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SUMMARY 

 

 

In this study, the seismic hazards of Zimbabwe are presented as maps showing probabilistic peak ground 

acceleration (PGA). Seismic hazards maps have a 10% chance of exceeding the indicated ground 

acceleration over a 50 year period, and are prepared using a homogenized 101 year catalogue compiled 

for seismic moment magnitude   . Two approaches of probabilistic seismic hazard assessment were 

applied.  

 

The first was the widely used "deductive" approach (Cornell, 1968) which integrates geological and 

geophysical information together with seismic event catalogues in the assessment of seismic hazards. 

Application of the procedure includes several steps. As a first step, this procedure requires the delineation 

of potential seismic zones, which is strongly influenced by historic patterns and based on independent 

geologic evidence or tectonic features such as faults (Atkinson, 2004; Kijko and Graham, 1998). 

 

The second method was the "parametric-historic" approach of Kijko and Graham (1998, 1999) which has 

been developed for regions with incomplete catalogues and does not require the subjective delineation of 

active seismic zones. It combines the best features of the deductive Cornell-McGuire procedure and the 

historic method of Veneziano et al. (1984). 

 

Four (4) ground motion prediction equations suitable for hard rock conditions in a specified region were 

applied in the assessment of seismic hazards. The highest levels of hazards in Zimbabwe are in the south-

eastern border of the country with Mozambique, the Lake Kariba area and the mid-Zambezi basin in the 

vicinity of the Save-Limpopo mobile belt. Results show that assessment of seismic hazard using 

parametric-historic procedure to a large extent gives a “mirror” of the seismicity pattern whereas using 

the classic Cornell-McGuire procedure gives results that reflect the delineated pattern of seismic zones 

and the two methods are best used complementary of each other depending on available input data. 
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Chapter 1 

Introduction 

 

1.1 Introduction and background 

According to the Munich Reinsurance Company Issue (2000), increased seismic vulnerability of most 

urban structures especially in developing countries is a major reason of apprehension. Such a quandary 

therefore means emphasis should be given to the reduction of vulnerability in urban areas. This, according 

to Ingleton (1999), requires an analysis of potential losses in order to make recommendations for 

prevention, preparedness and response through a risk evaluation assessment. Risk is defined as the 

expected losses (of lives, person injured, property damaged and economic activity disrupted) due to 

seismic hazard for a given area and reference period. Based on mathematical calculations, risk is the 

product of hazards, vulnerability and the cost of the elements at risk (WMO, 1999). 

 

Seismic vulnerability in generalised terms can be defined as the likelihood of some group of elements at 

risk, such as buildings, to undergo adverse effects due to potential earthquakes (Sandi et. al, 2007). 

Assessment of seismic vulnerability of existing infrastructure would help in disaster mitigation and 

management by planning mitigation measures before the occurrence of a fatal seismic event. The cost of 

the elements at risk refers to the human activity located in the zones of seismic hazard and represents the 

quantity and quality of the “goods” (population, facilities, and lifelines) exposed to risk. 

 

In this study we shall limit our focus on seismic hazard assessment which involves the quantitative 

evaluation of ground shaking hazards (primary hazard; earthquake damage to the site and secondary 

hazards such as: surface faulting, liquefaction, landslides and fires) at a specific location. It also provides 

an approximation of ground motion at a site of interest by incorporating information such as historical 

earthquake records, tectonics, geology, and attenuation characteristics of seismic waves. 

 

Earthquake damage can affect many fields which are correlated to each other. The most universal and 

basic damages are to buildings, and human casualties. In order to reduce earthquake damage, the first step 
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for a region should be to understand what would happen if a significant earthquake were to strike the city.  

As a second step, effective earthquake risk management activities and measures that would aid in damage 

reduction that are based on the findings of the first step, should be identified.  Assessing the magnitude of 

potential damage should not be thought of as the final goal of the damage estimation process, but rather as 

the beginning of the earthquake disaster management planning. 

 

Seismic hazard analysis can be done using two distinct methodologies; the deterministic approach, and 

the probabilistic approach. The deterministic approach uses an accepted earthquake scenario, whereas the 

probabilistic approach quantifies the rate (or probability) of exceeding various ground motion levels at a 

site, given all possible earthquakes. Seismic hazards affects lifeline facilities such as electric power and 

gas networks, railroads, highways, bridges, water and sewage. 

 

To begin the process of earthquake disaster management planning, a scenario earthquake for the area 

should be decided on. Reoccurrence of a past significant earthquake or active fault earthquake is 

commonly assumed.  The epicenter, magnitude, occurrence time (day or night) should also be determined. 

Usually, ground shaking intensity or PGA (peak ground acceleration) at the site generally becomes 

greater as the magnitude becomes larger or the distance from the site to the epicenter becomes smaller.  

 

Ground shaking is also greatly influenced by the ground conditions of the site. Thus, seismic hazards will 

be estimated from the parameters of the scenario earthquake and ground conditions. Damage will be 

estimated for hazards and the existing structures in the area and depends not only on the number of 

structures but also types of the buildings or lifeline facilities, using vulnerability functions derived from 

each type of structure. Vulnerability functions reflect the relationship between seismic intensity and the 

degree of damage to the structure. Casualties such as deaths and injuries are also estimated if the 

population distribution is known. Thus, the total amount and distribution of damage can be estimated if 

the chosen scenario earthquake was to occur.  
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The seismicity of Zimbabwe is generally moderate with some notable events occurring near the 

Zimbabwe – Mozambique border, the Nyamandlovu area as well as the northern part of the country 

which covers the Zambezi area. The country lies at the southern tip of the East African Rift System (Vail, 

1967; Fairhead & Girdler, 1969; Fairhead & Henderson, 1977, Hlatywayo, 1997). In terms of seismicity, 

the country can be divided into three broad seismic zones as shown on figure 1.1 below namely, the 

eastern area of the country, the Zambezi basin and the central area. Seismic activity is mainly centred 

along its borders with Mozambique, to the east, in the Deka fault zone in the Hwange area, to the 

northwest and over the mid-Zambezi basin in the Lake Kariba area. 

 

Seismic events of magnitude higher than 5.0 have occurred in the mid-Zambezi basin. Events in this area 

show normal faulting (Shudofsky, 1985; Hlatywayo, 1995). Studies on incipient rifting in the mid-

Zambezi Basin confirm tectonic activity similar to that along the East Africa Rift System to the north 

(Fairhead & Girdler, 1969; Fairhead & Henderson, 1977). The south-eastern border area of Zimbabwe 

forms the western flank of the rift extension from Lake Malawi (Hlatywayo, 1996). Peak ground 

acceleration (PGA) values in excess of 0.1g for a return period of 100 years were reported for both the 

Deka Valley and the Mid-Zambezi Basin (Hlatywayo, 1997).  

 

A number of seismic hazard assessments have been carried out in Zimbabwe with the Global Seismic 

Hazard Assessment Programme (Midzi et al., 1999) being the most notable. Hlatywayo (1995) carried out 

seismic hazard assessment for central and southern Africa region. Notably, events that have occurred in 

Zimbabwe since the 1995 assessment includes the 25 June 2004 and 15 March 2008 Nyamandlovu 

earthquakes mb = 4.3, which were felt as far as Bulawayo, 120km away. The 22 February 2006 

Mozambique earthquake mb = 7.0, which killed 4 people near the Zimbabwe border in Mozambique and 

caused a lot of destruction especially in Chipinge and surrounding areas is regarded as one of the biggest 

events in Africa. Also we have the 2006 Wedza earthquake, which occurred in area where the seismicity 

is very low. The magnitude of this event was around   = 4.0. The event was felt as far as Marondera, a 

town about 75km from the epicentre. Near the epicentre of this event, the shaking was so intense such that 

a lot of people were frightened by the event. 
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Figure 1.1: Map showing the 3 broad seismic regions of Zimbabwe  

Most of these events occurred in areas that had been previously regarded as aseismic and thus not 

included as source zones in previous studies. Increased industrial activity and urbanisation of the 

population and the growth of a number of high rise buildings together with the increased construction of 

dams and mining activity, accentuate the need for seismic hazard mitigation in the form of seismic zoning 

maps, peak ground motions and seismic activity rates. 
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Chapter 2 

Literature Review 

 

2.1 Introduction 

 

Seismic hazard assessment has a number of applications, among them, seismic micro-zonation studies, 

which are important for decision-making on land use, evaluation of the level of earthquake preparedness, 

economical consideration of earthquake-resistant design, retrofit strategy, economic loss estimation in the 

event of future earthquakes, and also for the design of ordinary structures where site-specific studies are 

not warranted (SamamYangmaei-Sabegh et al., 2010). There are two basic methodologies which one can 

follow when carrying out seismic hazard analysis of a region as stated earlier, which are the deterministic 

approach as well as the probabilistic approach, though the probabilistic approach is much more widely 

used compared to the deterministic approach. 

 

  

According to Bulajic and Manic (2006) even if one chooses to use probabilistic seismic hazard 

assessment (PSHA) or deterministic seismic hazard analysis (DSHA), the basic input data that must be 

collected are practically the same. The data would include all past earthquakes within an area of several 

hundred kilometre radius around the site of a structure of interest, the seismotectonic and geological 

features of the region as well as the local soil conditions for different sites and the ground attenuation 

characteristics. Before any further step in the analysis is undertaken, the seismic source zones and their 

properties must be defined using all the available data. 

 

2.2 Deterministic seismic hazard analysis 

 

In the deterministic approach, the strong-motion parameters are estimated for the maximum credible 

earthquake, assumed to occur at the closest possible distance from the site of interest, without considering 

the likelihood of its occurrence during a specified exposure period (Gupta, 2002). It must be noted that 

there is no generally accepted deterministic seismic hazard analysis approach that is appropriate for all 

parts of the world as it is practiced in diverse ways in different parts of the world. The DSHA approach 

can be aimed at finding the maximum possible strong earthquake ground motion at a site of interest 

(Reiter, 1990; Anderson, 1997; Anderson et al., 2000) or at finding the values of the selected ground 
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motion parameter that are compatible with the results of the corresponding probabilistic seismic hazard 

analysis (Trifunac, 1989; McGuire, 1995). 

 

When DSHA is used to find the maximum possible ground motion in a given region, then the largest 

possible earthquake must be estimated for each of the active faults and seismic zones within the region 

with a radius of up to 450 km, assuming it occurs at the closest distance to a site of interest and the 

magnitude and distance combination that produces the largest value of the ground motion parameter used 

to evaluate seismic hazard can be found using the appropriate attenuation relations. DSHA can also be 

used to find earthquakes that will not necessarily produce the largest possible ground motion at a site but 

will contribute significantly to the seismic hazard assessment that has been calculated using the PSHA. 

 

Even though this approach sounds straightforward it is overshadowed by the complexity and uncertainty 

in selecting the appropriate earthquake scenario (Kijko, 2011). Furthermore the reliable estimation of the 

maximum credible earthquake, definition of source characteristics as well as estimating corresponding 

ground motion are all concepts that are associated with large uncertainties. The probability of the so-

called "scenario earthquake" that would have been estimated for a site by the PSHA method occurring in 

time is often low compared to the hazards that a given structure may face and this all creates the need for 

an alternative approach, the probabilistic methodology, which is free from discrete selection of scenario 

earthquakes. 

 

2.3 Probabilistic seismic hazard analysis 

 

The main goal of probabilistic seismic hazard analysis (PSHA) is to quantify the probability of exceeding 

various ground motion levels at a site, given all possible earthquake scenarios. It allows for uncertainties 

in the size, location and rate of recurrence of earthquakes and in the variation of ground motion 

characteristics with earthquake size and location to be explicitly considered for the evaluation of seismic 

hazard. Additionally, it provides a framework for these uncertainties to be identified, quantified and 

combined in a rational manner to provide a more complete picture of the seismic hazard.  

 

There are different types of PSHA methodologies that are in use today. These methods can either be 

deductive or historic (Veneziano et al. 1984). The most commonly followed procedure for deductive 

PSHA is normally referred to as the classic Cornell-McGuire approach (Cornell, 1968; McGuire, 1976) 

and forms the theoretical basis of the deductive methods and allows the use of geological, geophysical 
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information in addition to seismic catalogues. It is essentially carried out in four steps which are outlined 

in the following sections (Reiter, 1990; Kramer, 1996; Kijko, 2011). 

