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ABSTRACT

On 3 April 2017 an earthquake of local magnitude ML = 4.6 occurred in the Stilfontein area in the North West
Province, South Africa. Using the cluster network of strong motion seismograph stations located in the
Klerksdorp-Orkney-Stilfontein-Hartbeesfontein (KOSH) area, the event records were analyzed and location of
the event determined using the Antelope and SEISAN software packages. A total of 213 aftershocks of the event
were also recorded and analysed. Their epicentres are found to plot in a NE-SW line, which follows the
orientation of shallow faults in the region. The earthquake shaking was felt in the closest provinces of South
Africa, but no damage was reported. In response to the earthquake, the Council for Geoscience (CGS) sent out a
team of scientists to further assess the effects of the event in the community by interviewing members of the
public and completing questionnaires. A total of 177 questionnaires were collected. Analysis of the collected
macroseismic data produced 35 intensity data points which showed that a maximum intensity of VI according to
the Modified Mercalli Intensity scale was experienced in communities located close to the epicentral area. By
analyzing first motion polarities, a fault plane solution was obtained for the main shock, which represented
normal faulting with strike of 265.6°, dip 61.1°and rake of -72.8°. The observed attenuation of intensity values
was comparable to that observed on the French stable continental region especially for epicentral distances
greater than 10 km.
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1. INTRODUCTION

At around 04:49 hours (local time) on 3 April 2017, an earthquake of local magnitude, ML4.6
occurred in the Stilfontein area in the North-West Province, South Africa (Figure 1). Using the cluster
network of strong motion seismograph stations located in the KOSH region (Figure 2), the Council for
Geoscience (CGS) recorded the event. They analysed the records using Antelope and SEISAN
software packages to obtain an epicentre at the coordinates 26.8650S and 26.7790E in the KOSH gold
mining region (Figure 1). The event was estimated to have occurred at a very shallow depth of 0.3 km.
It was followed by an aftershock sequence (Figure 3) of which the largest aftershock had a magnitude
of ML3.0.
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Figure 1: Location of the 3 April 2017 Stilfontein earthquake. Red star is the epicentral location. The insert
shows the map of South Africa with the red box representing the study area.

27°(='0"E

North West
PNMR - KO FBF -KO

KMDR -
A X MWC - KO
RCAS - KO SJ5 - KOQSD -KO

A 37 -xosAM  sii0-ko0

3 SIAKOAGS ;K@\
Kpee KOVMBD-KQ Assh .

AEK - KOA

27°0'0"S—4 =27°0'0"S

Free State

Intensities

) * Main Shock
20 Kilometers
A Seismic Stations

)
27°0'0"E

Figure 2: The KOSH cluster network of seismic stations located in the North West Province that recorded the 3
April 2017 Stilfontein earthquake. The black star shows the location of the earthquake
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Figure 3: Aftershock sequence with largest event of magnitude 3.0

The aftershocks were located at depth values ranging from 0.0 to 1.6km (Figure 4a). The aftershocks
are all located at very shallow depth close to that of the main event. The profile perpendicular to the
one shown in Figure 4a, shows that the aftershocks occurred on a steep structure (Figure 4b), implying
an almost vertical fault. The largest recorded aftershock had a magnitude of ML3.0 and occurred 45
days after the main shock, on 18 May 2017 (0157 hours local time). Further, investigation of the
aftershock sequence is necessary as there is a strong possibility that some of the events so far included
as aftershocks could actually be part of the background seismicity of the area given that the area is
quite active. The largest event prior to this ML4.6 event was the ML5.5 Orkney event of 05 August
2014 which killed one person when a wall collapsed on him and damaged more than 600 houses
(Midzi et al., 2015). Another earlier event in the same area had a magnitude of ML5.3 and occurred on
09 March 2005. That event resulted in severe damage underground in the mines as well as to
structures on the surface (Saunders et al., 2005). The shaking from the main Stilfontein earthquake
was widely felt, with reports from as far as Johannesburg and Pretoria about 200km away from the
epicentre.

The occurrence of such earthquakes is of concern to the mining industry, residents, government and
other stakeholders (e.g. municipalities, insurance industry, construction industry, etc.) because
repeated occurrence of such earthquakes will certainly result in damage to structures and even injury
or loss of human life especially underground in the mines (Midzi et al., 2015). Larger earthquakes in
the same areas could certainly result in more severe effects. Therefore, understanding the cause and
effects of these and similar earthquakes is essential to the management of seismic risk in the country.
To this end, the CGS embarked on an investigation of the effects of these earthquakes as well as
research to obtain information to help in understanding their faulting mechanisms.
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Figure 4: Depth profiles of the aftershocks of the 3 April 2017 ML4.6 earthquake. (a) Profile distance from point
A (26.89959, 26.75612) to point B (-26.85226, 26.80765) (b) Profile distance from point C (-26.85909,
26.76071) to point D (-26.89049, 26.80357). The broken line represents approximate slope of structure along
which aftershocks might have occurred.

