometry and the conditions of

reactivation required to cause reactivation, both suggest a limited future reactivation is more

likely when compared to the Blomerus Fault.

Considering Green and Bloch (1971); Andreoli et al. (1996); Viola et al. (2005) all sug-

gest strike-slip faulting regimes for regions within the SW part of South Africa (where SHmax

= σ1 and SHmin = σ3), the possibility of the Blomerus and Struisbaai faults reactivating as

strike-slip faults also needs to be discussed. As previously stated above, optimal reactiva-

tion of a fault will occur when σ1 is orientated 30 ◦ to the fault plane (provided the fault is

conditioned for reshear, refer to section 2.5.1) (Sibson, 1985). As shown on Fig. 5.10C, the

local stress fields in both the North Gansbaai and Bantamsklip areas are orientated ∼30 ◦ to

the Blomerus Fault, and the Agulhas stress field is orientated <30 ◦ to the Struisbaai Fault.

If the Blomerus Fault could reactivated as individual fault segments, both the North Gans-

baai and Bantamsklip areas would have favourably orientated stress fields for near optimal

strike-slip faulting. The Struisbaai Fault also has a moderate potential of reactivating as a

strike-slip/oblique normal fault. However, the observed field evidence (refer to sections 5.2

& 5.4) all suggests that a normal faulting regime is dominant for the Southern Cape (thus

faults will reactivate as normal faults rather than a strike-slip faults). Andreoli et al. (1996)

also determined a normal faulting regime for the Southern Cape, which implies it is tectoni-

cally different (fault regime and the orientations of the principal stresses) from other parts of

the SW Southern Africa and the Wegener Stress Anomaly region (refer to section 5.6.2).
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5.7.2 Palaeomagnitudes and Earthquake Recurrence Interval

Both the Blomerus and the Struisbaai faults are considered moderately to well orientated

to reactivate as normal faults, given the current/neotectonic stress fields. And as past fault

movement is associated with these faults (observed neotectonic deformation features), the

magnitude of the preserved palaeoearthquakes can be inferred. The recurrence intervals

assessed from similar magnitude events in other intraplate tectonic settings (central U.S.A.,

and SE Australia) can be used to estimate a recurrence interval for the Southern Cape.

Palaeomagnitudes

The palaeomagnitudes of past faulting events on the Blomerus and Struisbaai faults can be

estimated by the appraisal of the geological evidence (assumed to only represent a single

palaeoearthquake on the faults), which involves the following: Length of surface faulting

(truncated, deformed, and folded aeolianite; dune lineaments; aeromagnetic survey imaging,

and remote sensing), rotation of the aeolianite cross-bedding, and the displacement along

secondary faults to estimate slip displacement (Wells and Coppersmith, 1994; McCalpin and

Nelson, 2009).

The Blomerus Fault is inferred to possess a whole fault rupture length of approximately

50 km and an average fault segment length of 10 km (segment length derives from the aver-

age lineament length mapped through remote sensing, refer to section 4.1). The Struisbaai

Fault is inferred to have a rupture length of approximately 20-30 km. The down-dip fault

rupture width is inferred from the continental seismogenic zone, being at most ∼10 km (the

Southern Cape is an ancient rift zone, and situated on a passive continental margin) (Sibson,

2002). The inferred range of possible average fault slip displacements (D̄) on the Blomerus

Fault is estimated from the space required to rotate the aeolianites and form dune lineaments,

which provides D̄ = 2m, 4m, and 8m. The low level of deformation and lack of rotation of

the aeolianites proximal to the Struisbaai Fault, and the minor displacement on the secondary

normal fault on the fault trace provides an inferred D̄ range of 0.2m and 0.5m.

