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A B S T R A C T

Many years have passed since previous national seismic hazard maps were prepared for South Africa. In those
maps, zone-less techniques were applied. The availability of more reliable seismicity and geological data has
made it possible to update those maps using probabilistic seismic hazard analysis methodologies that take into
consideration all available data. This paper presents a summary of the work conducted to produce the latest
seismic hazard maps for South Africa. This involved the systematic compilation and homogenisation of an
earthquake catalogue, which comprised both historical and instrumental events. The catalogue played a pro-
minent role in the preparation and characterisation of the seismic source model. Two ground motion prediction
equations were identified from available international models for regions that are tectonically similar to South
Africa. These two models were then implemented in the hazard calculations, which were done using the OPE-
NQUAKE software. Uncertainties associated with input parameters in both the seismic source and ground motion
models were taken into account and implemented using the logic tree technique. Maps showing distribution of
acceleration at three periods (0.0s, 0.15s and 2.0s) computed for 10% probability of exceedance in 50 years were
produced.

1. Introduction

The effects of earthquakes continue to have disastrous impact on the
lives of people all over the world. Only in the last few years, cata-
strophic events hit Indonesia, China, Haiti, Chile and Japan resulting in
over 600 000 casualties and dramatic economic consequences. These
earthquakes have revealed how significant the implications of natural
disasters for the economic productivity of whole regions are, up to
devastating effects on large segments of the population, especially in
poor countries. The Haiti earthquake of 12 January 2010 (Mw7.0) left
over 200 000 people dead and up to a million homeless (International
Federation of Red Cross and Red Crescent Societies report, 2010). This
shows that seismic risk is increasing sharply in developing countries,
mainly due to rapid population growth, urbanisation, lack of building
codes, poor construction practice and failure to regulate construction.
An improvement in risk identification, assessment and management in
countries especially affected by seismic hazard and by a severe degree
of vulnerability in terms of population and economic exposure is highly
desirable.

Though South Africa is located in a stable continental region (SCR,
Johnston et al., 1994), several moderate to large earthquakes have
occurred in the country with the largest recorded being the Ceres, 29

September 1969 event of magnitude MW6.2. This event resulted in the
deaths of 12 people and damage to property worth millions of dollars
(Fig. 1).

Several studies on the seismic hazards of South Africa were con-
ducted over time (e.g. Fernández and Guzman, 1979; Shapira and
Fernández, 1989; Midzi et al., 1999; Kijko et al., 2003). Fernández and
Guzman (1979) published the first perceived seismic hazard map that
depicted hazard levels in South Africa based on the distribution of
annual extreme values. A subsequent study by Shapira and Fernández
(1989) used the ‘direct approach’, which is a method to estimate the
probability that a defined peak ground acceleration (PGA) will be ex-
ceeded at a specified location. The methodology is described by Shapira
(1981, 1983) and Oman et al. (1984). In their study, Shapira and
Fernández (1989) estimated the probability that a defined horizontal
PGA will be exceeded at fourteen cities in southern Africa. The “Seismic
Hazard Maps for Southern Africa” poster was published in 1992 by
Fernández and du Plessis (1992). The poster comprised three maps: a
map of hazard in terms of reported Modified Mercalli Scale intensities
for the period between 1620 and 1988; a map showing PGA with a 10%
probability of exceedance in 50 years; and a map of past South African
seismicity. During the 1990s, the Global Seismic Hazard Assessment
Programme (GSHAP) compiled and published a seismic hazard map for
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the whole world (Giardini et al., 1999). South Africa was also included
in the GSHAP as part of the hazard map for Africa (Midzi et al., 1999).
However, only four broad seismic source zones were delineated for the
whole country, which is not the proper representation for the seismicity
and seismotectonics of South Africa. The last map prepared for South
Africa was done by Kijko et al. (2003) and that map is included in Part 4
of the South African National Standard (SANS 10160-4:2011 - Seismic
actions and general recommendations for building). They applied a
parametric-historical approach, which does not take into account
seismic source zones (Kijko et al., 2003; Kijko and Graham, 1998,
1999).

The results of all these earlier studies clearly show the earthquake
hazard to which African countries are exposed. In some of the studies,
especially those focussing on South African seismic hazard, the authors
mainly considered the spatial distribution and sizes of earthquakes in
the region. Alternative methodologies that are currently being im-
plemented in recent initiatives such as the Global Earthquake Model
(GEM), highlight and call for detailed region-oriented efforts that
consider seismic sources (e.g., fault and area sources) in understanding
and mapping the hazard due to earthquakes. Given that seismic hazard
analysis is a dynamic process, which requires regular updates as new
datasets become available, it was necessary that a new analysis be
conducted for South Africa. The work conducted in this study was done
by taking into account available tectonic, seismic and stress field data,
following a probabilistic seismic hazard analysis (PSHA) methodology
(Field et al., 2003; McGuire, 2004; USNRC, 2012) to update the seismic
hazard maps of South Africa.

2. Tectonic setting of South Africa

Southern Africa is generally classified as a SCR (Johnston et al.,
1994), bounded to the northeast by the East African Rift System
(EARS). Although this structure is not well defined in southern Africa, it
is linked to much of the seismicity in Mozambique, Zimbabwe, Zambia,
Botswana, Namibia and South Africa. The basement geology of the
region is dominated by Archean cratons and mobile belts (Fig. 2). The
Kaapvaal and Zimbabwe Cratons are the oldest tectonic regions in
southern Africa and form part of the Kalahari Craton, an Archean do-
main (Johnston et al., 1994) formed between 2.7 and 3.7 Ga covering
an area of about 1.2 million km2 (Adams and Nyblade, 2011). Ac-
cording to de Wit and Ransome (1992), the Kaapvaal Craton collided
with the Zimbabwe Craton along the Limpopo Mobile Belt during the

late Archean, which caused dominant foliation in the Zimbabwe
Craton. Located to the northwest of the Kaapvaal Craton is the Kheis
Mobile Belt (Fig. 2), which was indicated by Cornell et al. (2011) as
possibly either an orogenic belt (~1800Ma) or a northern branch of the
Namaqua-Natal Belt (~1200Ma), which is described as a thin-skinned
region with east-verging thrust belt characteristics.