2. MACROSEISMIC SURVEY AND DATA ANALYSIS

Macroseismic intensity data play an important role in the seismological, engineering and loss
modelling communities (Midzi et al. 2013). They provide the much needed and often previously
unavailable information for constraining the location and magnitude determination of historical events
and for the reconstruction of shaking distributions. The data can also be useful in the selection of



appropriate ground-motion prediction equations which are calculated either by comparing intensity
values with those of other regions of similar tectonics (e.g. Bakun and McGarr 2002; Allen and Wald
2009) or by direct comparisons of intensity values with ground-motion predictions of peak ground
acceleration and response spectral ordinates (e.g. Scherbaum et al. 2009; Delavaud et al. 2009). In
South Africa, Midzi et al. (2013) compiled an intensity database containing 213 earthquakes, where
intensities were assigned using the Modified Mercalli Intensity scale, MMI-56 (Richter 1958).

Following the earthquake of 03 April 2017, the CGS conducted a macroseismic survey to investigate
the effects of the event in the region following the same methodology as that described by Midzi et al.
(2013). The macroseismic observations were compiled from collected questionnaires. The
questionnaire used had 19, mostly multiple choice questions, each of which addresses a specific aspect
of earthquake effects.

2.1 Observations and intensity data points
Observations were obtained from questionnaires filled during interviews conducted by CGS scientists
at homes, shopping malls, workplaces and schools in the North West, Free State and Gauteng

Provinces of South Africa. A total of 177 observations were collected and their spatial distribution is
shown in Figure 5.
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Figure 5: Distribution of observations collected for the 03 April 2017 Stilfontein earthquake

The methodology followed to translate the observer information into intensity data points (IDPs) is
essentially that recommended by Musson and Ceci¢ (2002) and implemented by Midzi et al. (2013).
The first step in the analysis of the observations was to sort them according to places, where the places
were defined as suburbs or districts in the region. The location of the places were obtained using
gazetteers of places such as the online GeoNames database (http://geonames.nga.mil/ggmagaz/) and
Google Earth. All the individual intensity indicators per question in the questionnaires for each place
were then summarized. Intensity values were assigned to the sorted and grouped observations by



comparing the summary of the observations for each place with the descriptions given for the intensity
degrees on the MMI-56 scale (Richter, 1958). This was done by identifying which of the descriptions
for the various intensity degrees best fits the sum of the data collected for the particular place under
consideration. As stated by Musson and Ceci¢ (2002), it is important in this process not to lose focus
in pursuit of details of individual diagnostics. The correct assignment is the one that best expresses the
generality of the observations. Following the process described above, a total of 35 IDPs were created
(Figure 6).
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Figure 6: The distribution of IDPs obtained after the 03 April 2017 Orkney earthquake. The black star indicates
the location of the earthquake

On analyzing the created IDPs, it was observed that 8 were created using only one observation (Figure
7), thus reducing confidence in those results. However, the rest were created using information from
multiple observations with 17 IDPs created using at least five observations. The most reliable is for
Klerksdorp area which was created using 16 observations (indicated in Figure 7). The numerical
distribution of intensity levels obtained is shown in Figure 8, which shows that the highest intensity
value obtained was VI, which was experienced in Kanana village. This place is located about 20km
from the epicentre. Quite a few other places (9 places) experienced significant shaking of intensity
levels between IV and V. Interestingly one place in Johannesburg (Randburg) experienced shaking of
intensity level IV compared to the much lower values experienced at many other places within the
city. This higher value could be an influence of site effects such as topography, given that the place is
located on top of a hill.
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Figure 8: Number of IDPs obtained for each intensity level

In order to obtain a better understanding of the distribution of the obtained IDPs, an intensity—distance
curve was plotted (Figure 9). This plot serves to illustrate the attenuation of intensity levels in the
region and hence, the attenuation of seismic waves.



The IDP intensity—distance distribution is compared with a modified Bakun and Scotti (2006) model,
which was prepared for the French stable continental region. The modified model has the following
formula:

| = 3.98 + 1.27M~3.37logA (1)

Where M is the earthquake local magnitude and Ah is the epicentral distance in kilometres. The decay
of intensity values with distance fits the shape of this modified French model well and clearly shows
the effect of attenuation of the ground motion, especially for the region between 10 and 100 km.

In the near field (distance less than 10 km), the intensities do not show any evident trend but they seem
to be underestimated, as the Bakun and Scotti (2006) model expects intensity values of at least VIII in
this region for a magnitude 4.6 earthquake. It is not clear what could have caused this discrepancy in
the values, though it could be due to saturation of the ground-motion amplitudes in the near field.
However, beyond the near field, the intensity values decrease gradually down to intensity 111 at about
100 km, though strong scatter is observed in the values. The main source in scatter could be the
variation in site effects due to local geological conditions.
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Figure 9: The intensity—distance plot for the IDPs obtained for the main 03 April 2017 Stilfontein earthquake.
The black solid line represents the modified Bakun and Scotti (2006) intensity—distance model (Eq. 1)

