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Seismic hazards in Uganda 

E. M. TWESIGOMWE 
Physics Department, Makerere University, PO Box 7062, Kampala, Uganda 

Abst rac t - -A  probability seismic hazard map of Uganda is presented, based on 
instrumentally-derived data. The Uganda catalogue, compiled by Twesigomwe for 
the period 1900 to 1991, has been used. The magnitudes in the catalogue have 
been homogenised to surface wave magnitude (Ms); the conversion of body wave 
magnitude (mJ and local magnitude (M L) to Ms were carried out where necessary 
using formulae derived for the Ugandan earthquakes. 
Based on seismicity and tectonics, the region was divided into 13 seismic source 
areas, each of which contributes to the seismic hazard throughout Uganda according 
to its specific seismicity. The uncertainties in the input parameters were accounted 
for by using a logic tree approach. On the logic tree, each uncertain parameter is 
represented by a node and branches emanating from that node represent alternative 
values on that parameter value and their assigned likelihood of being correct. Due to 
a lack of strong motion data, a semi-theoretical approach was used to develop an 
attenuation relation for the region. 
The mean peak ground acceleration (PGA), which is exceeded on average once 
every 50 years, was calculated. The resulting hazard map suggests that the whole 
of Uganda except in or close to the rifts, can expect to experience a PGA of between 
0.5 and 0.6 m s -2, equivalent to an earthquake of intensity V-VI (slight damage) on 
average once every 50 years. In or close to the Western Rift, the expected PGA is 
between 1.0 and 2.2 m s -2, equivalent to an earthquake of intensity VII-VIII (moderate 
to heavy damage) on average once every 50 years. 
The frequency of occurrence of a PGA = 2.0 m s 2 (heavy damage earthquake) for 
various parts of Uganda was also calculated. The results indicate that northeast 
Uganda can expect a destructive earthquake on average once in more than 3000 
years, while south of latitude O.5°N, except in and close to the Western Rift, can 
expect a destructive earthquake on average once every "1000-1500 years. In or 
close to the Western Rift the return period for destructive earthquake is on average 
less than about 50 years. © 1997 Elsevier Science Limited. 

R6sumd--Une carte probabiliste de I'alda sismique en Ouganda, obtenu par mesures 
instrumentales, est prdsent~e. Pour la pdriode 1900 ~ 1991, le catalogue de I'Ouganda 
compild par Twesigomwe a dt6 utilisd. Les magnitudes y ont dtd homogdndisdes en 
magnitudes des ondes de surface (Ms). Lorsque ndcessaires, les conversions de 
magnitude d'onde de volume (m b) et de magnitude locale M L en Ms ont dtd rdalisdes 

I'aide de formules ddriv6es des s6ismes ougandais. 
Sur base de la sismicitd et de la tectonique, le pays a dt6 subdivisd en treize rdgions, 
chacune contribuant en fonction de sa sismicitd propre ~ I'alda sismique en Ouganda. 
Les facteurs d'erreur des param~tres envisagds ont dtd pris en compte par I'application 
d'une approche arborescente Iogique. Suivant ce concept, chaque param~tre est 
reprdsentd par un noeud et les branches, qui en dmanent, correspondent & des 
valeurs alternatives du param~tre et ~ son niveau d'exactitude envisagd. Par manque 
de donn6es sur des mouvements importants, une approche semi-thdorique a dtd 
utilisde permettant le ddveloppement d'une relation d'attdnuation pour la rdgion. 
La valeur moyenne de I'accdldration maximale du sol (AMS), qui en moyenne n'est 
ddpassde qu'une fois tous les  50 ans, a 6t6 calcul~e pour des sites rocheux. La 
carte de I'al~a ainsi produite sugg~,re que I'ensemble de I'Ouganda, ~ I°exception 
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des rifts et de leur voisinage, peut s'attendre 8 une AMS de 0.5 8 0.6 m s 2, 
correspondant/~ un s6isme d'intensitd V-VI (ddgats faibles), en moyenne une fois 
tous les 50 ans. Pour un m~me laps de temps, la AMS escompt6e dans le Western 
Rift ou ~ son voisinage est de 1.0 ~ 2.2 m s 2, correspondant/~ un sdisme d'intensitd 
VII-VIII (ddgats moyens ~ dlev6s). 
La probabilit6 d'occurrence d'une AMS = 2.0 m s "2 (sdisme/~ ddgats dlevds) pour 
diffdrentes rdgions de I'Ouganda a dgalement dtd calculde. Les rdsultats indiquent 
que le nord-est de I'Ouganda peut s'attendre 8 un sdisme destructeur en moyenne 
une fois sur plus de 3000 ans tandis qu'au sud de la latitude O.5°N, hormis le 
Western Rift ou son voisinage, le laps de temps est de 1000 ~ environ 1500 ans. 
Dans le Western Rift ou ~ son voisinage, la pdriode escompt6e pour I'apparition 
d'un nouveau sdisme destructeur est en moyenne infdrieure ~ environ 50 ans.© 
1997 Elsevier Science Limited. 

(Received 22 September 1996: revised version received 1 October 1996) 

INTRODUCTION 
Uganda 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; 
Fig. 1 ). 

