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Abstract

Source parameters for three major earthquakes in the East African rift are re-computed from historical seismograms
and bulletins. The main shock and the largest [oreshock of the August 25, 1906 earthquake sequence in the main
Ethiopian rift are re-located on the castern shoulder of the rift segment. The magnitude of the main shock is
estimated to be 6.5 (M) from spectral analysis. The December 13, 1910 earthquake in the Rukwa rift (Western
Tanzania) indicated a significant strike-slip component from teleseismic body-waveform inversion for fault
mechanism and seismic moment. The January 6, 1928 carthquake in the Gregory rift (Kenya) showed a multiple
rupture process and unusually long duration for a size of 6.6 (M, ). The May 20, 1990 earthquake in Southern
Sudan, mentioned merely for the sake of comparison, is the largest of all instrumentally recorded events in the
East African rift system. Despite the fact that the mode of deformation in the continental rift is predominantly of
extensional nature, the three largest earthquakes known to occur in the circum-Tanzanian craton have shallow
focal depths and signilicant strike-slip component in their fault mechanisms. This and similar works will enrich
the database for seismic hazard assessment in East Africa.

Key words East African rift system — fault mecha- ulation distribution. Currently, urbanisation and
nisms — seismic hazard — source parameters development projects are rapidly growing in
number and existing towns are expanding in
size. Such new developments imply increasing

1. Introduction earthquake vulnerability of engineering struc-
tures and population centres. Therefore, to min-
Significant earthquakes in the East African imise the effect of future damaging earthquakes
rift have caused relatively less damage and [oss in the East African region, a sound seismic haz-
of life compared to similar earthquakes in other ard assessment and earthquake effect mitigation
earthquake prone regions. This difference in program is vital.
earthquake damage is mainly due to the low Seismotectonic consideration in the region
level of economic development and sparse pop- with data starting from as far back in time as

possible is important for seismic hazard study.

A reliable seismic hazard assessment of an area
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mic information provides quantitative dala on
major earthquakes in the past that can be used
directly or indirectly in seismic hazard analysis.
However, this is currently possible only in a few
countries like, for instance, Japan, China, Italy
and Greece, which have a long recorded earth-
quake history and are capable of conducting a
wide spectrum of geological and geophysical
investigations. In East Africa, there is little or no
historical seismic data and the quality of instru-
mental earthquake data is poor. Palcoseismic
evidence which needs extensive work and cau-
tion in interpretation and practical applications
(Valensise, 1995) is a task for the future.

Among the most important data in geophys-
ics are the seismograms which produce most of
the basic and quantitative information concern-
ing the seismic source and the Earth’s interior
(Kanamori, 1988). Source dynamics of earth-
quakes with magnitude as small as 0.5 (M,)
have been determined using currently achieved
techniques and instrumentation (e.g., Régnvalds-
son and Slunga, 1993). On the other hand, his-
torical seismograms and bulletins from signifi-
cant earthquakes of magnitude M ~ 7.0 (M)
have not been fully exploited except for classi-
cal arrival-time readings. This is because the
new theories and methods were not well devel-
oped by then; hence the available data could not
be interpreted fully.

The years just preceding the relatively higher
development of seismometry in the early 1960s
were periods of greater seismic activity in East
Africa than the years that followed (Gutenberg
and Richter, 1954). The earthquake catalogue of
the East African region shows that, with the
exception of the 1990 Southern Sudan event,
most ol the significant earthquakes in the region
occurred during the first half of this century.
Source parameter estimates of some of the ear-
lier earthquakes are uncertain due to under-de-
veloped instrumentation, computational tech-
niques and extremely sparse world-wide station
distribution prior to the 1960s. Even the events
already located in ISS/ISC (International Seis-
mological Summary/International Seismologi-
cal Centre) catalogues are under scrutiny using
new techniques and global earth models (Eng-
dahl, 1997; Shedlock ef al., 1997), which shows
remarkable differences with the previous seis-

micity for some test areas. It is therefore impor-
tant to extract all possible information of the
pre-WWSSN carthquakes from historical bulle-
tins and seismograms to enrich the database
on which seismic hazard assessment is to be
based.