 

2.3.1 Identification and delineation of seismic source zones 

 

The initial step in this procedure is the identification and delineation of seismic source zones which are 

normally associated with geologic and tectonic features such as active faults which may affect the site 

under consideration and averaging all the available information. Uniform distribution of seismicity is 

assigned to each earthquake source, implying that earthquakes are equally likely to occur at any point 

within the source zone. 

 

All available information on active faults must be taken into account such that they are characterized in 

terms of geometry (in three dimensions), segmentation, and sense of slip as well a function describing 

rupture length or area as a function of magnitude (McGuire, 1993). Geological maps, expressing the age 

of the formations, trenches, geophysical data and digital elevation model (DEM) allow better location of 

faults. Other useful data for this purpose is shown in Figure 2.1. In cases where this information is limited 

or unavailable, the alternative procedure would be to identify areal sources (usually demarcated as 

polygons) where earthquake characteristics are taken to be similar and account for uncertainties in the 

characterization process. 

 

Figure 2.1: 3D diagram representing the some useful data for using in delineating zones 

(Le Goff et al. 2007) 
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The identification and delineation of seismic source zones is at the core of deductive methods such as the 

Cornell-McGuire approach. Unfortunately this also forms the major disadvantage of this approach. This is 

because in most parts of the world tectonic provinces as well as active faults have not been mapped and 

the causes of seismicity are not well understood. This results in the process of identification and 

delineation of source zones being a subjective matter. Nonetheless, even renowned experts rarely agree on 

the boundaries of source zones for the same region. 

 

The specification of different source zones for the same area will most often result in a hazard assessment 

that is significantly different for the same area. In addition, often, seismicity within the seismic sources is 

not distributed uniformly, as required by the classic Cornell-McGuire procedure (Kijko, 2011).  Figure 

2.3 below shows two different seismic hazard maps that have been produced for Italy by two different 

research groups due to specification of different seismogenic zones. 

 

Also the causes of seismicity and the processes that govern how an earthquake's energy propagates from 

its origin beneath the earth's surface to various points near and far on the surface are not well understood. 

The limited information that does exist can be-and often is-legitimately interpreted differently by different 

experts, and these differences of interpretation translate into important uncertainties in the numerical 

results from a PSHA (SSHAC, 1997). 

 

2.3.2 Determination of seismic parameters for each seismic zone 

 

In the second step, the seismicity parameters (mean seismic activity rate λ, Gutenberg-Richter parameter 

b, level of completeness of the available earthquake catalogue
 
     , as well as the maximum earthquake 

magnitude     ) are evaluated for each seismic zone that was defined in the first step. Assessment of 

these parameters requires a seismic event catalogue containing origin times, event magnitudes, spatial 

location of earthquakes so that the probability density function (PDF) of distance to the specified site can 

be calculated (Kijko, 2008). 
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Figure 2.3: Two hazard maps for Italy with different specification of source zones by different research 

groups (Theodorakatou, 2007) 

 

It is assumed that earthquake occurrence in time is random and follows a Poisson process such that 

earthquakes occur independently of each other, implying that occurrence of a future event is not related to 

another one that may have occurred in the past and earthquake magnitudes follow a doubly truncated 

Gutenberg-Richter distribution (Gutenberg and Richter, 1944): 

 

         ,       (2.1) 

 

where N is the number of events with magnitude greater than or equal to M where a and b are parameters. 

This relationship is critical in seismology as it is used to describe both tectonic and induced seismicity 

(Kijko and Smit, 2012), it can be applied in different time scales, and holds true over a large interval of 

earthquake magnitudes. 

 

The parameter a, is the measure of the level of seismicity, while b describes the ratio between the number 

of small and large events. It is further assumed that the magnitude M lies within the range (     ,      ) 

where     denotes level of completeness of the earthquake catalogue and      is the area characteristic 

maximum possible seismic event magnitude. 
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The b-value varies within the range 0.5 to 1.5 depending on the tectonic environment under consideration 

(Scholz, 1968) but is typically 1.0 for seismically active regions. This means, for example, that for every 

magnitude 4.0 event there will be 10 magnitude 3.0 events and 100 magnitude 2.0 events. A notable 

special case in the variation of the b-value occurs in earthquake swarms where it can be as high as 2.5, 

indicating a large proportion of small earthquakes to larger ones. 

 

2.3.3 (a) Estimating the level of completeness (     ) of an earthquake catalogue 

 

Due to the lack of complete documentation, the probability of “lost” earthquakes increases as one goes 

back in time making the catalogue progressively less representative of actual seismicity. The level of 

completeness is defined as the lowest magnitude above which all earthquakes in a space-time volume are 

reliably detected therefore an earthquake catalogue is said to be complete for a given period if all 

earthquakes that occurred within that time space are accurately and comprehensively recorded in the 

catalogue (Weimer & Wyss, 2000). 

 

Errors in the estimation of the level of completeness lead to under sampling if too high due to 

unnecessarily discarding usable data, or to artefacts in a- and b-values if too low (e.g. Habermann, 

1987).The catalogue normally consists of historic as well as instrumental records. When instrumental data 

is being considered then the detection capability is taken to be the determining factor for the level of 

completeness.  

 

Historic events are normally taken to be those that began before the end of the nineteenth century and are 

frequently compiled using past newspapers, diaries, church records as well as journals. This is a 

painstaking process which must be done with utmost care involving interpreting descriptions of past 

earthquakes in terms of numerical values of intensity that can be incorporated into the catalogue as well 

as filtering these sources of information for useful and relevant facts. It is not uncommon for sources 

written long after an earthquake to report the date incorrectly or to confuse and mix different reports as 

well as for some events to be exaggerated (Theodorakatou, 2007). For example, in South Africa, Singh et 

al. (2009) reported that the frequency of occurrence for events exceeding magnitude 5 is lower in recent 

times compared to records of historical events. 

 

There are different methodologies which are followed for the estimation of      . The first one is built 

on the information gleaned from the earthquake catalogue and       is said to be defined as the 
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minimum magnitude at which the (complementary) cumulative frequency magnitude distribution (FMD) 

departs from the exponential decay (e.g. Zuniga and Wyss, 1995) and in this approach the Gutenberg-

Richter relation is taken to be valid. Examples that have followed this procedure include Wiemer and 

Katsumata (1999); Wiemer and Wyss (2000); Cao and Gao (2002); Marsan (2003); Amorèse (2007) 

amongst others.  

 

Rydelek and Sacks (1989, 1992) used changes between the day and night-time sensitivity of networks to 

estimate completeness while Sereno and Bratt (1989); Harvey and Hansen, (1994) utilized comparison of 

amplitude-distance curves and the signal-to-noise ratio or amplitude threshold studies to estimate the level 

completeness. These methods form a category of waveform-based methods that require estimating the 

signal-to-noise ratio for numerous events at many stations and are generally not suitable for use as part of 

a seismicity study (Wiemer and Wyss, 2000).Theodorakatou (2007) suggests that the best way to evaluate 

the level of completeness is to use independent historical information. Even though that is rarely 

accessible as any statistical approach based exclusively on catalogue data is in some way a “vicious 

cycle” as use of an incomplete data base is being used to evaluate its incompleteness. 

 

2.3.4 (b) Estimating of rate of seismic activity λ and b-value of Gutenberg-Richter 

 

The activity rate λ refers to number of annual earthquakes equal and above      assuming that they are 

independent and follow a Poisson distribution. Whereas the b-value of the Gutenberg-Richter (G-R) 

magnitude-frequency relationship (MFR) in (2.1). It seems that the b-value represents properties of the 

seismic medium in some respect, like stress and/or material conditions in the focal region (Kulhanek, 

2005; Scholz, 1968; Schorlemmer et al. 2005). 

 

A number of challenges are observed in most earthquake catalogues such as incompleteness of the dataset 

as well as uncertainties in magnitude determination of events especially in historical (macroseismic) 

events mainly due to incomplete documentation of past records, inaccuracies and misinterpretation of 

damages that took place as a result of an earthquake into numerical values of magnitude. The instrumental 

period may also have errors as a result of unification of magnitudes. Both the instrumental and historic 

sections may also contain "gaps". The instrumental part may further be subdivided into sub-catalogues 

which have different levels of completeness as shown in Figure 2.3.4 below.  
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All these challenges need to be taken into account in the evaluation of λ and b. The maximum likelihood 

approach is the commonly utilised methodology for the approximation of these two parameters. Several 

workers such as Weichert (1980); Kijko and Sellevoll (1989, 1992) as well as McGuire (2004) and most 

recently Kijko and Smit (2012) have utilized this approach to come up with the most flexible way that 

takes cognisance of the scenarios discussed above. 

 

The maximum likelihood estimator of λ is equal to n/t, where n is number of events that occurred within 

time interval t (Benjamin and Cornell, 1970). To calculate the b-value, there are various techniques but 

Aki‟s (1965) classic estimator is considered as the preferred estimator. If the maximum magnitude is 

known, then the b-value can be evaluated from the solution of  

 

 

 
  ̅       

(         )   ,  (         )-

     ,  (         )-
,   (2.2) 

 

where β=b ln 10 and  ̅ is the mean magnitude of the whole sample greater than or equal to     . The 

solution of 2.2 can be calculated using the Aki-Utsu estimator (Aki, 1965; Utsu, 1965). 

 

  
 

 ̅     
,       (2.3) 

 

 

Figure 2.3.4:  Illustration of data which can be used to obtain maximum likelihood estimators of 

recurrence parameters by the procedure developed by Kijko and Sellevoll (1992) 
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2.3.5 (c) Estimation of the area-characteristic maximum possible magnitude (    ) 

The maximum possible magnitude is a critical parameter in seismic hazard studies and its accurate 

evaluation is pertinent in earthquake engineering, disaster mitigation as well as in insurance applications. 

The terminology is sometimes used synonymously with maximum credible earthquake. The earthquake 

engineers (EERI Committee, 1984), defines the maximum magnitude as the upper limit of magnitude for 

a given seismic source such as a fault, such that it assumes a sharp cut-off magnitude for a seismic source 

which cannot be exceeded by any seismic event and is set by the strength of the crustal rocks in terms of 

the maximum strain that they are able to withstand (Richter, 1958).The maximum magnitude is estimated 

using a combination of factors but at the present moment there is no one universally accepted procedure 

that is available for the evaluation of        but the available methodologies can generally be classified 

into two categories i.e. deterministic and probabilistic methods. 

 

Deterministic procedures involve use of empirical formulas that relate earthquake magnitude to various 

tectonic, geological, geophysical as well as structural information and fault parameters. The empirical 

relationships that are used for different regions and faults can sometimes be simulated on a computer for 

different types of faults (Ward, 1997). The geological information is used to identify distinctive tectonic 

features, which control the value of     . (Wheeler, 2009; Kijko, 2011). Most times, unfortunately the 

value of       estimated from deterministic procedures are often inaccurate and can have uncertainties of 

up to one unit on the Richter scale (Kijko and Graham, 1998). 

 

 

When using probabilistic procedures, the value of      is calculated by applying statistical methods on 

data that is of a pure seismological nature. Procedures of extreme value statistics are used and a suitable 

technique for a particular situation would depend on available information on past seismicity and or the 

statistical distribution model. Only two estimators of      are discussed here from Kijko and Graham 

(1998). 

 

Assuming that the largest observed magnitude     
    is equal to the largest magnitude that can be 

expected and on the distribution of the largest among n observations is of the form (Pisarenko et al, 1996) 

 

 ̂        
    

 

   (    
   )

,      (2.4) 
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where   (    
    )  is the probability density function (PDF) of the earthquake magnitude distribution 

which is given below 

 

  ( )  
     ,( (       )-

      ,(  (         -
,    (2.5) 

 

Substituting (2.5) into (2.4) we get 

 

 ̂        
    

      ,(  (         -

     ,( (       )-
,   (2.6) 

 

The variance of  ̂     in (2.6) takes the form 

           VAR ( ̂   ) =   
  

 

  
,
      ,(  (         -

     ,( (       )-
 -  .                                        (2.7) 

Where  represents the epistemic uncertainty in the determination of      
    and the last term on the 

right side is the aleatory uncertainty of the maximum magnitude. 