Most  parts of the coun t ry  are therefore 
exposed to seismic hazards of varying degrees. 
Damaging earthquakes have occurred in Uganda 
th is  c e n t u r y .  They  i n c l u d e  the  Masaka  
earthquake of the 18 March 1945 (surface wave 
magnitude [Ms ]=6 .0 )  in which 5 people were 
killed (Bisset, 1945; Loupekine, 1966; Maasha, 
1975b), the Tooro earthquake of 20 March 1966 
(Ms=6 .6 )  in which 160 people were killed 
(Loupekine, 1966) and, most recent ly,  the 
Kisomoro ear thquake of 5 February 1994 
(Ms = 6.0) in which 8 people were killed (National 
Earthquake Disaster Committee, 1994). These 
events are listed as 18, 35 and 55, respectively, 
in the Appendix. Overall, the death toll in Uganda 
is less than one might expect wi th the existing 
quality of buildings. One of the main reasons 
for this fact is the l ight weight roofs of the 
buildings. Freeth (1992)also noted that the low 
death toll in West Africa was partly due to the 
l ight style of cons t ruc t ion  of houses. The 
damaging earthquakes have occurred in areas 
where most of the structures are wattle-and- 
daub buildings wi th grass thatch or galvanised 
iron sheet roofs. These type of buildings are 
spread throughout the country. A second class 
of buildings are adobe wi th mud mortar, and 
roofed with galvanised iron sheets. These are 
mainly old government buildings found in most 
administrative centres. A third class are those 
buildings whose walls consist of baked bricks 
held together w i th  cement and roofed wi th  
galvanised iron sheets or tiles. They are usually 

one storey and general ly common in urban 
centres. Most of the schools, hospitals and shops 
belong to this third category. Shop buildings 
consist  of either two  gable wal ls or poorly 
supported parapet wal ls,  whi le  the school 
bui ldings usual ly consist  of a single storey 
building with two gable walls and the classrooms 
are separated by interior gable walls. These 
buildings have l i tt le resistance to horizontal 
forces and are therefore highly vulnerable to 
earthquakes. Fortunately, the last two damaging 
earthquakes occurred at night when the public 
buildings were empty, thus minimizing the death 
toll. The last category are buildings made of 
baked bricks or concrete blocks as load bearing 
wa l l s  w i t h  f o u n d a t i o n s ,  a c o l u m n / b e a m  
framework and footings. They are roofed with 
iron sheets, tiles or have flat roofs. These include 
multi-storey buildings, bungalows and stores. 
They are commonly found in major towns like 
Entebbe, Kampala and Jinja. Buildings roofed 
with tiles, which are increasing in number at a 
fast rate, are likely to be more dangerous than 
those roofed with galvanised iron sheets in the 
event of an earthquake since they are heavy. 
Heavy buildings induce larger earthquake forces 
than light weight buildings. 

Vu lne rab i l i t y  to ear thquakes  is s tead i ly  
increas ing as u rban iza t i on  and indus t r ia l  
development occupy earthquake prone areas. 
Thus, there is need to evaluate seismic hazards 
in Uganda so as to limit earthquake damage and 
losses. Previous seismic hazard studies in 
U g a n d a  w e r e  fo r  s p e c i f i c  s i t es  for  
hydroelectr ic projects (Norconsult ,  1984; Sir 
Alexander Gibbs & Partners and Kennedy & 
Donkin, 1986; ACRES, 1990).  The purpose 
of this s tudy is to assess regional seismic 
hazards in Uganda as a p re l im inary  step 
towards seismic risk reduct ion. 
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Figure 1. Generalised geology map of the study area. AFZ = Aswa Fault Zone; LK = Lake Kyoga; LA = Lake Albert; R = Rwenzori 
Mountains; KB=Katonga break; RFB=Rwenzori Fold Belt; E=Lake Edward; K=Lake Kivu; V= Virunga volcanic field; 
SK = South Kivu volcanic field; T= Lake Tanganyika; LE = Lake Eyasi; L T= Lake Turkana. 

M E T H O D O L O G Y  

In this paper a probabil i ty approach, initially 
proposed by Cornell (1968) and improved by 
McGuire (1978), is used to calculate seismic 
hazard values in Uganda. The main elements in 
seismic hazard analysis comprise an earthquake 
wave attenuation model and models of seismic 
sources characterised in terms of parameters 
deduced from geophysica l ,  geological and 
seismological data. 

The probability that a ground motion level is 
exceeded at a site in unit t ime is expressed as: 

-v lz)  
P ( Z > z )  = 1 - e  , (1)  

where v(z) is the mean number of events per 
unit time in which Z exceeds z. Z is the ground 
motion produced by an earthquake of magnitude 
M~ at source-site distance R i with the generalised 
form (Reiter, 1990): 

I n Z : c  I +c2M~i + c  3 I n R j  + c 4 R  j +In(c), (2) 

where c~, c 2, c 3 and c 4 are empirically determined 
constants and s is a normally distributed error 
term with an expectance of zero and standard 
deviation a. 

The seismic recurrence rate for a given source 
is modelled by the Gutenberg-Richter relation: 
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log N (  M )  = a - b M  (3) 

where N(M) is the number of earthquakes per 
year with magnitude equal to or greater than M, 
and a and b are constants characteristic of the 
seismic source zone. The constant b (commonly 
known as the b-value) indicates the relative 
number of large and small earthquakes. A low 
b-value would imply a relatively higher proportion 
of large earthquakes than a higher b-value. In 
seismic hazard analysis, the magnitudes are 
restricted in the range Mt<_M<Mu, and equation 
3 is assumed valid only within this range. The 
modified truncated version of this relation (Reiter, 
1990; McGuire, 1993)is:  

N(M) = N(Mt) ' 

M t<-M<Mu 14) 

where N(M t) is the number of earthquakes per 
year of magni tude greater  than M t and 
13 = 2.302b. Thus, the computed seismic hazard 
values depend on the a t tenuat ion model 
described by equation (2), earthquake rates and 
the distribution of magnitudes for each source 
area. Because of inherent uncertainties and 
incomplete data, these parameters cannot be 
estimated with certainty. Uncertainties in the 
model parameters are accounted for by using a 
logic tree (Coppersmith and Youngs, 1986) to 
represent contributions of possible values of each 
parameter. A logic tree is a decision f low path 
consisting of nodes and branches. The model 
parameters are regarded as random variables 
whose alternative values are assigned weights 
reflecting their likelihood. Each branch emanating 
from a node represents a discrete choice of a 
parameter and is assigned a likelihood of being 
correct. The nodes are the connecting points 
between the input elements as determined by 
the general logical progression of assumptions 
and specifics that may be required as a result of 
a part icular branch. Considerat ion of the 
complete set of tree branches allows the 
probability distribution of v(z) in equation (1), 
for the nth source, to be calculated. 