The southern margin of the Kaapvaal Craton is bounded by the
Neoproterozoic Namaqua-Natal Belt, whereas the north-western margin
is bounded by the Proterozoic Damara-Lufilia domain (e.g. Johnston
et al., 1994). The Namaqua sector of the Namaqua-Natal Belt is sepa-
rated on its north-eastern boundaries from the Kaapvaal Craton by the
Paleoproterozoic Kheis belt (e.g. Adams and Nyblade, 2011). The Na-
maqua Mobile Belt extends north-west into Namibia where it forms a
‘triple junction’ with the Damara and Kaoko Mobile Belts in central
Namibia. The Damara Mobile Belt itself appears to be part of a west-
ward extension of the EARS through the Zambezi valley and the Oka-
vango delta, both of which are associated with major earthquakes.

The Cape Fold Belt is a dominant structural domain along the
southern African coast and is assumed to have been caused by late
Palaeozoic compression associated with the assemblage of Pangea
(Hälbich, 1983). According to Tucholke et al. (1981), the belt extends
southwards offshore as far as the Agulhas Bank along the strike slip
margin of south-eastern Africa. Along the eastern part of the Cape Fold
Belt is a large duplex structure, formed along the southern margin of
Gondwana (Booth et al., 2004). This duplex structure, formed during
the Late Palaeozoic, contains typical patterns of numerous north-ver-
ging thrust faults and associated folds.

3. Earthquake catalogue

A critical input in all seismic hazard assessments is a reliable and
accurate catalogue of earthquakes. This is usually of use in several as-
pects of the assessments (e.g. source delineation, recurrence parameter
calculations and Mmax determination). Gane (1939) compiled one of the
first catalogues for southern Africa, focussing his effort specifically on
South Africa. Gane and Oliver (1953), Fernandez and Guzman (1979),
and Brandt et al. (2005) updated the catalogue as the years went by and
new events were recorded. Mangongolo and Hutchins (2008) compiled
an earthquake catalogue of Namibia whilst Malephane (2007) compiled
the Lesotho catalogue as part of her study of the seismic hazard of
Lesotho. Turyomurugyendo (1996) compiled the first homogeneous
catalogue that covered the whole of southern and eastern Africa, which

Fig. 1. Damage to dwellings in the Ceres area caused by the 29 September 1969, Mw6.2 earthquake (Image obtained from Pule et al., 2015).
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was used in the GSHAP seismic hazard assessment for the same region
(Midzi et al., 1999). However, it is now almost two decades since this
compilation, making it necessary to update and refine the catalogue,
especially for southern Africa. Therefore, in this project the earthquake
catalogue for South Africa was updated.

The catalogue was prepared by carrying out the following steps:

• Collection of available data mainly from the South African National
Seismograph Network (SANSN) including data from the cluster
networks around the gold mines in the Witwatersrand Basin (Fig. 2
in Midzi et al., 2015). Other data were obtained from organisations
such as the Botswana Geoscience Institute (BGI), the International
Seismological Centre (ISC) and Goetz Observatory (1972) in Bula-
wayo (BUL), Zimbabwe. Valuable data were also obtained from
published articles (e.g. Turyomurugyendo, 1996; Mangongolo and
Hutchins, 2008).

• The merging of all collected data into one catalogue;

• The removal of duplicate events and mine blasts, with the latter
identified by their occurrence at the sites of open cast mines;

• The homogenisation of the earthquake magnitudes to moment
magnitude;

• The declustering of the homogenised catalogue.

The compiled catalogue can be divided into the following three
subsets to reflect the time varying nature of the information on which
the estimation of source parameters and magnitude values is based.

• Historical data: This subset includes all events reported that oc-
curred prior to the installation of the first seismograph in South
Africa at the Royal Observatory in Cape Town in 1899 (Schweitzer
and Lee, 2003; Durrheim, 2015). The assessment of source para-
meters for this subset is based exclusively on macroseismic data
(Fernandez and Guzman, 1979; Brandt et al., 2005; Albini et al.,

2014; Strasser et al., 2015).

• Early instrumental data: This subset includes all events reported in
southern Africa since the turn of the twentieth century after the
installation of the first instrument in 1899, until the earthquakes
reported just before the 29 September 1969 Ceres/Tulbagh MW6.2
earthquake. For these events, instrumental recordings mainly con-
firm the date and time of occurrence, and provide an approximate
location based on the distance to the recording instrument(s). A
more precise location is generally inferred from macroseismic ob-
servations (Albini et al., 2014; Strasser et al., 2015). Similarly,
magnitude determinations are only linked to instrumental record-
ings for larger events occurring during the last two decades of this
period. Otherwise they are based on macroseismic observations.

• Modern instrumental data: This subset includes all events other
than the Ceres sequence (as compiled and reported by Theron,
1974) recorded since the establishment of the SANSN in 1970
(Saunders et al., 2008). Locations and magnitudes for this period are
determined from instrumental data, but macroseismic observations
are used in some instances to rank and qualify the results.

The specific assumptions made in the determination of source
parameters for the above mentioned subsets are detailed in the pub-
lications by Fernández and Gúzman (1979), Mangongolo and Hutchins
(2008) and Brandt et al. (2005). As would be expected, errors in loca-
tions of earthquakes reduced as monitoring of earthquakes improved in
the region. A detailed discussion of the accuracy in locations of earth-
quakes in South African was given in the publication by Saunders et al.
(2016). In their study, Brandt et al. (2005) gave a detailed report on
how magnitudes of earthquakes in the three subsets discussed above
were determined. It was observed that though most of the earthquakes
in the catalogue reported local magnitude type (ML), a few events, re-
ported mainly by the ISC and BUL had body wave magnitude, Mb, va-
lues. In cases where only Mb values were reported these were converted

Fig. 2. Basement geology of southern Africa showing the major structural units of the region (from Manzunzu et al., 2019). Broken lines represent uncertain positions
of unit boundaries.
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to moment magnitude, MW, using the equations published by Scordillis
(2006). In the absence of a published local conversion relation between
the ML values and Mw, the assumption Mw≈ML was made. Although
empirical relations between ML and Mw generally show some differ-
ences, there is theoretical support for the equivalence between these
two magnitude scales (Deichmann, 2006) especially for the moderate
size of earthquakes recorded in South Africa. A number of events had
published Mw values, which were included in the catalogue as they
were (e.g. Strasser et al., 2015; Albini et al., 2014; Brandt and Saunders,
2011; Fan and Wallace, 1995). In their analysis, Bommer et al. (2015)
selected a set of global magnitude conversion relations, which they used
to convert their data from ML to Mw. This is the same procedure fol-
lowed in this study although different relations were used. Bommer
et al. (2015) noted the discrepancy in the relations at lower magnitudes,
ML < 4, with the global conversion relations. The bulk of the seismi-
city in South Africa falls below ML4, hence a relation that takes into
account smaller magnitudes was adopted in this study.