 

The second more complex procedure is based on the formalism by Cooke (1979) 

 

  ̂        
         

    
   

,  ( )-
      (2.8) 

 

Where   ( ) denotes the CDF of the random magnitude variable m. For the frequency-magnitude 

Gutenberg–Richter relation, the respective CDF of magnitude which is bounded from above by     , is 

(Page 1968) 

   ( )  {

  
       ,( (       )-

      ,(  (         -
 

  

  {

           
                

           
 (2.9) 

 

Combining (2.8) and (2.9) we then have to calculate the integral 

 

Δ=     
    ,

      ,(  (    
        -

      ,( (          )-
 -                                              (2.10) 

 

Which does not have a simple solution but is estimated according to Cramer (1961) to give  
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Δ = 
  (  )   (  )

     (   )
+        (  )                                           (2.11) 

 

Where    = n/{1- exp [-β(         )]},    =    exp [-β(         ], and   ( )  denotes an 

exponential integral function. Following equation (2.9), for the Gutenberg–Richter frequency-magnitude 

relation, the estimator of      is obtained as an iterative solution of the equation. 

 

 ̂         
    + 

  (  )   (  )

     (   )
+        (  )   (2.12) 

 

Kijko and Sellevoll (1989) introduced equation (2.12) and it has subsequently been used in more than 65 

countries around the world. The solution is often termed the Kijko–Sellevoll estimator of maximum 

magnitude, or, in short, K-S. The variance of estimator (2.12) has two components, epistemic and aleatory 

and is of the form (Kijko 2004) 

 

VAR ( ̂   ) =   
 + ,

  (  )   (  )

     (   )
         (  )-

                    (2.13) 

 

where    denotes standard error in the determination of the largest observed magnitude     
   . 

 

The two procedures outlined above are applicable in a number of situations such as when the number of 

earthquakes n is not known. In such a case we substitute λt in place of n, where t is the time span of the 

catalogue. In so doing, one indirectly assumes that earthquake occurrence in time follows a Poissonian 

distribution. The major weakness of statistical procedures as outlined above is the fact that in most cases 

the available earthquake catalogues are too short to reliably estimate the maximum magnitude and in such 

cases we resort to the use of Bayesian statistical methods (Cornell, 1994; Kijko and Singh, 2011) which 

allow the incorporation of various supporting data such as geological, geophysical, paleoseismicity and 

tectonic information. 

 

2.3.6 Calculation of the appropriate ground motion prediction equation (GMPE) 

 

As a third step, in order for one to evaluate the seismic hazard or prepare a zoning map of a region, it is 

necessary to know the attenuation and scaling characteristics of the various strong motion parameters with 

distance, earthquake size and the geological conditions (Gupta, 2002). The popular parameters of interest 
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include peak ground acceleration, peak ground velocity, peak ground displacement; spectral acceleration 

amongst others and (2.14) below gives a simple and commonly used form of GMPEs. 

 

In Z =                            (2.14) 

 

Where Z is the ground motion parameter; M is the earthquake magnitude, R is the shortest earthquake 

distance from the source to the site; F is responsible for the faulting mechanism; S describes the site 

effects and ε is the random error with zero mean and standard deviation        with two components for 

the aleatory and epistemic error. 

 

The coefficients    to    in (2.14) are dependent on a particular tectonic setting of the site. Recent GMPEs 

have more complex forms e.g. Atkinson and Boore (2006). The selected GMPE can then be used to find 

the cumulative distribution function (CDF) for the ground motion parameter that is being evaluated such 

as peak ground acceleration (PGA), peak ground displacement, peak ground velocity. This process of 

selecting the appropriate ground motion relation (also sometimes referred to as the attenuation 

relationship) is one of the major contributors to uncertainties in PSHA.  

 

Three factors affect the attenuation of seismic waves as they propagate; these are; the earthquake source, 

the propagation path from the source to the site and the geological conditions beneath the site. Ground 

motion models have been often developed by regression on recorded accelerograms to predict the 

expected earthquake ground motion parameter of interest at a site (Douglas, 2007).  

 

An important concern when selecting these models is the possible dependence of ground motion on 

geographical region. In such a scenario the median ground motion for the region of interest could be the 

same as that in the region where a ground model is from and the aleatoric variability of ground motion is 

similar. The question can be particularly difficult to tackle in many regions of the world where little 

observed strong motion data is available such as most of Africa since there are few records to validate the 

choice of model. Douglas (2007) suggests that it is currently more defensible to use a well-constrained 

model based on data from other regions rather than use predicted motion from local often poorly 

constrained models. 

 

There are various techniques that are in use for the prediction of ground motion which can be basically 

grouped into two categories: the mathematical approach, where a model is analytically based on physical 

principles and the experimental one (where a mathematical model) not necessarily based on physical 
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insight is fitted to experimental data. A concise summary of most techniques that are applied currently 

can be found in Douglas and Aochi (2008). 

 

2.3.7 (a) The Stochastic method 

 

The ability to simulate strong ground motion is an important area of seismology and strong motion 

records are helpful in the design of earthquake resistant buildings. Unfortunately these strong motion data 

records are normally scarce or even unavailable in most parts of the world, hence the need to use 

simulation techniques. The stochastic method simulates ground motion for frequencies of engineering 

interest (generally, f > 0.1 Hz) by combining parametric or functional descriptions of the ground motion‟s 

amplitude spectrum with a random phase spectrum modified such that the motion is distributed over a 

duration related to the earthquake magnitude and to the distance from the source ( Boore, 2003). This 

technique has become widely used for the simulation of ground motion especially for regions lacking data 

for damaging earthquakes (Douglas, 2007). The major and critical characteristic for this method is its 

ability to describe in the form of equations the earthquake processes and wave propagation involved in a 

given scenario in terms, source path and site. 

 

Strong ground motion is simulated by estimating a Fourier spectrum of ground motion using models of 

the source spectrum that is transferred to site by considering geometric decay inelastic attenuation of 

seismic waves as they propagate. The parameters that define the source spectrum, the geometric and 

inelastic attenuation are based on simple physical models of the earthquake process and wave propagation 

and these parameters are estimated by analysing many seismograms. 

 

After the Fourier spectrum at a site is estimated time histories are then computed by adjusting and 

enveloping white noise to give the desired spectrum and duration of shaking. Since the method does not 

account for phase effects due to propagation rupture (i.e. Doppler shift of frequencies) or wave 

propagation, the results for near source region may not be appropriate. Since only body waves are usually 

considered, the long period ground motion, and could be poorly estimated by the stochastic method 

(Douglas, 2007). 

 

2.3.8 (b)  Empirical method 
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This method is closely based on strong motion observation. The empirical techniques are a straight 

forward way to predict ground motion in future earthquakes and they are assume that shaking caused by 

future earthquakes will be similar to that observed in the previous events such that predictions of ground 

motion are done by choosing or constructing a model, which should fit the observed ground motion data 

(Douglas and Aochi, 2008).Records are chosen from databanks containing accelerograms that are 

appropriate for the considered site. Selection is made by considering the magnitude and distance of the 

scenario event. Records with elastic response spectra that match a design spectrum are often preferred. 

After the selection, scaling of the amplitude is often performed to correct for differences to the design 

ground motion parameters (e.g. PGA). 

 

The empirical method has its limitations in predicting near-source records from large events. It difficult to 

find records to match scenario characteristics in addition to magnitude and distance and databanks for 

most regions are small. It is implicitly assumed that host and target regions have similar characteristics (or 

that ground motions are not dependent on the region) and also difficult to ascertain whether certain 

records are applicable elsewhere due to particular site or source effects. 

 

 

2.3.9 (c) Physics-based techniques 

 

This class of methods has become increasingly popular in recent years as knowledge of the physical 

processes involved in earthquake propagation and the availability of powerful computational as well as 

simulation technology has become available. They have the advantage of being able to model various 

earthquake scenarios as they require more parameters to be defined compared to empirical methods which 

can generally regarded to be much simpler compared to physics-based methods. They require the 

simulation of the generation of the seismic wave through fault rupture as well as the propagation of the 

seismic wave hence parameters such as the point of nucleation of the fault and rupture velocity will have 

to be defined by necessity.  

 

 

2.3.10 (d) Comparison of some ground motion models that are applicable to Zimbabwe 

 

Since we have very limited strong motion data, it is preferable to use a well-constrained models based on 

data from another regions with similar seismotectonic characteristics, rather than a local, but poorly-
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constrained model (Douglas, 2007). Atkinson and Boore (1995; 1997 and 2006) as well as Somerville et 

al. (2001) have derived models for the eastern part of North Africa which can be used to describe stable 

continental regions with low levels of seismic activity. Three other relationships have been derived using 

data from Africa by Mavonga (2007) for the Western Rift Valley, Twesigomwe (1997) for Uganda, and 

Jonathan (1996) for eastern and southern Africa. 

 

Jonathan (1996) used the random vibration theory using earthquakes that had been recorded by digital 

stations, constant stress drop source model from Brune (1970) to estimate the ground motion attenuation 

parameters as a function of magnitude, M and hypocentral distance, R. He obtained the relation: 

 

 ln a=3.024 + 1.30     - 1.351 ln R - 0.0008 R   (2.15) 

 

Mavonga (2007) derived an attenuation relationship for the western part of the East African Rift Valley by 

simulating strong motion of large earthquakes using recordings of small earthquakes. Small earthquake 

recordings adjacent to the expected large earthquakes were treated as empirical Green‟s functions (EGF) 

between the source and that site and unlike Jonathan (1996) he evaluated the stress drop which is a critical 

input in the generation of the attenuation relation as it contributes to influencing the simulated seismograms. 

The resulting equation takes the form  

 

                     (2.16) 

 

Where   and     are constants, Y is the ground motion parameter and R is the hypocentral distance. 

 

Twesigomwe (1997) calculated the attenuation relationship for Uganda which is situated between two 

seismically active branches of the East African Rift System; the Western Rift (stretching from Aswa Fault 

Zone in the north to Lake Tanganyika in the south), and the Eastern Rift (stretching from Lake Turkana in 

the north to Lake Eyasi in the south. He adopted a semi-theoretical approach to develop the attenuation 

relationship for Uganda, slightly modifying the relationship by Krinitzky et al (1988) for eastern Canada 

as it also has similar hard rock conditions that are comparable to Uganda as well as shear wave velocity 

and Q values determined by other works such as Gumper and Pomeroy (1970) as well as Xie and Mitchell 

(1990). He evaluated  

 

In a = 2.832+ 0.866
 
   - In R – 0.0025 R + ε   (2.17) 
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Where ε is a normally distributed error term with an expectance of zero and standard deviation a the 

constant term and scaling coefficient of    relate to the near field excitation of the earthquake wave 

motion, which is considered to be more or less independent of tectonic conditions (Hanks and  Johnston, 

1992; Bungum et al., 1992). 

 

The GMPEs derived by Atkinson and Boore (1995, 1997) are widely known and have been used 

frequently in the past to describe ground motion for stable continental regions. They were developed as 

predictive ground motion relations for Eastern North America from an empirically based stochastic 

ground-motion model which are suitable for stable continental regions of low seismicity. These relations 

were in part supposed to improve on previous models in terms of addressing concerns about wave 

propagation in layered crust where it had been found that ground motion amplitude was dependent on 

depth (EPRI, 1993).  

 

Kijko et al. (2000) after observing that the original Atkinson and Boore (1995, 1997) model did not 

adequately describe the physical processes of wave propagation in instances which involve earthquakes of 

small to moderate magnitudes such that it did not always fit the shape of the attenuation curve modified it 

by recalculating the coefficients of the original attenuation model. Their model does not include the 

quadratic term of the original Atkinson and Boore (1995, 1997) but allows different values of the 

coefficient    in front of the element ln(R) (where R is the hypocentral distance) and is found to be a 

better fit of the for values of PGA and response spectra. Their modified relation which we shall refer to as 

the Atkinson and Boore (1995, 1997) modified has the form  

 

   ( )                    

 

Where a is peak ground acceleration in units of g,        ,    are the attenuation coefficients, m is 

earthquake magnitude and R is the hypocentral distance. 

