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Executive Summary

The aim of this report isto portray the current seismic hazard as well as to estimate the possible effect
of increased seismic activity due to the planned hydraulic fracturing in South Africa. The seismic
hazard is expressed in terms of four maps. Each of these maps portrays different potential effects of
hydraulic fracturing. This is done by indicating the value of the peak ground acceleration (PGA)
which is expected, with a 10% probability, to be exceeded at least once within 50 years. Based on
current knowledge of the geology and tectonic setting of South Africa, it is impossible precisely
predict if, and by how much the hydraulic fracturing will lead to an increase the seismic hazard of
South Africa. The following four scenarios were therefore considered: &) no increase of seismicity,
as well as where seismicity increases b) 2 times, ¢) 5 times and in the extreme case, d) 10 times. The
respective scenarios are illustrated in Maps No. 1 to No. 4. Map No. 5 represents the estimated
seismic hazard in South Africa when taking into account the above four possible scenarios which
hydraulic fracturing may have on the seismicity. To assess the expected effect of hydraulic fracturing
on seismic hazard in South Africa, aformalism in the form of alogic tree was applied. It was assumed
that the logic tree weights (I,,) of the four scenarios are 0.15, 0.50, 0.30 and 0.05 respectively. It has
to be strongly emphasized that these weights (1) are very subjective; it was selected according to a
wide scatter and often contradicting expert opinions on the effect of hydraulic fracturing on
seismicity. These opinions are available in the current respective literature (e.g. Davis and Frohlich,
1993; De Pater and Baisch 2011; Davies et al., 2013; Green et al., 2012; Horton,2012; King, 2010;
Maxwell et al., 2009; Suckale, 2009; Zoback and Harjes, 1997).

Comparison of these five maps suggest that the introduction of hydraulic fracturing in South Africa
can/will lead to high levels of seismic hazard in the parts of the Western Cape, the Free State,
Gauteng and towards the eastern border of the North West Province. Moderate hazard levels can be
expected in the Limpopo Province and parts of the Northern Cape. The southern part of the Eastern

Capeis subject to low levels of seismic hazard.

For the purpose of this report the associated hazard (peak ground acceleration) is set equivalent to
vulnerability as defined in UNISDR (2004). This report defines vulnerability as the conditions
determined by physical, social, economic and environmental factors or processes, which increase the

susceptibility of acommunity to the impact of hazards.
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A more reliable assessment of the effect of hydraulic fracturing on seismic hazard in South
Africa can be achieved only through the inclusion of detailed geological and tectonic

information about the ar ea.

Section 1 provides an introduction and is followed by a brief description on the tectonic setting
(Section 2) and seismicity (Section 3) of South Africa. The applied procedure for the computation of
the probabilistic seismic hazard maps are described in Section 4. Section 5 provides the description
on the input data used with the results described in Section 6. A monitoring protocol for seismic
hazard is discussed in Section 7. A brief description of the possible impact of hydraulic fracturing is
availablein Appendix B.

Disclaimer: Neither the University of Pretoria Natura Hazard Centre, Africa nor any other party
involved in creating, producing or delivering the report shall be liable for any direct, incidenta,
consequential, indirect or punitive damages arising out of the misuse of the information contained in
thisreport. The University of Pretoria Natural Hazard Centre, Africa does not guarantee the accuracy
of information provided by external sources and accepts no responsbility or liability for any

consequences arising from the use or misuse of such data.

1. Introduction

Seismic activity in South Africa can be divided into two major groups, the predominantly mining
related seismicity as well as seismicity of natura (tectonic) origin. In this report the term seismic
event refers to both natural and mining-related events. The associated seismic hazard, the physical
effects of a seismic event, is of great importance to the engineering, insurance and disaster
management industries. Seismic hazard is typicaly characterized by phenomena such as surface
faulting, ground shaking and liquefaction. For the purposes of this report, the seismic hazard is
expressed in terms of the likelihood to observe the maximum acceleration of the ground shaking
during a seismic event namely peak ground acceleration (PGA). This acceleration is expressed in

units of g, where g is equal to 9.81 m/s?.

Five maps were created to assess the potential effect of hydraulic fracturing in the South African
environment. This was done under the assumption that the hydraulic fracturing process will cause
induced seismicity, which in turn could result in an increase in the seismic activity rate. Map No. 1
portraits the current seismic hazard in South Africa, expressed in terms of PGA with (10% probability

of exceedance at least once within in 50 years). The map was calculated for the current value of the
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mean seismic activity rate 4, i.e. ¢¢ = 1. The correcting factor ¢; is applied to the seismic activity
rate A to indicate the factor by which the activity rateisincreased tor the four possible scenariosi.e. @)
no increase of seismicity and seismicity increases b) 2 times, c) 5 times and d) 10 times. Maps No. 2
to 4 respectively represent the 10% probability of exceeding the expected peak ground acceleration
(PGA) at least once in 50 years for activity rates with the respective correcting factors ¢, =2, 5 and
10. These maps are available in Section 6. Finally, Map No. 5 represents the expected seismic
hazard in South Africa after taking into account the four possible scenarios of the effect of hydraulic
fracturing. To assess the expected effect of hydraulic fracturing on seismic hazard in South Africa,
the assessment was performed by the application of the logic tree formalism through the association

of the respective logic tree weights (1,, = 0.15, 0.50, 0.30 and 0.05) with the above four scenarios.

These maps provide a convenient tool to estimate the expected seismic risk and response to seismic
event loading for different types of structures and buildings located in the South African provinces.
By combining these maps with additional geological information, they could also be used asan aid in

seismic hazard mitigation.

At least two similar investigations of seismic hazard in South Africa, as presented in Map No.1, were
compiled in the past. In 1992, L.M Fernandez and A. du Plessis produced “Seismic Hazard Maps of
Southern Africa” (Fernandez and du Plessis, 1992) and in 2003 Kijko et al, (2003) published the
interactive CD “Probabilistic Peak Ground Acceleration and Spectral Seismic Hazard Maps for South
Africa”. This map by Kijko et al., (2003) is implemented into the South African Building Code
SABS (2009). More details regarding the applied theory are available in the discussion of the map

creation processin Section 4.

2. The tectonic setting of South Africa
(based on Kijko et al., 2003)

The first recorded seismic phenomenon in South Africa was reported in 1620 by the early Dutch
settlers. The improvement in the recording methods of seismic events as well as investigations into
the seismic nature of South Africa indicated that the area behaves typically of an intraplate region.
An intraplate region is usualy characterised by low-level seismic activity, compared to world

standards, with seismic events randomly distributed in both space and time. However, the correlation
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between seismic event location and the surface expression of major geological features is not clear

(Fernandez and Guzman, 1979 aand b).

The African plate, on which South Africa is situated, consists of the East African Rift System,
southern Africa and ends in the Indian Ocean. Plate boundaries in both the continental and oceanic
lithosphere (including the African wide-plate boundary) are hundreds and thousands of kilometres

wide, and in fact cover roughly 15% of Earth’s total surface area (Gordon and Stein, 1992).