THE UGANDA CATALOGUE 
The Uganda earthquake catalogue (Twesigomwe, 
in p rep . )  for the period 1850-1991 and covering 
an area from 4°S-6°N to 27-37°E (Fig. 1) is 
used in this study. The region extends into the 
areas surrounding Uganda. This is necessary so 
that earthquakes occurring outside Uganda that 

contribute to seismic hazards in Uganda are 
included. The catalogue is based on instrumental 
data compiled from international organizations 
wi th  global databases and from individual 
studies.  These include: the Internat ional  
Seismological Centre (ISC), the Preliminary 
Determination of Epicentres (PDE) of the US 
Geological Survey, Ambraseys and Adams 
(1986, 1992), Ambraseys (1991), Maasha 
(1975b), Sykes and Landisman (1964), Shah 
(1986) and Wohlenberg (1968).  The ISC 
database contains data by Gutenberg and 
Richter ,  the In te rna t iona l  Seismologica l  
Summary and from the Bu lawayo (BUL) 
seismic network in Zimbabwe. Wohlenberg's 
(1968) data is from the Lwiro (LWl) seismic 
network in eastern Zaire. 

In merging the data, the following priority 
levels were used: 

i) ISC locations followed by PDE locations were 
preferred to other agencies. Usually the number 
of stations used in the solution determines the 
quality of the solution. For this region, the ISC 
typically used many more stations than the PDE 
or any other agency. 

i i) The locations of Ambraseys were preferred 
to those of the other remaining sources because 
the epicentres were re-determined using 
macroseismic information supplemented by the 
re -examina t ion  of i ns t rumen ta l  repor ts  
(Ambraseys and Adams, 1986). 

i i i) Other sources were given priorities in the 
order of Sykes (re-determined epicentres for 
some of Lwiro 's data), Gutenberg, Lwiro, 
Bulawayo, Maasha and Shah. The epicentres 
of the historical earthquakes in Shah's catalogue 
have very large uncertainties since earthquakes 
felt from the same area were assigned a common 
epicentre. 

In addition, most of the events were not assigned 
magnitudes (Shah, 1986). Those events are 
therefore not included in this study. Solutions of 
some of the agencies were difficult to assess 
because the number of stations is not indicated. 
Their internal priorities are less important because 
there is not much overlap. 

Magnitude scales used in the source data were 
surface wave magnitude (Ms), body wave 
magnitude (m b) and local magnitude (ML). To 
have a catalogue with uniform magnitude scale, 
all magnitudes were converted to surface wave 
magnitude since it saturates at a higher level 
than the body wave magnitude (Reiter, 1990). 
Thus, when surface wave magnitude (Ms) was 
not available directly, it was derived from m b or 
from M L, in that order of priority. The following 
relations obtained by the maximum likelihood 
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regression method of Ericsson (1971), which 
minimises the in f luence of errors on both 
variables, was used: 

mb(ISC) = (0.98 --- O.06)mb(PDE) +0.29 +0.07 (5a) 

Ms = (2.04 + 0.08)mb-5.72 + 0.45 (5b) 

Ms= (0.79 + O.04)ML(LWI) +0.52 +0 .24  (5c) 

Ms=(1 .89+0 .49)ML(BUL) -3 .86+  1.9 (5d) 

Equation (5a) indicates that the body wave 
magnitudes by ISC (m~[ISC]) and those by PDE 
(mjPDE]) are very close. It was therefore 
assumed that mb(ISC) = mb(PDE) for the Uganda 
catalogue. Equation (5b) was therefore used to 
convert m b values reported by ISC and PDE to 
Ms values. The Bulawayo data set shows a large 
scatter about the regression line of equation (5d). 
Thus, equation (5d) is a poor predictor of Ms 
values given the ML(BUL) values. Because of this 
large scatter, the Bulawayo data were not used 
in this study. Events from some of the agencies 
had no mult iple magnitudes. It was, therefore, 
not possible to carry out regression analysis. 
These  we re  no t  c o n v e r t e d  to u n i f i e d  
magnitude Ms. 

In hazard analys is ,  a Poisson model of 
ear thquake occur rence is common ly  used 
(Kulkani e t  a l . ,  1984; Bender and Perkins, 
1987). In such a model, the probabi l i ty  of 
ground mot ions  is based on independent  