 

Ambraseys et al. (1996) came up with an attenuation model using a dataset representative of Europe 

which is meant to be used in the construction of hazard-consistent design spectra in that region and the 

Middle East. This model is suitable for shallow European earthquakes which are comparable to 

Zimbabwe. The model is of the form  

 

   ( )                        ( )       (2.18)  
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where y is the parameter being predicted, M is surface wave magnitude and    √   h
 
 is the shortest 

distance from the station to the surface projection of the fault rupture, in km, and h is a constant to be 

determined with coefficients        ,    and    and σ is the standard deviation. Their model includes both 

geometric and anelastic distance terms in addition to adopting linear magnitude scaling as well as a 

magnitude-independent shape. To decouple the determination of distance dependence from the 

determination of magnitude dependence the regression technique by Sarma (1994) was used. This model 

has the added feature of being able to take into consideration local geology site conditions.  

  

Atkinson and Boore (2006) developed ground-motion relations for hard rock sites in eastern North 

America including estimates of their aleatory uncertainty using a stochastic finite-fault model which is 

important in improving the reliability of estimates for large-magnitude events at close distances. This was 

an improvement on Atkinson and Boore (1995) which were based on a stochastic point-source model 

since new seismographic data was incorporated to provide information on source and path effects thereby 

improving the definition of attenuation trends in eastern North America. The major difference between 

these two relations is that high-frequency amplitudes were found to be lower than they had predicted in 

earlier studies due to a slightly lower average stress drop parameter (140 bars versus 180 bars) and a 

steeper near-source attenuation. 

 

Deif et al. (2011) developed an attenuation relationship for the Aswan area in Egypt. Like most of Africa 

they did not have strong motion data and so they used seismological modelling as an alternative approach. 

They used the stochastic technique to generate suites of ground motion histories. The relationship is for 

events spanning 4.0      7.0 and a distance of up to 100km to the surface projection of the fault. Their 

equation is of the form  

 

   (   )                  ( )                  (2.19) 

 

where PGA is in cm/  ;      is moment magnitude, R is the closest distance between rupture projection 

and site of interest and P is a dummy variable. 

 

Somerville et al.  (2001) developed ground motion relation for the central and eastern United States by 

first developing earthquake source scaling relations for use in generating ground motions which allowed 

them to construct earthquake source models without resorting to a priori assumptions about the shape of 

the source spectrum, as is done in the stochastic approach. The scaling relations were then used to 

generate suites of ground motion history using a broadband Green's function method that has a rigorous 
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basis in theoretical and computational seismology and has been extensively validated against recorded 

strong motion data (Somerville et al., 1996) which were used to generate the ground motion prediction 

relations. 

 

2.3.11 Integration of uncertainties contributed by each zone 

 

In the final step, the individual uncertainty contributions in earthquake location, earthquake magnitude as 

well as ground motion relation from each zone are integrated into a probability that the ground motion 

parameter of interest will be exceeded during a given time interval at the site of interest. The total 

probability theorem is used in this integration process. Attenuation relationships are always a major 

contributor in PSHA due to randomness in the mechanism of rupture and from variability and 

heterogeneity of the source, travel path and site conditions and this must be accounted for 

(Theodorakatou, 2007). 

 

2.4 A brief review of the theory behind the Cornell-McGuire PSHA procedure 

 

Suppose Z is used to characterize a particular ground motion parameter such as peak ground acceleration, 

peak ground velocity, spectral acceleration etc. The probability that a specified value z(in the domain of 

Z) will be exceeded is given by P [Z ≥ z] which is calculated for a particular earthquake magnitude 

occurring at a source and multiplied by the probability of that particular earthquake occurring. Using the 

Total Probability Theorem, this calculation is repeated for a range of earthquake location and magnitudes 

at a site and summed up to give an expression of the form of McGuire (1968): 

 

P [Z ≥ z] =     
    
    

 P [Z ≥ z| m, r]  ( )    (   )      (2.20) 

 

where P [Z ≥ z| m, r] is the conditional probability that a chosen ground motion level z of a ground 

motion parameter Z at a site due to an earthquake of a given magnitude m occurring at an epicentral 

distance r;   ( )         (   )  are the PDF of earthquake magnitude and the conditional PDF of the 

epicentral distance respectively. 
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In most engineering applications, it is assumed that the magnitudes of earthquakes follow the Gutenberg-

Richter relation which is given in (2.1), therefore it follows that   ( )  is a negative, exponential 

distribution, shifted from zero to      and truncated from the top by     , (Page, 1968) 

 

  ( )  
     ,( (       )-

      ,(  (         -
 

 

 

which is the same as 2.5 above, where β=b ln 10. Assuming that earthquake occurrence follows a Poisson 

distribution in every seismic source, then the probability that z, a specified level of ground motion at a site 

will be exceeded at least once within a time interval t will be  

 

P [Z > z; t =1] =1 – exp [-t·λ(y)]     (2.21) 

 

From 2.21 above, if t =1, we get the plot of the annual rate of exceedance against the ground motion 

parameter z which is a hazard curve for PSHA. 

 

2.5 The parametric-historic procedure 

 

This method falls under the category of PSHA technique and basically combines the best features of the 

„„deductive‟‟ (Cornell, 1968) and „„historical‟‟ (Veneziano et al., 1984) procedures (Kijko and Graham, 

1998). The U.S. Geological Survey national seismic hazard maps by Frankel et al. (1996) were done 

using a procedure which is very close to the parametric-historic procedure. This procedure was used as a 

time the U.S. nuclear industry was struggling with the consequences of the subjective definition of source 

zones as it aimed to reassess the seismic safety of existing nuclear power plants throughout the eastern 

United States (Atkinson, 2004). 

 

The two major outstanding features are:  firstly, its capability to take into account the limitations of data 

such as incompleteness of catalogues and inaccuracies of epicentral location and earthquake magnitude. 

Secondly, it does not require the subjective judgement involved in the mapping of seismic source zones 

by mapping the specific active faults. Taking into account the limitations of data incompleteness allows 

one to use the whole seismic event catalogue available for the area being assessed, including historical 

observations as well as the instrumental data recorded during the past decades. 
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The Cornell-McGuire procedure requires the assessment of seismic parameters for each delineated 

seismic source zone and this cannot be done when faced with an incomplete seismic history or for a small 

area. In such a case, the way forward is normally to increase the boundary of the seismic zone under 

evaluation and this would then be in direct conflict with the requirement of independent delineation of 

source zones and in addition leads to underestimation of seismic hazard (Xu and Gao, 1997). 

 

The major limitation of the parametric-historic procedure, in its current state, is on the choice of ground 

motion prediction equations (GMPEs) that do not allow non-linear magnitude scaling (Saman Yaghmaei-

Sabegh et al., 2010). In order to calculate the probability of exceedance of a ground motion parameter 

(which is the main objective of PSHA), say maximum possible PGA for a site, then its value can be 

obtained by applying the design (floating) earthquake procedure, assuming the occurrence of the strongest 

possible earthquake at very close distance from the site. The probabilities of exceedance of the maximum 

possible PGA values can also be calculated to illustrate the uncertainty of maximum PGA estimation. 

Some of the exhaustive statistical techniques that can be used for the evaluation of the maximum regional 

earthquake magnitude, mmax are described the following papers: Kijko and Graham (1998) and Kijko 

(2004). 

 

The procedure is done by firstly evaluating the area-specific parameters for the site where hazard is being 

evaluated. This step is essentially similar to the Cornell-McGuire procedure and makes it of a parametric 

nature. The second step is computing amplitude of the distribution of ground motion parameter such as 

peak ground acceleration (PGA) at a specific site. It is worth noting at this stage that since parameters are 

calculated by maximum likelihood using Bayesian formalism, this allows for the incorporation of 

additional geological and geophysical data as well as alternative parameterization. 

 

2.5.1 Assessment of area-specific seismic parameters 

 

In deriving the formulae for assessing the seismic parameters, it is assumed that earthquake occurrence 

follows a Poisson distribution and that that earthquake magnitude distribution follows a doubly truncated 

Gutenberg-Richter frequency-magnitude relationship. The cumulative distribution function (CDF) of the 

largest magnitudes occurring at least once over a time t is taken from Kijko and Sellevoll (1989, 1992) 

given by  
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   ( |         )  

   *    ,    (         )-+     (    )

      (    )
  (2.22) 

 

where   ≡λ(  )=λ[1-  (   |         )] is the mean activity rate of earthquake occurrence,    is 

lower earthquake magnitude in the extreme part of the catalogue and   ≥      which is the minimum 

threshold magnitude of the entire catalogue and it should be less than the level of completeness in all the 

sub-catalogues as illustrated in Figure 2.2. Usually the values of     and t in the denominator are high 

hence the denominator is ignored. 

 

Assuming the error in magnitude has a normal distribution with standard deviation   from Tinti and 

Mulargia (1985a, b) then using Kijko and Sellevoll (1992), Gibowicz and Kijko (1994) it follows that the 

PDF and CDF are respectively given by 
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where        (      ),         (      ), erf ( ) is the error function, χ = 
   

  
 and the 

magnitude m is bounded above and below. 

 

If      is the cut-off value of apparent magnitude then the normalised PDF and CDF respectively 

become, 
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Using the relation from Tinti and Mulargia (1985 a, b) and replacing the “true” activity rate λ (m) with the 

apparent one  ̃( ) we have  

 ̃( )   ( )    (  )    (2.27) 

 

Combining the CDF of the largest magnitudes occurring over a time interval t given in (2.22) and the 

CDF for the for normalised apparent magnitude in (2.26) we have the PDF of the strongest earthquake 

with, magnitude m≥   as 

 ̃ 
   (            )=

 ̃   ̃ (              )    ,  ̃  (    (              ))-

      (  ̃  )
           (2.28) 

 

From (2.28) the likelihood function of the strongest earthquakes is given by, 

 

  (   )           
   ̃

 

   
(   |       

         )       (2.29) 

 

w here     is the apparent magnitude of the strongest earthquake which has standard deviation       and 

occurs within a time interval   .The number of earthquakes that occur in the extreme of the catalogue are 

given by j=1,…,   with         being independent of the normalization factor      . The procedure 

takes into account the incompleteness of catalogues as shown in Figure 2.2. The sub-catalogues are each 

assumed to be have a level of completeness     
( )

, time span    , apparent magnitude     which is greater 

than or equal to the level of completeness     
( )

 and     . The likelihood function of earthquake 

magnitudes in the sub-catalogues is given by 

  (   )  0          
   ̃

 

   
.   |    
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Combining all the likelihood functions in all parts of the catalogue we have a function 
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 (   )      
    (   )      (2.31) 

 

The largest earthquake     
    is the maximum likelihood estimate of      since (2.31) decreases 

monotonically as        while  ̂ and  ̂ are the values of λ and β that will maximize the likelihood 

function (2.31). Using the K-S estimator for      given in (2.12) and equating to zero the first 

derivatives of (2.31) with respect to λ and β we obtain the two equations given by Kijko and Sellevoll 

(1989) that are solved using an iterative scheme to find the parameters  ̂ and  ̂. 

 

2.5.2 Assessment of seismic hazard at a site 

 

This is the second step of the parametric-historic procedure and site-specific PSHA requires knowledge of 

the attenuation of the selected ground-motion parameter, usually PGA, as a function of earthquake 

magnitude and its distance. According to the adopted methodology, the attenuation law of PGA is 

assumed to be of the type, 

 

ln (PGA) = c
1
+ c

2
m + )(r +    (2.32) 

 

where c
1
 and c

2
 denote empirical coefficients, m is the earthquake magnitude, )(r  is a function of 

earthquake, epicentral or hypocentral distance and  is a normally distributed random error. 

 

To express seismic hazard in terms of PGA, the aim would be to calculate the conditional probability that 

an earthquake of random magnitude, occurring at a random distance from the site, will cause a PGA value 

equal to, or greater than, the chosen threshold value, PGA
min

, at the site. We accept the standard 

assumption (e.g., Page, 1968) that the random earthquake magnitude, m, in the range of m
min
mm

max
, is 

distributed according to the doubly truncated Gutenberg-Richter relation given in (2.1) above (See Figure 

2.5.2 (i) below).   
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Acceptance of the classical frequency-magnitude Gutenberg-Richter relation is equivalent to the 

assumption that the cumulative distribution function (CDF) of earthquake magnitude is of the form given 

in (2.10) as  

 

 

 

 

In this case it is bounded above and below. In Figure 2.3 and equation (1.10), mmin is the minimum 

earthquake magnitude corresponding to acceleration PGAmin, which is the minimum value of PGA of 

engineering interest at the site, mmax is the maximum credible (maximum possible) earthquake magnitude 

and   = b ln(10), where b is the parameter of the Gutenberg-Richter magnitude-frequency relation. 