Maps of the residual bathymetry in the ocean basins around the African continent were investigated
by Nyblade and Robinson (1994) and found a broad bathymetric swell in the south-eastern Atlantic
Ocean, with amplitude of about 500 m. Thisregion of anomalously shallow bathymetry together with
the contiguous eastern and southern African plateaus, form a superswell log of which the origin is
uncertain. The authors speculate that it may be partly attributed to the heating of the lithosphere
which caused rifting and volcanism in eastern Africa and isindicated by high heat-flow measurements
in southern Africa and the south-eastern Atlantic Ocean. Thistheory is supported by Su et al., (1994)
and Grand et al., (1997), who respectively constructed a three-dimensional shear wave velocity model
as well as shear wave and pressure wave velocity heterogeneity models of the Earth’s mantle from an
inversion of a large set of seismic travel time data. Both investigations found evidence for the
existence of large mega-structures with associated anomalous velocities in the Earth. Su et al., (1994)
interpret the velocity anomaly, found under part of Africa, as hot mantle material in the depth interval
of 800 to 2300 km.

Evidence of tectonic uplift in southern Africa during the last 3 Ma (mega-annum) may be inferred
from the uplift of Neogene diamond-bearing marine deposits and the relationship between onshore
denudation and offshore sedimentation in, for example, KwaZulu Natal (Hartnady and Partridge,
1995). These authors subsequently speculated that the diapir plumes that buoy up alarge part of East
Africa have also affected South Africa. The African wide-plate boundary is characterised by belt-like
zones of seismicity surrounding relatively aseismic blocks. The seismicity in South Africa appears to
portray the same spatia style and supports the notion that the wide-plate boundary extends into South
Africa.  The rift between the Nubia and the Somalia plates, south of 20° S off the coast of
Mozambique, is along the southwest Indian Ridge (Lemaux et al., 2002). Hence, even though South
Africamay be influenced by the wide-plate boundary, therift itself does not extend into the country.
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3. A brief description of South African seismicity
(based on Kijko et al., 2003)

The highest natural seismic activity, where the peak ground acceleration (PGA) exceeds 0.05 g, as per
the commentary on the Seismic Hazard Map in the SABS Code of Practise manual of 1994 (SABS,
1994), is observed in the south-eastern Cape and around Lesotho. In the past, PGAs of 0.39 g and
0.45 g have been recorded for the deep gold-mining areas of Klerksdorp and Carletonville (SABS,
1994).

Evidence that has emerged from deep gold mines in South Africa indicate that mining-induced
seismicity is characterised by normal faulting due to stope closure and that tectonic stresses play an
insignificant role (Dennison and Van Aswegen, 1993; Wong, 1993). The bulk of the seismic events
recorded and located by the South African National Seismograph Network (SANSN; Saunders et al.,
2008) are attributed to mine tremors due to the deep gold-mining operations around the
Witwatersrand basin area. The gold-bearing reefs of the Witwatersrand system are mined by stoping
at depths reaching £ 3.5 km (Gibowicz and Kijko, 1994; Gibowicz and Lasocki, 2001). The loca
networks of geophones, installed in many of the gold mines, record the seismic events with greater
accuracy than that obtained from the SANSN.

A study of afew recent mining-induced seismic events in South Africa (1999 to 2005) indicates that
in the gold-mining area of Klerksdorp (eastern North West Province) seismic events of local Richter
magnitudes M up to 5.3 were recorded. In the Koffiefontein diamond mining area in the Free State,
three events of loca magnitudes M between 2.7 to 4.5 were recorded during June and July 1999.
The largest mining-related seismic event in South Africa occurred on 9 March 2005 in the Stilfontein
mining-area (Figure 1) between Potchefstroom and Klerksdorp (M =5.3) in 2005. Severa buildings

in the town were damaged by this event.

However the strongest and most devastating South African seismic events of the 20" century are
attributed to the natural seismicity in the Western Cape. The Ceres-Tulbagh seismic event of 29
September 1969, with local Richter magnitude 6.3, is the largest recorded event. This event was felt
widely over the Western Cape, especialy at Ceres, Tulbagh and Wolseley. Severa buildings in the
area suffered serious damage, varying from the amost total destruction of old and aso poorly built
buildings, to large cracks appearing in those that were better constructed (Figure 2). Twelve people

were killed and many more injured. This event had an insured loss of US$7.4 million (approximately
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R75 million at today’s exchange rates). However the uninsured loss was roughly 3.5 times higher
(AXCO (unpublished)).

The magnitude 6.0 to 6.5 seismic event that occurred off Cape St Lucia on 31 December 1932 caused
damage to poorly constructed buildings, with one or two collapsing. Cracks and fissures in the

ground were also reported.

On 8 December 1976 a seismic event of magnitude 5.2 occurred in Welkom. There was extensive
damage to many buildings, the most dramatic of which was the collapse of a six-story high block of

flats, which took place 75 minutes after the event (Figure 3).

In the Carletonville areain the North West Province, a seismic event of magnitude 4.7 occurred on 7
March 1992. An unusual amount of damage was recorded, owing to the high population density

around the epicentral area. Houses were damaged as far as Pretoria (ca. 100 km away).

Figure 1: Effect of the 2005 Stilfontein seismic event of M 5.3 on the A-block of the Bal-Eaton flats.
(Photo courtesy of l1an Saunders, Council for Geoscience, Pretoria)
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Figure 2: lllustration of the damage to an old building in Ceres owing to the seismic event of 29
September 1969. "The damage at Drostdy was spectacular because the buildings in the hamlet were of the
older types of construction. The high Cape-Dutch gables of these older buildings were particularly
susceptible to damage. The historic Drostdy (Magistrate's residence) was constructed partly of sun-dried
brick and partly of brick, with clay as mortar. The damage to this beautiful old building was very serious as
neither type of masonry could resist the severe seismic shaking. Most of the cracks in the walls were
caused by oscillation of the walls, as is evidence by the vertical cracks in the corners and the diagonal
cracksinthewalls' (Van Wyk and Kent, 1974).

Figure 3: The 1976 Welkom seismic event in which a block of flats, six storeys high, collapsed.
(Photographer unknown)

10



4
“ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
V=P

4. Applied procedure for the computation of probabilistic seismic

hazard maps

4.1. Problem Formulation

The essence of the probabilistic seismic hazard analysis (PSHA) is the calculation of the probability
of exceedance of a specified ground motion level at a specified site (Cornell, 1968; Reiter, 1990). In
principle, PSHA can address a very broad range of natural hazards associated with seismic events,
including ground shaking and ground rupture, landdlide, liquefaction or tsunami. However, in most
cases the interest of designers lies in the estimation of the likelihood of a specified level of ground

shaking, since it causes the greatest economic losses.

Thetypica output of the PSHA isthe seismic hazard curve (often a set of seismic curves), i.e. plots of
the estimated probability, per unit time, of the ground motion variable, e.g. peak ground acceleration
(PGA) being equal to or exceeding the level as afunction of PGA (Budnitz et al., 1997). The essence
of the PSHA is that its product - the seismic hazard curve, quantifies the hazard at the site from all
possible seismic events of all possible magnitudes at all significant distances from the site of interest,
by taking into account their frequency of occurrences. In addition to the hazard curve, the output of
PSHA includes results of the so caled de-aggregation procedure. This procedure provides
information on seismic event magnitudes and distances that contribute to the hazard at a specified

return period and at a structural period of engineering interest (Budnitz et al., 1997).