The first palaeomagnitude determination method involves initially calculating the seismic

moment (Mo) (total energy released during a faulting event), from the following equation

(where shear modulus µ = 3×104 MPa for faults found in continental crust, and A= rupture
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surface length of the fault×rupture down-dip fault width) (provided by Hanks and Kanamori,

1979; Kanamori and Brodsky, 2004):

Mo = µ× D̄ × A (5.2)

The resulting Mo value for the range of D̄ values for the respective faults can subsequently

be used to calculate the moment magnitudes (Mw) with the following equation (Kanamori

and Brodsky, 2004):

Mw =
logMo

1.5
− 6.07 (5.3)

From equation 5.3 the Mo values for different values of D̄, and from equation 5.4 the resul-

tant Mw values can be viewed in the table below:

Table 5.1: Palaeoearthquake seismic moments and magnitude results

Fault: D̄ Mo Mw

(m) (Nm)

Blomerus 2 3×1019 6.9

Fault (whole) 4 6×1019 7.1

8 12×1019 7.3

Blomerus 2 6×1018 6.4

Fault (seg.) 4 12×1018 6.6

8 24×1018 6.8

Struisbaai 0.2 0.18×1019 6.1

Fault 0.5 0.45×1019 6.4

There is a correlation between surface rupture length and the magnitude of a given earth-

quake (Scholz et al., 1986; Wells and Coppersmith, 1994). Consequently, the lengths of

Blomerus Fault and Struisbaai Faults would provide inferred estimates of palaeomagnitudes

for past faulting events. Therefore to make the palaeomagnitude estimates above more ro-

bust, a second method using the log-linear regression determined by Wells and Coppersmith

(1994) is utilised. The regression between moment magnitude and surface rupture length is
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given by:

Mw = 5.08 + 1.16× log (Fault Length) (5.4)

The Blomerus Fault with a 50 km whole fault length (presumed to have ruptured), provides

a Mw of ∼7.0, whilst a 10 km fault segment length provides a Mw of ∼6.2. The Struisbaai

Fault with a fault length of approximately 30km (presumed to have ruptured), provide a Mw

of ∼6.7. These estimates appears to agree with the inferred values calculated in Table. 5.1.

Two palaeoearthquake end-members can thus be postulated for the Blomerus Fault: 1)

There was aMw ∼7.0 rupture along the entire fault length in a single seismic event. 2) There

were multiple subsequent Mw ∼6.2 ruptures on each of the fault segments, progressively

along the entire fault length. Although in the scope of this study it is difficult to determine

which rupture scenario is true for the Blomerus Fault, the Landsat 7 imagery and DEM’s do

provide evidence that the Blomerus Fault is segmented. The Struisbaai Fault however, does

not have similar remote sensing evidence to suggest fault segmentation (refer to section 4.1).

The following uncertainties attached to the determined Mo and Mw values need to be

discussed and are dependant on the fault rupture length, width, and fault displacement:

The Blomerus and Struisbaai faults are assumed to have ruptured along the entire lengths

of the determinable fault trace or subsequently as individual segments (the Blomerus Fault

only). Whether this assumption is realistic depends on the abundance of faulting-related

deformation along the fault trace. The Blomerus Fault exhibits neotectonic deformation

features in the Heidehof and Groot Hagelkraal study areas, and dune lineaments (buried fault

scarps) in the Walkerbay and Quoin Point areas. The Struisbaai Fault only exhibits potential

co-seismic deformation across the Agulhas headland (offshore deformation features can be

assumed to either not exist, or are long since eroded away).

The down-fault plane rupture width of ∼10 km (to the base of the seismogenic zone of a

ancient rift zone, provided by Sibson (2002)) would appear to be a reasonable approximation,

as earthquakes of typically Mw > 5.5 - 6.0 possess mainshock hypocentres near the base of

the regional seismogenic zone (Wells and Coppersmith, 1994; Sibson, 2002). The depth

of 10 km should be considered an upper-bound estimate, as the seismogenic crust in the

Southern Cape is potentially thinner.

The D̄ values are estimated from the level of tilt (space required for rotation) of the
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aeolianites in the Heidehof and Groot Hagelkraal areas, deformation features (secondary

antithetic fault displacement), and the formation of dune lineaments (buried fault scarps) by

the Blomerus and Struisbaai Fault. As the Blomerus and Struisbaai Faults are blind normal

faults, no accurate measurement of fault slip on an actual discrete fault plane can be made.

Consequently, the provided D̄ values are only rough indications of displacement on the fault

planes. Because of these uncertainties, the second method of producingMw values (provided

by equation 5.4) is considered the most reliable, due to the use of fault rupture lengths and

not slip values in the calculation.