even ts  and not  on t ime ser ies  or t ime-  
dependent events, such as aftershocks. Thus, 
a sub-catalogue which excluded aftershocks, 
earthquake swarms and the Bulawayo data 
was prepared. An event was considered an 
aftershock if it occurred wi th in 365 days after 
the main shock and its epicentre was wi th in 
the radius of 0.5 ° of the main event. From 
the point of v iew of seismic hazards, the most 
impor tant  events  are the large magni tude 
earthquakes, therefore events wi th Ms<4.0 are 
a lso e x c l u d e d  f rom the  s u b - c a t a l o g u e .  
Ms = 4 . 0  was selected as the threshold or 
lower bound magni tude on the basis that  
shal low earthquakes down to that  magnitude 
c o u l d  d a m a g e  p o o r l y  d e s i g n e d  or non 
engineered st ructures in Uganda. The sub- 
catalogue contains 263 events. Earthquakes 
of magnitude Ms>_5.0 in the sub-catalogue are 
listed in the Appendix.  Figure 2 shows the 
d is t r ibut ion of the earthquakes in the sub- 
catalogue in magnitude-t ime space. The period 
before 1900 is not included in Fig. 2 since 
there are on ly  two  repor ted e v e n t s  w i th  
estimated magnitude in 1850 and 1857. As 
can be seen from Fig. 2, report ing is not 
un i form for the ent i re length  of the sub- 
cata logue.  There are more events  for the 
period 1957-1971 than any other period for 
lower magnitudes 4 .0-4 .5 .  This peak is due 
to the con t r ibu t ion  from theLwi ro  seismic 
network,  whose data is not availabl!e to the 
author for the period after 1971. 
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Figure 2. Time-magnitude p lot  for the time interval 1900 to 1991 for earthquakes used in this study. A l l  magnitudes are on 
the surface wave scale with a threshold magnitude of  Ms = 4. O. 
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Figure 4. Main faults and seismic zones used in this study. 
The seismic source areas 1-13 are indicated by polygons. 
A FZ=Aswa  Fault Zone, LK = Lake Kyoga; LA = Lake Albert, 
R = Rwenzor i  Mountains,  KB = Katonga break, E = Lake 
Edward, K=  Lake Kivu, T= Lake Tanganyika, LE= Lake Eyasi, 
L T= Lake Turkana, U = Utimbere Rift, S = Speke Gulf Rift, 
N = Nyanza Rift. 

SEISMIC SOURCE ZONES 
The present approach to seismic hazard 
analysis requires the zonation of seismicity into 
se ismic  source  zones.  A l t h o u g h  most  
earthquakes are caused by faulting, it is not 
possible to ident i fy  indiv idual  earthquake 
generating faults precisely enough for use in 
seismic hazard analysis in Uganda. This is due 
to the scarcity of seismographs in the region 
as wel l  as a l im i ted  know ledge  of the 
geotectonics of the region. Generally, research 
in the area has focused on mineral resources. 
Since the seismici ty cannot be related to 
speci f ic  faul ts,  the locat ions of possible 
earthquakes are represented by area sources. 

The seismicity of Uganda and adjacent areas is 
modelled by 13 seismic source zones based on 
seismic, geological and tectonic considerations. 
The geographical boundaries of the zones are 
shown in Figs 3 and 4, superimposed on seismicity 
and the tectonic maps. The following guiding 
principles have been used in the zonation: 

i) each source zone should have reasonably 
uniform seismicity. It is assumed that each 
point w i th in  a source zone has the same 
probability of being the epicentre of a future 
earthquake since a Poisson model is assumed 
in this study; and 

i i) the zonation should be consistent with the 
regional geology and tectonics. 

Zones have been defined as polygons to satisfy 
the input requirements to the hazard computer 
program. It can be seen from Figs 3 and 4 that 
the zonation follows the major regional geological 
features, as well as the seismicity. Zones 2 to 5 
represent the Western Rift; 11 to 13 the Eastern 
Rift; 7 the Rwenzori Fold Belt; 10 the Speke 
and Utimbere Rift units; 9 the Nyanza Rift; and 
1, 6 and 8 the Za i re-Uganda-Tanzania  
Precambrian basement (craton). 

Seismic source zone 2 is dominated by 
relatively strong earthquakes, but with a poorly 
understood tectonic control. Therefore, the 
source zone boundary adopted for zone 2 is 
based purely on the seismici ty and is not 
controlled by geological or geophysical features. 
Zone 3 is a part of the rift striking in a north- 
south direction, unlike the southern part and its 
boundary, which is defined by a series of en 
enche lon  faults. Zone 4 includes the Rwenzori 
Mountain block (Fig. 4), which is bounded by 
steeply dipping, seismically active normal faults 
(Maasha, 1975a; Ebinger, 1989). The northern 
segment is defined by a node between the north- 
northeast - south-southwest trending Lake 
Albert Basin, the north-south trending Nile Rift 
(zone 3) and the east-west trending River Nile. 
The southern part is marked by the Virunga 
volcanic mountains (Figs 1 and 4). The Virunga 
Mountains are associated wi th  eight main 
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Table 1. Number of earthquakes in each seismic zone used to calculate b-values for the four gross 

seismic sources 

I 
ReQion zone 4.2 4.7 5.2 5.7 6.2 6.7 7.2 Total Mmax b-value 
Western 2 0 4 0 0 1 1 2 8 7.2 
rift 3 1 1 0 1 0 0 0 3 5.5 0.79 
gross 4 22 10 8 5 3 2 0 50 6.6 
source 5 11 19 2 0 2 0 0 34 6.4 
Total 34 34 10 6 6 3 2 95 

Craton 1 1 2 0 0 0 0 0 3 4.7 
gross 6 2 4 1 0 0 0 0 7 5.9 
source 8 8 1 1 1 0 0 0 11 5.8 
Total 11 7 2 1 0 0 0 21 

1.17 

T (yrs) 
for Ms6.0 

18 

240 

Rwenzori 7 2 2 0 0 1 0 0 4 6.0 
fold gross 9 5 8 2 0 0 0 0 15 5.4 1.26 
source 10 13 1 0 0 0 0 0 14 4.6 
Total 20 10 2 0 1 0 0 33 

250 

Eastern 11 22 8 3 2 1 1 0 37 6.9 
rift gross 12 3 4 3 2 0 0 0 13 6.9 0.88 35 
source 13 6 3 1 3 2 0 0 15 6.3 
Total 31 15 7 7 3 2 0 65 

Magnitude intervals are centred around values 4.2, 4.7, 5.2, 5.7, 6.2, 6.7 and 7.2. Mmax is the maximum reported magni- 
tude in each zone. T is the return time for Ms=6.0. 