Given that the assumption of a Poissonian distribution was made to
characterise earthquake occurrences in time, it was necessary to iden-
tify and remove dependent events from the catalogue. In this case,
dependent events were defined as events whose occurrence is causally
linked to that of other events, such as foreshocks and aftershocks, which
effectively represent short-term perturbations of the seismicity rate.
Prior to the declustering process, human-related events, such as mining-
induced events in the mining regions were also removed. The process of
identifying and removing such events is tricky. However, it was decided
to make an effort to identify them in this study as such events can have
a significant effect on the recurrence parameters, thus seismic hazard.
The following criteria were used to identify and remove them:

• Location of events in the shallow opencast mining regions (e.g. coal
mines)

• Magnitude of events (Mw≤ 2) and

• Time of occurrence of events (day time).

Ideally, to satisfy Poissonian distribution, all mining related events
should be removed from the catalogue. However, given that moderate
to large (Mw≥ 4.0) earthquakes have previously occurred in the gold
mining regions, it was decided to include these events in the catalogue.
Such events have previously caused damage underground and also on
the surface. A simplifying assumption was made to treat the sources of
induced and/or triggered seismicity as unique seismic sources that are
similar to the tectonic sources in that their seismicity will follow a
Poisson process. The various mining regions where these events have
occurred were therefore included as unique sources in the seismic ha-
zard assessment.

The catalogue was declustered using the cluster-based method by
Reasenberg (1985) as applied in the SEISAN software package. It is a
simple but reliable technique that has been found not to excessively
remove data from the catalogue (Amini, 2014). As a result the tech-
nique does not result in the excessive changing of the region activity
rate. The algorithm requires the specification of several calibration
parameters, time difference, epicentral distance and depth distance. If
an event falls into the spatio-temporal window of another, the two
events are members of the same cluster. Once all events have been
assigned to clusters or found to be independent, the largest event in
each cluster is labelled as the mainshock of the cluster, and all events
within its spatio-temporal window as dependent events. The latter are
then deleted manually to obtain the declustered catalogue. The SEISAN
option was selected because it gives the analyst control on the events to
be removed from the catalogue. This process resulted in a total of about
10 000 dependent events being removed from the catalogue to leave
50 577 events that can be assumed to be main shocks, ranging from
very low magnitude of 0.1 to 7.2. Shown in Fig. 3 are earthquakes
obtained from this catalogue for magnitude greater than or equal to 4.0.
The main use of the catalogue compiled from the above described

process was in the delineation of seismic sources and the estimation of
seismicity recurrence parameters to characterise the identified sources.

4. Seismic source characterisation

A seismotectonic model for southern Africa was derived through an
analysis of available structural, neotectonic and seismological data to
establish links between seismicity and current deformation mechanisms
with the ultimate goal being to individualize and delimit the different
seismotectonic units (Terrier et al., 2000). Seismotectonic units corre-
spond to individual tectonic structures (e.g., faults) or to geological and
structural bodies of uniform seismicity. The idea behind this process is
to assist in the identification of potential sources of future earthquakes
in South Africa.

However, the identification of actual fault sources of seismicity in
the region has proven to be a challenge. This is mainly because earth-
quakes in the region are generally small to moderate and do not rupture
on the surface. In addition, seismicity has been monitored using spar-
sely distributed seismic stations resulting in large errors in earthquake
locations (Saunders et al., 2016). This makes it difficult to clearly as-
sociate events with known mapped faults. The high cost of conducting
paleoseismic investigations has also made it difficult to investigate the
occurrence of earthquakes at specific faults. Exceptions are previous
studies carried out along the Kango fault (Fig. 3), which showed that
large (approximately magnitude 7.4) earthquakes have occurred along
the fault in the past (Goedhart and Booth, 2016a, 2016b). Results from
other geological investigations at some of the major faults in the region
have also shown them to be active, (e.g., Hebron fault, Dreylingen fault
(White et al., 2009), Zebediela and Thabazimbi faults (Good and de
Wit, 1997)). In the study to prepare a seismotectonic map of Africa,
Meghraoui et al. (2016) identified major faults in southern Africa, some
of which were determined to be active by considering available geo-
logic and paleoseismic data, as well as through a rough association of
faults with seismicity (Fig. 3).

One major structure on Fig. 3 is the Agulhas fracture zone which
stretches in the Indian Ocean parallel to the eastern coast of South
Africa. Ben-Avraham et al. (1997) reported that the fracture zone first
became active in the Early Cretaceous during the breakup of Gondwana
and the passage of the Falkland Island Plateau. However, plate kine-
matic reconstructions indicate that tectonic activity at the margin
ceased approximately 100Ma (Martin and Hartnady, 1986). Though
Ben-Avraham et al. (1995), Parsiegla et al. (2007), and Uenzelmann-
Neben and Huhn (2009) all point to possible neotectonic reactivation,
no real evidence exists supporting the conclusion that there has been
recent tectonic activity along the fracture zone.

The kinematics of faulting and related stress distribution has been
the subject of specific studies in the framework of other projects in
South Africa (e.g. Fairhead and Girdler, 1971; Shudofsky, 1985;
Wagner and Langston, 1988). Focal mechanisms (Fig. 4) and stress field
data (Meghraoui et al., 2016) are useful in the characterisation of faults
and delineation of seismic source zones. A combination of the few
available fault plane solutions, seismicity, basement geology and faults
(Fig. 4) is an important tool in the identification of seismic zones.

4.1. Seismic source geometry

The identification of seismic sources is a critical part of seismic
hazard analysis and involves a range of data types and scientific in-
terpretations. In his study, Brandt (2008) gave a summary of the types
of data usually needed to define each of the four types of seismic
sources (i.e. fault, concentrated area zone, regional area zones and
background area zones) and the relative usefulness of each data type.
However, no requirement is made that all data listed be developed for
all hazard analyses as some hazard studies may require more data than
others, depending on the scope of the analysis (Budnitz et al., 1997) and
availability of relevant data. It is a requirement, however, that all
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available data of the type indicated be considered in characterizing the
sources. A seismic source model defines the seismogenic potential, lo-
cation, size, and rate of occurrence of future earthquakes. Ideally the
model gives a clear definition of the causative faults that give rise to the
observed seismicity. However, information to identify and characterise
such faults is limited in South Africa, making the uncertainty associated
with characterising the faults too large to confidently use them as un-
ique sources in this study. The alternative, which was adopted in this
study, was the creation of a source model made up of characterised area
source zones that encompass the possible sources of earthquakes likely
to contribute towards the seismic hazard of the region. The available
information on faults encompassed in the area sources and focal me-
chanisms was then used in characterising some of the sources.

