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ABSTRACT

The seismiclty of East Africa has been investigated usling
the Durham University selsmometer array at Kaptagat. Events
recorded by this station orlginate from five‘haln seismic reslons.
Three of the five regions, the Kavirondo Rift, the Siria Fault and
the area from Entebbe to the Ruwenzorl Mountélns, form east-west
bands of actlvity. The actiVIty in‘the remalning reglons, the
llestern Rift, in particular the Ruwengzori Mountains('and the
Gregory Rift shows a north-south distribution. Earthquakes from
the Western Rift are associated with the boundary faults. In
the Kavirondo Rift the events are associated with the eastern end
of the graben and have been used to infer an easterly extenslon
of the faults. Within the central Gregory RIft the shocks are
associated with the axis of the rift. '"lhere the Rregory RIft passes
into the North Tanzania Divergence and the Turkwel Depression the
events are distributed across the width of the Rift.

From the slope, b, of the cummulative frequency-magnltude
curve it is suggested that the Yestern Rift can be divided into a
northern and southern sectlon. The former sectlon Is the younger
and Is teétonically similar to the Kavirondo graben. The Evasi
and Gregory Rifts have 'shown the same value for 'b' and seem to be
tectonlcally similar. However, they differ ln théiupper.cutoff
limit on the magnitude of the earthquakes.

The pattern of seismicity In the Gresory Rift and the travel
time, compared ‘to normal shield structure, across the rift have
been Interpreted to give a model for the crustal structure wlthin
the rift. The model consists of a continuous velocity Increase
with depth Interrupted by a drop in vélocity. The anomalous

material which the model represents also has a low Q value of

approximatety 100,




Chapter

Chapter

Chapter

1

1:1
1:2
1:3
1:4
1:5
1:6

2:2

2:04

CONTENTS

"The African Rift System

The broad pattern of ‘faulting

The tlestern Rift

The Eastern Rift

Volcanism in the East African Rift
Geophysical studies

Theorles of rift formatlion

Data Collection

Geology of the area around Kaptagat’

The recording and playback equipment

Readings made ori the Kaptagat Récords

Data from other stations

Location of Earthquake Fociti

‘Introduction

Helght correction

Determination of the azimuth and apparent

velocity of the signal

Curved wavefront analysis

Errors in the measured azimuth and velocity

Estimation of epicentral distance
Measurement of focal depth

Focal depths of very close events

Focal depths using the apparent veloclty

and P time of an event

>

E_SG

1L
19

25
26
28
29

31
32

33
35
36
39
L2
b3

Lh



3:10

s 11

W

3:12

Chapter &

Chapter 5

5:6

Chapter 6

Focal depths determined using data from
Kaptagat and Nalrobi
Focal depths detekmined using second arrivals

Discussion of focal depths

Seismicity

lhtroductioh

The present survey

Kavirondo RIft

Gregory Rift

The Western Rift

The Siria Faolt

Crustal structure within the Gregory RIft

Discusslon

Travel Times Across the Gregory Rift
Introduction

Discussion of possible ermors

Discusslon of the delay times

The two layer model

Delays from the model used to explaln the
selsmicity

Discusslon

fMagni tude Determlinations

Introduction

Construction of the F(4) curve for East Africa

Corrections appllied to the amplitude data
Effect of the fault plane radiation pattern

on magnl tudes

47
50
51

53
59
59
63
65
66
67
72

76
77
8k
86

20

93

95

98

101

103



. G:5 Earthguake frequency

6:6 Enersgy release within each area

6:7 Discussion

Chapter 7 Discussion and Conclusion

7:1 Discussion

7:2 Conclusion

Appendl x Epicentral

References

Locations and Magni tudes

105
110
112

115

120

122

135



CHAPTER 1
THE AFRICAN RIFT SYSTEM

1:1 The broad pattern of faulting.

A belt of anastomosing faults runs southward from the junctlon
of the Gulf of Aden and the Red Sea for 4000 Km (MSConnell, 1972).
This belt of faults Is known as the East African Rift System. At
the northern end of the system, in the centre of the Arabian
Ethiopia dome, a triple junttion is formed In the Afar triangle
where the Red Sea, the Gulf of Aden and the East African Rift meet.
From thls junction the faulting runs across the dome, through the
Rudol1f graben and into the Gregory and Eyasl Rifts. The last ‘two
rifts form the eastern margin of the Pre-Cambrlan Tanganylka shield
and are collectlvely known as the Eastern Rift. A maximum distance
of 1000 Km to the west, the Western Rift valley forms the western
margin to the shield. This'rift valley encloses the lakes Albert
(Mobutu Sese Seko), George, Edward (1di Amin Dada), Kivu,
Tanganylka and Rukwa. Neogene-age faulting In the Lake Malawi area
may represent a tenuous connection between the Eastern and Western
Rifts. More definite evideﬁce of a junction Is hidden by the
P]eistocene;Holcene age volcanlcs of the Rungwe Mountalns
(MCConnell, 1972).