In genera, the standard PSHA procedure is based on two sources of information: (1) observed
seismicity, recapitulated by seismic event catalogue, and (2) area-specific, geologica data (e.g. a
regiona seismotectonic model of the area). After the combination of a selected model of seismic
event occurrence with the information on the regiona seismic wave attenuation or ground motion
prediction equation (GMPE), a regiona seismotectonic model of the area is formulated and an
assessment of the seismic hazard is performed. Detailed investigation into the site effect, determined
by site specific soil properties, should be done to improve the accuracy of the PGA. Complete PSHA
can be carried out only when information on the regional seismotectonic model and the site-specific

soil properties are known.

Clearly, al the above information required to complete PSHA is subjective and often highly

uncertain, especially in stable continental areas where the seismic event activity is very low.

11
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According to the convention established in the fundamental document by Budnitz et al., (1997) there

are two types of uncertainties associated with PSHA: aleatory and epistemic.

According to Budnitz et al., (1997) the uncertainties that are part of the applied model used in the
analysis are called aleatory uncertainties. The other names for the aleatory uncertainty are ‘stochastic’
or ‘random’ uncertainties. Even when the model is perfectly correct and the numerical values of its
parameters are known without any errors, aeatory uncertainties for a given model are still present
(Budnitz et al., 1997).

The uncertainties which come from incomplete knowledge of the models, i.e. when wrong models are
applied or/fand the numerical values of their parameters are not known, are caled epistemic
uncertainties. As relevant information is collected, the epistemic uncertainties can be reduced
(Budnitz et al., 1997).

By the definition of the PSHA procedure, the aleatory uncertainty isincluded in the process of PSHA
calculations by means of applied models (statistical distributions) and by mathematical integration.
Epistemic uncertainty can be incorporated in the PSHA by the consideration of an aternative
hypotheses (e.g. alternative boundaries of the seismic sources and their recurrence parameters) and
aternative models (e.g. aternative seismic event distributions or/and application of alternative PGA
attenuation equations). Incorporation of this type of uncertainties into the PSHA is carried out by the
application of the logic tree formalism. A complete PSHA includes an account of aeatory as well as
epistemic uncertainties. Any PSHA without the incorporation of the above uncertainties is considered

to beincomplete.
Thisfollowing section describes two major mathematical aspects of the PSHA:

(1) The procedure for the assessment of the seismic source characteristic recurrence parameters
when the data are incomplete and uncertain. Use is made of the most common assumptions in
engineering seismology i.e. the seismic event occurrences in time follow a Poisson process
and that seismic event magnitudes are distributed according to a. Gutenberg-Richter doubly-
truncated distribution. Following the above assumptions, the seismic source recurrence
parameters are defined as (a) the mean seismic activity rate A (which is a parameter of the
Poisson distribution), (b) the level of completeness of the seismic event catalogue myin. (¢)
the maximum regional seismic event magnitude m,,., and (d) the Gutenberg-Richter

parameter b. To assess the above parameters a seismic event catalogue containing origin

12
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times, size of seismic events and spatial locations are needed. The maximum seismic source
characteristic event magnitude my,, is of paramount importance in this approach; therefore a
statistical technique that can be used for evaluating this important parameter is presented in

Section 4.2.6.

(2) PSHA methodology i.e. calculating the probability of exceedance of a specified ground
motion level at a specified site. Often, the presented approach is known as the Cornell-
McGuire procedure. The essence of the Cornell-McGuire PSHA procedure is the calculation
of the probability of exceedance of a specified ground motion level at a specified site. The so
called Cornell-McGuire solution of this problem consists of four steps: (e.g. Budnitz et al.,
1997; Reiter, 1990):

determination of the possible seismic sources around the site.

determination and assessment of the recurrence parameters for each seismic source.
selection of the ground motion prediction equation (GMPE) which is most suitable
for the region.

computation of the hazard curves.

4.2. Probabilistic Seismic Hazard Assessment — Theoretical Background

This section provides an outline of the procedure used to determine the seismic source recurrence
parameters: the area characteristic mean seismic activity rate A, the Gutenberg-Richter parameter b,
the level of completeness of the seismic event catalogue m,;, and the maximum regiona seismic

event magnitude my, 1«-

4.2 1. Nature of input data

The lack or incompleteness of datain seismic event catalogues is a frequent issue in the statistical
analysis of seismic hazard. Contributing factors include the historical and socio—economic
context, demographic variations and aterations in the seismic network. Generally, the degree of
completeness is a monotonically increasing function of time i.e. the more recent portion of the

catalogue has a lower level of completeness. The methodology makes provision for the seismic

13
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event catalogue to contain three types of data (Kijko and Sellevall, 1989; 1992). Figure 4 depicts

the typical scenario confronted when conducting seismic hazard assessments:

very strong prehistoric seismic events (pal eo-earthquakes) which usually occurred
over the last thousands of years,

the macro-seismic (historic) observations of some of the strongest seismic events
that occurred over a period of the last few hundred years,

complete recent data for arelatively short period of time.

The complete part of the catalogue can be divided into several sub-catalogues each of which is

complete for events above a given threshold magnitude mfl?m, and occurring in a certain period of
time T; wherei = 1,...,5 and § is the number of complete sub-catalogues. The approach permits
‘gaps” (Ty) when records were missing or the seismic networks were out of operation. The
procedure is capable of accounting for uncertainties of occurrence time of prehistoric earthquakes.
Uncertainty in seismic event magnitude is also taken into account through the assumption that the
observed magnitude is the true magnitude subjected to a random error. It is further assumed that
the random error follows a Gaussian distribution having zero mean and a known standard

deviation.

N(“:'r c,)
i

i m = Observed Apparent Magnitude
| N
g1 o, = Standard Deviation
| S

T ' T m o lmlTT TJ

etc
B

«—Prehistoric Catalogue———+aistoric Cataloguer+«—Instrumental part of Catalogue—»

Figure 4. lllustration of data which can be used to obtain reccurence parameters for the specified seismic
source. (Modified after Kijko and Sellevoll, 1992)

14
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4.2.2. Statistical preliminaries

Basic statistical distributions and quantities utilized in the development of the methodology are
briefly described in this section.

The Poisson distribution is used to model the number of occurrences of a given seismic event
magnitude or a given amplitude of a selected ground motion parameter being exceeded within a
specified timeinterval .

aCrpy = = n|A, t)
" (1)

e ™  n=012..

n!

Note that 4 here refers to the parameter of the Poisson distribution and describes the area
characteristic, mean activity rate (mean number of occurrences within specified time interval,

usually 1 year).

The Gamma distribution, given its flexibility, is used to model spatial and temporal fluctuation

(uncertainty) of various seismic hazard parameters and it’s the distribution is given by

g—1) Tk 7%" —px ) (2)

Fix) = x¢ _(q_)e 3 o - |

whereI'(q) is the Gamma function defined as

F(q) - JF SIT T, 0 (©))

q =

The parameters p and q are related to the mean u and the variance o2 of the distribution according

to

(4)
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slb b 5)

e 2"

The coefficient of variation expresses the uncertai'nty related to a given parameter and is given by
_ %, (6)

thus describing the variation of a parameter relative to its mean value. A higher value indicates a

greater dispersion of the parameter.

4.2.3. Estimation of the seismic source recurrence parameters

The standard assumption adopted is that the distribution of number of seismic events, with respect

to their size, obeys the classic Gutenberg-Richter relation

FLILATIIEAETE R FN IS TILES] DETHELLELIEE

A l'H.m. (7)

laagMNCrme) = a — 1 - inJ,

where N (m) is the number of seismic events of m = myy,;,, occurring within a specified period of

time, and a and b are parameters.