The integration and interpretation of the compiled data resulted in
the generation of 22 area source zones whose boundaries are shown in

Fig. 5. The zones represent areas that can be assumed to be uniform in
terms of their seismicity characteristics.

The source zones (Fig. 5) were then delineated as outlined below:
CFBE (Cape Fold Belt East): This zone corresponds to the eastern

part of the Cape Fold Belt, which includes a belt of folded Paleozoic
sedimentary rock that extends from the south-western margin of the
Eastern Cape Province through to the Western Cape Province.
Structural trends in the zone are in an east – west direction. The
northern boundary is defined by the northern limit of fold and thrust
structures, whilst the southern boundary coincides with the continental
shelf break and the southern limit of the continental crust. It is bound to
the west by the change in direction of structures, which become or-
iented in a NE to SW direction (Fig. 3). However, the zone exhibits low
levels of seismicity, which is in contrast to the higher levels of seismi-
city in the zone to the west (CFBW). The observed style of faulting

Fig. 3. Major faults of southern Africa, including
identified active faults according to the publication
by Meghraoui et al. (2016). Also included as red
circles are southern African earthquakes of magni-
tude greater than or equal to 4.0. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. A seismotectonic map of southern Africa combining available information used in the identification of seismic sources.
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within the CFBE zone (mostly normal faulting) also differs from that
assessed for CFBW zone (strike-slip). A recent macroseismic study by
Albini et al. (2014) determined source parameters of historical and
early instrument earthquakes for which these parameters were not
previously available. Paleoseismic investigations conducted along one
of the major faults in the zone, the Kango – Baviaanskloof fault
(Goedhart and Booth, 2016a, 2016b) confirm the occurrence of large
normal faulting earthquakes. The largest recorded earthquake in this
zone occurred on 11 September 1969 with a magnitude of MW5.2. In
their interpretation of evidence obtained from results of a paleoseismic
investigation along the Kango fault, Bommer et al. (2015), and
Goedhart and Booth (2016b), suggest that it is likely that three latest
Pleistocene to Holocene surface-faulting events occurred with the lar-
gest earthquake having a magnitude of Mw7.2.

CFBW (Cape Fold Belt West): This zone coincides with the syntaxis
located at the western end of the Cape Fold Belt. It is characterised by
tectonic structures oriented in a NW to SE direction (Fig. 3). Fault plane
solutions (e.g. Fig. 4) show strike slip faulting along the faults. The
largest observed earthquake in the zone is the MW6.2, 29 September
1969 Ceres/Tulbagh event, which was felt throughout South Africa. No
coseismic surface rupture was documented for this event and thus no
particular fault source has been definitively associated with the Ceres
earthquake. However, recent studies of seismicity and stress regime of
the area (Bird et al., 2006; Krüger and Scherbaum, 2014; Smit et al.,
2015) show that the event very likely occurred on one of the active
strike-slip NW-SE trending faults in the region.

KL (Karoo Low): The Karoo Low is a seismic zone of sparse and low
seismicity where faulting is predominantly normal. The southern
boundary is defined by the northern limit of the Cape Fold belt, whilst
the northern boundary was modified from the model presented by du
Plessis (1996) and coincides with the southern extent of the Namaqua-
Natal belt. The maximum observed earthquake in the zone had a
magnitude of MW5.5.

NAM (Namaqualand Zone): This zone coincides with the Namaqua-
Natal belt. The stress regime is mainly strike slip in a NNE – SSW and
ENE – WSW direction (Johnston et al., 1994). The boundaries were
based on those presented by du Plessis (1996) and Singh et al. (2011).
Significant earthquakes in the zone include magnitude MW5.0 events

that occurred in 1976 and 1979, as well as the swarm of events ob-
served in the Augrabies area.

KOFFIE (Koffiefontein): The Koffiefontein zone was previously de-
fined by du Plessis (1996) and Singh et al. (2011). It coincides with a
cluster of normal faulting events located near Koffiefontein. One of the
largest earthquakes in South Africa occurred in this zone in 1912 with a
magnitude of MW6.2, followed by another in 1976 (MW5.8), both of
which were felt widely in southern Africa (Midzi et al., 2013; Strasser
et al., 2015).

CEDAR (Cedarville): East of the Koffiefontein zone is the Cedarville
zone, which coincides with the active Cedarville fault, as well as a
major cluster of events in Lesotho. The zone forms the eastern part of
the Namaqua-Natal belt. Though very active, the zone is characterised
by events of small to moderate magnitude, with the largest observed
earthquake having a magnitude of MW5.5. Faulting is mainly normal on
E-W trending faults.

MDSN (Mpumalanga-Drakensberg-Swaziland-Natal): The MDSN
zone is made up of a combination of NE-SW and N-S trending normal
faults. The zone is characterised by diffuse seismicity, though a number
of moderate events have occurred in the past. The largest observed
earthquake occurred on 20 March 1912, with a magnitude of MW5.0.
The zone is bound to the west by the Kaapvaal Craton, the ESA zone to
the east, and to the north by the change in orientation of structures to a
predominantly ENE-WSW direction (Fig. 3).

KVAAL (Kaapvaal Craton): The zone is approximately bounded by
the mobile belts and tectonic structures around the Kaapvaal Craton
and is characterised by diffuse background seismicity. Though most of
the earthquakes in this zone were small, a few moderately sized events
were observed with the largest having a magnitude of MW4.8. It hosts
the mining regions of South Africa and is created to cater for back-
ground seismicity outside mining zones. Earthquakes of magnitude less
than or equal to 2.0 were removed from the coal mine regions to ensure
compliance with Poisson distribution.

LIMPOPO (Limpopo Mobile Belt): This zone is confined within the
Limpopo Mobile Belt. The largest observed earthquake had a magnitude
of MW5.0. Structures in the zone generally trend in an ENE-WSW di-
rection. Geological investigations (Holland, 2011) indicate normal
faulting along most of the structures, with displacement of aeolian

Fig. 5. Illustration of the individual area source zones used in this study. ER- ERAND, WR – WRAND, CR – CRAND, K – KOSH and W – Welkom.
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sands along major faults (Bosbokpoort and Melinda faults) and fault
scarps ranging from 2 to 10m in height. In their study, Barker et al.
(2006) observed evidence of liquefaction along the Siloam fault, which
could have been caused by a large earthquake along the fault.

SNAM (Southern Namibia): The SNAM zone was demarcated mainly
using location of observed structures, the major ones of which are the
active Hebron and Dreylingen faults (White et al., 2009). It is bound to
the south by the Namaqua Mobile Belt which has a higher concentra-
tion of seismicity. The northern boundary is the cut off by the Damara
Mobile Belt, which has NE-SW trending structures. The eastern
boundary is demarcated by the boundary of the Kheis Mobile Belt. The
largest earthquake observed in the zone had a magnitude of MW5.5.
Faulting on major structures was observed to be generally normal.