v o l c a n o e s  a l i gned  a long a f r a c t u r e  zone  
transverse to the rift axis (Kampunzu et  al., 
1986) .  Zone 5 is fo rmula ted  to re f lec t  the 
distribution of fault ing and volcanism in this part 
of the Western Rift. Some of the faults branch 
off  nor thwestwards and southwestwards,  unlike 
the north-northeast striking normal faults of the 
rift valley. Zone 7 represents the Rwenzori Fold 
Belt w i th  its associated Katonga break (Figs 1 
and 4). Tert iary and Quaternary faults striking 
mainly parallel to the Katonga Fault break occur 
in this region (Atlas of Uganda, 1969;  Maasha, 
1975b). The area is modelled as a broad zone 
c a p a b l e  o f  p r o d u c i n g  r e l a t i v e l y  s t r o n g  
e a r t h q u a k e s ,  as a t t e s t e d  by the  Masaka  
earthquake of 1945 (event 18 in the Appendix;  
M s = 6 . 0 ) .  The Utimbere and Speke Gulf Rift 
units have been model led as one zone. The 
boundaries be tween  zones 7, 9 and 10 are 
based on seismicity. Zone 11 is characterised 
by splay faults, which produce a pattern of block 
fault ing and ti l t ing. It is the most seismically 
active section of the Eastern Rift. Zone 12 is 
the main part of the Eastern Rift. It is bounded 
by major faults. The rift f loor is characterised 
by extensive grid fault ing and recent volcanic 
and geothermal act iv i ty  (Baker et  al. ,  1972) 
(Fig. 1). Zone 13 lies wi th in  a broad depression 
between the Kenyan and Ethiopian domes. It is 
regarded as a di f fuse zone of fault ing linking 

the north and south segments of the Eastern 
Rift. Zones 1 , 6  and 8 are part of stable cratons. 
The Uganda Craton (Fig. 1) is intersected by 
the Precambrian Aswa Shear Zone, which seems 
to be seismically stable. 

SEISMIC SOURCE PARAMETERS 
S e i s m i c  s o u r c e s  are m o d e l l e d  w i t h  t he  
parameters reflecting the character is t ics of each 
source. The parameters include the b-value 
(which indicates the relative number of large and 
smal l  e a r t h q u a k e s ) ,  annua l  a c t i v i t y  ra te,  
maximum magnitude and focal depth. These 
parameters are determined as fol lows. 

b-values and activity rates 
In order to have reliable b-values on a zone by 
zone basis, a minimum number of earthquakes 
is needed. According to Bender (1983) ,  at least 
25 ea r thquakes  are requ i red  to obta in  an 
est imate of b w i th  a standard deviat ion as low 
as -0 .25b .  Zone totals of this number are very 
few  in the study area, as can be seen froim Table 
1. However ,  the b-value is expected to be the 
same for areas of the same tectonic  sett ings, 
al though the act iv i ty rate parameter is liable to 
vary  f rom one se ismic  source  to another .  
Consequently, zones of similar tectonic sett ings 
are combined to form a gross source: Zones 2 
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Figure 5. Number o f  earthquakes in an interval versus magnitude for the four gross seismic sources used in seismic hazard 
analysis. The straight lines are the maximum likelihood f i t  to the data (Weichert, 1980) and the corresponding equations are 
also indicated on the plots. The magnitude intervals are centred around the values 4.2, 4. 7, 5.2, 5. 7, 6.2, 6. 7 and 7.2. (a) 
The combined sources (zones 2, 3, 4 and 5) which constitute the Western Rift region. (b) Zones 11, 12 and 13 which 
constitute the Eastern Rift  region. (c) Zones 7, 9 and 10 which constitute the Rwenzori Fold Belt region. (d) Zones I, 6 and 
8 which constitute the craton region. 

to  5 c o n s t i t u t e  a g r o s s  s o u r c e  z o n e  
represent ing the Western  Rift. A l though zone 
2 may not be a part of the Western Rift, it is 
included in it s ince it does not f i t  in any of the 
other  gross zones and seems to be similar, in 
terms of the seismic act iv i ty ,  to the Western 
Rift. Since it has been sugges ted  that  the 
fau l ts  w i th in  the  Rwenzo r i  Fold Belt  may 

cont inue across Lake Vic tor ia  to the Nyanza 
and Speke Gulf r i f t  uni ts (Maasha, 1975b;  
Rach and Rosendahl,  1989) ,  zones 7, 9 and 
10 are combined to form the Rwenzor i  Fold 
Belt gross zone. Zones 11 to 13 const i tu te  a 
gross zone represent ing the Eastern Rift and 
the Precambrian basement  zones 1, 6 and 8 
form a four th  gross zone. 
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Table 2. Input parameters used in calculating the peak ground acceleration 

zone b-value 
no. L C U 
1 1.12 1.17 1.22 
2 0.74 0.79 0.84 
3 0.74 0.79 0.84 
4 0.74 0.79 0.84 
5 0.74 0.79 0.84 
6 1.12 1.17 1.22 
7 1.21 1.26 1.31 
8 1.12 1.17 1.22 
9 1.21 1.26 1.31 

10 1.21 1.26 1.31 
11 0.83 0.88 0.93 
12 0.83 0.88 0.93 
13 0.83 0.88 0.93 
wt 0.20 0.60 0.20 

activity rate, N 
C U 

0.142 0.185 
0.311 0.404 
0.133 0.173 
1.881 2.445 
1.271 1.652 
0.332 0.432 
0.217 0.282 
0.521 0.677 
0.746 0.970 
0.697 0.906 
1.470 1.911 
0.521 0.677 
0.601 0.781 
0.70 0.30 

Mu 
C U 

5.9 6.4 
7.2 7.7 
7.2 7.7 
7.2 7.7 
7.2 7.7 
5.9 6.4 
6.0 6.5 
5.9 6.4 
6.0 6.5 
6.0 6.5 
6.9 7.4 
6.9 7.4 
6.9 7.4 
0.7 0.3 

focal depth (km) 
L C U 

5.0 15.0 25.0 
5.O 15.0 25.0 
5.0 15.0 25.0 
5.0 15.0 25.0 
5.0 15.0 25.0 
5.O 15.0 25.O 
5.0 15.0 25.0 
5.0 15.0 25.0 
5.0 15.0 25.0 
5.0 15.0 25.0 
5.0 12.5 25.0 
5.0 12.5 25.0 
5.0 12.5 25.0 
0.25 0.5 0.25 

Mu =expected maximum magnitude; L, C and U are the lower limit, calculated or centre value and upper limit, respectively, 
of the input parameter; wt = weight assigned to values in the same column. 