Earthquake Recurrence Interval

Earthquake recurrence intervals, derived for intraplate regions in other parts of the world, can

be used as possible analogues for the Southern Cape region (also situated within an intraplate

region, refer to section 3.2).

The central and eastern parts of the United States of America (U.S.A.) are a typical

intraplate tectonic environment (Li et al., 2009), and are characterised by a seismically active

region known as the New Madrid Seismic Zone (NMSZ) (Liu and Zoback, 1997; Kenner and

Segall, 2000). Modelled recurrence times for large earthquakes (Mw>6) within the NMSZ

are within the 100 to 1 ka years time range (Kenner and Segall, 2000). The NMSZ is known

to have a relatively short recurrence interval, and as such, is considered a seismic zone where

seismicity preferentially clusters in time and space (Li et al., 2009). The recurrence interval

provided for this region can thus be considered the ‘low bracket’ of the recurrence interval

spectrum.

The SE part of Australia is also considered an intraplate tectonic environment (Sandiford

and Egholm, 2008), where the Murray Basin is a particularly seismically quiet region (San-

diford, 2003). Slip rates on faults found within the Murray Basin are of the magnitude of

∼ 0.015mm.year−1 (Sandiford, 2003). Considering the fault slip rate relationship to earth-

quake recurrence intervals provided by Scholz et al. (1986); Sibson (2002), large earthquakes

(Mw>6) would only recur on the 100 ka to 1 Ma years time range. The recurrence interval

provided for this region can thus be considered the ‘high bracket’ of the recurrence interval

spectrum.
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The lack of multiple preserved palaeoearthquakes within the Wankoe and Waenhuiskrans

Formation in the Heidehof, Groot Hagelkraal, and Agulhas study areas, indicates long re-

currence intervals, more in line with the Murray Basin high bracket (100 ka - 1 Ma year

time-scale) applies to the Southern Cape. However, the assumption that approximately same

size (Mw) earthquakes will occur at regular intervals (provided by the recurrence interval)

is not necessarily true for all faults (McCalpin and Nelson, 2009). The temporal and spatial

distribution of intraplate earthquakes is also significantly complex (Li et al., 2009), and as

such, the recurrence interval provided for earthquake rupture on the Blomerus and Struisbaai

Faults should be considered an estimate only.

The Blomerus and Struisbaai Faults are therefore well to moderately-well orientated to

the prevailing Southern Cape local and regional stress fields (neotectonic to contemporary)

to reactivate as normal faults. The deformation features, estimated slip displacements, and

respective fault lengths all indicate relatively large (Mw>6) palaeoearthquakes have occurred

during the neotectonic time period within the Southern Cape. Considering the recurrence

interval for seismicity on the Blomerus and Struisbaai faults is on the 100 ka and 1 Ma years

time-scales, the possibility of a future earthquake occurring in the next 100-1000 years is

low. Nevertheless, as the age of the palaeoearthquake on the Blomerus Fault is between 125

ka - 1.8 Ma, and the Struisbaai Fault is less than 160 ka, the Southern Cape may possibly

be over-due for an earthquake event. Consequently, a low to medium earthquake hazard

can be estimated for the Southern Cape. However, as there is a high level of uncertainty

associated with such an assessment in an intraplate tectonic setting, this conclusion can only

be postulated as a tentative estimate.
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Chapter 6

Conclusions

The following conclusions can be drawn from this study:

1) The brittle deformation features cross-cutting the Wankoe Formation aeolianites within

the Heidehof and Groot Hagelkraal study areas, express higher levels of deformation than

Wankoe Formation aeolianites in the North Gansbaai study area. The joints, faults, brit-

tle/kink folds, cataclasites documented in the Heidehof and Groot Hagelkraal study areas,

are considered to have formed post-consolidation of the aeolianites, predominantly during a

rotation/tilting of the aeolianites during a single palaeoearthquake event. Some joints (e.g.

in the North Gansbaai area) formed initially from regional prevailing stress and resultant

crustal extension before active faulting, and thus are not associated with displacement on the

Blomerus Fault (non-seismic deformation features). Furthermore, throughout the Southern

Cape, the Wankoe Formation appears to be more deformed than the Waenhuiskrans Forma-

tion on average.

