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Abstract

After the mega-earthquakes and concomitant devastating tsunamis in Sumatra (2004) and Japan (2011), we
launched an investigation into the potential risk of tsunami hazard to the coastal cities of South Africa. This
paper presents the analysis of the seismic hazard of seismogenic sources that could potentially generate
tsunamis, as well as the analysis of the tsunami hazard to coastal areas of South Africa. The subduction zones of
Makran, South Sandwich Island, Sumatra, and the Andaman lIslands were identified as possible sources of
mega-earthquakes and tsunamis that could affect the African coast. Numerical tsunami simulations were used to
investigate the realistic and worst-case scenarios that could be generated by these subduction zones. . The
simulated tsunami amplitudes and run-up heights calculated for the coastal cities of Cape Town, Durban, and
Port Elizabeth are relatively small and therefore pose no real risk to the South African coast. However, only
distant tsunamigenic sources were considered and the results should therefore be viewed as preliminary.
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1. Introduction

The death and destruction in the wake of the mega-earthquakes and tsunamis of 26 December 2004 in Sumatra
and 11 March 2011 in Tohoku, Japan, serve as a reminder of the necessity for timely assessment of the potential
tsunami hazard faced by susceptible coastlines. It is accepted generally that the extremely high death toll could
have been avoided if an effective Indian Ocean tsunami warning system had been in place, similar to the Pacific
Tsunami Warning Center (PTWC) in Hawaii and the National Tsunami Warning Center (NTWC) in Alaska. In
response to the tragedy in Sumatra, the Indian Ocean Tsunami Early Warning System (IOTWS) was created.

The Intergovernmental Oceanographic Commission of UNESCO (IOC-UNESCO) was tasked with coordinating
the establishment of the early warning system. In June 2005, during the 23rd session of the 10C, the
Intergovernmental Coordination Group for the Indian Ocean Tsunami Warning and Mitigation System
(ICG/10TWS) was formally established. Today the group has 28 member states, including South Africa. Many
countries participate through national tsunami warning centres. However, three Regional Tsunami Service
Providers (Australia, India and Indonesia) are the primary source of tsunami advisories for the Indian Ocean
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(http://iotic.ioc-unesco.org/indian-ocean-tsunami-warning-system/tsunami-early-warning-centres/57/regional-
tsunami-service-providers; last access 16 Oct. 2017; see also Thomalla and Larsen, 2010).

The 2004 event served to renew research interest into the mega-transoceanic seismic and tsunami hazard the
Indian Ocean is facing. Most relevant research focuses on individual countries or regions, with two notable
exceptions. A report by Berryman et al. (2013) was published by the Global Earthquake Model (GEM) initiative
and provides a detailed description of subduction zones worldwide, as well as estimates of maximum possible
magnitudes. A study by Burbidge et al. (2009) focussed specifically on the Indian Ocean, with a panel of
experts compiling a report on the potential tsunami effect of particular subduction zones in the coastal cities of
the Indian Ocean. It was recommended that all the susceptible countries identified by this study invest in
comprehensive and thorough tsunami hazard analyses, which should include regional inundation models.

In South Africa, there is a significant lack of recorded information on tsunamis that have affected the country
and, currently, only five events have been identified as tsunamis (Table 1). The most recent event, attributed to
the 2004 mega-transoceanic tsunami, affected parts of the eastern coast of Africa. In South Africa, maximum
wave heights between 0.75 m and 0.9 m were observed at Simon’s Bay, Cape Town, and Saldanha, with two
drownings being reported. Of the tsunami events listed in Table 1, this event is the only one for which there is
conclusive evidence. The event of 1809 is usually associated with the magnitude 6.3 Milnerton earthquake that
is commonly believed to have triggered a submarine landslide (Hartnady and Botha, 2007). As regards the rest
of the events, the sources of the abnormal wave heights are unknown, as these waves cannot be associated with
any recorded local or distant earthquakes at this time. Possible local tsunami sources, which could have
contributed to such events include the steeply sloped sediments on the Western Cape continental margin
(Dingle, 1980; Dingle et al., 1987; Dingle and Robson, 1992; Wefer et al., 1998) and the possible existence of
mud volcanoes south of the Walvis Ridge (Ben-Avraham et al., 2002). Although a recent study by Salzmann
and Green (2012) dismissed the possibility of local tsunamis being attributable to landslide events on the
northern KwaZulu-Natal coastline, questions remain over the likelihood of submarine landslides in the southern
and south-eastern coastline of South Africa. However, owing to the inferior quality of the available data, these
events were excluded from consideration in our analyses.