WBOTS (South Western Botswana region): This zone is char-
acterised by some clusters of seismicity, which might be associated with
mining activities in the region. The largest observed earthquake in this
zone had a magnitude of MW5.2, which occurred on 8 November 1952.
The zone is bound to the south by the northern boundary of the Kheis
mobile belt, the Damara belt to the north and western extent of iden-
tified major faults in the east.

KHEIS (Kheis Mobile Belt): This zone is entirely located within the
Kheis Mobile Belt, whose seismicity is made up mainly of small scat-
tered earthquakes. The largest observed earthquake had a magnitude of
MW3.7. According to Cornell et al. (2011), the Kheis Mobile Belt (Fig. 2)
could either be an orogenic belt (~1800Ma) or a northern branch of
the Namaqua-Natal Belt (~1200Ma). It is described as a thin-skinned
region with east-verging thrust belt characteristics. This province is
bound by the Kaapvaal Craton to the east.

ESA (Eastern South Africa): This zone encompasses diffuse seismi-
city, located off the eastern coast of South Africa. A number of moderate
to large events have occurred in this area in the past, the largest of
which was the magnitude MW6.3 St Lucia earthquake of December
1932 (Krige and Venter, 1933). Hartnady (1985) proposed a hotspot
‘pre-weakening’ model arguing that a hotspot moved progressively
from Mozambique (ca 60Ma) through St Lucia (ca 10Ma) to Cedarville
near Lesotho where it is presently located. He also suggested that this
might be the point where the East African Rift system (EARS) will ex-
tend to in the future.

MB (Mozambique belt): Encompassed in this zone is a region in
southern Mozambique where a cluster of seismicity associated with
NW-SE oriented faults, including the Machaze fault is located. The
largest instrumentally recorded event to occur in southern Africa, the
22 February 2006 Machaze earthquake (Mw7.0), was located in this
area. This area is assumed to be part of the southern extension of the
EARS and is known to be tectonically more active than other regions in
southern Africa. However, inadequate monitoring of earthquakes in
Mozambique means that it is difficult to associate observed earthquakes
with faults. Only the 2006 Machaze event can be associated clearly with
the Machaze fault as surface rupture was observed (Fenton and
Bommer, 2006).

ZEBED (Zebediela fault region): The ZEBED source zone is domi-
nated by the NE-SW trending Zebediela and Thabazimbi faults, which
appear to be active, but without enough information to be implemented
in the study as linear sources. A few moderate earthquakes can clearly
be associated with the faults (Fig. 4), with the largest having a mag-
nitude of MW5.0. In recent investigations (Good and de Wit, 1997;
Brandt and Saunders, 2011; Singh et al., 2009, 2011) it was shown that
faulting in the region is mainly normal with a strike-slip component,
though some reverse faulting was also observed at appropriately or-
iented branches of the main faults.

ZOET (Zoetfontein fault region): This zone is located in a region
located immediately west of the Limpopo Mobile Belt. The main fault in
the region is the Zoetfontein fault which has branches mostly trending
in a NE-SW and some in a NW-SE direction. The Zoetfontein fault
roughly delineates the boundary between the Limpopo Mobile Belt and
the Transvaal basins. The eastern part of the fault (Palala Shear Zone)

was reactivated at 2 Ga (Dorland et al., 2006), but as shown in Fig. 4,
several moderately sized earthquakes can be associated with the fault,
implying that it is currently active. According to Jelsma et al. (2009),
the fault was reactivated in the late Archean and continues to be active
to the present. The recent occurrence of a MW6.5 earthquake slightly
east of the mapped extent of the NW-SE trending branches of the
Zoetfontein fault on 3 April 2017 confirms the activity of this fault.

ERAND (East Rand): This is one of the zones in the gold mining
regions of South Africa. The ERAND zone has approximately 3400
events, of which 12 have magnitudes greater than or equal to MW4.0.
The largest observed event had a magnitude of MW4.9. Given the ac-
tivity observed in this zone, it is possible that earthquakes of magnitude
larger than MW5.0 may occur in the future.

WRAND (West Rand): The WRAND zone is by far the most active of
the zones in the mining districts in and around Johannesburg, with a
total of about 24 400 events between 1971 and 2014. As with the other
two zones (CRAND and ERAND) the events in this zone have remained
below MW5.0 in size, though more than 100 earthquakes of magnitude
larger than or equal to MW4.0 were located in the region, with the
largest having a magnitude of MW4.8.

CRAND (Central Rand): The CRAND source zone, which includes
the Johannesburg CBD, has a lower seismicity rate than the East and
Western regions. A total of about 1800 events were recorded between
1971 and 2014. The largest event had a magnitude of MW4.1.

KOSH (Klerksdorp – Orkney – Stilfontein – Hartbeesfontein region):
The largest recorded mining-related earthquake in South Africa oc-
curred in the KOSH area on 5 August 2014, with a magnitude of MW5.5
(Midzi et al., 2015). The event resulted in the death of one person and
extensive damage to buildings in the area. A fault plane solution pub-
lished by Manzunzu et al. (2017) indicates that the event occurred on a
strike slip fault, although normal faulting is predominant in this region.
The region is quite active with more than 8000 events recorded be-
tween 1971 and 2014 as well as about 150 events of magnitude greater
than or equal to MW4.

WELKOM (Welkom gold mining region): This zone is characterised
by many earthquakes associated with mining activity. Of the 4143
events in this zone, 39 are of magnitude greater than or equal to Mw4.0.
Many of the events appear to be associated with the N-S and NW-SE
trending faults observed in the area. Major faults include the Border
and de Bron faults. There is evidence of recent fault activation in a trace
of 10 km SW of Bultfontein, with a sharp, well defined scarp (Andreoli
et al., 1996). Dor et al. (2001) list moderately-sized earthquakes in the
Welkom region since 1972. These earthquakes occurred on faults like
the Erfdeel, President Brand, and Saaiplaas, with magnitude values
ranging between MW4.7 and MW5.2. Marshall (1987) undertook a
morphotectonic analysis of the Wesselsbron panveld in which convin-
cing evidence was presented for the uplift of a granitic dome to the
south-west of Wesselsbron. This, in turn, led to the reactivation of a
number of NNW-SSE trending faults (the Eastern Boundary, Border and
De Bron faults) located on the eastern flank of the dome. Evidence
found underground in mines showed movement along the Dagbreek
fault during the 1976 MW5.1 event.