2) The aeolianites in the Heidehof and Groot Hagelkraal areas were rotated during the de-

velopment of a monocline-type drag fold, which formed as a consequence of normal fault

movement on the underlying blind Blomerus Fault. This monocline fold formed within

the aeolianites over and parallel to the Blomerus Fault, and significantly tilted the aeolian-

ites on the SW-side of the inferred fault trace. The substantial amount of space required

to accommodate the tilting of a single block of hangingwall aeolianite is considered prob-

lematic; however, the space requirement may have been minimised through the rotation of

relatively small blocks of aeolianite within the hangingwall of the propagating Blomerus
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Fault. The progressive decrease in the degree of rotation from the NW to the SW, away from

the Blomerus Fault trace as seen in the Heidehof and Groot Hagelkraal areas, agrees with

multiple aeolianite block rotation and the expected tilt of strata within a normal fault-related

monocline drag fold.

3) The brittle deformation features observed cross-cutting the Waenhuiskrans Formation ae-

olianites within the Bantamsklip, Agulhas, and Waenhuiskrans study areas, express compa-

rably lower levels of deformation than the Wankoe Formation units. The joints, fault, and

possible hybrid fractures are all considered to have formed post-consolidation of the aeo-

lianites. Within the Bantamsklip area, the joints cross-cutting the Waenhuiskrans Formation

aeolianites are suggested to be non-seismic, as the Blomerus Fault is believed to have only

deformed the overlying Wankoe Formation in the Heidehof and Groot Hagelkraal areas (in a

single palaeoearthquake event) before the deposition and consolidation of the Waenhuiskrans

Formation. The deformation features in the Agulhas area are considered the result of a single

palaeoearthquake on the Struisbaai Fault, with only minor movement on the fault in compar-

ison to the Blomerus Fault. The joints observed in the Waenhuiskrans area are considered as

non-seismic deformation features similar to the Bantamsklip area.

4) Soft-sediment deformation features observed in the Heidehof area, are probably the result

of either sedimentary processes associated with aeolian dune deposition, or seismites formed

within unconsolidated aeolian sand due to seismic shaking on the Blomerus Fault. If the

SSD features are seismites, it implies an initial palaeoearthquake event occurred prior to the

preserved faulting event which rotated and deformed the consolidated Wankoe Formation

aeolianites in both the Heidehof and Groot Hagelkraal areas. The seismites would have also

needed to have formed some time between ∼2.3 Ma to 1.8 Ma, during the deposition and

consolidation of the Wankoe Formation. However, in the scope of this study the origin of

these SSD features is uncertain.

5) The Cretaceous-Jurassic Enon Formation crops out south of the inferred trace of the

Brandfontein Fault (Agulhas study area), and indicates that Gondwana break-up age faults

are present in the Southern Cape. Likewise the Blomerus and the Struisbaai Faults are in-

ferred to have formed during the break-up of Gondwana and the formation of the Agulhas

Falklands Fracture Zone (AFFZ). The Gondwana rift-related Cape Dyke Swarm, and the

offshore magnetic anomalies that formed during post-rift sea floor spreading, both strike
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parallel to the orientation of the Blomerus Fault, and implies a possible age of fault forma-

tion at ∼130 Mya.

6) There is a difference in strike between joints in the respective aeolianite units. The joints

within the Wankoe Formation aeolianites are found to strike more NNW-SSE to NW-SE,

compared to the more WNW-ESE joint strike within the Waenhuiskrans Formation aeolian-

ites. The Hybrid fractures and conjugate normal faults have similar strike orientations to

the joints on average. In places, the extension directions (inferred parallel to the least com-

pressive stress σ3) provided by the deformation features, were shown to be perpendicular to

the respective inferred fault traces, which imply at least some of the joints, hybrid fractures,

and conjugate normal faults are co-seismic features and thus reflect the prevailing stress field

during an earthquake.