Three major historical earthquakes are con-
sidered for reassessment of source parameters
in the present study. These are the August 25,
1906 (Ethiopia), December 13, 1910 (Tanzania)
and January 6, 1928 (Kenya) earthquakes. The
May 20, 1990 earthquake in Southern Sudan is
cited only for comparison.

The province of Shoa in Ethiopia was sub-
jected to a severe earthquake sequence from
August 25 to November 8, 1906 (Gouin. 1979).
The main shock on August 25 (M = 6.8) is the
largest of this century recorded in the country
and was widely felt. It is the first instrumentally
well-recorded event of the pre-1960 era by the
then low-gain and band-limited instruments.
Stations as far away as Osaka (Japan), Australia,
Argentina, and British Columbia (seismologi-
cal bulletins, Ambraseys and Adams, 1991) re-
corded this event. Limited macroseismic infor-
mation was also available from nearby towns
like Addis Ababa, Adamitullu and Lake Langa-
no areas with increasing intensity southwards
(fig. 1). None of the macroseismic reports give
any specific time ol the observation. The accu-
racy of timing was poorly known in Africa at the
beginning of this century. All the available mac-
roseismic data were used to locate the main
shock of 1906. However, the macroseismic data
would probably be influenced by one of the
many possible earthquakes of this sequence or
other secondary phenomena like site effects
and associated landslides. These uncertainties
together will make the accuracy ol the location
based on macroseismic data alone less reliable.

About two hours belore the rupture of the
main shock, there was one larger identified fore-
shock at around [ h 54 min which was record-
ed with clear P and § phases at teleseismic
distances. This event is amenable for location
with few limitations due to possible mis-identi-
fication of phases. The § arrival-time at TIF
(Tiflis, Georgia) station, for instance, was re-
ported as a P arrival-time. This foreshock was
located at the same site as the main shock by
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Fig. 1. Seismicity of the main Ethiopian rift starting from the turn of this century until 1993. Earthquakes with
specified location but without magnitude estimate {rom Gouin (1979) for the time prior to 1960 and Ayele (1995)
catalogues are assigned a value of 2,0 and 4.0, respectively, to mark them on the map. The shading represents
topography and the dark area corresponds to the Ethiopian plateaus. The white stars are permanent seismic
stations currently operating in Ethiopia. White diamonds are the epicenters of the foreshock (2) and main shock
(1) of the 1906 earthquake sequence determined in this study. The white circle marks the location of the main

shock (1) after Ambraseys and Adams (1991).

Gutenberg and Richter (1954). Besides these
two events, which were clearly recorded by many
distant stations, five more were felt around
Adamitullu mountain (fig. 1) in the afternoon of
the same day. Arrival-times of L (Large wave)
and M (Maximum wave) phases for two events

at TTF, one event at UPP (Uppsala, Sweden) and
HAM (Hamburg, Germany) stations were re-
ported on August 25, 1906 after the main shock.
There were no corresponding reports from bul-
letins of other stations. These could probably be
two of the larger aftershocks of the sequence.




The whole rupture process released signifi-
cant stress energy in the main Ethiopian rift as
a result of the extension between the Nubia and
Somalia plates. This earthquake sequence with
maximum magnitude of 6.5 was the first to be
recorded in the instrumental period and there
has been no other event of its kind in the region
since 1906. Gutenberg and Richter (1954) and
other workers in later studies (Gouin, 1979;
Ambraseys and Adams, 1991) located the main
event but with considerable disparity. Further
revision of locations and estimation of size with
all the available data at least for these two earth-
quakes (foreshock and main shock) may con-
tribute to better seismic hazard assessment and
seismotectonic studies of the region.