Table 1. Observed tsunami and tsunami-like events in South Africa.

Date Location Source Comments References
1809-12-04 Milnerton Earthquake/ Fish observed in the | Hartnady and
Landslide streets of Cape Botha (2007)
Town
1883-08-24 Port Elizabeth Krakatau volcanic | Maximum wave Choi et al., 2003
eruption height
approximately 1.4 m
1969-08-26 Dwarskersbos, West Unknown Abnormal wave Council for
Coast Run-up approx. 5m Geoscience
1981-05-11 Agulhas Bank Slumping (?) - Council for
Geoscience
2008-08-(20-21) Cape West Coast Unknown Abnormal wave Council for
Geoscience
2004-12-26 Eastern coast of South | 26 December Maximum wave Joseph et al.
Africa (e.g. Port 2004, heights of 0.75— (2006); Okal and
Elizabeth, Port Sumatra-Andaman | 0.9 m at Simon’s Hartnady (2009)
Nolloth) and as far as earthquake Bay, Cape Town,
Saldanha Bay, Cape and Saldanha; two
Town, Simon’s Bay) people drowned

The aim of the current study was to assess the potential tsunami hazard to the South African coastline. For this
purpose, we assessed earthquake recurrence parameters for each of the identified tsunamigenic source zones.
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Provision was made in all the calculations for the incompleteness of the earthquake catalogues, the uncertainty
of the earthquake magnitude determination, and the uncertainty of the applied earthquake occurrence model.

Estimated parameters were used to calculate the maximum expected wave height through the numerical
simulation of tsunamis for “worst-case” and “realistic” scenarios. The worst-case scenarios depict hypothetical,
yet possible scenarios, while realistic scenarios concern particular tsunami events that affected the coastline in
the past. In our case, worst-case scenarios include mega-earthquakes associated with various subduction zones
around the Indian Ocean, while a realistic scenario is the large tsunami produced by the mega-earthquake of
1833 generated in the Sumatra subduction zone. The aim was to evaluate the maximum possible impact, based
on the available information and the results of several numerical tests. Other authors have followed a similar
approach in their research, including Burbidge et al. (2009), Gonzélez et al. (2009), Power et al. (2007),
Sgrensen et al. (2012), and Brizuela et al., (2014).

After the brief introduction in Section 1, a description of the identified tsunamigenic sources and the applied
methodologies is presented in Section 2. The results of the earthquake and tsunami hazard assessment are
provided in Sections 3 and 4, with the discussion and conclusions provided in Section 5.

2. ldentification of source zones

According to Burbidge et al. (2009), the subduction zones of the South Sandwich Islands, Sumatra, and, to a
lesser extent, the Andaman Islands are considered the main contributors to the tsunami hazard to the coastal
cities of South Africa. In this paper, we discuss zone-characteristic seismic hazard analysis of the subduction
zones of Andaman, Sumatra Island, a section of the Sunda Arc in Indian Ocean, the South Sandwich Islands in
the southern Atlantic Ocean, and the Makran subduction zones in the Persian Gulf and the Gulf of Oman (Figure
1). Okal and Synolakis (2008) conducted similar analysis of the far-field tsunami hazard from mega-thrust
earthquakes in the Indian Ocean related to the seismic sources located at the boundaries of the 2004 Sumatra-
Andaman rupture. Such sources run along the southern coast of Sumatra and in the Andaman-Myanmar region,
along the Makran coast of Pakistan and Iran, and farther along the southern coast of Java. These authors
investigated how the variation in the earthquake focal parameters and the mode of seismic slip could affect the
influence of far-field tsunamis. They concluded that if the seismic moment of the earthquake remained the same,
the tsunami characteristics in the far-field domain appeared remarkably robust with respect to the variations in
the properties of the parent earthquakes.

In the current study, following Burbidge et al. (2009), we assumed that the distant earthquake sources of
Makran, the South Sandwich Islands, and Sumatra-Andaman were subduction zones that could generate mega-
tsunamis that could affect the coastal areas of South Africa. Near-field tsunami-generating sources were
excluded from the analysis because of a lack of confidence in the information. During the last couple of
centuries, Java trench subduction zone has exhibited relatively low seismic activity. The catalogue of seismic
events for this region does not provide any earthquake that generated a trans-oceanic tsunami. Even the
devastating local tsunamis in 1994 and 2006 failed to reach the shores of the African continent. (Okal and
Synolakis, 2008). Java trench is known from its very low, less than 1% seismic coupling, the ratio of seismic
energy release by an earthquake to the total energy accumulated. It suggests that most of the accumulated
tectonic energy in the Java trench is released aseismically, by aseismic deformation, as e.g. fault creep (Ruff and
Kanamori, 1980; Javier et al., 1993; Ruff and Tichelaar, 1996; Okal and Synolakis, 2008 and references
therein). The subduction zone of Java was therefore not included in our analysis of the Sumatra-Andaman
tsunamogenic zone. However, the potential to generate mega-tsunami by Java trench is worth to study as a
separate issue, due to the potential socio-economic effect of tsunami in the area.
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Figure 1. The four tsunamigenic subduction zones considered to have the potential to generate mega-tsunamis
that could affect the South African coast: (1) Andaman Subduction Zone, (2) Sumatra Island, (3) Makran, and
(4) South Sandwich Islands.