Assuming an uncer ta in ty  in magni tude of 
+ 0 . 5 ,  the  e a r t h q u a k e s  are g r o u p e d  in to  
magni tude classes of 4 .0 -4 .4 ,  4 .5 -4 .9 ,  5.0- 
5.4,  5 .5-5 .9 ,  6 .0 -6 .4 ,  6 .5 -6 .9  and 7 .0-7 .4 .  
Figure 2 is then used to determine the period 
in wh ich  each magni tude class is comple te ly  
reported. The sub-catalogue can be considered 
complete for magni tude classes 4 .0 -4 .4  for 
the period 1 9 5 7 - 1 9 7 1 ,  4 .5 -4 .9  for the period 
1 9 5 7 - 1 9 9 1 , 5 . 0 - 5 . 4  for the pe r iod1947-1991  
and 5 .5 -5 .9  for the period 1 9 1 8 - 1 9 9 1 .  For 
Ms>6 .0  the events  are comple te ly  reported 
for the ent ire period of 90 years. The b-values 
and annual occu r rence  rates for the gross 
sources were determined using the maximum 
l ikel ihood procedure of Weicher t  (1980) .  The 
m e t h o d  t a k e s  i n t o  a c c o u n t  d i f f e r e n t  
completeness t imes for d i f fe rent  magni tude 
classes, thus using most  of the data.  The 
number of ear thquakes wh ich  were used to 
calculate the b-value and act iv i ty  rate for the 
source zones is l isted in Table 1. The results 
o b t a i n e d  are s u m m a r i s e d  in T a b l e  2. 
Magn i tude recurrence relat ions for the gross 
source zones are shown  in Fig. 5. Based on 
the  annua l  o c c u r r e n c e  rate,  the  ave rage  
recurrence times for magnitude class Ms = 6.0- 
6.4 were calculated and are shown in Table 1. 

The calculated b-value for the gross source is 
imposed on each of the const i tuent zones within 
the gross zone and values of N(M) in equation 
(4) are calculated as fo l lows: 

i )  the zone contribution to the gross zone equals 
the total number of events observed within the 
constituent zone divided by the total number of 
events observed within the gross zone; 

i i )  the magnitude class contr ibut ion to a zone 
equals the zone contr ibut ion to the gross zone 
multiplied by the total number of events within 
the magnitude class; 

i i i )  Nzon. (Ms = 4.0) equals the sum of all events 
in step (ii) above. 

Values of N were tied to the lower bound 
magnitude Ms = 4 . 0  as ment ioned earlier. The 
results are summarised in Table 2. In modelling 
the act iv i ty rate (N), a variabil i ty of + 3 0 %  is 
al lowed to account  for the earthquakes, like 
those reported by Bulawayo, which were not 
included in this study. The corresponding values 
of N are given weights of 0 .3  each, while the 
calculated value in step (iii) above is assigned a 
weight  of 0.7. 

Maximum magnitudes 
The maximum magnitude (Mu) in  equation (4) 
is di f f icul t  to assess in any given area. In the 
case of Uganda, information about fault lengths 
or the slip and displacement of palaeoseismic 
events, generally used in other areas, is lacking. 
Since constituent zones in a gross source are 
assumed to have a similar geological sett ing, it 
is possible that any of these zones may be the 
source of the upper  bound magn i tude  Mu 
earthquake. Consequent ly,  as a conservat ive 
estimate, the maximum reported earthquake in 
the gross zone is taken as the lower  limit to the 
upper bound ear thquake for the const i tuent  
zones. This value is assigned a 0.7 probabil i ty. 
Since it happened in the past, it is certainly 
possible that it can happen in the future; A 0.5 
m a g n i t u d e  uni t  is added to the obServed 
maximum magni tude in the gross source to 
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obtain an alternative value in the logic tree. This 
would be justified if the recurrence time interval 
of the expected maximum earthquake is longer 
than the time span of the catalogue. This value 
is assigned a 0.3 probability. 

Focal depths 
The focal depths of earthquakes are poorly 
known due to the scarcity of data. However, 
microearthquake studies indicate that focal 
depths are general ly shal low ( < 2 5  km). 
Examples are: Rykounov e t  al. (1972): focal 
depth of 5-20 km, zone 4; Maasha (1975a): 
generally 0-20 kin, Rwenzori area; Tanaka 
(1983): 8-16 km, Virunga area; Bungum and 
Nnkono (1984) :  major i ty  are 18-20 km, 
Stiegler's George, Tanzania; Tongue e t  al .  
(1994): generally below 12 kin, Gregory Rift. 
From the modelling of seismic waves, Shudofsky 
(1985) found the focal depths to be generally 
7-29 km down, in East Africa. The values in 
Table 2 are based on the above results. The 
centre values in the Table 2 were assigned 
weights of 0.5, while extreme values were 
assigned weights of 0.25 each. 