The December 13, 1910 earthquake (M =
7.3) in the Rukwa rift is the largest of all instru-
mentally recorded events known to have oc-
curred in East Africa during the pre-WWSSN
era. This event was widely recorded and good
quality seismogram records and bulletins are
available from European stations. Despite being
one of the largest earthquakes in the instrumen-
tal era, it is a poorly studied event. Ambraseys
and Adams (1991) and Ambraseys (1991a) relo-
cated the event in the Rukwa rift, which showed
reasonable travel-time residuals,

The 1928 Sabukia valley earthquake is the
earliest and largest (M = 6.9) shock in the Gre-
gory rift (Ambraseys, 1991b) to be well record-
ed instrumentally. It was not, however, the larg-
est event in the whole of East Africa as suggest-
ed by Doser and Yarwood (1991). The source
mechanism of this earthquake was studied by
Doser and Yarwood (1991) and the results seem
to be supported by field observations but the
source-time [unction is assumed to be a simple
step function and the whole inversion process is
not well resolved. Seismogram records with good
signal-to-noise ratio are available to us only
from UPP and MNH.

Size estimates of these three earthquakes as
given by Gutenberg and Richter (1954) are
doubtful due to the inherent problem of their
techniques and quality of data (Geller and
Kanamori, 1977). Earthquake source parame-
ters of these historical earthquakes are estimat-
ed using various techniques on the available
data, taking note of their quality.
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2. Data sources

Station bulletins and seismograms are used
in this study. The bulletins either came together
with the requested records or are compiled from
collections at Uppsala. The reported - and §-
wave arrival-times at individual stations for the
foreshock and main shock of the 1906 earth-
quake sequence are summarised in table I. Some
of the arrival-times of P and S waves are not
consistent but are listed here as given in the
original bulletins.

Seismograms from Wiechert-type instru-
ments are collected from European stations: UPP,
MNH, HAM and UCC for source mechanism
determination and spectral analysis (table II).
The body-wave part of seismograms is scanned
with a high-resolution scanner at 400 DPI. The
image files of the scanned seismograms are used
as input for digitisation software called nXscan.
This procedure is far better for converting ana-
logue seismograms to digital ones when com-
pared with the classical hand digitisation on an
electronic board. nXscan simplifies magnifica-
tion and preserves every wiggle of the record
with high resolution, UPP seismograms for the
1906 sequence are the most faded and least
clear of all original seismograms selected in this
study. The two horizontal components of the
UPP station records for the main shock are dis-
played in fig. 2. The digitised seismograms are
compared with the original ones and they are
almost the same. Tt was possible to pick addi-
tional phases from the digital data, which have
never been included in the original bulletin and
hence used in the location procedure. Available
seismograms from four stations (table II) are
digitised at | Hz sampling frequency for all the
events studied.

3. Method and analysis

Earthquake location, spectral analysis and
waveform inversion for source mechanism
determination and seismic moment (M) are
employed in this study. Several stations are
used for the event location (table T) while only
four stations are available for waveform ana-
lysis.
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Table 1. Arrival-times bulletin from data archives of some of the then operating stations for the 1906 foreshock

and main shock in the main Ethiopian rift.

Station name Station code

Station location

Main shock arrival-times

Foreshock arrival-times

- Latitude Longitude P S P S
Cape of Good Hope ~ CAP 339348 18.478E ~ = 140300
Giittingen GOT  51.550N 9.967E 120300 121350 135623 140350
Hamburg HAM  53.565N  10.022E 120312 121034 135641 140413
Jena JEN  50933N  ILSS3E 120400 121348 135614 140324
Leipzig LEI  51335N  12392E - = . 14 10 30
Mauritius MAU 20,1838 57.517E - - 135530 140030
Osaka OSA  34700N  135517E - - 13 58 36 .
Potsdam POT  52.3%2N  13.066E - - 135626 140334
Rocca di Papa ROC  41767N  12.700E = s 135529 -
Strasbourg STR  48.583N 7769E 120249 121357 135621 140326
Tashkent TAS  41325N  69.205E 120211 120800 135529 ~
Tiflis TIFE  41719N  44.798E - 120612 135420 140038
Trieste TRI  45.646N  13.763E 120213 = 13 54 39 ~
Uccle Ucc  50.798N 4.359E — . - 1404 31
Uppsala UPP  S9.858N  17.625E 120332 121112 135657 140441
Vienna VIE  48248N  163ISE 120218 120909 135554 140236
Zagreb ZAG ~ 45815N  15.980E - - 13 55 30 =

Table II. Stations used for the waveform data
analysis of the three earthquakes. X signifies particular
stations used for data analysis of the corresponding
event.