3. Seismic Hazard Assessment

As the applied procedure for tsunami hazard assessment requires only information on the distribution of
earthquake magnitudes, our analysis of the seismic hazard is limited to the assessment of the respective
magnitude exceedances for each of the four identified tsunamigenic sources.

In terms of moment magnitude My, the seismic event catalogues used for the South Sandwich Islands, Sumatra
Island, and the Andaman subduction zones were collected from the International Seismological Centre - GEM
(ISC-GEM) historical (Version 1.0) and complete (Version 2.01) catalogues (Storchak et al., 2013). The
catalogue from Karimiparidari et al. (2013) was used for the Makran subduction zone. Table 2 presents a
summary of each of the applied seismic catalogues, which include geographical coordinates, time span, number
of events, level of completeness, as well as the maximum observed magnitudes for each of the identified
regions. The geographical coordinates were taken from Berryman et al. (2013), with the exception of the South
Sandwich Islands, for which the investigated area was increased to include more events.

The seismic recurrence parameters, the mean annual seismic activity rate A, and the Gutenberg-Richter b-value
(b = BIn(10)) were estimated by using the maximum likelihood procedure (MLE), as defined in Kijko et al.
(2016). We made provision for the incompleteness of the data and the uncertainty associated with the magnitude
estimation, as well as the uncertainty of the applied earthquake occurrence models. Aleatory uncertainty in the
earthquake occurrence models is introduced by assuming that both A and the b-value are random variables, each
described by the gamma distribution. The approach results in the replacement of the classic frequency-
magnitude Gutenberg-Richter relation and the Poisson distribution, describing the temporal earthquake
occurrence of events, by the mixture-gamma distributions (Benjamin, 1968; Campbell, 1982, 1983).

Table 2. Summary of earthquake event catalogue used for the Makran, South Sandwich Islands (SSI), Sumatra
Island, and the Andaman subduction zone.

Makran SSI Sumatra Island Andaman

Coordinates [24.38°N; 57.06°E] | [40.00°S; 63.00°W] [8.17°S; 96.20°E] [1.35°N; 92.07°E]
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to to to to
[26.05°N; 65.03°E] | [10.00°S; 55.00°W] | [1.35°N; 104.58°E] | [13.72°N; 96.20°E]
Time span 1438-2002 1921-2011 1681-2011 1837-2011
Historic Catalogues e 1438-1969 e 1921-1969 e 1681-1969 e 1837-1969
e Date o 4 o 2 e 10 e 5
e Numberofevents | ¢ 6.0 e 75 e 75 e 75
e Level of e 02 e 03 e 03 e 03
completeness e 80 e 81 e 90 e 79
e Standard error in ® i
magnitude
e Maximum
magnitude
observed
Complete Catalogues | e  1970-2002 e 1970-2011 e 1970-2011 e 1970-2011
e Date e 23 e 269 e 281 e 213
e Numberofevents | e 4.4 e 55 e 55 e 55
° Level of o 0.1 o 0.1 ° 0.1 o 0.1
completeness * 55 e 74 e 85 e 90
e Standard error in
magnitude
e  Maximum
magnitude
observed
Maxn_num observed 8.1 8.1 9.0 9.0
magnitude

An unbiased estimator of the zone-characteristic (seismogenic source) maximum-possible earthquake magnitude
Mpyq Was determined by using the parametric procedure, hereafter referred to as Kijko-Sellevoll-Bayes (K-S-
B), (Kijko and Singh, 2011) for the subduction zones of South Sandwich Island and Sumatra. However, the non-
parametric Gaussian (N-P-G) procedure provides more reliable m,,,, estimates for the Makran and Andaman
subduction zones. Non-parametric methods make the least number of assumptions about the underlying model
distribution (Kijko, 2004) and prove useful in instances where standard parametric procedures provide
incoherent results. The underlying complexity in the earthquake-magnitude distribution, as well as the number
of events in the catalogue (Makran) could explain probably why Andaman and Makran perform better with the
non-parametric method.