7) As the Wankoe Formation and Waenhuiskrans Formation aeolianites have consolidation

times in the Pleistocene, the orientation of the neotectonic joints can be assumed to reflect

the Quaternary crustal stress conditions for the Southern Cape region. Because joints are

tensile fractures, they provide σ3 trajectories, and as joints are common features throughout

the aeolianites in the Southern Cape, local and regional stress fields can be estimated. The

local stress fields were found to have preferred SHmax trends WNW-ESE to NNW-SSW, with

a clockwise stress field rotation from east to west across the Southern Cape. Although the

clock-wise stress field rotation could be influenced by measurement/data collection errors,

the effects of topography and the the underlying geological structures on propagating stress

in the crust are suggested as the most likely causes of the stress field variation. The regional

stress field, possessing a SHmax trend ∼NW-SE, agrees with the other previously measured

stress fields for the SW of Southern Africa (refer to Bird et al., 2006), otherwise known as

the Wegener Stress Anomaly (WSA).

8) The Southern Cape region is demonstrated to possess a normal faulting regime (SHmax=σ2

& SHmin=σ3) type stress state. This is different to other parts of the WSA, which generally

possess a strike-slip faulting regime (SHmax=σ1 & SHmin=σ3). This determined orientation

of the principal stresses within the Southern Cape indicates that the tectonic nature of the

WSA is heterogeneous in terms of stress-state, and thus can be considered a complex crustal

stress feature.
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Thus, the two key conclusions of this study are the following:

9) Analysis of discontinuous deformation features within the Plio-Pleistocene Wankoe and

Waenhuiskrans Formation aeolianites, distributed throughout the Southern Cape of South

Africa, indicate that neotectonics, in contrast to either wave under-cutting induced collapse or

sedimentary processes within the aeolianites, would be the most likely origin for the observed

deformation features. This is due to the orientation, spatial distribution, and deformation

style of the deformation features and the tilted aeolianite cross-beds all significantly correlate

to either the Blomerus or Struisbaai Faults. The proposed age of the neotectonic activity

(palaeoearthquakes and nonseismic deformation) for the Blomerus Fault associated features,

had occurred some time after 1.8 Ma and before 125 ka; and for the Struisbaai associated

deformation features, some time after 160 ka. No evidence of palaeoearthquake activity

could be attributed to the Brandfontein Fault, which, as such, is assumed to be seismically

immobile since the break-up of Gondwana.

10) Comparison of the neotectonic horizontal stress field with the geometries of the Blomerus

and Struisbaai faults, shows that the faults are orientated at low angles to (SHmax) (Blomerus

Fault is∼10 ◦ to the regional SHmax and the Struisbaai Fault is <30 ◦ to the regional SHmax).

This indicates the faults are well to moderately-well orientated to reactivate as normal faults

in the future. The magnitude of the palaeoearthquakes (on the Blomerus and Struisbaai

Faults) are considered to have been relatively large (Mw>6) due to the proposed rupture

lengths of the faults, which when contrasted with seismicity patterns in other intraplate tec-

tonic settings (such as Australia and the central U.S.), imply long recurrence intervals of be-

tween (100 ka - 1 Ma) would apply to the Southern Cape. The age of the palaeoearthquakes,

the attributed earthquake recurrence interval for Southern Cape, and the well to moderately-

well orientated fault geometries to the inferred prevailing stress field, provide a low to mod-

erate earthquake hazard of a future seismic event occurring in the next 100 to 1 ka years in

the Southern Cape.

The present state of active tectonics (or at least the state of elastic strain accumulation

on the respective faults) within the Southern Cape is however difficult to establish from only

studying neotectonic and palaeoearthquake evidence.

In terms of future work, seismic monitoring of the Blomerus, Struisbaai, and Brand-
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fontein Faults would better constrain whether these faults are indeed seismically active,

provided there is actual micro-seismic activity. and provide a more robust estimate of fu-

ture fault reactivation potential (as already suggested by Andersen and Andreoli (1990)).

Although based on the current study, such efforts should preferentially concentrate on the

Blomerus Fault. The actual dating of deformed aeolianite units would provide more con-

fined age(s) for the palaeoearthquake events and stress field related joint formation. Fur-

thermore, if a method could be found to reliably date the breccia and gouge units found on

the Heidehof and Groot Hagelkraal Farms, a far more explicit age for the palaeoearthquake

on the Blomerus Fault could potentially be provided. As such, more confined ages of the

preserved palaeoearthquakes, with contemporary seismic monitoring of the faults, with the

analysis of neotectonic deformation features, could produce a more conclusive earthquake

hazard estimate for the Southern Cape.
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