Station code  1906/08/25 1910/12/13 1928/01/06

HAM - X —
MNH = X X
ucc —= X =
UPP X X X

3.1. Location and spectral analysis

Theoretical S-P arrival-time differences are
calculated for the main shock of the 1906
sequence using the IASPEI-9] travel-time table
(Kennett, 1991) for all known previous loca-
tions. These are compared with observed ar-
rival-time differences from selected stations
(table I1I). This selection is based on the avail-

ability of both P- and S-phase arrival-time read-
ings. The computation gave consistent results
except in a few cases, possibly, due to misiden-
tification of phases.

Generally, absolute value of the residuals in
table I1I decreases from left to right in chron-
ological order, indicating improvement of each
location. Most of the travel-time residuals from
European stations located in the north are pos-
itive. The travel-time residual from the single
station in the south (Mauritius) is negative. Such
polarisation of the travel-time residual holds
true for all locations and for almost all stations,
except for Strasbourg where there may be an
error in the time correction, and also Tiflis where
a clear inconsistency is observed. This is an
indication that the epicentre of the 1906 earth-
quake could be more to the south than all the
previously estimated locations. Hence, there is
a challenge to relocate this earthquake and its
foreshock using the available data summarised
in table L.
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Table III. Comparison of travel-time residuals for selected stations and all known previous locations.

Observed 5-P (s)

Calculated S-P?:T

Travel-time residual (s)

Sation  Obs.SP ‘G&R  'Gouin A&A A&A ‘G&R 'Gouin A&A ‘A&A
Gottingen ~ 07:25.0  07:03.0  06:55.6 07:10.60 07:1430 +220 +294 +144 +10.7
Hamburg  07:320  07:13.0  07:196 072050 07:24.00 +19.0 +124 +115 + 80
Jena 07:100  06:55.0  07:00.5 07:0350 07:07.10 +150 +95 + 65 + 29
Mawriius ~ 05:00.0  05:282 05243 052150 05:16.00 -282 -243 215 - 160
Potsdam  07:080  06:59.8  07:047 07:07.60 064500 82 + 33 + 04 +230
Stasbourg  07:00.0  00:55.0  06:50.2  07:0200 07:0640 + 50 + 08 - 20 - 64
Tiflis 06:18.0  05:19.5  05:25.6 052990 052860 +585 +534 +48.1 1514
Uppsala. — 07:440  07:32.0  07:37.5 074040 07:42.60 +120 + 65 + 3.6 + 14
Vienna 06:420  06:30.0  06:249  06:37.90 063150 +120 + 171 + 41 4105

Following notations represent the various locations: “G & R — by Gutenberg and Richter (1954) from instrumental
data (9.0°N, 39.0°E); "Gouin - by Gouin (1979) from macroseismic data (8,0°N, 38.5°E); A & A — by Ambraseys
and Adams (1991) from macroseismic data (7.5°N, 38.5°E); "A & A - by Ambraseys and Adams (1991) from

instrumental data (7.5°N, 40.0°E).

A small-amplitude but almost noise-free
waveform dominated by a low frequency signal
was recorded on the two horizontal (NS and EW)
components at UPP station lor the 1906 carth-
quake (fig. 2). The records show a typical fea-
ture of an event due south from the recording
station. PP, 8, and Lg phases from Uppsala
station were identified and used in the location
using the SEISAN software. These additional
phases besides P and S were identified by com-
paring observed records and synthetic seismo-