Dixey (1946) defines a Southern Rift which runs southward
from Lake Malawl for 1280 Km. At the end of the Southern Rift the
faulting bifurcates, the two arms enclircling the Rhodeslan Shield.
Around the Rhodesian Shield the rifting Is represented by troughs
of Karoo sediments formed by faulting during the Karoo and Cretaceous
perfods (Vail, 1967). South of these troughs the line of tectonlic

features is represented by lgneous complexes such as the Bushveld

//, :.\:Tfr;lj{,]zv,ﬂ,‘

and the Great Dyke (M®Connell, 1967).
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Unlike the oceanié¢ rift valleys, the Continental rift, which
runs from Malawi to Ethiopia is not a continuous physlcal feature
(Lé Bas, 1971). From the pattern of faulting M®Connell (1972) has
suggested that the distribution of the faults Is controlled by
ithe Pre-Cambrian orogenic belts within the continent. This may
not be completely true of the whole rift gystem as Mohr (1974a)
has suggested that satelllte photographs show that the NNE trending
Gregory Rift in north central Kenya Is not aligned with N-NNW
trending Pre-Cambrian structures. On the other arc of the rift
' system, the Lake Tanganylka Rift, often regarded as an example
par excellence of a rift determined by older structures, persists
In its curving arc desplte linear Ubendian trends. The relationshlip
between the faulting and the Pre-Cambrian orogenic belts would
suggest that the geology has Influenced, but does not completely

control, the distribution of the faults.

1:2 The Western RIft.

The Western Rift, as defined by Dixey (1946), is restricted
to a series of north-south trending features enclosing the lakes
Albert, Edward, Kivu and Tanganylka. This belt of faulting extends
from the Rungwe Mountains to north of Lake Albert where the
faulting abuts against the Madl Series of Sudan and the Aswa shear
beit of northern Uganda. Throughout its length, the Western Rift
is confined to Pre-Cambrian orogenic belts. Where these belts
depart from a north-south trend the faulting becomes en echelon
reflecting the older graln but still maintaining an overall north-
south direction (M€Connell, 1967),

The Lake Tanganylka graben, which lies wlthin the NW-SE trending
Ubendian belt, was probably Initiated in the Lafe Palaeozoic

(M€Connell, 1967). Then, durling the Jurassic, elongated basins wlth




partly faulted margins were formed and filled with Karoo sedlmeﬁfs.
Further downfaulting or folding protecfed these sediments from
the following planation whfch formed the Post Jurassic - Pre-
Cretaceous efoslod levél. Movement of the faults occurred again
during the Upper Pliocene and caused the uplift of the Livingstone
Mountalns much further south (Quenell, 1956). The north-eastern
margin of the Tahganylka Rift Is formed by two uplifted blocks,
These blocks are terminated by a downfaulted belt whiich forms the
Rukwa valley to the south of Lake Tanganylka (Sutton and Watson,
1959),

The Ubendian, with which the Tanganyika RIft Is~assocliated,
is dated as 2.15 - 1,65 103 my., (McConnell, 1967). This prominent
orogenic belt Is a metamorphic compliex of ortho- and paragnelsses.
Across the gneisslc complex shear zones run In a NW-SE dlrection
paraliel to the reglonal strike. Evidence of Pre-Cambrian faulting
I's present in the form of two sets of nearly vertical mylonite
bands running NW-SE and N, NE-§,SW. These mylonites are thought
to have been formed at depth by transcurrent faultlng which )
generated the heat necessary for the mineral assemblage within the
zones. Cataclastie rocks and elongated anatectlc granites, totaily
different to those within the mylonite belts,wére alsp assoclated
with the faults that form the present fFift (Sutton and Watson, 1959),

North of Lake Tanganyika the geology changes as the Pre-
Cambrian basement disappears beneath a volcanlc fleld of alkall
basalts, basanltes, trachytes and trachyandesltes. Sandwhched
between this volcanlic fleld and the Birunga-Bufumbria lave fields
further north 1is Lake Klvu. The Birunga-Bufumbria field was

formed by eight volcanoes which align 1In an east-west directlon

perpendicular to the line of faulting (Holmes, 1965).