Parameter b indicates the relative frequency of occurrence of earthquakes of different magnitudes and it is 

the slope of the Gutenberg-Richter recurrence relationship (2.1). 

 

It can be shown (Kijko and Graham, 1999) that choosing equation (2.32) as a model for attenuation of 

PGA and equation (2.2) as a distribution of earthquake magnitude, is equivalent to the assumption that  

 

,)(log xdcxN       (2.33) 

 

where N(x) is the number of earthquakes recorded at the site, with PGA equal to or exceeding x = 

ln(PGA), c and d are parameters and d=b/c2, where c
2
is the coefficient related to the attenuation formula 

(2.32). Equation (2.33) is illustrated schematically in Figure 2.5.2 (i). 

From equation (2.33) it follows that CDF of the logarithm of PGA, denoted as x, is of the form,  

 

FX(x) = 
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where,  xmin = ln(PGAmin), xmax = ln(PGAmax), PGAmax is the maximum possible PGA at the site,   =  /c
2
 

and   = b ln(10 ). 

 

Figure 2.5.2 (i): Schematic illustration of the doubly truncated frequency-magnitude Gutenberg-Richter 

relation 

 

The slope of the curve is described by parameter b, known as b-value of the Gutenberg-Richter relation. 

Value      is the minimum earthquake magnitude corresponding to peak ground acceleration PGAmin, 

which is the minimum value of PGA of engineering interest and       is the regional characteristic, 

maximum credible earthquake magnitude.  
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Figure2.5.2 (ii): Schematic illustration of the distribution of the PGA 

 

If earthquake magnitude follow a doubly truncated Gutenberg-Richter relation, the logarithm of the PGA, 

at a given site follows the same type of distribution as the earthquake magnitude (2.2), i.e. doubly 

truncated negative exponential – the form of the Gutenberg-Richter distribution in equation (2.2). The two 

distributions differ only in the value of their parameters. If the b-value indicates the slope of the 

Gutenberg-Richter frequency-magnitude relationship, the parameter d characterizing the slope of the 

distribution of x = ln (PGA) is equal to    ⁄ . 

 

From formula (2.34) it follows that the logarithm of the PGA at a given site follows the same type of 

distribution as the earthquake magnitude, i.e. doubly truncated negative exponential – the form of the 

Gutenberg-Richter distribution. The two distributions differ only in the value of their parameters. If the 

parameter describing the slope of the magnitude distribution is equal to b, the slope of the distribution of x 

= ln (PGA) is equal to d = b/c
2
. One should note that CDF (2.34) was derived under the condition that no 

matter how diverse the spatial distribution of seismicity within the area surrounding the specified site is, 

the distribution of earthquake magnitudes, described by parameters mmax and b, remain the same.  
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Probabilistic seismic hazard is defined as the probability of a given value of PGA (equal to, or greater 

than, the chosen threshold value, PGA
min

 ) being exceeded at least once at the site during a specified time 

interval t. Such a probability can be written as 

 

H (x  t) = 1 -    xFt X 1exp  ,                                               (2.35) 

 

where  is the site-specific activity rate of earthquakes that cause a PGA value, at the site, exceeding the 

threshold value PGAmin. Clearly, a hazard curve so defined is doubly truncated: from below, by xmin= 

ln(PGAmin), and from above, by xmax = ln(PGAmax). The distribution in equation (2.35) was derived under 

the assumption that the earthquakes that cause a PGA PGAmin, at the site, follow the Poisson process 

with mean activity rate (x) = [1F
X
(x)], with x = ln (PGA). 

 

For a given value of xmax (or equivalently, the maximum possible PGA at the site), the maximum 

likelihood procedure is used to determine the parameters  and . However, this procedure for the 

estimation of unknown hazard parameters is used only when the b parameter of the Gutenberg-Richter 

frequency-magnitude relationship is not known. When the b-value is known, parameter  is calculated as 

 /c2 and the maximum likelihood computation reduces to the estimation of the site-specific mean seismic 

activity rate . In addition, in all calculations, uncertainty of the employed seismicity models has been 

incorporated, by application of the Bayesian formalism. 

 

In cases where there is difficulty in assessing seismic parameters reliably, the procedure can be modified 

to incorporate geological and geophysical information. This feature is particularly useful in cases of low 

seismicity, low probabilities of exceedance or when there is not sufficient information in the historical 

part of the catalogue to accurately calculate seismic parameters. This additional data is incorporated as a 

priori information using Bayesian formalism. 

 

2.6 Contentious aspects of PSHA 
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Over the years since its introduction by Cornell (1968) there have been aspects of PSHA that have been 

disputed. These have centred on treatment of uncertainty, as well as, some arguments about the 

mathematical foundations of the methodology itself. Wang and Zhou (2007) outline some of these issues. 

Amongst other matters they argue that PSHA is not based on a valid earthquake source model. 

 

Wang and Zhou (2007)  state that PSHA is based on a point source model though at present an earthquake 

is now considered as a finite fault rapture which together with one single distance               (Figure 

2.6) are considered in a GMPE. This then means that the distance R in the probability density function is 

different from the distance in the GMPE. Furthermore, the distribution of ground motion parameters are 

distributed log normally but log normal distributions are not bounded at the top which in theory means 

that it is possible to have unrealistic high values of ground motion parameters. This is not physically 

possible as there has to be a cut-off value for quantities like velocity or acceleration due to the material 

properties (e.g. rock strength) of the medium. 

 

 

 

Figure 2.6: Schematic geometry of earthquake fault and source-to-site distances (Wang, 2010) 

  

The uncertainty σ (which contributes the largest uncertainty in PSHA) in the GMPE is dependent on 

earthquake magnitude and distance and characterizes spatial not temporal uncertainty at a point in the 
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equation. However in PSHA these three quantities are taken to be independent of each other. This leads to 

violation of ergodic assumption (Anderson and Brune, 1999) and has been known to lead to 

overestimation of hazard at short distances (Bommer and Abrahamson, 2006). Another argument in 

PSHA is the use of logic tree formalism e.g. Castanos and Lomnitz (2002) describe its use as a 

misconception of statistics as it is wrong to put the same value on expert opinions and hard earthquake 

data. 
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Chapter 3 

General Seismotectonics of Zimbabwe 

 

3.1 Seismicity and clusters 

 

 

Figure 3.1(i): Map showing seismicity clusters (left) and seismicity of Zimbabwe superimposed on broad 

scale lineaments and fault map (right) 

 

i. Lake Kariba Cluster (mid-Zambezi basin) 

 

This area lies under the Lake Kariba water table and is part of the East African Rift System of the Mid- 

Zambezi Valley (EARS-MZV) which is generally associated with a network of faults. It has been 

experiencing moderate earthquakes spanning from the time the Kariba dam was constructed in December 

1958. The largest event that has been recorded in the area so far was one which occurred on 2 September 

1963 having a magnitude of 6.3 on the Richter scale. This event was recorded by many seismic stations 

around the world. This earthquake is believed to have been caused by changes in water levels in the 

Kariba dam and falls under the category of reservoir induced earthquakes as suggested by (Gough and 

Gough, 1970; Gough 1978).  

 

Seismic activity in the area is related to the extra water pressures created in micro cracks and fissures in 

the ground under and near the reservoir. When the pore pressure of the rock increases it acts as if to 

lubricate the faults which are already under tectonic strain but are prevented from slipping by the friction 

of the rock surfaces. This movement of the ground is what is observed as an earthquake. This explanation 
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can also be extended to the recent event that occurred on the 31 August 2010 having a magnitude of 

    5.  

 

The area also shows evidence of volcanism in its past history and is characterized by the presence of very 

porous rocks. Pore pressure hence plays a significant role (Gupta et al., 1972).There is also an element of 

plate tectonic activity within the region as suggested by Scholz et al. (1976), especially further north of 

the lake. Ambraseys and Adams (1991) have given a description of an earthquake of surface-wave 

magnitude 6.0 occurring in the area on the 28th of May 1910.This evidence clearly indicates that a region 

of high seismic activity exists and indicates that the lake covers an area of numerous faults which was not 

pre-stressed but also already seismic. 

 

ii. Deka fault zone (Hwange area) 

The Deka fault zone lies to the south west of the Lake Kariba area and includes the Victoria Falls 

(Hlatywayo, 1995). Seismic activity occurring in the Hwange area is associated with this fault which is 

responsible for seismicity in the region. Migratory rift faulting is thought to have been the controlling 

dynamic influence the thick Karoo belt that covers this area.  

  

McKenzie et al. (1922) have treated the East African Rift System as a plate boundary. No evidence has 

however been put forward to suggest that the East African Rift System connects with the mid-Indian 

Ocean ridge to the south. All indications from studies of the seismicity of Southern Africa point towards 

the southern tip of the western arm of the East African Rift System, terminating on the continental, 

perhaps into three sub-branches (Scholz et al., 1976).  

 

Accretion of new crustal material over the area does not exist and the lithosphere has been found to still 

be continuous. This area therefore represents some mode of break-up which has not started, yet it is 

visible in the guise of a sub-plate boundary. Scholz et al. (1976) found concentrations of epicentres of 

earthquakes trending along a north easterly direction from Botswana into the Deka fault zone-Zambezi 

valley suggesting a branch of the East African Rift System beginning from just north of Malawi. The 

Southern African region is under a northwest-southeast extension normal to the direction of the main 

lineaments. Maasha and Molna (1972) found the directions of the principal stresses in this region similar 

to those that existed in the East African Rift system from the Miocene period. 

 

iii. South-Eastern border of Zimbabwe and Mozambique 
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This zone has become highly seismic in recent times. It falls on the seismic tip of the southern extremity 

of the East African rift system which is Africa‟s most pronounced tectonic feature. The south-eastern 

border area forms the western flank of the rift extension from Lake Malawi. Along the Zimbabwe border, 

extending from Nyanga in the north to Chipinge in the south, the area is comprised of highly folded and 

sheared quartzite separated from neighbouring formations by numerous faults (Hlatywayo, 1995).  

 

A major earthquake of magnitude    7 occurred on 22 February 2006 in Mozambique is attributed to 

the presence of the East African Rift System. It spans more than half of the length of African continent 

from the Gulf of Aden in the north to Malawi in the south. Zimbabwe is on the southern tip of this East 

African Rift System which is responsible for seismic activity in this region. Studies on the incipient 

rifting in the region seem to confirm tectonic activity to be the cause of the Mozambique earthquake 

(Fairhead & Girlder, 1969: Fairhead and Henderson, 1977). This earthquake was observed in the whole of 

Zimbabwe and resulted in the death of four people and caused major destruction in the Chipinge area.  

 

iv. Save-Limpopo mobile belt 

Along the Save-Limpopo mobile belt there is not much activity though an event of magnitude 6 on the 

Richter scale occurred in 1940. Since that time there has not been any noticeable activity in the region 

that could suggest the area becoming a zone of high seismic activity (Hlatywayo 1995), only vents of a 

small magnitude have occurred since then. This area forms the boundary between the Zimbabwe craton 

and the Kaapvaal craton. 

 

v. Nyamandlovu aquifer 

Though this area is displays the lowest seismicity relative to the other seismic active areas, in 2008 an 

earthquake of body-wave magnitude 4.3 occurred in the area. The activity in the area is generally 

attributed to changes in pore pressure in the underlying rock formation .Local authorities have drilled 

boreholes in this area to augment water supplies in neighbouring city of Bulawayo. Hlatywayo and Midzi 

(2005) concluded that there is a possibility that excessive pore pressure build up by slow pressure changes 

is the driving mechanism and causes instability in small low permeable creeping joints in the underlying 

rock formation resulting in seismic activity. 
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3.2 Geology of Zimbabwe 

 

The southeast (Save-Limpopo basin) and the northwest (Hwange-Zambezi basin) areas of the country are 

covered by Karoo sediments which thin out towards the centre of the country. The geology of Zimbabwe 

is dominated by a largely aseismic craton which is an assemblage of crystalline basement rocks. It is an 

example of early Archaean lithology dating back to 3.46 Ga. Figure 3.2 below shows the distribution of 

geological units in Zimbabwe. 