grams constructed from a theoretical model of

the Earth structure. Generally, differential travel-
times of seismic phases (pulses) are used in the
location. They ure less sensitive to uncertainties
than absolute arrival-times. The main shock
(7.02°N, 40.09°E) and its loreshock (7.62°N,
40.22°E) are relocated by us on the eastern
shoulder of the main Ethiopian rift in line with
the southward projection of the N-§ trending
seismicity pattern of Western Afar (fig. 1).
There is a great deal of uncertainty in the
size representation of historical seismicity com-
piled in different catalogues. This is particularly
true for different amplitude-based magnitude
scales that saturate at high values and do not
take radiation pattern effects into account. The
seismic moment, M, is the most stable size-
rating parameter of earthquakes. M, can be ob-
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tained from body waves at teleseismic distances
using the equation (Udias and Buforn, 1994)

dapvrexplwr/v,0,)Q,

3.1
R(p,0.21,) e

0 .
(Jti.;

where p is the density at the focal region, v, the
velocity of P or § wave at the focal region, the
exponential Tunction represents the attenuation
of the medium (Q = quality factor), £, is the
spectral amplitude at the flat part of the dis-
placement spectrum of P or § waves, ¢ is the
free surface reflection term and r is distance
along the ray path. The procedure requires a
good azimuthal coverage of stations about the
focal sphere in order to correct [or the radiation
pattern term R(¢, 0, 4,1). If the radiation pattern
term can somehow be controlled, M, can be
estimated reasonably well at a single station
from the flat part of the displacement spectra.
This may help to estimate M, dircctly from a
few but well recorded seismograms prior to the
WWSSN era for large carthquakes in regions
where the mode of deformation is well control-
led from contemporary geophysical data. The
radiation-pattern term at a particular station can
be computed from the identified or assumed
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Fig. 2. Body-wave part of seismogram records for the August 25, 1906 carthquake in the main Ethiopian rift.
Two horizontal components (NS and EW) made by a Wiechert type instrument at Uppsala.

fault geometry as 3.2, Waveform inversion for fuult mechanism
.- 5. and seisiic moment (M,

R(g,.0.A) = cosdcosdeosisin(gp-¢ ) + (M)
; o ‘ Long-period P- and SH-waves from four
+cosAsindsini cos2(@-¢) + (3.2) European stations to the north at teleseismic
. . M distances (table II) are inverted for fault mech-

+ sindcos2d cosi.cos(p-¢p ) — e e o
: ’ anisms, source-time functions and seismic mo-
— 1/2sin sin2d sin i, sin 2 (h-gh) ment. The body-wave modelling is performed
) R ! using the standard precedurce developed by Nibe-
where (¢, 3, 1) = (strike, dip, rake) of the fault, lek (1984, 1985) and a crustal model pertinent

i.is take-ofl angle, und ¢ is station azimuth (Aki to the region (Gumper and Pomeroy, 1970).

and Richards, 1980). The SH wave spectrum Besides the manual of the IASPEI software

after rotation of NS and EW components is used (McCaffrey et al., 1991), details are presented

in this study (fig. 3). by Ayele and Arvidsson (1998). Waveform in-
87
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Fig. 3. Displacement spectral plot for the 1906 earthquake from the SH wave after rotating the NS and EW

components observed at UPP,

version for source parameters is performed for
the 1910 and 1928 events (table II).

A preliminary source mechanism was ob-
tained from P-wave first-motion study for the
1910 event. The source depth is estimated to be
about 16 km from an independent waveform
modelling of the vertical component P-wave at
UCC. The station distribution about the focal
sphere was quite poor but a change in polarity
was observed from one station to another. This
indicates that one of the nodal planes passes
through this distribution and hence makes the
preliminary fault mechanism result reasonable.
This preliminary solution is used as a starting
parameter and the depth is fixed to be 16 km in
the inversion process. A fair fit between the
observed and synthetic waveforms (fig. 4a) is
obtained with low variance reduction.
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For the 1928 earthquake, good quality records
were available only from UPP and MNH, which
were not included in the inversion made by
Doser and Yarwood (1991). The validity of their
result for a significant strike-slip mechanism is
tested (fig. 4b) using P- and SH-waves from the
two stations.