Aki (1965) found that equation (7) is equivalent with the assumption that the cumulative

digtribution function (CDF) of seismic event magnitude is of theform

) € : m:A IS
Fn (rn.:) = P(!]'f’f = 3 (8)

=1—- e—,‘?('n'.'—mmin)

2 e

where 8 = bin(10).

The seismic event occurrences over timein the given area are assumed to satisfy a Poisson process

(1) having an unknown mean seismic activity rate A.

The disregard of temporal and spatial variations of the parameters A and b can lead to biased
estimates of seismic hezard. An explicit assumption behind most hazard assessment procedures is

that parameters A and b remain constant in time. However, closer examination of most seismic

16
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event catalogues indicates that there are temporal changes of the mean seismic activity rate 4 as
well as of the parameter b. For some seismic areas, the b-value has been reported to change
(decrease/increase) before iarge seismic events. Usually, such changes are explained by the state
of stress; the higher the stress, the lower the b-value (Gibowicz and Kijko, 1994). Other theories
connect the b-value with the homogeneity of the rock: the more heterogeneous the rock, the higher
the b-value. Finally, some scientists connect the fluctuation of the b-value with the seismicity
pattern and believe that the b-value is controlled by the buckling of the stratum. Whatever the
mechanism, the phenomenon of" space-time b-value fluctuation is ungquestionable and well-known.
A wide range of international opinions concerning changes of patterns in seismicity, together with
an extensive reference list, are found in a monograph by Simpson and Richards (1981) and in two
special issues of Pure and Applied Geophysics, (Seismicity Patterns ..., 1999; Microscopic and
Macroscopic ..., 2000). Treating both parameters 4 and b as random variables modelled by
respective Gamma distributions allows for appropriately accounting for the statistical uncertainty
in these important parameters. In practice, the adoption of the Gamma distribution does not really

introduce much limitation, since the Gamma distribution can fit alarge variety of shapes.

After combining the Poisson distribution (1) and the Gamma distribution (2). with parameters p;
and q;, the probability to observe n seismic events per unit time t, for randomly varying

seismicity, takes the form of the compound distribution

P J ¥l Of A7

° ©)

N ) )

t+p; t+p;

where p; = /07, q; = A2/af and T'() is the Gamma function (3). Parameter 1 denotes the

mean val ue of the activity rate A.

It has to be noted that in statistical literature the compound distributions like (9), arise from many
probabilistic models applied in the engineering (Hamada et al., 2008), insurance and risk industries
(Klugman et al., 2008). The first application of the compound distributions in seismic hazard
assessment was probably done by Benjamin (1968) followed by Campbell (1982, 1983).
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Similarly to the procedure followed in obtaining distribution (9), the compound cumulative
distribution function (CDF) of seismic event magnitudes are derived by combining the exponential

distribution (8) with the Gamma distribution for § with parameters pp and g, and normalizing

upon introducing an upper limit my,.,. This compound CDF of seismic event magnitudes is
expressed as (e.g. Campbell, 1982)

L 4 ensaad — - ?3{" )‘;:'*] (10)

I. [ 1 — (
‘ pi [ mpm———

where ps = /0f and gz = f?/aj. The symbol B denotes the mean value of parameter 8, gp

denotes the standard deviation of a 8 and the normalizing coefficient ¢, p is given by

N et (11)
mmin) |

pB + fmmax — mmin

ct [1

Noting that q; = Ap; and qg = fBpg. equations (9) and (10) may respectively be written in an

dternative form as

[ wa
“(n + ._ ga —\9Aa At — (12)
Plt) = LiT(ga) (At + g (,Tt +qa )
; A — - ag as (13)
FM (-ml-mmm) ch [1 — ((—m + mmm) ]

— & _) p] (14)

R = [] - (qg + PAIIL "~ yamin
Where g = (COVJ,;l)2 and q; = (COV,{l)Z. Upon specification of the COV, the parameters 4

and f, referred to as hyper-parameters of the respective distributions, are estimated by applying the

maximum likelihood procedure to the observed data.
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4.2.4. Extreme magnitude distribution as applied to prehistoric (paleo) and historic

events

The likelihood function of the desired seismicity parameters @ = (4,3) is built based on the
prehistoric (paleo) and historic parts of the catal ogue containing only the strongest events. In this
section the details of the likelihood function based on historic seismic events will be discussed,
since except for a few details, the likelihood function based on prehistoric events is built in a

similar manner.

By the Theorem of the Total Probability (e.g. Cramér, 1961), the probability that in time interval t
either no seismic event occurs or all occurring events have a magnitude not exceeding m may be
expressed as (Epstein and Lomnitz, 1966; Gan and Tung, 1983; Gibowicz and Kijko, 1994)

. , . (15)
i (mlmo, t) = Z P'(flt)[FM (m|mo)]"
i=0
Equation (15) can be expressed in a much more simpler form (e.g. Campbell, 1982) as
g — - —aga— - ac. (16)
i (_n.!l_n..!n_ ) = [EA 4 10—1 = %M (moﬁ]

In (15) and (16) is m, the threshold magnitude for the prehistoric or historic part of the catalogue
(my 2 Mmpin). Magnitude mpy,;, is the ‘total’ threshold magnitude and has a rather formal
character. The only restriction on the choice of its value is that m,,;, may not exceed the threshold
magnitude of any part (prehistoric, historic or complete) of the cataiogue.

It follows from (16) that the probability density function (PDF) of the largest seismic event

magnitude m within aperiod t is

iafa n < '{‘}‘13)‘ 17
rﬁelx iﬂﬁ;—:{&—ll g Y F—" (|10, > : ( )
/ m|m0, ) = g3 H 301 — Fm Grlmod]

Ao represents the mean activity rate for seismic events with magnitudes not less than m, and is

given by
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'==' -:_:s f¥es " A (18)

B )
A0 = A[1 M (rnlrn”_')l

where 1, as defined above, denotes the mean activity rate corresponding to magnitude value mp;y,.

Function Fy; (m|m,;) denotes the CDF of seismic event magnitude (13).

Based on (13) and the definition of the probability density function, it takes the form

@B -
: o Fiamiotima s ——- G - \¥ET . (19
fM(m'mﬂl}n) — PR (f_h‘j‘ L mﬂs) )

After introducing the PDF (17) of the largest seismic event magnitude m within a period t, the

likelihood function of unknown parameters 8 becomes:

g

= f max "
LO(8|m0, t0, cov:’ ]:[ ﬂ’f (-ntol‘ |mO, ¢i).
i=

(20)

In order to build the likelihood function (20), three kinds of input data are required: m ¢, t and
cov. The n o vector represents largest magnitudes, t denotes vector of the time intervals within

which the Targest events occurred and vector cov = (cov,, covg) consists of the coefficients of

variation of the unknown parameters 8 = (4, 8).

4.2.5. Combination of extreme and complete seismic catalogues with different levels

of completeness

1t 1s assumed that the third complete part of the catalogue can be divided into S sub-cata'ogues

(Figure 4). Each sub-catalogue has a span T; and is complete starting from the known magnitude

mg,)m For each sub-catalogue i, the vector m; denctes n; seismic event magnitudes m;;, where

myj >= mfr?m, i=1,..,5andj=1,..,n;. Let L;(B|n ;) denote the likelihood function of the
unknown @ = (4, ), based on the i-th complete sub-catalogue. If the size of seismic events is
independent of their number, the likefihood function L;(8|n ;) is the product of two functions

L;(A|T;) and L;(B|m,).
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The assumption that the number of seismic events per unit time is distributed according to (12)

means that L; (A|T;) has the following form:

, " —ar , ADE _ 21
L@ty = Ge+ad " (Zoewqr) - ()
where A denotes the mean activity rate corresponding to the threshold magnitude mfl?m and is
given by equation
= (22)

i . (&8
/T(" A I_'l — M ('rnrﬁin |'rrl“”"—)].