NWEST (Platinum mines in the North West province): The level of
seismicity in the platinum mines is currently low compared to the gold
mining region. The observed magnitudes are also currently below
MW5.0 in size.

4.2. Earthquake recurrence parameters

In order to assess the seismic hazard of the region, the identified
seismic sources needed to be characterised in terms of their earthquake
recurrence, i.e. the relative frequency of occurrence of earthquakes with
different sizes, as well as the maximum expected earthquake magnitude
for each source. The calculations for these parameters were carried out
using a maximum-likelihood approach within the ZMAP software
(Wiemer, 2001) and SEISAN software (Ottemöller et al., 2013), using
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Table 1
Recurrence parameters calculated for source zones considered in the present study. Also included are obtained Mmax values and earthquake depths and their weights.
Techniques used to estimate Mmax are: TP - Tate-Pisarenko procedure; Norm L1-L1 norm fit of Cumulative Distribution Function of earthquake magnitudes, LS –
Classical least squares procedure; K-S – Kijko – Sellevol procedure; N-P-G – Non-parametric with Gaussian kernel procedure, as published by Kijko and Singh (2011).
RLD=Subsurface Rupture length in kilometres. Mmax values in line with RLD values were obtained using a corresponding empirical equation from Wells and
Coppersmith (1994). PALEO – refers to values obtained from paleoseismic investigations along the Kango fault (Goedhart and Booth, 2016a, b).

Zone b value a value Weight (b & a pair) No. of Events Mobs Mmax Mmax Weight Technique Depth (km) Weight

CEDAR 0.93 3.34 0.3 611 5.5 5.85 0.35 TP 5 0.2
0.85 3.21 0.2 6.04 0.2 Norm L1 10 0.6
1.06 3.64 0.5 6.36 0.1 LS 15 0.2

5.73 0.35 K-S
CFBE 0.7 1.5 0.6 62 5.2 7.2 0.2 PALEO 5 0.2

1.22 3.63 0.4 6.75 0.4 PALEO 10 0.6
5.61 0.4 K_S 15 0.2

CFBW 0.9 2.84 0.6 476 6.2 6.74 0.4 TP 5 0.2
0.77 2.54 0.4 6.62 0.4 K-S 10 0.5

7.61 0.2 RLD=132 km 15 0.3
ERAND 1.45 5.47 0.2 3417 4.9 5.11 0.4 N-P-G 2 0.7

1.48 5.72 0.3 5.4 0.4 TP 5 0.3
1.27 4.15 0.5 6.3 0.2 RLD=18.7 km

CRAND 1.54 5.14 0.2 1820 4.1 5.2 0.65 TP 2 0.7
1.47 4.9 0.3 5.99 0.35 RLD=11.8 km 5 0.3
1.3 4.04 0.5

KHEIS 1.69 4.4 0.5 1606 3.7 5.28 1.0 TP 2 0.7
1.73 5.38 0.5 5 0.3

KL 0.78 2.7 0.2 316 5.5 5.73 1.0 TP 5 0.2
0.88 2.73 0.3 10 0.5
0.95 3.52 0.5 15 0.3

KOFFIE 0.84 3.01 0.2 247 6 6.43 0.6 TP 5 0.3
0.78 2.81 0.2 6.00 0.4 LS 10 0.5
0.97 3.56 0.2 15 0.2
0.74 2.44 0.4

KOSH 1.23 5.42 0.5 8736 5.5 5.61 1.0 TP 2 0.6
1.2 5.39 0.2 5 0.4
1.04 4.51 0.3

KVAAL 1.35 4.52 0.3 813 4.8 5.28 0.90 TP 5 0.2
1.1 3.77 0.6 10 0.6
1.99 7.41 0.1 6.74 0.10 RLD=36 km 15 0.2

LIMPOPO 0.62 1.34 0.6 235 5 5.34 1.0 TP 5 0.2
1.49 4.65 0.4 10 0.6

15 0.2
ESA 0.79 2.67 0.4 125 6.3 6.76 0.7 K-S 5 0.2

0.94 3.76 0.3 7.56 0.3 Norm L1 7 0.5
0.85 3.31 0.3 10 0.3

MB 0.86 4.01 0.34 553 7.2 7.74 0.4 TP 5 0.2
1.03 4.05 0.33 7.54 0.3 K-S 10 0.6
0.81 4.68 0.33 7.26 0.3 Norm L1 15 0.2

MDSN 0.79 2.56 0.2 468 5 5.13 0.4 TP 5 0.2
1.2 4.32 0.3 5.32 0.4 LS 10 0.6
1.1 3.85 0.5 6.61 0.2 RLD=30 km 15 0.2

NAM 0.7 2.44 0.2 574 5.8 5.97 1.0 TP 5 0.3
0.75 2.94 0.3 10 0.5
0.82 3.61 0.5 15 0.2

NWEST 0.87 1.92 0.6 148 4.6 5.32 1.0 TP 2 0.6
1.45 3.82 0.4 5 0.4

SNAM 0.8 2.45 0.3 45 5.5 5.96 0.4 TP 5 0.2
0.96 3.55 0.35 5.8 0.4 K-S 10 0.6
0.97 3.69 0.35 5.5 0.2 Norm L1 15 0.2

WBOTS 0.81 2.07 0.65 214 5.2 6.11 0.4 K_S 5 0.2
1.41 4.19 0.35 5.57 0.6 N-P-G 10 0.6

15 0.2
WELKOM 1.29 5.31 0.4 4143 5.1 5.3 0.7 TP 2 0.6

1.31 4.79 0.6 5 0.4
5.6 0.3 Mobs + 0.5

WRAND 1.65 6.93 0.5 24456 4.8 5.2 0.8 TP 2 0.7
1.52 6.53 0.2 6.34 0.2 RLD=20 km 5 0.3
1.32 5.64 0.3

ZEBED 0.96 2.86 0.6 566 5 5.52 0.45 TP 5 0.2
1.29 4.25 0.4 5.28 0.45 K-S 10 0.6

7.23 0.1 RLD=75.5 km 15 0.2
ZOET 1 2.92 0.6 56 4.4 5.2 0.6 TP 5 0.2

0.88 2.76 0.4 6.49 0.4 RLD=25 km 10 0.6
15 0.2
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the declustered catalogue described earlier in Section 3. The seismicity
of all sources is assumed to follow a truncated exponential (Gutenberg-
Richter) distribution characterised by the following parameters
(Gutenberg and Richter, 1944, 1954):

• The Mmax values, defined as the maximum expected possible
earthquake magnitude for each source zone.