The zone-characteristic seismic hazard is expressed in terms of mean return periods and the probabilities of
being exceeded at least once in a specified time interval for specified earthquake magnitudes. The results,
expressed in terms of zone-characteristic hazard curves, showing the probability for a wide range of magnitudes
(My,) to be exceeded in 1, 5, 10, and 25 years, are presented in Table 3.

Table 3. The estimated zone-characteristic seismic hazard parameters for the four identified tsunamigenic zones
of Makran, South Sandwich Islands (SSI), Sumatra Island, and the Andaman subduction zones.

Makran SSI Sumatra Island | Andaman
Method of Maximum Magnitude | N-P-G! K-S-B? K-S-B? N-P-G!
Estimation
Maximum Magnitude (,,4) 84+05 8.2+0.3 9.2+0.3 94+04
Minimum Magnitude (i) 4.40 5.50 5.50 5.50
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Gutenberg-Richter b-value

1.01 +0.08

1.00 = 0.06

1.00 £ 0.05

1.07 £ 0.06

Mean Seismic Activity Rate (1)

06+0.2

6.5+1.6

52+1.0

47+1.0

[earthquakes per year]

 Non-parametric Gaussian maximum magnitude estimation (Kijko and Singh, 2011)
2Kijko-Sellevoll-Bayes maximum magnitude estimation (Kijko and Singh, 2011)

The range of estimated earthquake maximum magnitudes (M,,) is [7.9, 8.9] for Makran, [7.9, 8.5] for the South
Sandwich Islands, [8.9, 9.5] for Sumatra Island, and [9.0, 9.8] for the Andaman subduction zone. Table 4
provides the respective estimates of the return periods for earthquakes with magnitudes 7.0, 7.5, and 8.0. The
most frequent (lowest return period) threat is posed by Sumatra Island, the South Sandwich Islands, and the
Andaman subduction zones.

Table 4. The estimated zone-specified seismic hazard parameters for the four identified tsunamigenic zones of
Makran, South Sandwich Islands (SSI), Sumatra Island, and the Andaman subduction zones.

Magnitude Return Period (years)
Tsunamigenic zone Makran SSI Sumatra Andaman
7.0 318 4 5 6
75 862 13 11 16
8.0 3170 90 30 43

Figure 2 and Table 4 illustrates the return period for a given moment magnitude (M,,) for Makran, South
Sandwich Islands, Sumatra Island, and the Andaman subduction zone, respectively. As an example, the return
period of earthquake occurrence with magnitude equal to or greater than 7.0 to occur in the Makran subduction
zone is approximately every 318 years, every 4 years for South Sandwich Island and every 5 and 6 years
respectively for Sumatra Island, and the Andaman subduction zone.. The confidence intervals for the probability
of exceedance and return periods (£ one standard deviation) are shown in Figure 2.

Return Period [YEARS]
Return Period [YEARS]

: : : -1
° i i i i i 1 i 10 L L ?‘5 é a5
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Figure 2: The mean return periods for earthquake magnitude for the subduction zones of a) Makran, b) the
South Sandwich Islands, ¢) Sumatra Island and d) the Andaman subduction zone. The red curve shows the mean
return period, whereas the two blue curves indicate the mean return period * one standard deviation.

Comparing the above results with those of similar investigations confirms the results of the other researchers to
a considerable extent. The report by Berryman et al. (2013), under the auspices of the Faulted Earth Global
Component for the Global Earthquake Model (GEM) project, provides extensive and in-depth analysis of
parameters impacting the tsunami potential of an area. This report identifies ranges (minimum, maximum, and
average) for the Gutenberg-Richer b-value and the maximum magnitude for worldwide subduction zones.
Determining the maximum earthquake magnitude is based on the rupture length of the different fault segments,
as described by McCaffrey (2008). The maximum magnitude estimated for Makran, South Sandwich Islands,
Sumatra, and Andaman do not differ significantly from the results obtained by Berryman et al. (2013). As
regards to the Makran subduction zone, the estimated m,,,,,, was lower than the M,, 8.7 suggested by Berryman
et al. (2013) and Zaman et al. (2012). Moreover, these two studies provide a b-value that is much lower and
appears to deviate from what is normally observed in areas with tectonic origin seismicity. Therefore, it is
prudent to assume that the four identified subduction zones could generate mega-transoceanic tsunamis that
could potentially affect the South African coastline and, by implication, the eastern part of the African coastline.