Following the definition of the likelihood function based on a set of independent observations and
(19), L;(#|m;) takes theform

: ? — A+
i(F|mi) = [c —ml | U g LY : (23)
Li(B|mi) = [cBA] i [ 3 +E’ﬁ (rn i - nm.m)]

Equations (21) and (23) define the likelihood function of the unknown parameters 8 = (/‘_L, E) for

each compl ete sub-catalogue.

Finaly the joint likelihood function based on all data L(8@), i.e. the likelihood function based on
the whole catalogue, is calculated as the product of the iikefihood functions based on prehistoric,

historic and complete data.

The maximum likelihood estimates of the required hazard parameters @ = (4, ), are given by the
value of @ which, for a given maximum regional magnitude m,.,, maximizes the likelihood

function L(0). The maximum of the likelihood function is obtained by solving the system of two

LAt ar _
equattlonsa—’1 =0and e 0 where £ = In L(8).

A variance-covariance matrix D(@) of the estimated hazard parameters 2 and E is calculated

according to the formula (Edwards, 1972):
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D@ = | 52¢ zf (24)
paT  ap?

where derivatives are calculated at the point 1 = Land § = j.

4.2.6. Estimation of the region characteristic, maximum possible seismic event

magnitude 1 .

Suppose that in the area of concern, within a specified time interval T, there are n main seismic
events with magnitudes m,, .., m,,. Each magnitude m; = muyi, (i = 1,...,n), where my,;, is a
known threshold of compieteness (i.e. al events having a magnitude greater than or egua to
Mmin) are recorded. It is further assumed that the seismic event magnitudes are independent,
identically distributed, random variables with CDF described by (13).

From the condition that compares the largest observed magnitude mg2, and the maximum
expected magnitude during a specified time interval T, the maximum regional magnitude my, .y is
obtained (Kijko and Graham, 1998; Kijko, 2004)

Eact - 20 4

1 Ay o -—
- i s——explnr® /(1 —ry1  (—1F ¢ - 25
Jnld)l nLs, + e nlﬁ— e |[( q)‘ST{)—J ( a. 550, ( )

where § = nCp and I'(;,-) is the complementary incomplete Gamma function. The approximate

variance of the above estimator is equal to (Kijko, 2004)

iT TOoi S @ Ty B (KO, o

. =

'glmﬁx < g:’f" e {6—'—ic.’_x-p|u;;/('[ ———31] : I" (_yq ,Srq) B F (—yq ,6-‘;]" (26)

where gy, is the standard error in determination of the largest observed magnitude mgZs,.
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4.2.7. The Cornell-McGuire PSHA Procedure

The essence of the PSHA is the calculation of the probability of exceedance of a specified ground
motion level at a specified site. The so caled Cornell-McGuire solution of this problem consists of
four steps: (e.g. Budnitz et al., 1997; Reiter, 1990):

1. Determination of the possible seismic sources around the site. The sources are typicaly
identified faults, point sources or area sources. It is assumed that the occurrence of seismic
events in these sources is spatialy uniform. In the territory of eastern and southern Africa,
similar to the central and eastern United States or Australia, the main contribution to the
seismic hazard is attributed to the area sources. The seismicity of the area does not aways
correlate well with geological structures that are recognizable at the surface, making the

identification of the geological structures that are responsible for seismic events difficult.

2. Determination and assessment of the recurrence parameters for each seismic source. This is
typically expressed in terms of three parameters. the mean seismic activity rate A, b-value of
the Gutenberg — Richter frequency magnitude relation and the upper-bound of" the seismic

event magnitudes m,x-

3. Selection of the ground motion prediction equation (GMPE), which is most suitable for the
region, is crucial. For the eastern and southern Africa areas, the strong motion records are
very limited therefore theoretical models of the ground motion attenuation are used. Since the
ground motion attenuation relationship is a major source of uncertainty in the computed
PSHA, some codes and recommendations require the use of a number of alternative GMPES
(Bernreuter et al., 1989).

4. Computation of the hazard curves. These curves are usuelly expressed in terms of the mean
annua frequency of events with site ground motion level a or more, or A(a). Alternatively it
can be expressed in terms of the probability of exceedance P(A > a|t) vs. a ground motion

parameter a, like PGA or a spectral acceleration.

By the Theorem of the Total Probability (Cramér, 1961), the frequency A(a) is defined as (Budnitz et
al.,, 1997)
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ff.s
- > by by
A(a) = z;{] j f P[A T alM, R]fM(?n))‘RIM(?'hn)dr dm (27)
i=1 R|M

Mmin

with subscripts i (i = 1,...,ng). The seismic source number 1s deleted for simplicity. In (27) A
denotes the seismic source (area) characteristic, mean activity rate defined as the mean number of
seismic events per time unit having magnitudes between m,i, and mpy.y. The value my;, is the
minimum magnitude of engineering significance and m,.x is the maximum seismic event magnitude
assumed to occur on the seismic source. The probabiiity Pr[A > a|M, R] denotes the conditional
probability that the chosen ground motion level is exceeded for a given magnitude and distance. The
standard choice for Pr[A = a|M, R] is the Gaussian complementary cumulative distribution function.
The function is based on the assumption that the ground motion parameter a is a lognormal random
(aleatory) variable. In (27) fy;(m) denotes the PDF of seismic event magnitude. In most engineering
applications it is assumed that seismic event magnitudes follow the Gutenberg-Richter relation. This
implies that f,,(m) is a negative Exponential distribution, with magnitudes between m,,;, and My ax.
If uncertainty or" the seismic event magnitude distribution is taken into account then fy,(m) takes the
familiar compound distribution form of equation (19). Finaly the PDF fgy (r|m) describes the
gpatia distribution of seismic event occurrence or, more precisely, the PDF ot the distance from the
earthquake source to the site of interest. In genera cases, spatial distribution of the seismic event

occurrence can be different for different seismic event magnitudes.

Under the condition that seismic event occurrence in every seismic source is a Poisson event, i.e.
independent in time and space, the ground motion A = a at asite is aso a Poisson event. Hence the
probability that a, a specified level of ground motion a a given site, will be exceeded at least oncein

any timeinterval t is

Al f f P[A = al|M, R]f:’\‘f (?n))‘i?lM (?'|7fn) d?‘d?njl) (28)

[I,S
i=1 1 qmin RIM

P[A = alt] = 1- exp [_

and is fundamental in PSHA. The plot of this equation vs. ground motion parameter a, is the hazard

curve — the ultimate product of the PSHA assessment.
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5. Input data

5.1 Catalogues

Reports of seismic phenomena in South Africa go back as far as 1620, to the early Dutch settlers®.
The seismicity istypical of an intraplate region. The natural seismic regime of aregion of thistypeis
characterised by low-level activity in terms of world standards, with seismic events randomly
distributed in space and time. The correlation between most of the seismic events and the surface
expression of magjor geological features is not clear (Fernandez and Guzman, 1979, Brandt et al.,
2003).