• The b-value, which represents the slope of the Gutenberg-Richter
relation, and controls the relative frequency of occurrence of
earthquakes of different magnitudes.

• The activity rate, which is the intercept of the Gutenberg-Richter
relation and represents the number of earthquakes with MW≥ 0
occurring each year.

The Mmax values were estimated mainly through the application of
statistical procedures previously published by Kijko and Singh (2011).
These techniques make use of the compiled earthquake catalogue for
each source zone. For some zones, alternative Mmax values were esti-
mated using the Wells and Coppersmith (1994) equations that link
earthquake magnitude to sub-surface rupture length (Table 1). Faults
identified as active in those zones were used in this calculation with the
length estimated from segments that can be associated with earthquake
locations. Such alternative Mmax values obtained for each source were
used in the hazard calculation in conjunction with assigned weights
(WM) reflecting the level of confidence in each value. These values and
weights are summarised in Table 1. In the case of the zone CFBE, the
largest magnitude of previous earthquakes identified in the paleo-
seismic investigation along the Kango fault (Goedhart and Booth,
2016a, b), were used as alternative values of Mmax for this zone.

4.2.1. Earthquake depth
There is very limited available information on the depth of earth-

quakes in South Africa. This is mainly because the national seismic
network of stations is too sparse to be used to produce reliable depth
values (Mangongolo et al., 2017). Limited information is available
where advanced analyses such as moment tensor inversion and/or
waveform fitting were performed (e.g. Shudofsky, 1985; Jensen, 1991;
Dziewonski et al., 1991; Fan and Wallace, 1995; Bowers, 1997; Brandt
and Saunders, 2011). However, the studies have clearly shown that
earthquakes in South Africa generally occur at shallow depths
(Mangongolo et al., 2017; Brandt, 2014; Brandt and Saunders, 2011).

Brandt (2014) determined depth of 24 earthquakes within South
Africa. In their analysis tectonic events had depth values ranging from
4 km to 7 km while mining related event depths range from 1 km to
4 km. Given the limited availability of depth information in respect to
the distribution of identified source zones, a decision was made to use a
set of three alternative values for all of the zones as shown in Table 1.
These values cover the range of available depth values and are con-
sistent with typical values observed on continental crust. Lower values
were selected for ESA source given that the zone lies entirely in the
thinner oceanic crust.

5. Ground motion prediction equations

Ground Motion Prediction Equations (GMPEs) are used to relate a
ground-motion parameter (e.g. peak ground acceleration) to a set of
variables describing the earthquake source, wave propagation path and
local site conditions (e.g. Douglas, 2003). These independent variables

invariably include magnitude, source-to-site distance and local site
conditions, and often style-of-faulting (mechanism). Some recent
models go further to account for other factors affecting earthquake
ground motions, such as directivity effects (e.g. Rowshandel, 2006;
Spudich et al., 2004; Spudich and Chiou, 2008; Rowshandel, 2010;
Shahi and Baker, 2011) and hanging wall effects (e.g. Abrahamson and
Silva, 1997; McVerry et al., 2006; Abrahamson and Silva, 2008; Chiou
and Youngs, 2014). The GMPE is generally one of the models with the
largest influence on the final hazard results. However, it is also gen-
erally the largest contributor to uncertainties in hazard.

Given the lack of strong motion data in South Africa, no GMPEs
were previously derived specifically for the region. Therefore, two
published models from regions of similar tectonics to South Africa were
identified as suitable and used in the hazard calculation. Two models
were selected in an effort to account for the uncertainty associated with
the process of identifying and selecting suitable GMPEs following a
procedure similar to that described by Bommer et al. (2010). Both
GMPEs were implemented in the hazard calculation by assigning
weights to them that represent levels of confidence in the models. Im-
plied in this method is that the selected models represent the composite
distribution of epistemic uncertainty in ground motions in this region.

In view of its position relative to plate boundaries, relatively low
level of earthquake activity and the slow rates of crustal deformation,
South Africa is generally considered a SCR. Therefore, it is considered
to be analogous to a region such as the eastern part of North America,
for which a number of ground-motion models are available. However,
unlike the eastern part of North America, the current tectonic regime of
southern Africa shows evidence of extensional tectonic stresses with
dominant normal faulting. Bommer et al. (2015) used similar argu-
ments in their seismic hazard study of a site at Thyspunt in South
Africa, in deciding against the use of SCR models. Studies such as that
by Johnston et al. (1994) show that extensional tectonic stresses are
uncommon within SCRs, for which reason the equation of Akkar et al.
(2014) is selected as one of the GMPEs used in the seismic hazard as-
sessment. It is an empirical GMPE derived using pan-European datasets
for a magnitude range of 4.0 ≤ MW≤ 7.6 and distance range up
200 km. The GMPE was derived for both point-source (epicentral, REPI

and hypocentral, RHYP) and finite-fault (distance to the surface pro-
jection of the rupture, RJB) distance metrics. Akkar et al. (2014) spe-
cifically include the Vs30 value as a predictive parameter within their
equation. A clear advantage of the Akkar et al. (2014) GMPE is the
ability to explicitly select an appropriate style of faulting.

The model by Boore and Atkinson (2008) also derived for active
shallow crustal regions was selected (Table 2) as an alternative GMPE.
It also has the advantage of specifically including the average shear-
wave velocity over the uppermost 30m of ground, VS30, as a predictive
parameter as well as being able to predict ground motion at long per-
iods. Thus, in this study, it was decided to use the Akkar et al. (2014)
GMPE with a higher weight of 0.6 and Boore and Atkinson (2008) a
weight of 0.4 for all the sources (Table 2). Both equations were im-
plemented for B/C boundary rock-site conditions (shear-wave velocity
of 760m/s).

In their study Bommer et al. (2015) implemented adjusted versions
of two NGA (Next Generation of Attenuation) models (Chiou and
Youngs, 2008; Abrahamson and Silva, 2008) as well as the Turkish
model of Akkar and Çağnan (2010). The Turkish model was selected to
avoid only using NGA models as well as to include a model that is
constrained for normal-faulting earthquakes, which dominate in South

Table 2
The two GMPEs selected for use in the PSHA of South Africa.

GMPE Region Weight Remarks

Akkar et al. (2014) Europe and Middle East 0.6 Active shallow crust. However, mostly events of normal faulting used.
Boore and Atkinson (2008) Eastern North America 0.4 Active shallow crust. Data used had a mixture of focal mechanisms.
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Africa.