 

Figure 3.2 (i): Distribution and extent of different geological units of Zimbabwe 

(Source Geological Survey of Zimbabwe – http://www.mining.wits.ac.za) 

 

The Archaean core, consisting of the Kaapvaal craton, Zimbabwe craton and the Limpopo mobile belt 

(Fig. 3.2), has formed a stable unit for the past 2.3 billion years (McElhinny and McWilliams, 1977). It is 

intruded by the Great Dyke hosting the world‟s largest reserve of chrome and platinoids (Mekonnen, 

2004). The main geology of the craton comprises igneous rocks that include granites and rhyolites and 

basic rocks such as dolerites, basalts and andesites. Karoo sediments covering the rift zones comprise 

mainly sedimentary rocks composed of undifferentiated sediments of mixed minerals of igneous origin 
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and/or differentiated sediments of mixed sediments such as sandstones, quartzites, shales, slates, coal, 

limestones and dolomites. 

 

Figure 3.2 (ii): Achaean core, consisting of Zimbabwe and Kaapvaal craton and Limpopo belt 

 

The sandstones, quartzites, shales, slates, coal, limestones and dolomites form consolidated sediments in 

most areas of the Karoo zones. Fault-plane solutions of earthquakes in the region are associated with 

rifting and show normal faulting with tensile axes directed to the southeast, confirming the extent of the 

east Africa rift this far south (Sykes 1967; Scholz, Koczynski and Hutchins 1976; Shudofsky 1985; 

Hlatywayo 1995). Subsequent tectonic evolution was characterized by repeated cycles of extensional 

basin development around the margins of the craton, and their compression and thrusting onto the craton. 

This resulted in reactivation of some pre-existing fractures and associated seismic activity on the craton. 

Also some of the sparse seismic events in this area can be attributed to induced seismicity as a result of 

the many mining ventures taking place along this area but at this point, it is difficult to distinguish 

between mining related events and those of pure tectonic origin because there are no seismometers which 

are in the vicinity of this area to monitor tremors which may be due to mining activities.  

 

The Limpopo mobile belt (Figure 3.2 (ii)) separates the Zimbabwe craton and the Kaapvaal craton and 

some workers (Cox et al., 1965) have subdivided it into three zones: the northern and southern Marginal 

Zones and the Central Zone. The Northern Marginal Zone (NMZ) lies within Zimbabwe with structural 

fabric trending east-northeast to west-southwest (Mkweli et al., 1995). Rocks of the NMZ consist of high-
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grade metamorphic equivalents of the flanking Archaean granite-greenstones of the Zimbabwe craton 

(Rollinson, 1993; Rollinson and Blenkinsopp, 1995). The NMZ has been subdivided by some workers 

into the Transition Zone and the Triangle shear zone (Rollinson and Blenkinsopp, 1995).  

 

Figure 3.2 (iii): Geological map of the Limpopo Belt (Rollinson, 1993) 

  

The Triangle shear zone, which defines the boundary between the NMZ and the Central Zone (CZ), is 

related to the Tuli-Sabi shear zone (Mkweli et al., 1995). The Southern Marginal Zone (SMZ) lies within 

South Africa and comprises high-grade metamorphic equivalents of the flanking Archaean granite-

greenstone terrains (Du Toit et al., 1983; Kreissig et al., 2000) of the Kaapvaal Craton. The Sunnyside- 

Palala shear zone forms the boundary between the SMZ and the CZ.  

  

The CZ is situated between the two marginal zones, with folds that trend almost northerly (Watkeys, 

1983). The CZ is bounded to the north by the Triangle shear zone and in the south by the Palala shear 

zone. Rocks in the CZ are dominated by high-grade paragneisses and meta-sediments as well as layered 

igneous complexes with rare intrusive granites (Watkeys et al., 1983). A possible explanation to the 

origin of the high-pressure grade rocks is that the crust of the CZ was thickened down to depths of 60 to 

70 km at about 2.7 Ga as a result of continent-continent collision (Van Reenen et al., 1987). It then had 20 

to 30 km of its upper crust exhumed, as indicated by relict kyanite inclusions in garnets, leaving high 

pressure metamorphic assemblages at the surface (Van Reenen et al., 1987). 
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Along the Zimbabwe eastern border, the area comprises highly folded and sheared quartzites separated 

from neighbouring formations by numerous faults. The main lineaments trend in an east-north-east 

direction. This region falls on the southern tip of the East Africa Rift System. The south-eastern 

Zimbabwe area along the border with Mozambique forms the western flanks of the rift extension through 

Lake Malawi. This area shows significant seismic activity which is of pure tectonic origin. 

 

Lineaments in the Deka fault zone mid-Zambezi basin to the north-west of Zimbabwe trend in a north-

easterly direction extending further north into the Luangwa rift in eastern Zambia (Hlatywayo, 2001). The 

surface is covered with thick Karoo sediments of Mesozoic and Paleozoic ages. The Karoo sediments of 

the mid-Zambezi basin extend south-westwards through the Deka fault zone into Botswana. The general 

geology is white and red sandstones overlain by basaltic lavas (Maufe, 1924; Vail, 1967; Reeves and 

Hutchins, 1975). 

 

3.3 Geophysical observations in Zimbabwe 

 

Information inferred from geophysical studies such as magnetics and gravity gives a better understanding 

of subsurface geology. Gravity data provides information about densities of rocks underground and 

generally gravity anomalies indicate the presence of rocks which are of high densities whereas magnetic 

anomalies are normally an indication of rocks that contain magnetic minerals in them such as magnetite 

and hematite. Very high-intensity anomalies (more than 50 milligals) typify major changes in rock type, 

usually in basement rocks.  

 

The depth to which magnetic minerals can be mapped depends on their dimensions, shape as well as the 

magnetic properties of the rock. Sedimentary rocks are not usually magnetic with the exception of banded 

ironstones and so they have little effect in variation of the magnetic pattern whereas the same cannot be 

said of igneous and metamorphic rocks and this makes them useful when exploring the geology of the 

bedrock that may be hidden. 

 

Mekonnen (2004) studied the mafic dykes of Zimbabwe and Mozambique and these normally give rise to 

magnetic anomalies that are prominent on an aeromagnetic map as shown in figure 3.3 (a) and (b) below 

and give rise to well defined topographic features. The occurrence of dykes provides information on the 

evolution of the continental crust into which dykes were intruded as well as stress patterns through time, 
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and may relate to past plate configurations and help discover their implication for tectonic events which 

need to be answered. 

 

Figure 3.3 (i): Mafic dyke swarms in Zimbabwe (Mekonnen, 2004) 

 

 

Figure 3.3 (ii): Aeromagnetic map of Zimbabwe (Mekonnen, 2004) 
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From the two maps above it can be seen that the Save-Limpopo and the Deka Fault Zone lie on or are 

close to magnetic lineaments and mafic dyke swarms. The Lake Kariba and Nyamandlovu areas are not 

as close to areas that show anomalies as compared to the Save-Limpopo and the Deka Fault Zone as the 

seismic activity in those areas is largely reservoir induced as well as due to changes in pore pressure in 

the underlying rock formation respectively and not of a tectonic nature. We cannot make a conclusive 

correlation on earthquakes that have occurred on the Zimbabwe-Mozambique border as the area was 

excluded from aeromagnetic surveys when the rest of the country was flown due to the war at that time. 
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Chapter 4 

Cornell-McGuire and Parametric-Historic procedure applied on Zimbabwe 

 

4.1 Introduction 

 

The first step to assessing the seismic hazard for any site is to develop a seismotectonic model, whereby 

the area under investigation is divided into smaller zones of similar tectonic and seismic potential setting 

(Cornell 1968). In order to do this, a study of available seismological, geological and geophysical 

information is undertaken in order to identify seismic sources and describe the quaternary tectonic regime 

as well as using any other data which would better define the seismotectonic regions. 

 

4.2 Earthquake Catalogue and unification of magnitudes 

 

Earthquake records spanning a period of 100 years from 1910-2010 were use. This catalogue was 

compiled from various bulletins which include databases from the International Seismological Centre 

(ISC) and Bulawayo (BUL). The epicenter map for this catalogue is shown below in Figure 4.2. 

 

The events in these databases were reported in different magnitude scales namely       and    . These 

display various levels of saturation effects at different magnitudes; therefore it was necessary for a 

suitable scale to be chosen and to harmonise our catalogue to it. In this case the moment magnitude     

which is controlled by fault size and dislocation was chosen. Some of the advantages of using moment 

magnitude are that it is directly proportional to the logarithm of seismic moment, it is based on spectral 

amplitudes which makes it have a uniform behaviour at all magnitude ranges (Joyner, 1984; Scordilis, 

2006), it can be estimated from paleoseismological studies and it is the variable of choice for empirically 

as well as theoretically based equations for the prediction of ground motions (Boore, 2003).  
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Figure 4.2: Epicenter map of events in Zimbabwe from 1910-2011 

 

The various relations given below were used to convert different magnitudes to   . Singh et al. (1990) 

concluded that for small events magnitude    is a reliable measure of event size while Hanks and 

Kanamori (1979) showed that surface wave magnitude    when converted to moment magnitude  has a 

similar relation to    . The relations used to convert    and    to moment magnitude via seismic 

moment    are 

         = 1.5    + 16.1 ± 0.1    (4.1) 

 

         = 1.5    + 16.1 ± 0.1    (4.2) 

 

   
 
 ⁄           – 10.7    (4.3) 
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   is the seismic moment given in dyne-cm. These conversion relations are valid for the range 3 ≤    ≤ 

7 and 5 ≤ Ms 7≤.5. A theoretical relationship determined by Marshall (1970) was used to convert    to 

Ms: 

    = 2.08    –5.65      (4.4) 

 

To convert      to   , the relationship of Richter (1958) was applied:  

 

  = 1.7 +0.8    –0.01  
      (4.5) 

 

The BUL magnitudes were converted to the ISC magnitude using the least squares regression relations of 

Hlatywayo (1995): 

 

   (ISC) = 0.59 ± 0.08    (BUL) +1.97 ± 0.26   (4.6) 

 

 

4.3 The parametric-Historic approach applied to Zimbabwe 

 

The major difference between the Cornell-McGuire approach and the parametric-historic approach is that 

the latter approach does not require the delineation of seismic active zones which is a subjective matter 

since the causes of seismicity are not fully understood and delineation of zones is normally based on the 

distribution of earthquakes in space. At the depths at which most earthquakes occur, except for simple 

vertical strike-slip faults, the usual techniques for mapping faults may sometimes prove unreliable in the 

location of the faults. 

 

A common challenge with seismic records is the fact that on most occasions they are incomplete, the 

earthquake location and magnitude is not always accurate and this leads to errors in the evaluation of 

seismic hazards for a given area. The parametric-historic approach is capable of taking account of 

incomplete seismic records together with inaccurate earthquake location and magnitude. This method will 

accept data of two types, one containing incomplete historical events of large magnitudes whereas the 

other contains recent instrumental events divided into sub-catalogues with various levels of completeness 

which could be due to various factors such as downtime of a seismic network. 
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In this study the seismic hazard of Zimbabwe was calculated in the form of a matrix with a grid spacing 

of 0.25˚ in both latitude and longitude. The area covered lies within latitude 24 to14˚S and longitude 22 to 

36˚E and the procedure is applied to an arbitrarily chosen hypo-central distance of 450km. The seismic 

catalogue was divided into two sections, an incomplete historic part containing the largest historic events 

as well as a section containing recent instrumental events which is itself divided into four sub-catalogues 

with varying levels of completeness. 

 

The historical catalogue starts from the year 1910 up to the end of 1974 with a level of completeness of 

     = 4 and standard error of magnitude determination of 0.3. The first of four catalogues for recent 

instrumental events starts from 1 January 1975 to 31 December1988 with       = 3.3 level completeness 

and standard error in magnitude determination of 0.3. The second sub-catalogue starts from 1 January 

1989 to 1 December 1995 with a level of completeness of     = 4 and standard error in magnitude 

determination of 0.2. The third sub-catalogue starts from 1 January 1996 to 31 December 2004 with       

= 4.5 and standard error in magnitude determination of 0.2. The fourth and final sub-catalogue starts from 

1 January 2005 to 28 February 2011 with       = 5.5 and standard error in magnitude determination of 

0.2.  