Attenuation relation 
Due to a lack of strong motion data for Uganda 
and adjacent areas, a semi-theoretical technique 
was used to develop the attenuation relation of 
equation (2). The constant c 4 in equation (2) may 
be expressed as: 

c ,  - ~ Q ( f ) ,  (6) 

where f is the frequency, 13 is the Lg wave 
velocity, here taken as 3.5 km s °1 and Q(f) is the 
seismic quality factor, which may be written as: 

Q ( f )  = Qof '~. (7) 

For the region under study, Q0 = 330 and ~ =0.5 
for wave frequencies of 0.5-2 Hz (Xie and 
Mitchell, 1990). Substituting these values in 
equation (6) gives c 4 =-0.0027. Uganda, being 
s i tua ted  pr imar i l y  on metamorphosed 
Precambrian formations, probably exhibi ts 
attenuation similar to that seen in eastern 
Canada. Krinitzky e t  al .  (1988) developed 
equations like (2) from a world-wide data set 
for eastern Canada for mean peak ground 
acceleration (PGA), shallow earthquakes and 
hard rock sites. Applying the relation to Uganda, 
and including the above at tenuat ion term 
developed for the region, the following relation 
applies for this study: 

l n a  = 2.832 + 0.886Ms - In R - 0 .0027R + In(e) ,  (8) 

with PGA in m s -2. The constant term and 
scaling coefficient of Ms relate to the near 
f ield exc i ta t i on  of the ear thquake wave 
motion, which is considered to be more or 
less independent of tectonic conditions (Hanks 
and Johnston, 1992; Bungum e t  a l . ,  1992). 
The attenuation relationship of equation (8) 
is shown in Fig. 6. Krinitzky e t  al .  (1988) did 
not determine the standard deviation (a) of 
the In(s) in equation (8), although for intraplate 
areas, Dahle e t  a l .  (1991) found a to be 
between 0.54-0.77 and Campbell (1985) gives 
a value of 0.55. The values of 0.5, 0.6 and 
0 .7  w i t h  w e i g h t s  0 . 3 ,  0 .4  and 0 .3 ,  
respectively, are used in this study. 

SEISMIC HAZARD COMPUTATION 
The NPRISK computer program (NORSAR, 1994) 
was used to calculate the probability of the 
seismic hazards. The program is based on 
McGuire's (1976, 1978) programs EQRISK and 
FRISK. The program accepts alternative values 
of the input parameters and their likelihood of 
being correct. Then the program calculates the 
total  hazard from all the sources and its 
uncertainty. For individual seismic sources, the 
input  parameter  va r iab i l i t y  in maximum 
magnitude, focal depth, b-value, activity rate 
and attenuation relationship are formulated into 
a logic tree. Each combination of parameters is 
used to calculate the seismic hazard. Thus, for 
each of the given ground motion amplitudes 
there is a distribution of hazard represented by 
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Figure 6. Attenuation relationship used in this study. 
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Figure 8. Map o f  Uganda showing the frequency in years 
with which various parts o f  the country can expect a PGA = 2 
m s -2 (intensity VIII earthquake). 

the calculated values at the end of each branch. 
From the hazard d is t r ibu t ion ,  the program 
calculates the mean and median hazards, 
together with the hazards at given confidence 
levels. The input parameters, their alternative 
values and the weights reflecting their likelihood 
are listed in Table 2. The mean peak ground 
acceleration to be exceeded on average once 
every 50 years was calculated. Calculations were 
carried out at 441 grid points w i th  a 0.5 ° 
spacing. Figure 7 shows the mean PGA (m s -2) 
for different parts of Uganda. The map is valid 
for the largest horizontal component of ground 
motion at the rock sites. With the PGA fixed at 
2.0 m s -2, the frequency in years wi th which 
various parts of the country can expect such an 
earthquake was calculated. The results are 
shown in Fig. 8. 

DISCUSSION AND CONCLUSIONS 
The inputs to probabi l i ty hazard studies are 
generally uncertain, being based on subjective 
judgments and the interpretation of limited data. 
This study is no exception. However, to account 
for some of these uncertainties all the relevant 
input parameters were regarded as random 
variables and their uncertainties were accounted 
for by using a logic tree approach, wh ich  
accommodates a l ternat ive input  parameter 
va lues  for  a range of  h y p o t h e s e s .  The 

attenuat ion relat ionship used for all seismic 
source areas was derived for the Uganda Craton. 
However, the attenuation in the rifts is expected 
to be higher than in the craton. Therefore, the 
calculated mean PGA values in or close to the 
rifts give the maximum PGA to be expected in 
those areas. There is no simple direct relationship 
between horizontal acceleration and earthquake 
damage. However, to a first approximation a 
rate of acceleration of about 1.0 m s -2 is sufficient 
to cause moderate damage, equivalent to a 
Mercalli intensi ty of about VII (Trifunac and 
Brady, 1975). The resulting hazard map suggest 
that the whole of Uganda, except in or close to 
the rifts, can expect to experience a PGA of 
between about 0.5 and 0.6 m s 2 (equivalent to 
intensity V-VI--s l ight  damage) once every 50 
years. In or close to the Western Rift the 
expec ted  PGA is be tween  1 .0 -2 .2  m s 2 
(equivalent to intensity VII-VII I--moderate to 
heavy damage) once every 50 years. 