4, Results and discussion

The results for earthquake location, spectral
analysis and waveform inversion are summaris-
edin table V. The relation M, =log M,/1.5-10.73
(Kanamori, 1977) is employed in the magnitude
conversion. The moment magnitude, M. as
a measure of earthquake size is free from
amplitude saturation problem at high magnitude.
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Fig. 4a,b. Focal mechanism (lower hemisphere projection) for the (a) 13/12/1910 and (b) 06/01/1928 earthquakes.
Seismogram amplitudes are normalized to their maximum amplitude. Solid traces are observed while dashed
traces are synthetic seismograms. In the focal sphere, solid circles are P axes while the open circles with an X
symbol are T axes. Small open circles in the focal sphere represent station distribution. Small [etters represent the
phase data type: d = long-period P and §H (GDSN). The data are from long-period Wiechert instrument but the
instrument response is given in terms of zeroes and poles as if it is a GDSN station, which is required by the
program.

Estimating M, directly from seismograms us- er) catalogue for the East African rift, the
ing contemporary techniques is preferable and 1990 ecarthquake in Southern Sudan (fig. 5) is
more robust than amplitude-based magnitude the largest of all known events which occurred
whenever possible. The corresponding surface in East Africa in the instrumental era. This
wave magnitudes from the Prague formula could be due to the fact that Southern Sudan

M =log(A/T),, + 1.66logA+3.3 (Vanek et al., is acting as a pivotal point for different styles
1962) are calculated (table V) from A- and of deformation (Girdler and McConnel,

T-values listed in Uppsala bulletins. Compar- 1994). From recent seismicity, Southern Su-
ing the results obtained in this study with the dan seems to act as a prototype triple junc-
NEIC (National Earthquake Information Cent- tion.
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4.1. The 1906 earthquake sequence
in the main Ethiopian rift

Since we are dealing with historical earth-
quakes from 1906, the seismicity pattern start-
ing from the turn of this century is displayed
infig. | (Gouin, 1979; Ayele, 1995). Most of the
earthquakes in Gouin’s (1979) catalogue lack
magnitude estimates but the location is speci-
fied. The same is true in Ayele’s (1995) cata-
logue but the number of events without magni-
tude is relatively small. A magnitude of 4.0 is
assigned [or such events prior to 1960 while it is
2.0 for events after 1960 to mark their position
on the map. Despite the fact that the main Ethio-
pian rift is known to be about 100 km wide (Ebin-
ger and Hayward, 1996), the 1906 main event
and its foreshock are located outside the rift i.e.,
on the eastern shoulder of the rift (fig. 1). Guten-
berg and Richter (1954) located the epicentres
of the two shocks at the same site (9.0°N, 38.7°E),
barely 13 km east of Addis Ababa. Gouin (1979)
obtained a cluster of intersections nearby (7.5°N,
40.0°E) from instrumental data but this result
was given low reliability owing to arrival-time
inconsistency. Hence, the location from macro-
seismic information was the most favoured. The
macroseismic data are, however, unreliable due
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to complication from poorly known timing ac-
curacy in the area and multiple events in the se-
quence. Site effects and landslides could also
considerably influence event locations from mac-
roseismic data even in recent times., Ambraseys
and Adams (1991) located the main shock from
instrumental data on the eastern side of the main
Ethiopian rift (fig. 1), at nearly the same locution
attempled by Gouin (1979) also from instrumen-
tal data but about 50 km north of our location.
Using the Uppsala station bulletin together
with records corrected for timing errors helped
to filter out the inconsistent station readings and
find additional phases from clear seismograms
(fig. 2). Considering the possible uncertainty of
event locations lor that time of data, the instru-
mental data strongly support the idea that the east-
ern side of the main Ethiopian rift generated the
1906 sequence. Our attempt made in this study
to locate the 1906 earthquake in the main Ethio-
pian rift from the available bulletins and seismo-
orams gave relatively low travel-time residuals
(table IV). This may categorise the 1906 event
either as a prototype intraplate earthquake or that
the site is in a potentially active seismic region with
a long recurrence period for major earthquakes.
No earthquake episode has occurred in that
particular area since 1906. The present seismo-

Table IV. Comparison of travel-time residuals for selected stations and all known previous locations with the

present study of the 1906 main shock.