Seismic events resulting from the deep-mining operations in the gold fields of the Gauteng,
Klerksdorp, Stilfontein and Welkom, form the mgjority of the seismic events recorded by the regional
network of seismic stations (SANSN). Usually, the depth of these events varies in the range of 2-3

km below the surface.

The seismic event catalogue used in this study was compiled from several sources. After critical
analysis of each of the data sources, the main contribution to pre-instrumentally recorded seismicity
comes from Brandt et al., (2003). The instrumentally recorded events are mainly selected from
databases provided by the International Seismological Centre in UK (ISC). The ISC is a non-
governmental organization charged with the final collection, analysis and publication of standard

earthquake information from around the world.

The database of seismic events for South Africa is incomplete due to the fact that large parts of the
country were very sparsely populated and the detection capabilities of the seismic network are far

from uniform.

Unfortunately, current geological knowledge of the South African area does not provide information
on al capable faults and their movements during the recent (Quaternary) geological past, especialy
during the last 35,000 years. There exists no known relationship between instrumentally recorded or
historic seismicity and the location of faults. Also, amost no information is available on paeo-

seismicity of the South African area. Therefore, in this study, the assessment of the source-

! It isinteresting to note that the recent research by Master (2012) is questioning the credibility of the
first earthquake in the South African earthquake database, event of 4 July 1620, located in Robben
Island. If Master (2012) is correct, then the SA earthquake database would start from event of M
magnitude 3.6 occurred of 15 June 1690 which took place in vicinity of today’s Cape Town.
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characteristic, maximum possible seismic event magnitude m,,, (Kijko, 2004), is entirely based on
knowledge of past seismicity. The other two hazard recurrence parameters (the Gutenberg-Richter b-
value and the mean activity rate 4) for each seismic source has been estimated according to the
procedure developed by Kijko and Seflevoll (1992). Similar to the assessment of my, .y, the b-value

and A are based on knowledge of seismicity of the area.

The parameters of area sources A, b-value and my,,x were calculated for a grid size 0.1° x 0.1°
spanning the whole country. The seismic hazard is calculated, in the form of a matrix consisting of
equally spaced grid points (0.25° x 0.25°) in latitude and longitude. The area covered in this study is
defined by latitudes 35° S to 21° S and longitudes 15° E to 33° E.

Following extensive analysis of the seismic event database it was established that the catalogue of the
tectonic origin seismic events can be divided into eight parts, each with different level of

completeness, (Table 1).

Table 1. Division of the catalogue used in the analysis.

Sub-catalogue Leve of Beginning of End of
number completeness (M) sub-catalogue sub-catalogue
1 5.9 1806/01/01 1905/12/31
2 53 1906/01/01 1909/12/31
3 49 1910/01/01 1949/12/31
4 4.6 1950/01/01 1970/12/31
5 4.0 1971/01/01 1980/12/31
6 3.8 1981/01/01 1990/12/31
7 35 1991/01/01 1995/12/31
8 35 1996/01/01 2002/12/31
9 3.0 2003/01/01 2013/01/31

5.2 Ground Motion Prediction Equation (GMPE)

Attenuation is the reduction in the amplitude or energy of seismic waves caused by the physical
characteristics of the transmitting media or system. It usually includes geometric effects such as the

decrease in amplitude of awave with increasing distance from the source.
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Attenuation relationships, known as ground motion prediction equations (GMPES), for South Africa
were established on the basis of strong motion data that are practically non-existent (Minzi et al.,
1999). Three attempts to establish the horizonta component of PGA attenuation for the eastern and
southern Africa are published by Jonathan (1996), Twesigomwe (1997) and more recently by
Mavonga (2007). Jonathan’s GMPE is based on random vibration theory and is scaled by seismic
records as recorded by local seismic stations. Twesigomwe’s equation is a modification of the GMPE
by Krinitzky et al., (1988). Comparison of the two regional GMPEs with the e.g. global equation by
Joyner and Boore (1988), Boore et al., (1993; 1994) shows relatively good agreement between
regiona attenuations and is used globally. Finaly, the most recent GMPE by Mavonga (2007) is
based on the well-known procedure of the simulation of the ground motion of large seismic events
using recordings of small earthquakes (Frankel, 1995; Irikura, 1986). Seismic records of small events
adjacent to the expected large events have been treated as an empirica Green's function. The
advantage of the procedure is that the predicted ground motion contains information on the site
response, details of path effects etc., and they can therefore often produce realistic time histories.
Unfortunately, al three GMPEs are derived only for PGA and are not applicable to short distances
e.g. below 10 km.

In this report the assessment of the seismic hazard for South Africais based on the well-studied model
of GMPE by Atkinson and Boore (2006). The applied GMPE was developed for the central and
eastern United States which is situated in a type of tectonic environment known as an intraplate
region, or equivaently, stable continental area. Because of the limited nhumber of strong-motion
records in the stable continental areas, the applied GMPE (horizontal component) has been devel oped
mainly by help of stochastic modelling. The GMPE used in this report, including their functional
form and respective coefficients are provided in Appendix A.

6. Results

Five maps of seismic hazard for South Africawere calculated. These maps are expressed in terms of
peak ground acceleration (PGA). The mapsindicate a 10 % probability of exceeding the PGA at |east
once in 50 years, for the different mean seismic activity rate correcting factors (¢; =1, 2, 5 and 10).
The correcting factor ¢ is applied to the seismic activity rate 4 to indicate the factor by which the
activity rate is increased tor the four possible scenariosi.e. @) no increase of seismicity and seismicity
increases b) 2 times, ¢) 5 times and d) 10 times. Map No. 5 represents the estimated seismic hazard in
South Africa when taking into account the four scenarios. It was assumed that the logic tree weights
(L) of the four scenarios are 0.15, 0.50, 0.30 and 0.05 respectively. It is imported to take note that
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that these weights (I,,) are very subjective; they were selected according to wide scatter and often
contradicting expert opinions on the effect of hydraulic fracturing. These opinions are available in the
current respective literature (e.g. Davis and Frohlich, 1993; De Pater and Baisch 2011; Davieset al.,
2013; Green et al., 2012; Horton, 2012; King, 2010; Maxwell et al., 2009; Suckale, 2009; Zoback and
Harjes, 1997) and can/will be modified as more seismological effects of eventual future hydraulic

fracturing will become known.

Comparison of these five maps suggest that the introduction of hydraulic fracturing in South Africa
can/will lead to high levels of seismic hazard in the parts of the Western Cape, the Free State,
Gauteng and towards the eastern border of the North West Province. Moderate hazard levels can be
expected in the Limpopo Province and parts of the Northern Cape. The southern part of the Eastern

Capeis subject to low levels of seismic hazard.

A more reliable assessment of effect of hydraulic fracturing on seismic hazard in South Africa
can be achieved only through theinclusion of detailed geological and tectonic information about

thearea.

6.1 Seismicity

Maps No. 1 to 5 indicate a wide range of accelerations which are represented by the colours white to
maroon. The accelerations range from 0.01 g to 0.14 g and is grouped together as indicated in Table
2. The classifications were done based on the current seismic activity for South Africa (Map No. 1)
and applied to Maps No. 2 to 5, which represents the hypothetical increased activity rate that could
possibly be attributed to hydraulic fracturing.