4. Tsunami Hazard Assessment

Maximum tsunami wave amplitudes for realistic and worst-case scenarios were estimated by employing
numerical techniques (described below) for the three selected sites along the South African coast, namely, the
metropolitan cities of Durban, Port Elizabeth, and Cape Town. During the numerical tests,the Sumatra and
Andaman zones were combined and analysed as one zone.

The parameters used in the regional modelling of tsunami amplitudes are summarized in Table 5. The values
were obtained from loualalen et al. (2006), Okal and Synolakis (2008), and Okal and Hartnady (2009), as well
as from a number of hypothetical tests for the worst-case scenarios. The geographic longitudes and latitudes of
the three hypothetical tide gauges are 31.044°E and 29.858°S for Durban, 25.604°E and 33.948°S for Port
Elizabeth, and 18.411°E and 33.895°S for Cape Town.

Numerical simulations for all the scenarios were performed using the GEOWAVE application (Watts et al.,
2003), which is a combination of TOPICS (Tsunami Open and Progressive Initial Conditions System) and
FUNWAVE. TOPICS uses a variety of curve fitting techniques and was designed (Grilli and Watts, 1999) as a
simulation tool to provide approximate surface water elevations and velocities as initial conditions for the
tsunami propagation model. The FUNWAVE (Wei and Kirby, 1995; Wei et al., 1995) numerical model
performs wave propagation simulation based on the fully non-linear Boussinesq theory, allowing the user to
obtain accurate run-up and inundation data at the same time. The use of GEOWAVE for tsunami simulations
has been validated well by previous case studies of tsunamis generated by earthquakes (Day et al., 2005; Grilli
et al., 2007; loualalen et al., 2006, 2007), pyroclastic flows (Watts and Waythomas, 2003; Novikova et al.,
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2011), underwater landslides (Watts et al., 2003; Day et al., 2005; Greene et al., 2005), and debris flow (Walder
et al., 2003).

The earthquake tsunami source is described by the standard half-plane solution for an elastic dislocation with
maximum slip 4 (Okada, 1985). Accordingly, a planar fault is defined through horizontal length L and width I/,
with the centroid being located at the earthquake epicentre (x,, v,), and depth d. The Okada (1985) solution is
implemented in the TOPICS software application. Both homogeneous and heterogeneous (certain number of
subfaults with different dimensions and values of slips along the respective faults) were considered in our
study. However, it was found that the resulting wave amplitudes at the three sites practically do not differ if
applied to the homogeneous or heterogeneous slip models.

The definition of the grid is based mainly on 2 (minute) resolution bathymetry, and topography (ETOPO
2'database, National Geophysical Data Center, NOAA, USA). This grid covers the region from 60° S to 25° N
and from 28° W to 120° E. The simulation time step was established based on the size of the constructed grid.
The maximum tsunami wave amplitudes for realistic (RC) and hypothetical worst-case (WC) scenarios were
calculated numerically for each of the three identified sites on the South African coast. The focal parameters
used during the simulations are provided in Table 5.

Table 5. Focal parameters of the earthquakes that were applied for tsunami hazard assessment based on the
realistic and worst-case scenarios (RC=realistic-case and WC = worst-case) for the subduction zones of Makran,
South Sandwich Islands and Sumatra-Andaman.

Fault Makran SSI Sumatra-Andaman
Parameters
Coordinates [24.38°N; 57.06°E] to [40°S; 63°W] to [8.17°S; 96.20°E] to
[26.05°N; 65.03°E] [10°S; 55°W] [13.72°N; 104.58°E]
RC WC RC WC1 WC2 RC WC
Fault Length (km) 326 326 191 191 191 943 550
Fault Width (km) 105 105 78 78 78 191 175
'(\:'ne)a” Displacement | o, 4.92 2.62 2.62 2,62 16.97 13
Strike (degree) 236 280 38 272 130 338 280
Hypocenter depth 27 27 35 15 35 25 25
(km)
Coordinates of 24.61°N; 25.0 °N; 27.3°S; | 27.3°S; | 26.9°S; 3.3°N; 8.3°N;
hypocenter (deg.) 60.1°E 62.3°E 55.5°W | 55.5°W | 58.1°W 95.8°E 98.0°E
Dip Angle (degree) 7 (2-27) 7 50 57 50 8 (8-15) 7
Slip Rake (degree) 90 90 95 71 95 90 90
Magnitude (Mw) 7.5 8.2 7.5 8.13 8.3 9.1 8.9

4.1. Realistic scenarios

The predicted tsunami amplitudes for the realistic scenarios at the three South African coastal sites are
extremely small (Table 6). In fact, the largest amplitudes, being in the order of a few centimetres (Figure Al1-1,
Appendix), were expected to be generated by an earthquake that occurred at the Sumatra-Andaman
tsunamigenic zone. Even lower amplitudes were obtained from the Makran (Figure A2, Appendix) and South
Sandwich Islands (Figure A3, Appendix) sources. The parameters of these seismic sources are given in Table 5.
The results indicate clearly that the tsunami hazard related to the three distant seismic sources is minimal.