 

The method for evaluating the maximum earthquake magnitude       is based on Kijko and Sellevoll 

(1989, 1992) Kijko and Graham (1998, 1999).  It was chosen for its suitability to data that contains 

historical events of large magnitudes, recent data with varying levels of completeness in various parts of 

the catalogue which may contain "gaps" and is extended for cases with uncertain magnitude 

determination. It requires the application of maximum likelihood procedures on seismological data. 

  

The procedure does this by applying a compound Poisson-Gamma distribution as a model of earthquake 

occurrence in time and a compound Exponential-Gamma distribution as a model of earthquake 

magnitude. These models then make it possible to incorporate the uncertainty associated with randomly, 

time-varying seismicity which is appropriate for the catalogue of Zimbabwe used for this study. 

 

The maximum observed event in the catalogue had a magnitude of 7.2 and occurred on 14 August 1962 in 

Kariba, its standard deviation was assumed to be 0.25. The b-value was taken to be 0.96  0.11 equivalent 
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to neighbouring South Africa which is of similar tectonic setting. Then by maximizing the likelihood 

function (2.31) and applying the Kijko-Sellevoll-Bayes (K-S-B) estimator which performs better on 

deviations from a Gutenberg-Richter deviation model       = 7.6  0.47. The approach follows the 

common assumptions of engineering seismology, that is, earthquake occurrence follows a Poisson 

process with activity rate λ and that earthquake magnitudes follow a Gutenberg- Richter doubly truncated 

distribution. In order to find the solution from these equations it is clear that we require the value of the 

mean seismic activity rate λ as well. These parameters are solved simultaneously by the application of an 

iterative scheme. Using the values of these parameters the probability density function PDF of distance to 

a site is the calculated. 

 

At this point an appropriate attenuation relationship is then applied to compute the cumulative distribution 

function CDF so as to express seismic hazard in terms of PGA. In this study four ground motion 

prediction equations were applied and these are Atkinson and Boore (1995, 1997), Twesigomwe (1996), 

Jonathan (1996) and Ambraseys et al. (1996).  

 

The GMPEs mentioned above were chosen for a various reasons. Atkinson and Boore (1995, 1997) 

model describe ground motion for stable continental regions. They were developed as predictive ground 

motion relations for Eastern North America which is similar to Zimbabwe. Twesigomwe (1996) and 

Jonathan (1996) were used because they are the only available GMPEs in the region.  The Ambraseys et 

al. (1996) attenuation model was derived using a dataset of shallow earthquakes representative of Europe 

which is meant to be used in the construction of hazard-consistent design spectra in Europe and the 

Middle East. This model is suitable for shallow earthquakes which are comparable to Zimbabwe. These 

ground motion relations are in the form  

 

  ( )                     

where a is PGA in units of gravitational acceleration g while              are empirical constants, m is 

earthquake moment magnitude, R is the earthquake hypocentral distance in kilometres and σ denotes a 

randomly distributed random error. These relations were chosen since they are for hard rock conditions 

that are comparable to Zimbabwe. Also our region has little strong motion data, therefore as suggested in 
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Douglas (2007) it is preferable to use well-constrained models based on data from another regions with 

similar characteristics. 

 

The acceleration, magnitude and distance in the ground motion prediction relations are taken to be log-

normally distributed. The quantity σ is a constant independent of earthquake magnitude and distance 

representing the uncertainty in the attenuation relation. In addition to uncertainty contributed by the 

GMPE there are also errors from the determination of earthquake magnitude and location  

respectively. 

 

To treat these errors, they were also taken to be log normally distributed with mean zero following Tinti 

and Mulargia (1985a, b). By determination of approximate distribution of functions (e.g. Benjamin and 

Cornell, 1970) the total standard deviation is  

 

          *    (   )
    

   
    

 (   
  

 
) +                         (4.7) 

 

This error term is significant and was incorporated in hazard calculations. For an earthquake of apparent 

magnitude m, the probability of it having a PGA greater than or equal to a will be  

 

   Pr [PGA ≥ a] = 1- Φ (
  ( )   (       )

      
)          (4.8) 

 

This equation was used to assess the required value of maximum acceleration       (the PGA calculated 

from ground-motion attenuation formulae by assuming the occurrence of the strongest possible 

earthquake ( ̂   ) at a site together with its uncertainty. This approach by (Kijko and Graham, 1999) 

was used to calculate 10% probability of exceedance at least once in 50 years. 

 

4.4 The Cornell-McGuire approach applied to Zimbabwe 

 

The procedure applied is based on Cornell (1968), McGuire (1976), Merz and Cornell (1973) and 

accounts for ground motion variability by integrating across the scatter in the attenuation relationship. It 

also accounts for spatially varying seismicity parameters as well as deaggregation of PSHA. This 

procedure was in a MATLAB code which requires information about the seismic source. This 
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information includes latitude, longitude, mean seismic activity rate λ, b-value of the frequency-magnitude 

Gutenberg-Richter distribution, minimum earthquake magnitude       and the characteristic maximum 

earthquake magnitude       of the seismic source. 

 

Since information that could be used as a firm basis for delineating source zones such as a map of 

heterogeneity of the lithosphere and fault pattern, derived from geological evidence of large earthquakes 

in the past, and no coda wave attenuation were available the procedure has relied purely on statistical 

tools applied on seismic data. The area under consideration was divided into small grids with a grid 

separation of 0.25˚ in latitude and longitude. These small divisions were treated as “source zones” then 

the seismic parameters Gutenberg-Richter b-value, mean seismic activity rate λ and the maximum 

earthquake magnitude are calculated as weighted averages of respective parameters from grid points. The 

resulting hazard parameters are maximum likelihood estimators based on the available seismic catalogue.  

 

The catalogue was divided into two sections, one containing historical events of large magnitudes and the 

other containing recent events which are further divided into four sub-catalogues with varying levels of 

completeness     . The historical catalogue starts from the year 1910 up to the end of 1974 with a level 

of completeness of     =4 and standard error of magnitude determination of 0.3. The first of four 

catalogues for recent instrumental events starts from the beginning of 1975 to the end of 1988 with 

    =3.3 level completeness and standard error of magnitude determination of 0.3. The second sub-

catalogue starts from the beginning of the year beginning of 1989 to the end of 1995 with a level of 

completeness of     =4 and standard error of magnitude determination of 0.2. The third sub-catalogue 

starts from the beginning of 1996 to the end of 2004 with     = 4.5 and standard error of magnitude 

determination of 0.2. The fourth and final sub-catalogue starts from the beginning of 2005 to the end of 

February 2011 with     = 5.5 and standard error of magnitude determination of 0.2. 

  

The level of completeness of the catalogues was computed based on information based on the catalogue 

and takes the Gutenberg-Richter relation to be valid while       is said to be defined as the minimum 

magnitude at which the (complementary) cumulative frequency magnitude distribution (FMD) departs 

from the exponential decay after Wiemer and Wyss (2000) by making plots of cumulative number of 

events against earthquake magnitude. The calculation of the seismic parameters is calculated using the 

same methodology outlined for the parametric-historic approach outlined above, using the Kijko-Sellevoll 

(1989, 1992) procedures based on the equation derived by Cooke (1979) which then followed by the 

calculation of the probability density function.  
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As stated earlier, the grid spacing, was 0.25˚ in both latitude and longitude and the result of the peak 

ground acceleration (PGA) which is contained in a matrix is then smoothed using a 2- D Gaussian 

smoothing operator of the form,           

 

 (   )  
 

    
 
 
     

                                                                           (4.7) 

 

where σ is the standard deviation of the distribution while x and y are coordinates. 
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Chapter 5 

Results and Discussion 

5.1 Introduction 

The results of PSHA for Zimbabwe are displayed as maps which show median values of PGA in units of 

g with a 10% probability of exceedance in 50 years. The accelerations range from 0.001g up to 0.2g with 

different shades of green, yellow, red and dark red indicating levels of seismic hazard which range from 

very low, moderate, high to very high. Figure 5.1 (i) shows results based on the Cornell- McGuire (1968, 

1976) procedure whereas Figure 5.2 (ii) shows results based on the parametric-historic procedure using 

the modified Atkinson and Boore (1995, 1997). 

 

For the Cornell-McGuire approach the central part of the country stretching towards the south-eastern 

border of Zimbabwe and Mozambique as well as along the vicinity of the Save-Limpopo mobile belt near 

 

Figure 5.1 (i): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the classic Cornell-McGuire procedure using the ground motion prediction 

equation by Atkinson and Boore (1995, 1997) 
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Masvingo showed the highest values of PGA. These areas show PGA values of up to 0.173g which is 

shown as a dark red colour. The hazard levels in the Zambezi basin is seen to have values of 

approximately 0.1 g. The cities of Harare and Bulawayo are in the light orange region of the map with 

moderate levels of PGA. 

.

 

Figure 5.1 (ii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the parametric-historic procedure using the ground motion prediction equation 

by Atkinson and Boore (1995, 1997) 

 

Results for the parametric-historic approach show the highest hazard to be on the south-eastern region of 

Zimbabwe between Chipinge and Masvingo stretching towards the border with Mozambique with a PGA 

of up to 0.14g. The second region is the Zambezi basin in Kariba with PGAs of approximately 0.1g 

shown as a light red colour and of comparable magnitude with the values obtained using the Cornell-

McGuire procedure in Figure 5.1 (ii): for the same area. This is followed by the area at the boundary of 

the Save-Limpopo belt which has moderate levels of PGA of up to 0.06g shown in a light yellow shade.  
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The effect of using other available attenuation relationships for both methodologies was also tested to see 

how the results compared. The resulting hazard maps are displayed below. It is interesting to note that the 

map for the Cornell- McGuire approach using the Jonathan (1996) attenuation relationship closely 

resembles the one where the modified Atkinson and Boore (1995, 1997) relationship was applied only 

that the values of PGA of the latter are higher. 

 

 

Figure 5.2 (iii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the classic Cornell-McGuire procedure using the ground motion prediction 

equation by Jonathan (1996) 

The parametric-historic approach gives the highest values in a smaller geographical area of the Eastern 

highlands in comparison to the previous scenarios and with almost comparable values to the parametric-

historic procedure using the Atkinson and Boore (1995, 1997) of up to 0.19g which is indicated by a very 

dark shade of red on the map and decreases in a radial manner going outwards. The mid-Zambezi basin 

has the second highest values of PGA indicated by a shade of blue on the map indicating values of up to 

0.15g 
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Figure 5.2 (iv): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the parametric-historic procedure using the ground motion prediction equation 

by Jonathan (1996) 

The maps resulting from the Ambraseys et al. (1996) attenuation relation using the Cornell-McGuire and 

the parametric-historic approach are shown in figure 5.2 (v)  and 5.2 (vi) respectively. The map for the 

Cornell-McGuire approach shows the greatest hazard to be in the south-eastern part of the country with 

PGA values of up to 0.08g which is represented a dark shade of red on the map. This belt of hazard 

extends northwards in the region of Mutare, Beira and Tete. The central part of the country also shows 

significant levels of hazard which decreases radially towards the Zambezi basin which has PGA values of 

up to 0.05g shown as a light shade of red on the map going all the way down towards the Deka fault zone 

and these values are similar to what was obtained using the Cornell-McGuire procedure for the same 

region.  
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Figure 5.2 (v): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the classic Cornell-McGuire procedure using the ground motion prediction 

equation by Ambraseys et al. (1996) 

 

The parametric-historic approach map (Figure 5.2 (vi)) displays more defined variation in the hazard 

pattern. The highest levels of PGA are in eastern part of the country towards Mutare 0.044g shown as a 

dark red colour on the map. The level of hazard reduces in a radial pattern which is shown in a yellow 

colour for moderate values of PGA to light green for lower PGA levels. The Zambezi basin has PGA 

values of up to 0.04g shown as a light shade of red. The Save-Limpopo mobile belt has the third highest 

values of PGA which reach as much as 0.03g shown as a shade of yellow-green. Interestingly the map 

shows a region of moderate hazard levels between the towns of Masvingo and Mutare which is shown in 

orange on the map with PGA values of 0.04g. 
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Figure 5.2 (vi): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the parametric-historic procedure using the ground motion prediction equation 

by Ambraseys et al. (1996) 

 

Figure 5.2 (vii) and 5.2 (viii) above show the maps resulting from the Twesigomwe (1997) attenuation 

relationship using the Cornell-McGuire and the parametric-historic approach respectively. The highest 

levels of hazard using the Cornell-McGuire approach are found in the south eastern region of the country 

largely influence by the East African Rift Valley with PGA values of up to 0.08g indicated by a dark red 

colour on the map. 