Table 2: Classification of acceleration range for mapping purposes

Hazard Classification Acceleration Range Colour Code
No Hazard 00g White
Low Hazard 0.0g- 0.05¢ Green
Moderate Hazard 0.05g-0.0875¢g Yellow
High Hazard 0.0875g-0.125¢g Pink
Very High Hazard >0.125¢ Maroon

28



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02:&

The highest expected accelerations for each of the respective seismic hazard maps ot PGA is 0.14 g
(cr =1),0.17g(csf =2),0.259 (cr =5), 0.34 g (¢ = 10) and 0.24 resulting from the application of
the logic tree formalism. The map with the highest level of hazard is Map No. 4 (¢; = 10), with peak
ground accelerations in the region of 0.18 to 0.3 g in the north-eastern part of South Africa (parts of
Mpumalanga, Gauteng, North West Province, Free State, Lesotho, KwaZulu Natal and Swaziland).
High PGA accelerations (order of 0.2 to 0.4 g) are indicated by the maps for the south-western part of
the Western Cape. It is important to note that athough by international norms the expected seismic

hazard is not high, it is still high enough to cause significant damage to infrastructure.

A common trend between in Maps No. 1 to 5 (within their respective ranges) is the high level of
hazard in parts of the Western Cape, the Free State, Gauteng and the eastern parts of the North West
Province. Moderate hazard levels can be seen in the Limpopo Province and parts of the Northern

Cape. Low levels of hazard can be seen in the southern part of the Eastern Cape.

The PGA map (Map No. 1) gives comparable results compared to the most recent seismic hazard map
of Southern Africa (Kijko et al., 2003), which isimplemented into the South African Building Code
2009 (SABS, 2009). The three maps, Maps No. 2-4, yield the following expected hazard levels. in
terms of natural seismic activity there is a high expected level of hazard (about 0.2 g) in the south-
Western Cape. Moderate hazard levels, in the order of 0.1 g, are expected in Lesotho and low levels
(0.05 g) of hazard are expected in the southern region of the Eastern Cape. In terms of mining-
induced seismicity; the highest expected peak ground accelerations, in the order of 0.2 g, can occur in
the Free State and Gauteng mines. Moderate hazard levels of 0.1 g are predicted for KwaZulu Natal.

6.2 Possible Effect of Hydraulic Fracturing

Not enough research have been performed to alow the researchers to release a categorical statement
in terms of which areas can be classified as safe or not safe in terms of hydraulic fracturing. The
seismicity for South Africa is not equally well documented for different areas in the country, for
instance the Karoo area. Thisis mainly due to the low density of seismometers in the South African
National Seismological Network (SANSN). A very limited number of stations are not capable to
detect weak seismic events. Buried faults can therefore go undetected. The establishment of a local
seismic network before hydraulic fracturing starts is fundamentally important to ensure that no

drilling occurs on or near any faults or areas of tectonic stress concentrations. The use of the current
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knowledge of the local geology in this respect could also be extremely helpful in the absence of

instrumenta observations.

The local tectonic conditions are crucial indicators needed to determine the level of increase of
seismicity in an area. These conditions include the local geological make-up, buried faults, loca
sei smotectonics (which can be established by seismic tomography) and tectonic stresses. The history
of the seismic activity in the areais a so an important factor which, up to large extend, determines the

seismicity induced by a process such a hydraulic fracturing.

6.3 Seismicity Maps

The seismic hazard maps for South Africain terms of peak ground acceleration (PGA) are provided
below. The maps respectively indicate a 10 % probability of exceeding the calculated PGA at least
once in 50 years for the different increased activity rate correcting factors (¢ = 1, 2, 5 and 10), as

well as the combination of these scenarios through alogic tree.

Expected peak ground acceleration (PGA) with a 10% probability of being exceeded at least
once in a 50 year period: activity rate correction factor = 1

Classification of PGA
No Hazard
Low Hazard
Moderate Hazard

Bl High Hazard

Il Very High Hazard

Nelspruit
Pretoria et

_JmanJmMrg / T~
|

Map No. 1: Map of current seismic hazard for South Africa (applied correcting factor of the activity rate
¢y = 1). This map shows the expected PGA with a 10 % probability of being exceeded at least once in a
50 year period.
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Expected peak ground acceleration (PGA) with a 10% probability of being exceeded at least
once in a 50 year period: activity rate correction factor = 2

Classification of PGA
No Hazard
| Low Hazard
Moderate Hazard
B High Hazard
B Very High Hazard

Map No. 2: Map of the expected PGA with a 10 % probability of being exceeded at least oncein a 50 year
period with the applied activity rate correcting factor ¢y = 2.

Expected peak ground acceleration (PGA) with a 10% probability of being exceeded at least
once in a 50 year period: activity rate correction factor =5

Classification of PGA
No Hazard
Low Hazard
Moderate Hazard

B High Hazard

I Very High Hazard

Map No. 3: Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 year
period with the applied activity rate correcting factor ¢ = 5.
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Expected peak ground acceleration (PGA) with a 10% probability of being exceeded at least
once in a 50 year period: activity rate correction factor = 10

Classification of PGA
No Hazard
| Low Hazard
Moderate Hazard
I High Hazard
I Very High Hazard

Map No. 4: Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 year
period with the applied activity rate correcting factor ¢ = 10.

Expected peak ground acceleration (PGA) with a 10% probability of being exceeded at least
once in a 50 year period when taking into account different scenarios of activity rates

Classification of PGA
No Hazard
Low Hazard
Moderate Hazard
I High Hazard
I Very High Hazard

Bloemfonte

Map No. 5: Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 year
period taking into account all the possible scenarios for activity rate (¢ = 1,2, 5, 10).
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For the purpose of this report the associated hazard (peak ground acceleration) is set equivaent to
vulnerability as defined in UNISDR (2004). This report defines vulnerability as the conditions
determined by physical, social, economic and environmental factors or processes, which increase the

susceptibility of acommunity to the impact of hazards.

7. Monitoring Protocol

In comparison with global seismicity southern Africais one of the most stable regions of the Earth.
However, it is not completely deprived of seismic activity. An unusual aspect in the seismicity of
South Africa is that most of the recorded seismic activity is associated with the deep gold mining
operations on the periphery of the Witwatersrand Basin. Natural, low magnitude earthquakes occur

sporadically over time and space, portraying typical intraplate seismicity.

Owing to the relatively short documented seismic history of the southern African sub-continent most
of the available information relates to instrumental data acquired since 1971. Most of the information
regarding pre-1971 events is based on macro-seismic observations. Consequently, the locations of
these events correspond, in most cases, to the sites where the seismic event was felt with maximum

intensity but may be displaced by tens of kilometres from the true epicentre.

The database of seismic information for South Africa is evidently incomplete, especially for the
historic part of the seismic event catalogue. The completeness could be estimated by comparing the
apparent frequency of occurrence of events with pre-assumed frequency-magnitude relationships
(Shapiraet al., 1989; Saunderset al., 2008).

Although the situation has improved since 1989 through the deployment of more seismic stations, the
overall threshold for determining the magnitude for both the tectonic origin and mine related seismic

eventsis ill around magnitude M, 3.0.

International regulatory guides clearly states that any study related to the siting, rating and
development of critica engineering structures must include seismic monitoring as one of the
components. It is therefore imperative that the collection and monitoring of data should start well in
advance before any exploration is undertaken on the site, and should continue well after hydraulic
fracturing has ceased in the area.  The only means to comply with international standards of

identifying if an area is capable of generating seismic eventsis to, as in the case of mining induced
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seismicity or tectonic active (capable) faults, instal a local seismic network with the capability of

recording micro-seismic events with Richter magnitudes, say lessthan 1.0.