2.3 Focal Mechanism /Fault plane solution

To help understand the source of the main 3 April 2017 earthquake, a fault plane solution was
determined using data recorded at KOSH cluster network stations as well as from the South Africa
National Seismic Network. The solution was determined using P-wave first motion polarities from 78
seismic stations that had the best waveform data. A full description of the process followed is given in
the manual of the SEISAN software (Ottemdéller et al., 2013), where the primary program used is
FOCMEC (Snoke et al., 1984). FOCMEC has good control because it performs an efficient systematic
search of the focal sphere and reports acceptable solutions based on selection criteria for the number of
polarity uncertainties. The selection criteria for both polarities and angles allow for correction or
weightings for near-nodal solutions. The focal mechanism solution of the main event shows normal



faulting (Figure 10) which trends north-east south-west. The main nodal plane’s parameters are: Strike
= 265.6°, Dip = 61.1° and Rake = -72.8°.
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Figure 10: Correlation of the focal mechanism solution at the epicentre of the 03 April 2017 earthquake. Open
circles = background seismicity, Red filled circles = aftershocks, Black and White Beach ball represents the
focal mechanism of the main event.

5. CONCLUSIONS

Intensity values were assigned to create IDPs for the 03 April 2017 Stilfontein earthquake using
observation data collected mainly from questionnaires filled in during interviews conducted by CGS
personnel. A total of 35 IDPs were created, with the highest intensity level of VI experienced at
Kanana village located about 20km from the epicentre. Observations indicating felt effects of the
event were obtained from as far as Wolmaranstaad, Johannesburg and Pretoria, which are 95 km,
157km and 205km respectively from the epicenter. It is clear that site effects contribute much to the
distribution of the observed intensities and further investigations are recommended. IDP data obtained
in this investigation together with other datasets obtained in previous studies (e.g. Midzi et al., 2013;
Singh and Hattingh, 2009) are very important and should be used in further studies to understand
better the attenuation of ground motion in the region as well as in the estimation of historical
earthquake source parameters.

6. ACKNOWLEDGMENTS

We extend our sincere appreciation to the Council for Geoscience for funding the macroseismic
intensity survey and allowing us to use the data from the seismic cluster network to determine the
epicenter, study the aftershocks and determine the fault plane solution of the main event. The authors
are also grateful to reviewers whose input improved our article.



7. REFERENCES

Allen TI, Wald DJ (2009). Evaluation of ground-motion modeling techniques for use in Global ShakeMap: a
critique of instrumental ground-motion prediction equations, peak ground motion to macroseismic intensity
conversions, and macroseismic intensity predictions in different tectonic settings.US Geological Survey Open-
File Report 2009-1047.

Bakun WH, McGarr A (2002). Differences in attenuation among the stable continental regions. Geophys Res
Lett 29(23):190- 02. doi:10.1029/2002GL015457.

BakunWH, Scotti O (2006). Regional intensity attenuation models for France and the estimation of magnitude
and location of historical earthquakes. Geophys J Int 164:596-610.

Delavaud E, Scherbaum F, Kuehn N, Riggelsen C (2009). Information-theoretic selection of ground-motion
prediction equations for seismic hazard analysis: an applicability study using Californian data. Bull Seismol Soc
Am 99(6):3248-3263.

Midzi V, Bommer JJ, Strasser FO, Albini P, Zulu BS, Prasad K, Flint NS (2013). An intensity database for
earthquakes in South Africa from 1912 to 2011. J Seismol 17:1183-1205.

Midzi V, Zulu B, Manzunzu B, Mulabisana T, Pule T, Myendeki S, Gubela W (2015). Macroseismic survey of
the ML5.5, 2014 Orkney earthquake, Journal of Seismology, 19 (3), 741 — 751, DOI 10.1007/s10950-015-9491-
2.

Musson RMW, Ceci¢ 1 (2002). Macroseismology. In: Lee WHK, Kanamori H, Jennings PC, Kisslinger C (eds)
International handbook of earthquake and engineering seismology, International Geophysics. 81(A):807-822

Ottemoller L, Voss P, Havskov J (2013). Seisan Earthquake Analysis Software for WINDOWS, SOLARIS,
LINUX and MACOSX. Available: http://seis.geus.net/software/seisan/seisan.pdf, downloaded on:12/03/2013.

Richter C (1958). Elementary seismology. W. H. Freeman, San Francisco.

Saunders |, Brandt MBC, Kgaswane E, Molea TT (2005) A preliminary appraisal of the effect of a magnitude
ML=5.3 event of 9 March 2005, Klerksdorp, South Africa. Council for Geoscience report number 2005-0066.

Scherbaum F, Delavaud E, Riggelsen C (2009). Model selection in seismic hazard analysis: an information-
theoretic perspective. Bull Seismol Soc Am 99(6):3234-3247.

Scherbaum F, Delavaud E, Riggelsen C (2009). Model selection in seismic hazard analysis: an information-
theoretic perspective. Bull Seismol Soc Am 99(6):3234-3247.

Singh M and Hattingh E (2009) Short communication: collection of isoseismal maps for South Africa. Nat
Hazards 50(2):403-408.

Snoke JA, Munsey JW, Teague AG, Bollinger GA 1984. A programme for focal mechanism determination by
combined use of polarity and SV-P amplitude ratio data, Earthquake Note, 55, 15pp.US Geological Survey
Open-File Report 2009-1047.

10