In or close to the Western Rift, the predicted 
average recurrence time intervals for Ms = 6.0- 
6.4 and 7 .0 -7 .4  are - 1 8  and - 1 0 0  years, 
respect ive ly .  These numbers are general ly 
consistent wi th the fact that over a time period 
of 90 years  ( f rom 1 9 0 2  to 1991 ) ,  s ix  
earthquakes within interval M s = 6 . 0 - 6 i 4  have 
been reported and only one of M s = 7 . 2 .  As for 
the Rwenzori Fold Belt, a 6.0 earthquake is 
expected about once every 250 years. 
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If a PGA of  2 .0  m s 2 is t aken  as e q u i v a l e n t  
to  i n t e n s i t y  VI I I  ( heavy  damage) ,  t hen  mos t  
pa r t s  o f  n o r t h e a s t  U g a n d a  c a n  e x p e c t  a 
d e s t r u c t i v e  e a r t h q u a k e  on  ave rage  once  in 
more t han  3 0 0 0  years ,  w h i l e  s o u t h  of  l a t i t ude  
0 . 5 ° N  (excep t  in and c lose to  the  W e s t e r n  
Rif t)  can e x p e c t  a d e s t r u c t i v e  e a r t h q u a k e  on 
average once  eve ry  -1 000 -1  5 0 0  years .  In or 
c lose to  the  W e s t e r n  R i f t  t he  re tu rn  per iod fo r  
a d e s t r u c t i v e  e a r t h q u a k e  is on average  less 
t han  " 5 0  years .  

The der iva t ion  of a t t enua t i on  re la t ionsh ips  for  
the  p red i c t i on  of  ea r t hquake  g round  mo t i on  
requires a con t i nuous  e f fo r t  and needs to be 
updated w h e n e v e r  n e w  recorded data sets f rom 
ea r thquakes  in the  m a g n i t u d e  and d i s t ance  
ranges of  eng ineer ing  in te res t  or appropr ia te  
geological  env i r onmen t  appear.  Due to a lack of 
st rong mot ion  data, a semi - theore t ica l  approach 
has been used to deve lop the a t tenua t i on  model 
for  the region.  There  is t he re fo re  a need to 
acquire s t rong mot ion  data w i t h i n  the  region so 
as to improve the a t tenua t i on  model .  
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APPENDIX 
List of earthquakes in each seismic source zone. 
Abbreviat ions used in the Table are: 
mo, day, hr, min = month,  day, hour and minute 
of origin t ime; 
lat. = epicentre latitude in degrees north (positive) 
and south (negative); 
long. =ep icent re  longi tude in degrees east; 
Ms = surface wave magnitude. 

no year mo. day hr min 
1 1903 06 04 14 58 
2 1906 08 25 11 54 
3 1912 03 08 14 45 
4 1912 07 09 08 18 
5 1913 09 16 11 56 
6 1915 05 21 04 18 
7 1917 12 05 12 49 
8 1920 02 10 02 30 
9 1920 03 21 O0 28 

10 1922 03 15 03 30 
11 1922 03 16 14 57 
12 1924 07 01 06 20 
13 1928 01 06 19 31 
14 1929 02 10 03 14 
15 1929 12 11 03 48 
16 1937 11 30 12 57 
17 1942 11 27 03 03 
18 1945 03 18 08 01 
19 1947 05 17 03 47 
20 1951 03 31 08 54 
21 1951 08 20 12 25 
22 1951 11 01 11 10 
23 1952 06 30 21 04 
24 1955 08 14 15 29 
25 1955 09 04 22 13 
26 1957 09 01 16 32 
27 1960 05 04 02 17 
28 1960 07 08 18 34 
29 1960 09 22 09 14 
30 1961 11 12 02 15 
31 1962 03 08 21 38 
32 1964 05 07 05 45 
33 1964 12 21 14 03 
34 1966 03 09 03 12 
35 1966 03 20 01 42 
36 1966 10 05 08 34 
37 1967 03 10 12 41 
38 1967 10 30 19 55 

139 1969 04 22 21 59 
40 1969 07 15 16 33 

'41 1978 05 23 09 02 
42 1979 10 25 18 51 

i 

!43 1979 12 04 07 34 
144 1982 01 09 17 30 
4 5  1987 10 25 16 46 
!46 1987 10 28 08 58 
47 1990 04 05 19 20 
48 1990 05 15 16 24 
49 1990 05 15 15 21 
50 1990 05 20 02 22 
51 1990 05 24 19 34 
52 1990 05 24 20 O0 
53 1990 09 04 01 48 
54 1991 10 09 17 22 
55 1994 02 05 23 34 

lat. long. Ms 
2.00 35.00 5.8 
4.00 33.00 5.9 

-2.00 29.00 6.1 
2.00 31.00 6.3 
3.50 37.00 6.0 
4.40 31.90 6.6 

-2.50 36L00 5.7 
0.50 30i00 5.6 
1.00 30~00 6.0 

-4.0 36;00 5.9 
4.00 36i00 6.3 
1.50 36100 5.6 
0.40 3 6 i l l  6.9 
0.40 30;00 5.9 
2.00 31i50 5.6 
5.00 36~00 6.3 

-2.00 36:50 5.1 
0.00 32,00 6.0 

-2.00 36:50 5.1 
0.10 36.10 5.2 

-3.80 33.;60 5.8 
-4.00 35.25 6.0 
0.55 29.50 6.0 
0.50 34.60 5.2 
1.66 30.90 5.2 
0.00 35.10 5.4 

-1.21 32.46 5.0 
-1.70 36.30 5.5 
-3.19 28.98 5.4 
0.44 29.32 5.5 
3.70 28.99 5.1 

-3.88 35.06 6.9 
-3.67 29.93 5.7 
2.27 31.42 5.3 
0.81 29.90 6.6 
0.02 29.94 5.1 
0.63 30.19 5.5 
1.80 31.80 5.1 
1.96 31.49 6.6 
3.62 31.44 5.5 
2.96 36.22 5.2 

-2.89 28.83 5.1 
1.74 31.28 5.0 

-1.59 28.31 5.1 
5.44 36.80 5.9 
5.75 36.74 5.6 

-2.95 35.96 5.0 
-3.11 35.86 5.1 
-3.20 35.79 5.1 
5.07 32.16 7.2 
5.33 31.84 6.4 
5.36 31.87 7.0 

-0.37 29.16 5.0 
1,84 31.24 5.4 
0.59 30.04 6.0 
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