Knowledge of micro-seismic events provides knowledge about large, potentially dangerous eventsin
the future through the extrapolation of the rate of occurrence of small events to larger events. In
South Africa, knowledge about micro-seismicity is virtually the only information available, since the
occurrence of large events is very rare. The analysis of micro-seismic event records provides useful
data of engineering significance. In order to provide sufficient coverage over the epicentre location
for the area of interest, it is recommended that an area with aradius of ca. 100 km, from the hydraulic
fracturing site, be monitored. Thisloca micro-network links the hydraulic fracturing operations with
seismic data processing and data interpretation for meaningful interpretation of events as they unfold.

The network should also report to the regional and/or national seismic networks.

Seismic monitoring before exploration will aid in identifying the location of faults and the stress field
nature in areas where it is currently unknown. Although most faults are inactive and does not pose a
potential problem, it assists in the seismic characterization of the site (Cook et al., 2013). Thisis
necessary in the establishment of a baseline and should therefore be done before the hydraulic

fracturing process begins.

In certain cases e.g. when hydraulic fracturing will take place in vicinity of known tectonic faults or
significant infrastructure, it would be advantageous to install, in addition to a local seismograph
network, several strong motion accelerographs. The recorded seismic events should be carefully
studied and, if possible, linked with the loca tectonics of the area.

Detailed information on seismicity is therefore needed in order to obtain meaningful information
about the potentia increase in seismicity associated with hydraulic fracturing. It is recommended
that a network of seismographs and accelerographs, that have the ability to record macro- and micro-
earthquakes, be installed and operated before and during exploration as well as during and after
mining. It is strongly recommended to begin this seismic monitoring before the hydraulic fracturing

exploration phase in order to establish a basdline.

Data Management
The establishment and management of the recommended local seismic network to ensure data
integrity, isif upmost importance. The number of sensors and their configuration in this local seismic

network should be arranged such that it provides the required location of the seismic event epicentres
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with an accuracy of a few 100 meters. To obtain this required accuracy, the network optimization
should be done before the instalment of the seismic network (see e.g. Kijko, 1997aand b).

Currently the Council for Geoscience (CGS) maintain the South African National Seismograph
Network (national and regional networks). The database maintained by the CGS can be viewed as the
most up to date data archive on seismic activity in South Africa. Investigations should be made to
determine if the existing system can be effectively adapted to manage seismic information at oil and
gas well sites, or if anew local networks should be established.

If the CGS is not capable of providing the necessary support, an independent entity would have to

establish, manage, analyse and disseminate the relevant networks and information.

8. Disclaimer

Neither the University of Pretoria Natural Hazard Centre, Africa nor any other party involved in
creating, producing or delivering the report shall be liable for any direct, incidental, consequential,
indirect or punitive damages arising out of the misuse of the information contained in thisreport. The
University of Pretoria Natural Hazard Centre, Africa does not guarantee the accuracy of information
provided by externa sources and accepts no responsibility or liability for any consequences arising

from the use or misuse of such data.
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Applied Ground Motion Prediction Equation

ATKI NSON- BOORE ( BSSA, vol . 96, pp.2181-2205, 2006)
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Appendix B

Seismicity and Hydraulic Fracturing

(Water Research Commission Project K5/2149: Development of an interactive vulnerability
map and preliminary screening level monitoring protocol to assess the potential

environmental impact of hydraulic fracturing: Background review report, 2013)

Impacts

Already in the 1920s it became clear that pumping fluids into or out of the Earth can cause strong
seismic events (NRC, 2012). Some of them can be strong enough to cause damage. In seismological

literature, these events are known as man-made or induced earthquakes.

The most memorable and well documented example of an induced seismic related event due to fluid
injection is the induced seismicity that occurred in the Denver, Colorado area in the 1960s. An
injection of liquid waste disposa at the Rocky Mountain Arsena into impermeable crystaline
basement rock caused severa seismic events with magnitudes within a range of 5.0 to 5.5. The
largest event caused damage estimated in 1967 of US $500,000 (Healy et al., 1968; Nicholson and
Wesson, 1990).

More recent examples of induced seismicity caused by pumping fluids into or out of the rock include
seismic events in Basel, Switzerland, as well asin Arkansas, Ohio and Oklahoma, Texas in the USA
(Frohlich et al., 2011; Horton and Ausbrooks, 2010 and 2011, Horton, 2012). For example (Kerr,
2012), during extensive fluid injection in the vicinity of the town of Guy, Arkansas, a magnitude 4.0
event struck about a kilometre northeast of the two fracturing wells. Ten days later, a magnitude 3.9
event took place, ca. two kilometres farther to the northeast toward Guy. Two months later, two
events of magnitude 4.1 and 4.7 took place to the southwest of the deeper well, towards the town of
Greenbrier. In March 2011, the Ohio Department of Natural Resources announced that it had
evidence “strongly indicating” that wastewater injection - at least part of it used for fracturing
purposes - had triggered several magnitude 2.0 to 4.0 seismic events in the town of Youngstown. In
2001, seismic activity was observed along the Colorado-New Mexico border, the place where drillers
were injecting water to extract methane from coal beds. In central and southern Oklahoma, seismicity

increased in 2009 by a factor of 20 over the rate of the previous half-century, even when the

43



4-
“ UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
& YUNIBESITHI YA PRETORIA
November’s magnitude 5.6 and its aftershocks are excluded from the calculation (Ake et al., 2005;
Holland and Gibson, 2011).

It is not always is clear what is the cause of this strong induced seismicity (Zoback et al, 2010). Dr.
Mark Zoback of Stanford University in Palo Alto, California is pointing out that there are already
144,000 wastewater injection wells in the country, but very few are generating seismic events.
Injection of fluid in rocks causes an increase of the pore pressure and also modifies the state of the
stress (NRC, 1990; Hsieh and Bredehoeft, 1996). The stress change is associated with a volume
expansion of the rock due to the increase of the pore pressure. However, the pore pressure
perturbation dominates over the stress variation and when considering the consequence of fluid

injection with regard to the induced seismicity, the stress perturbations can often be ignored.

In assessing the potentia for induced seismicity, two basic questions arise: (1) what is the magnitude
of the pore pressure change and (2) what is the extent of the volume of rock where the pore pressureis
modified in any significant manner. Current understanding is that the magnitude of the induced pore
pressure increase and the extent of the region of pore pressure change depend on the rate of fluid
injection, total volume injected, the fluid viscosity and as well as hydraulic properties of the rock, its

intrinsic permeability and its storage coefficient (e.g. Shapiro and Dinske, 2009).

Can we control the occurrence of strong seismic events induced by fluid injection? According to Dr
Zoback, one has to “look before you leap”. He believes that the seismic tomography techniques
should be employed to locate buried faults capable of generating strong seismic events, up to
magnitude 6.0 (Zoback and Townend, 2001; Zoback et al., 2010).

In addition, at the beginning of the injection, the surrounding area should be monitored by a network
of seismometers. The monitoring and data anadysis should be done in red time. It will allow
researchers to produce an image of the subsurface and to identify the potential area of location for

strong seismic events. Such “hot spots” must be avoided during hydraulic fracturing.
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