To investigate more complex and, perhaps, more realistic scenarios, we also employed the model for
heterogeneous slip distribution to the seismic faults. The model for heterogeneous slip did not change the
resulting far-field tsunami wave amplitudes. In fact, the calculated amplitudes for all three locations had the
same values as those obtained from a model with homogeneous seismic slip. However, in the case of the
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Sumatra-Andaman zone, the energy directivity effect, as observed during the 2004 mega-tsunami, was
reproduced better by employing the heterogeneous slip model (Figure Al-2, Appendix).

Table 6. Calculated offshore tsunami amplitudes (m) from the realistic and worst-case scenario models with
homogeneous and heterogeneous slip for the considered seismic zones (RC=realistic-case and WC = worst-
case) for the subduction zones of Makran, South Sandwich Islands and Sumatra-Andaman.

Site Amplitudes (m)
Makran SSI Sumatra-Andaman
RC |WC | RC | WC1 | WC2 RC WC

Cape Town 0.003 | 0.06 | 0.011 | 0.02 | 0.29 0.03 0.037
Port Elizabeth | 0.006 | 0.07 | 0.037 | 0.05 | 0.06 0.04 0.078
Durban 0.009 | 0.13 | 0.001 | 0.008 | 0.11 0.06 0.21

4.2. Worst-Case Scenarios

Running number of scenarios with various source parameters for every seismic zone, we selected the cases
when the tsunami influence at the considered coastal zone will be maximum. We considered ‘worst case’
conditions in terms of source orientation and the direction of wave energy radiation, i.e. in cases where wave
energy is directed toward the investigated site and we selected the hypocenter location that would maximize the
phenomenon. Final values of those tests were presented in Table 5.

4.2.1. Sumatra-Andaman Tsunamigenic Zone

The worst-case hazard scenario for the coasts of Kenya, Tanzania, and South Africa would be a repeat of the 25
November 1833 great earthquake (Figure 3), with the expected impact likely more severe than that of the 26
December 2004 event. Okal and Hartnady (2009) attributed this to the more southerly azimuth of the energy
directivity pattern. The parameters for a scenario such as the 1833 earthquake are given in Table 5. Accordingly,
in this study, calculations were performed by using the parameters of the 1833 earthquake with homogeneous
seismic slip. This scenario is considered a worst-case scenario for a tsunami generated by the Sumatra-Andaman
zone.

-1.0

-2.0
I -3.0
-4.0
-5.0
-6.0
-7.0
-8.0
-9.0
-10.0
-11.0

0.0

T
80.0 100.0

Figure 3. Static fault displacement generated by the 1833 Sumatra earthquake, which is used for modelling the
worst-case scenario.
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Based on the 1833 scenario, offshore tsunami amplitudes range between 0.037 m and 0.21 m (Table 6). The
distribution of the amplitudes is shown in Figure 4, with the initial surface elevation presented in Figure 3. The
wave amplitude values were shown to be 1.2 to 3.5 times larger than those produced by the Sumatra 2004
seismic model. The expected impact of such a tsunami would be considerably stronger than that from the 2004
tsunami. This is ascribed principally to the more southerly azimuth of the energy directivity pattern, controlled
by the geometry of the earthquake source.

0.48

0.32

0.16

0

-20 0

Figure 4. Estimated maximum surface elevation owing to the 1833 Sumatra earthquake with homogeneous
seismic slip. The earthquake parameters are given in Table 5. The triangles from east to west represent Durban,
Port Elizabeth, and Cape Town.

4.2.2. Makran Tsunamigenic Zone

We conducted a simulation of the worst-case tsunami scenario generated by the Makran tsunamigenic zone,
assuming the occurrence of an earthquake with a homogeneous slip and focal parameters, as shown in Table 5.
The configuration of this subduction zone can be found in Byrne et al. (1992). The corresponding static co-
seismic fault displacement is illustrated in Figure A4 (Appendix). However, in the selection process for the
worst-case scenario, the different directions (strike) of the fault were tested, with the aim to direct (focus)
tsunami energy toward the South African coast (Figure A5, Appendix). The final fault strike selected was equal
to 280°. The estimated tsunami amplitudes are listed in Table 6. Although still insignificant, they are slightly
larger than those obtained by the realistic scenarios. The tsunami impact to the selected sites in this scenario
remains minimal.