Station "G&R _ 'Gouin
Gdttingen +22.0 +29.4
Hamburg +19.0 + 124
Jena +15.0 + 95
Mauritius —28.2 -24.3
Potsdam 8.2 + 33
Strasbourg + 5.0 + 0.8
Titlis +58.5 +534
Uppsala +12.0 + 6.5
Vienna +12.0 +17.1

Travel-time residual (s)

A&A ) A&A A&K
+ 14.4 + 10.7 + 8.2
+11.5 + 8.0 + 5.5
+ 6.3 + 2.9 + 03
-21.5 -16.0 -12.6
+ 0.4 +23.0 - 50
- 2.0 - 64 — 838
+ 48.1 +51.4 +46.6
+ 3.6 + 1.4 - 09
+ 4.1 + 10.5 - 2.1

Following notations represent the various locations: “G & R — by Gutenberg and Richter (1954) from instrumental
data (9.0°N, 39.0°E); 'Gouin — by Gouin (1979) from macroseismic data (8.0°N, 38.5°E); A & A — by Ambraseys
and Adams (1991) from macroseismic data (7.5°N, 38.5°E); "A & A — by Ambraseys and Adams (1991) from
instrumental data (7.5°N, 40.0°E); A & K — by Ayele and Kulhanek for the present study.
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graphic network of Ethiopia cannot monitor
possible microseismic activity in the area. The
spectrum plot of the 1906 main shock for the SH
wave is displayed in fig. 3. The flat part of
displacement spectrum and comer frequency
are estimated to be , = 7.05 x 10" (cm-s) and
Jo = 0.044 (Hz), respectively. These values are
picked using the PITSA program and are within
the acceptable range for a comparable earth-
quake magnitude (Hanks and Wyss, 1972; Wyss
and Hanks, 1972). From Brune’s (1970) rela-
tion r(f;) = 2.34 /2 zf,. a fault radius of 30 km
is estimated. f stands for the shear wave velocity
around the source region which is 3.55 km/s.
The objective of considering as many stations
as possible about the source area in spectral
analysis technique is to remove the effect of the
radiation pattern in eq. (3.2.). In this case, how-
ever, good quality waveform data are available
only from UPP station. It is likely that this
earthquake is related to normal faulting since
almost all of the relatively larger earthquakes
(m, > 5.0) around this area studied for mecha-
nisms are normal faulting type, following the
trend of the main Ethiopian rift (Ayele and
Arvidsson, 1998). The radiation-pattern, R, is
computed from the average fault-plane solution
in the area and found to be 0.091 for SH-wave of
UPP station. The seismic moment, M, is esti-
mated from eqgs. (3.1) and (3.2).

4.2, The 13/12/1910 event in the Rukwa rift
(Tanzania)

The 1910 Rukwa earthquake was accompa-
nied by a number of foreshocks and aftershocks

of magnitude M = 6.0 (Ambraseys, 1991a) but
with poorly known locations. The waveform
inversion for fault mechanism (fig. 4a) shows
that it is an oblique-slip motion with a signifi-
cant strike-slip component. It indicates a com-
plicated multiple rupture process as can be not-
ed from the triple source-time function. The
dominant part of the seismic energy is released
during the first 4 s while the whole rupture
process was sustained for about 12 s. During the
occurrence of this event, ground movements
were severe and lasted, with short intermissions,
for over one minute (Ambraseys, 1991a). The
P-wave group especially observed at MNH is
dominated by a high-frequency signal. In this
case, it is difficult to identify individual phases
on seismograms as can usually be done for sin-
gle events of comparable magnitude. Tt is there-
fore likely that this earthquake could have mul-
tiple ruptures.