6. Seismic hazard calculations

In this study classical probabilistic seismic hazard calculations
(Cornell, 1968; McGuire, 1974, 1976; Der Kiureghian and Ang, 1975,
1977) were carried out using the OpenQuake engine, an open source
seismic hazard and risk calculation software developed, maintained and
distributed by the GEM Foundation (Pagani et al., 2014). A compre-
hensive manual (Crowley et al., 2015) on the use of the software is
available for free on the GEM website and was used extensively in the
assessment. The hazard calculations were made for an area consisting of
a mesh of 169 sites spaced at approximately 100 km under the fol-
lowing conditions:

• Calculations were made for 10% probability of exceedance in 50
years (or return period of 475 years).

• The minimum magnitude adopted is Mmin= 5.0, which is consistent
with the practice of excluding frequent, small events of little en-
gineering significance (EPRI, 1986; Kramer, 1996; Salazar, 2018).

• Calculations were carried out to produce PGA and spectral accel-
eration maps for one short and a long period, 0.15s and 2.0s re-
spectively.

In cases such as South Africa, where seismic and fault data is lim-
ited, uncertainties associated with the input parameters (e.g. recurrence

parameters and Mmax values) need to be assessed and considered in the
hazard calculations. In this study, alternative values of input para-
meters were obtained and implemented in the hazard calculation using
a logic tree technique (e.g. logic tree for KVAAL source in Fig. 6 and
input parameters in Table 1). These logic trees provide a convenient
form for the formal and quantitative treatment of the uncertainties and
have been used this way for a while in probabilistic seismic hazard
assessments (e.g. Kulkarni et al., 1984; Coppersmith and Youngs, 1986;
Reiter, 1990).

7. Results and discussion

Mean seismic hazard maps for a return period of 475 years (10%
probability of exceedance in 50 years) of three ordinates (PGA, 0.15s
and 2.0s) were produced (Figs. 7–9 respectively).

The highest seismic hazard values are observed in the KOSH gold
mining region of South Africa. However, at long period (2.0s) the
highest hazard is observed in the north-eastern part of the country
which is likely an influence of the MB source which has a record of
large earthquakes. The high acceleration observed in the KOSH region
at lower periods could be a result of the shallow moderate earthquakes
in that area as well as the high activity rates associated with the mining
related earthquakes. Results of sensitivity analyses (Midzi et al., 2016)
showed that the hazard in that area is certainly driven by the recurrence
parameters. Interestingly, the hazard in the south-western part of South
Africa where the largest recorded earthquake in South Africa (Mw6.2)

Fig. 6. Typical seismic source characterisation logic tree for the area sources zones determined in this study (e.g. given here is the logic tree for KVAAL source zone).

V. Midzi, et al. Journal of African Earth Sciences 162 (2020) 103689

10



occurred on 29 September 1969 is relatively low for all three maps
(Figs. 7–9). This is observed to be due to the low activity rates observed
in the area as illustrated by the low ‘a-value’ for zone CFBW especially
when compared to other zones (Table 1).

On comparing the results obtained in this study to those from pre-
vious studies (e.g. Fernández and du Plessis, 1992; Midzi et al., 1999;
Kijko et al., 2003), it was found that the PGA values in the Witwa-
tersrand gold mining region were similar in magnitude with maximum
values of about 0.2 g (Fig. 7). However, the distribution of the values is
not similar. Previous maps (e.g. Fernández and du Plessis, 1992; Kijko
et al., 2003) have other areas of PGA values of 0.2 g such as the Ceres
and the Koffiefontein areas. These areas have previously experienced
large earthquakes. It appears the results by Fernández and du Plessis
(1992) and Kijko et al. (2003) are driven by the distribution of clusters
of seismicity especially where large events occurred in the past. This is
not surprising given that their methodology does not consider seismic
zones but earthquake distribution. The results obtained by Midzi et al.
(1999), have lower acceleration values but with areas of their values
coincident with the location of source zones used in their calculation.

PGA values of less than 0.02 g were observed in the Witwatersrand
basin, mainly because in their study, Midzi et al. (1999) did not include
areas with mining-related earthquakes in their seismic source model in
order to meet the Poisson distribution condition.

8. Conclusion

The results obtained in the present study provide the first hazard
maps for South Africa prepared using a probabilistic seismic hazard
assessment approach where seismic source zones are used. An effort
was made to include geological information in addition to available
seismic data, fault plane solutions and stress regime data. A combina-
tion of these data together with previously published information on
the seismotectonics of the region (e.g. Hartnady, 1985; du Plessis, 1996;
Andreoli et al., 1996; Singh et al., 2011; Brandt and Saunders, 2011),
produced a well-constrained seismic source model. Uncertainties asso-
ciated with inadequate data (e.g. incomplete and short earthquake
catalogue, limited information on earthquake depth values) were ad-
dressed in the calculation by considering alternative values of the input

Fig. 7. Distribution of mean PGA values in South Africa computed for 10% probability of exceedance in 50 years (return period of 475 years).

Fig. 8. Distribution of spectral acceleration (period of 0.15s) values in South Africa computed for 10% probability of exceedance in 50 years (return period of 475
years).
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parameters, which were then implemented through the use of the logic
tree technique. However, a major weakness of the study is the un-
availability of a GMPE designed specifically for South African condi-
tions. Ideally, it is necessary to have equations for the different sources
of earthquakes in South Africa, induced events (mining related) and
natural events (tectonic), as well as the different tectonic regimes
(cratons and mobile belts). However, this lack of suitable GMPEs was
addressed by adopting equations derived for tectonically similar re-
gions especially with similar style of faulting. Two equations (Akkar
et al., 2014; Boore and Atkinson, 2008) were selected and implemented
in the calculation with assigned weights, again using the logic tree
technique.

Ground acceleration distribution is driven mainly by the delineated
seismic source zones, with the KOSH zone contributing much of the
hazard at all periods considered. Other mining region sources (i.e.
WRAND and WELKOM) also contributed much hazard though more on
a local scale unlike KOSH. The impact of large earthquakes in the MB
zone is felt mainly in the north-eastern part of the country especially at
longer periods.

A major assumption made in this study is that the seismicity asso-
ciated with mining regions is stationary with its temporal and spatial
distribution following a Poissonian distribution. However, this is not
necessarily true as the events appear to depend on human activity. In
future, this temporal variation and spatial distribution will need to be
assessed and its effect incorporated in the computation.

As much as the results of this study form a valuable addition to
available information on the seismic hazard of South Africa, it is
strongly recommended that these results should not be used directly for
design purposes of structures but rather for planning purposes.
However, the information included here can be used in conducting a
site specific probabilistic seismic hazard assessment for the particular
structures to be constructed at the site.
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