4.2.3. South Sandwich Islands Tsunamigenic Zone

To assess the worst-case scenario for a tsunami of which the source is off the South-Sandwich Islands (Figure
A6, Appendix), we employed the earthquake parameters for homogeneous seismic slip, as provided in Table 5.
In addition, a number of tests were performed by varying the hypocentre depth and the strike of the earthquake
fault, with the aim to direct maximum tsunami energy toward the South African coast (Figure A7, Appendix).
This scenario is referred to as worst-case scenario 1. It was found that by keeping the seismic moment
unchanged, the variation of the earthquake fault strike did not affect the tsunami amplitudes obtained at the three
selected sites. The amplitudes obtained for an earthquake fault strike of 130° are listed in Table 6, and the
amplitude distribution is shown in Figure A7 and the Appendix.

A tsunami was simulated for this region in accordance with the study of Okal and Hartnady (2009). The
simulation considered a tsunami-generating earthquake with the parameters as shown in Table (of their work).
This is an alternative scenario, referred to as worst-case scenario 2, and assumed that an interplate thrust could
generate an earthquake at the southern corner of the arc. According to Okal and Hartnady (2009), this is the
most dangerous tsunami scenario for the African and South African coast. The strong effect of tsunami wave
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generated during such event would be the result of source directivity and wave focusing during its propagation.
The results of our numerical experiment are similar to those obtained by Okal and Hartnady (2009). Their study
indicated wave amplitude equal to 0.3 m offshore from Cape Town. Our calculations resulted amplitudes of
0.29 m in Cape Town, 0.06 m in Port Elizabeth, and 0.11 m in Durban (Figure 5).

Figure 5. The estimated maximum surface elevation (m) owing to worst-case scenario 2 for the South Sandwich
Islands earthquake, with homogeneous seismic slip and fault strike equal to 130°. The earthquake parameters are
as given in Table 5. Triangles are as in Figure 4.

The Sumatra-Andaman zone is considered the most dangerous zone, as it can generate earthquakes of
magnitude 7.0 and larger for shorter return periods compared with the other three zones. These earthquakes can
generate a high amplitude tsunami that could affect the South African coast. In the case of the Makran seismic
zone, earthquakes with similar magnitudes have return periods of more than 300 years. For this tsunamigenic
region, only the worst-case scenario could be considered a threat to South Africa. A 90-year return period was
calculated for the South Sandwich Island subduction zone for an earthquake of magnitude 7.0 or higher.
Earthquakes with lower magnitudes that occur more frequently cannot generate a tsunami with a significant
amplitude to affect the South African coast negatively.

Table 7.Simulated tsunami run-up (RU) in metres calculated (right columns) for the worst-case scenarios (WC).
Values in parentheses for the South Sandwich Islands source represent the run-up values obtained for worst-case
scenario 2.

Makran SSI Sumatra-Andaman
Site WC WC1 | WC2 WC
RU RU RU RU
Cape Town 0.83 0.4 25 0.6
Port Elizabeth | 0.93 0.15 | 0.8 1.0
Durban 1.43 0.19 | 1.3 2.0

Estimates that are more accurate of tsunami run-up values for the South African coast can be obtained only after
the implementation of the local model, with the incorporation of the high-resolution sources of near-shore
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bathymetry and coastal area topography. Such application could increase the offshore wave amplitude and,
consequently, could improve the run-ups values.

5. Conclusions

Failing to quantify hazards accurately could have devastating effects on the infrastructure of a country, its
economic stability, and the quality of life of its people (World Bank, 2005). The general perception is that South
Africa is safe from the impact of a mega-transoceanic tsunamis. The intention of this work was to discuss this
assumption by combining seismic and tsunami hazard procedures into a unified study and to quantify the
tsunami threat to the South Africa coastline. As shown, the Makran, South Sandwich Island, Sumatra, and the
Andaman subduction zones could generate mega-earthquakes that could result in transoceanic tsunamis of
amplitudes that could have a negative impact on the coastline.