Each of the two nodal planes we obtained is
a likely candidate to be a fault plane. This event
is located around the proposed transform fault
(Gaulon et al., 1992; Kilembe and Rosendal,
1992; Wheeler and Karson, 1994; Vittori e? al.,
1997) in the Rukwa rift trending NW-SE (fig. 5).
Morley et al. (1992), on the other hand, favour
an opening of the Rukwa basin in a NE-SW
direction, sub-orthogonal to its general trend,
due to a tensile stress field. This line of argu-
ment is also supported by volcanic activity and
seismicity (Fairhead and Girdler, 1971) and fault
mechanism (Nyblade and Langston, 1995). There
is neither dependable aftershock distribution nor
trace of surface rupture associated with this earth-
quake. Among focal mechanisin studies made so
far in the circum-Tanzanian craton, normal fault-

Table V. Source parameters for earthquakes considered in this study. Parameters with standard deviations are

the newly computed values.

Date Origin time Latitude Longitude Strike Dip Rake Depth M, (xI0"Nm) M M :
(h min s) °*N) (°E) @ © @A) (km)
25/08/1906 11 54(09+22) 7.62+04 40.22+08 - = = 10£8 - - 58
25/08/1906 1347(23+19) 7.02+0.07 4009+0.11 - - - 15+6 0.74 65 65
13/12/1910 113730 -7.00 3003 213z5 799 -18+8 16 2.80 69 7.0
06/01/1928 193158 0.20 3620 211£3 70 -158+3 8 12 66 66
20/05/1990 022201 507 32.16 321 69 14 13 8.2 72 72
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ing type is dominant but oblique-slip and strike-
slip mechanisms are also observed (Shudofsky,
1985; Doser and Yarwood, 1991; Gaulon et al.,
1992; Nyblade and Langston, 1995; fig. 5). This
could result from the interplay between tension-
al environment beneath the active rift and the
compressive stress that the Pun-African plate is
experiencing from the ridge-push forces in the
Atlantic and Indian Oceans. The nodal plane
trending NW-SE is probably the fault plane but
it is still a subject for further investigation,

4.3. The 06/12/1928 earthquake in the
Gregory rift (Kenya)

The fault plane solution for the 1928 carth-
quake from Doser and Yarwood (1991) was kept
fixed and the validity of this result was tested.
The fit between observed data and synthetics
for both P and SH waves from UPP and MNH
was poor. Then we kept the dip and focal depth
fixed from the results of Doser and Yarwood
(1991). The inversion gave a reasonable fit be-
tween the observed and synthetic seismograms
(fig. 4b). The resulting source mechanism is
normal-faulting with a significant strike-slip
component striking N-S in the Gregory rift. So
far, there is no other event around the vicinity of
this earthquake during the instrumental period
large enough for focal mechanism studies. In
the Gregory rift, there were recently two earth-
quakes of magnitude 4.3 (April 2, 1996) and 4.5
m, (April 3, 1996). Digital records for the 1996
events are available at AAE and BGCA but the
station distribution is still sparse to study focal
mechanism from P-wave first-motion readings.
The rupture duration of the 1928 earthquake of
26 s is unusually long but possible for this size
earthquake (Tajima and Okal, 1997; Kikuchi,
1997) with a multiple rupture where a signifi-
cant part of seismic energy is released during
the occurrence of the second sub-event.

5. Conclusions

The preceding discussion led to the follow-
ing conclusions:

1) Instrumental data provided evidence for
the relocation of the 1906 earthquake sequence
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in the main Ethiopian rift to be on the eastern
side of the active rift. Local seismicity cannot be
examined at the moment due to sparse station
distribution and poorly known crustal structure.
On the other hand, the current seismicity pattern
including regional as well as teleseismically
recorded shocks shows that the highly populat-
ed western side of the rift is more active than the
castern side. This apparent disparity needs seri-
ous consideration for seismic hazard assessment
and risk mitigation owing to the growing urban-
isation especially around Addis Ababa.

2) The NW-SE motion of the southern part
of the Somalia plate, relative Lo the Nubia plate,
may remain true but the Tanzanian craton seems
to act as a distinct tectonic block sandwiched
between the eastern and western branches of the
East African rift system. This is inferred from
the result of the focal mechanism study of the
1910 and 1928 earthquakes together with previ-
ous results of contemporary events, Tf this detail
could be elucidated from a multi-disciplinary
aspect, the long awaited question concerning
the temporal and spatial relationship between
the two branches of the East African rift system
might be answered.
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