 

This belt of hazard stretches from Tete going south through Beira. The central region of the country also 

shows marked levels of hazard. This is shown in a dark red colour with hazard levels of up to 0.07g. It 

decreases in a radial pattern and affects the major cities of Harare, Bulawayo and Gweru which lie within 

this zone. The hazard levels in the vicinity of the Save-Limpopo mobile belt are shown in a light red 
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shade indicating PGA values of up to 0.06g. The Zambezi basin is shown as a shade of light yellow-green 

indicating a PGA of up to 0.04 g. 

 

 

 

Figure 5.2 (vii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period according to the classic Cornell-McGuire procedure using the ground motion prediction 

equation by Twesigomwe (1997) 

 

The highest levels of hazard for the parametric-historic approach are in the eastern part of the country 

with a maximum PGA value of 0.16g which is indicated on the map as a shade of dark red colour. This is 

then followed by the Zambezi basin with moderate hazard with PGA values of up to 0.06g. This 

decreases in a radial pattern with key towns such as Hwange having moderate levels of hazard shown as a 

light shade of yellow indicating PGA of up to 0.03g. 
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The region in the vicinity of Masvingo has significant levels of hazard shown as a red colour shown 

indicating hazard levels of 0.08g. It is interesting to note that these values are comparable to the ones 

obtained using the Cornell-McGuire procedure using the same ground motion prediction equation. 

 

Figure 5.2 (viii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 

50 year period according to parametric-historic procedure using the ground motion prediction equation by 

Twesigomwe (1997). 

 

The Save-Limpopo mobile belt region has less levels of hazard shown displayed as a light shade of 

yellow-green indicating a PGA value of up to 0.045g which is again comparable to the map obtained 

using the Cornell-McGuire procedure. 

5.2 Logic tree results 

There are a number of uncertainties entailed in seismic hazard analysis. Aleatory (random) uncertainties 

which are characteristic to the current model are readily integrated and accounted for in PSHA by means 
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of equation 2.20. Epistemic errors which are due to insufficient knowledge parameters are accounted for 

by use of logic tree formalism.  

 

A logic tree consists of a sequence of nodes and branches for a diverse choice of hypotheses, each 

carrying a weighting of unity. Each node is assigned a subjective weighing based on engineering 

judgement (Kolathayar and Sitharam, 2012). In this case, three weightings of <0.75, 0.25>, <0.5, 0.5> 

and <0.25, 0.75> were considered for each of the Cornell-McGuire and parametric-historic procedures 

with each GMPE accounted for individually. The GMPEs are taken to have equal weighting since they 

were developed for different regions of the world that have similar tectonics settings to the study area and 

there is no criterion for assigning weights to them. The results from logic tree formalism are presented in 

the maps below and expected displayed merged outputs from the two procedures using assigned 

weightings. 

 

 

Figure 5.3 (i): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.25 for Cornell-McGuire and 0.75 for parametric-historic 

procedure using the ground motion prediction equation by Atkinson and Boore (1995, 1997). 
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Figure 5.3 (ii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.5 for Cornell-McGuire and 0.5 for parametric-historic 

procedure using the ground motion prediction equation by Atkinson and Boore (1995, 1997). 

 

 

Figure 5.3 (iii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.75 for Cornell-McGuire and 0.25 for parametric-historic 

procedure using the ground motion prediction equation by Atkinson and Boore (1995, 1997). 
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Figure 5.3 (iv): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.25 for Cornell-McGuire and 0.75 for parametric-historic 

procedure using the ground motion prediction equation by Jonathan (1996). 

 

 

Figure 5.3 (v): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.5 for Cornell-McGuire and 0.5 for parametric-historic 

procedure using the ground motion prediction equation by Jonathan (1996). 
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Figure 5.3 (vi): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.75 for Cornell-McGuire and 0.25 for parametric-historic 

procedure using the ground motion prediction equation by Jonathan (1996). 

 

 

Figure 5.3 (vii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.25 for Cornell-McGuire and 0.75 for parametric-historic 

procedure using the ground motion prediction equation by Ambraseys et. al (1996). 
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Figure 5.3 (viii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 

50 year period using logic tree with weightings of 0.5 for Cornell-McGuire and 0.5 for parametric-historic 

procedure using the ground motion prediction equation by Ambraseys et. al (1996). 

 

 

Figure 5.3 (ix): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.75 for Cornell-McGuire and 0.25 for parametric-historic 

procedure using the ground motion prediction equation by Ambraseys et. al (1996). 
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Figure 5.3 (x): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.25 for Cornell-McGuire and 0.75 for parametric-historic 

procedure using the ground motion prediction equation by Twesigomwe (1997). 

 

 

Figure 5.3 (xi): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.5 for Cornell-McGuire and 0.5 for parametric-historic 

procedure using the ground motion prediction equation by Twesigomwe (1997). 
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Figure 5.3 (xii): Map of the expected PGA with a 10 % probability of being exceeded at least once in a 50 

year period using logic tree with weightings of 0.75 for Cornell-McGuire and 0.25 for parametric-historic 

procedure using the ground motion prediction equation by Twesigomwe (1997). 
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Chapter 6 

Conclusion 

6.1 Introduction  

 

The general observation that can be concluded from all the results is that greatest levels of hazard lie in 

three major areas. These include a belt in the south-east part of the country, along the border with 

Mozambique covering the Chimanimani-Inyangani eastern highlands, the Zambezi basin extending from 

Lake Kariba up to the Deka-fault and finally the Save-Limpopo mobile belt area. Moderate levels of 

hazard can be observed in the vicinity of Nyamandlovu depending on the attenuation relationship and 

methodology used. 

 

The high PGA values obtained in the eastern highlands can be attributed to high seismicity in the area 

which is mainly influenced by the East African Rift System as this area is an extension of the southern tip 

of the western arm of the system. High PGA values in the Zambezi basin are due to high seismicity 

resulting from reservoir induced seismicity caused by the Lake Kariba dam as well as natural tectonic 

activity supported by the occurrence of   =6.6 on 28 May 1910, long before the construction of the dam. 

 

The area in the vicinity of the Save-Limpopo mobile belt levels of hazard are moderate and seismicity is 

sparse except for the notable event of      that occurred in 1940. The area forms the region that 

separates the Kaapvaal and Zimbabwe craton. Nyamandlovu has the lowest levels of hazard compared to 

the other areas and seismic activity in the area is sparse though events of notable magnitude have 

occurred in the area as a result of changes in pore pressure in the underlying rock formations (Hlatywayo 

and Midzi, 2005). 

 

6.2 Comparison of Cornell-McGuire and parametric-historic results 

 

Each of the two procedures followed in this study maintains the same general pattern for each of the four 

ground motion prediction equations applied. The major difference between the Cornell-McGuire and 

parametric-historic approach is the fact that the latter places an emphasis on areas where events of high 

magnitude take place whereas the former accounts for the entire catalogue. This is the major reason that 
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causes a marked difference in results for these procedures even when similar attenuation relationships are 

used.  

 

Maps obtained using the parametric-historic approach show a lot more detail in delineating the hazard 

over the whole country and show better correlation to the seismicity pattern of Zimbabwe and more often 

than not it was observed that they have comparable values of PGA in comparison to the Cornell-McGuire 

approach. The Cornell-McGuire approach seems to “average out” the hazard of a region as the seismic 

parameters are assumed to be similar for every point in a seismic source zone that would have been 

delineated. This clearly shows that the parametric-historic procedure gives a result that is a mirror of the 

seismicity pattern whereas the Cornell-McGuire approach gives a mirror of the chosen zones (see 

Hlatywayo, 1997). 

 

For a typical region in most parts of the world especially in the African context it would seem the 

parametric-historic approach would be ideal in the evaluation of seismic hazard for two major reasons. 

The first one is the fact that most seismic catalogues are incomplete and the parametric-historic approach 

has the ability of taking that into account whereas for the Cornell-McGuire approach the assessment of 

seismic parameters cannot be done in a reliable manner when faced with an incomplete seismic history 

which unfortunately will almost always be the case in most parts of the world. The second reason is the 

requirement of the Cornell-McGuire to delineate seismic source zones. As previously stated, this is a 

subjective matter. 

 

The Cornell-McGuire approach has the major advantage of being able to incorporate geological and 

geophysical data in the assessment of hazard at a site. This is critical in understanding the underlying 

causes of seismic activity of a region so as to develop a seismotectonic model. It is worth noting that the 

procedure will also account for seismic gaps, migration in seismicity and cyclical strain release. This 

procedure is reliable at lower probabilities as it takes into account the whole catalogue unlike the 

parametric-historic procedure which places emphasis on the largest events as can be observed from the 

resulting maps.  
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This study is based on the application of statistical procedures on seismological data. An earthquake 

catalogue with events spanning a period of just over 101 years is not considered long enough to give 

highly accurate results. The catalogue showed unusual inconsistencies such as having gaps and 

incomplete data in recent times, for example, from the mid-90s up to 2003. This could be attributed to 

downtime of the Zimbabwean seismic network which was as a result of the economic challenges 

bedevilling the country during this phase.  Since an assumption has to be made that the data is complete 

this results in inaccurate evaluation of seismic parameters which in turn affects the accuracy of PGA 

values calculate thus the results of this study only serve to provide average estimates of hazard 

calculations. 

 

The two procedures are of a parametric nature with reasonably established theoretical basis that represent 

our best efforts as seismologists so far to quantify seismic hazard. Compared to other fields of science 

they are still fairly young concepts with the Cornell-McGuire approach having been around for just under 

50 years and the parametric-historic still less than 15 years. The two would be best used in such a manner 

that they are complementary to each other as suggested by SSHAC (1997), depending on available data as 

they are progressively improved. In the words of Atkinson (2004) “The same lack of knowledge that 

causes our uncertainty of the hazard also prevents us from accurately quantifying that uncertainty” such 

that more effort should be directed towards understanding and quantifying inputs (with minimal 

uncertainty) of earthquake characteristics and causes together with ground motion prediction relations. 

 

In the parametric-historic procedure a necessary improvement would be in the assessment of the b-value 

and seismic activity rate λ. Instead of taking one average b-value for the whole region, the reliability of 

the results would improve markedly by incorporating the Kijko and Sellevoll (1992) procedure used in 

the assessment of earthquake parameters for incomplete data sets to calculate these parameters at each 

grid point.  

 

In the Cornell-McGuire procedure, areas of attention include the absence of an upper limit in the 

evaluation of a chosen ground motion such as PGA which leads to unrealistically high values of ground 

motion parameters such as PGA=20g, obtained for a nuclear-waste repository at Yucca Mountain in the 

USA (Corradini, 2003). Another concern is in the treatment of uncertainties in GMPE residual δ. Wang 

and Zhou (2007) amongst other factors highlight the flaw of treating this quantity as an independent 

variable yet by definition it is dependent on earthquake magnitude M and distance R.  
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The results clearly show different values of PGA when the attenuation relation applied is changed though 

the general pattern of hazard remains similar in general. This variation in PGA values is not ideal seeing 

that this is a parameter that is of direct engineering application for the purposes of town planning, 

construction of high rise buildings as well as nuclear plants and water reservoirs. It is therefore critical 

that more research be directed toward the development of regional attenuation and scaling characteristics 

of the various strong motion parameters with distance, earthquake size and the local geological 

conditions. Also in this study local site effects were not accounted for, therefore it will be necessary that 

future detailed studies take these into account when performing realistic hazard studies.  

 

6.3 Use of logic formalism 

 

Use of logic trees is a widely accepted procedure in seismic hazard assessment that is recommended by 

Senior Seismic Hazard Analysis Committee (SSHAC) frame work (Budnitz et al., 1997). It accounts for 

uncertainties thereby allowing for a consensus estimate from differing views and neutralises dissenting 

views. The maps resulting from logic tree formalism displayed in the previous chapter can be seen as a 

merging of the two methodologies according to assigned weightings. There is an ongoing line of 

questioning related to the interpretation of branch weights in a logic-tree and whether they are probability 

or simply subjective indications that cannot be “admitted at the same level as hard earthquake evidence” 

(Castanoz and Lomnitz, 2002). 
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