Three factors were identified as major contributors to the uncertainty of the tsunami hazard estimates. First,
uncertainty is introduced by the application of relatively short earthquake catalogues. The seismic event dataset
of the South Sandwich Islands does not span100 years, and the catalogues for the Makran, Sumatra, and the
Andaman subduction zones span 564, 330, and 174 years, respectively. It is quite likely that the full seismic
cycle of a mega-earthquake magnitude would be larger than the time spans of each of these catalogues. Since
the assessment of zone-characteristic seismic hazard parameters did not include prehistoric-earthquake
information, the results are uncertain and potentially could underestimate the zone-characteristic, maximum
possible earthquake magnitudes and, at the same time, overestimate the return periods. Future research is
required, where the available information should be utilised by applying the Bayesian formalism.

The second form of data uncertainty is that only a small fraction of large earthquakes in subduction zones
generate mega-tsunamis. The probability of a significant earthquake occurrence induced by the Makran
subduction zone during the next 25 years is extremely small. Additional investigation is required to determine a
realistic value of the fraction of earthquakes capable of generating mega-tsunamis, and in what way this would
affect the relevant seismic hazard recurrence parameters.

The third factor of uncertainty is the inclusion of local tsunamigenic sources in the calculations. Only distant
tsunamigenic sources were considered owing to the size and inferior quality of historical records on local
tsunamis. As pointed out in a report by ESKOM (2009), a tsunami generated by an offshore landslide is
considered the largest unknown risk factor for the South African coast. There is increasing recognition of the
role that submarine and coastal landslides could play in the generation of powerful tsunamis. Accordingly,
future research should incorporate such tsunami sources, using, for example, the information provided by
Roberts (2008) and Luger (2010) on the evidence for South African submarine slumps.

Several conclusions can be drawn from the results of the numerical tsunami simulation for the regional model.
The simulated realistic scenarios of tsunami hazard for Durban, Port Elizabeth, and Cape Town by the three
analysed subduction zones showed relatively small tsunami amplitudes, which do not represent a significant risk
to the South African coast. This is also true for the worst-case scenarios, with the estimated wave amplitudes not
being changed significantly; however, the worst-case scenarios better represent the observed effect of energy
directivity.

Our results are consistent to a large extent with the outcomes of similar investigations performed by other
researchers, who applied different simulation techniques. By incorporating additional sources of information
into the local model, such as high-resolution near-shore bathymetry and the coastal topography of each selected
site, assessments that are more accurate could be obtained. It is expected that after incorporating the local
models, the run-up in the three analysed coastal sites could reach 2 m, which is a considerable height from a
tsunami risk perspective.

The results of the tsunami hazard assessment for the coast of South Africa indicate that the tsunami threat
appears to be important subject for further detailed study including also a-seismic sources and employing finer
bathymetric sources for propagation model.. These results and the factor of data uncertainty suggest that
additional research and superior quality data are required to increase the accuracy of the tsunami hazard
assessment. Therefore, the results provided in this article should be treated as preliminary only.
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Figure Al-1. Maximum surface elevation (m) at all times after an earthquake with homogeneous seismic slip
generated in the Sumatra-Andaman zone. The earthquake parameters are listed in Table 5. Triangles from east
to west represent Durban, Port Elizabeth, and Cape Town.
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FigureAl-2. Maximum surface elevation (m) at all times after an earthquake with heterogeneous seismic slip at
the Sumatra-Andaman tsunamigenic zone. Earthquake parameters are listed in Table 5. Triangles are as in
Figure S1.
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Figure A2. Maximum surface elevation (m) at all times after an earthquake with homogeneous slip generated in
the Makran tsunamigenic zone. The earthquake parameters are listed in Table 5. Triangles are as in Figure A1-1.
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Figure A3. Maximum surface elevation (m) at all times owing to homogeneous seismic slip produced by an
earthquake at the South Sandwich Islands zone. The earthquake parameters are listed in Table 5. Triangles are
as in Figure A1-1.
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Figure A4. Static fault displacement generated by an earthquake occurring at the Makran tsunamigenic zone,
which is used for modelling the worst-case scenario, with parameters listed in Table 5, but for a strike equal to
280°.
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Figure A5 Estimated maximum surface elevation owing to a worst-case scenario earthquake occurring in the
Makran tsunamigenic zone, with homogeneous seismic slip, and fault strike of 280°. The earthquake parameters
are listed in Table 5. Triangles are as in Figure A1-1.
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Figure A6. Static fault displacement of the South Sandwich Islands earthquake used as an initial condition for
worst scenario 1. The earthquake parameters are listed in Table 5, with earthquake fault strike of 130°.
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Figure A7. Estimated maximum surface elevation (m) owing to worst scenario 1 for the South Sandwich
Islands earthquake, with homogeneous seismic slip and fault strike equal to 130°. The earthquake parameters are
listed in Table 5. Triangles are as in Figure Al-1.
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