The faulting that 1les on elther slde of Lake Edward follows

. the llne‘éf the Ubendian orogenic belt. On the eastern flank

; where thé7fagltlng dles out the perslstance In the line of weakness
7 is Illugtraféd by downwarpling and volcanics (Reeﬁe, 1961). Further
" porth :into west central Uganda the rift turns from the Ubendlan
trend to follow the strike of the Toro system of Uganda, (klng,
1970). The Toro system Is of Ubendlan age but has had Karégwe-

3

Ankolean étructures, 1.29 - 0.85 19 my. In~age (MSConnell, 1967),

impressed upon [t. These structuré§ are malnly NNW-SSE folds with
" minor NE striking cross folds and similarly alligned small scale
thrusting.
Rurther north the 50 x 120 Km Pre-Cambrian block of the

Ruwenzori Mountains perturbs the persistant rifting. This block
is bounded to the west by weétward hading faults, dipplng at
10 - 30 degrees, and the Semlikl RIft (Davles, 1951). To the east
the bloék is bounded by an upwarp and the Pre-Cambrian Wasa fault.
The Wasa fault is probably a Pre-Cambrian dextral transcurrent
" .shear of 8 Km which has been explolted by Tértlary movement,
(MCConnell, 1972). fhe'northern nose of-the Ruwenzoil Is composed
of basement gneiss over ahq agalnst which Is thrust the Ubendlan
front to éive east-west synclines of schISts and quartzites. Dixey,
(1946), has suggested that the Ruwenzori Is the remnant of a much
larger block formed during the Jurassic slnce when it has suffered
erosion with minor uplift. However, recent movement of the

Ruwenzorl Is Indicated by grid faulting In the Albert Graben (Bishop
| and Trendall, 1946) and adjustment of the faults to the west,
- (Wohlenberg, 1966). Hoimes (1965) suggests, from the present helight
| of the Mlocene planation levels in the Ruwenzori area, that 3 Km of

: uplift has occurred slince the Mlocene. if thlis Is correct, DIixey's




fsuggestlon must be wronsg.

Beyond the Ruwenzorl 1lles the Albertine RIft. Near Murchlson
Falls, the floor of the Albertine RIft Is 2250 feet 0.D:. and falls
L steadily southwestwards to drop to -6000 feet 0.D. in 100 miles
(Bishop and Trendall, 1967). Faulting in the Albert -graben Is simple
but there is evldence of two perlods of mowement. Sandstones In -
. river valleys in the southeast of the area suggest that subslidence
f occurred In the south flrst and that downward mesement stopped
| temporarlly after 500 feet (Davies, 1951). The greater part of the
movement Is of Plelstocene age but drilling has revealed older
| faulting. These older faults are overlain by Plio-Plelstocene
- sediments (King, 1970, and Davies, 1951). Faulting does not extend
much further north but ends where It encounters the Madl and Aswa
zones. The Aswa zone Is a 6 mile wlde strongly foliated basement
gently folded about steeply plunging NW axess (Hepworth and
Macdonald, 1966). i

The overall impression of the Western RIft is that the faulting
becomes younger toward the north. Miyamura (1962) has suggested
that as the tectonic features become older the selsmiclity changes.
As the faulting In the Lake Tanganylka area Is probably the oldest
in fhe Western RI1ft, and well establlshed, the selsmlclty may be
different compared to the Albert RIft, The scarcity of faulting to
the north of the Albert RIft may be due to the Madl Series and the
Aswa shear zone. |If these two features are resisting the northward
extension of faulting, the northern end of the Albert Rift may be

an area of stress accumulation.

1:3 The Eastern Rift.
The arrangement 6§ the faults In the Eastern Rift zone Is

different to that within the arc of the Western RIft. Even within




;.ﬁhe Eastern Riff the style of the faulting changes considerably.
~In the region known -as the North Tanzania divergence, north of

" the Rungwe Mountalns, the faultling forms a basin and range

: structure (Quenell, 19565. This structure Is the result of a

" serles of blocks, faulted and upthrown on the easterf side and

| tilted toward the northwest. From Qest toreast across the area
these blocks are known as the Mbulu, Konda, and Letatema structural
blocks. The faults within the North Tanzania dlivergence are nat
all of the same age. Faults in the centre 6f the area are of
Lower Pllocene to Pleistocene age and away from the eentre of the
zone the faulting generally becomes progressively older (Glrdler
et al., 1969).

As the faulting Is followed northward across the Kanya dome
the structure formed by the faults changes from a basin and range
province to the graben of the Gregory RIft. The size of the
doming Is reflected in the height of the valley floor which Is at
2000 m 0.D. on the crest of the dome and drops to 650 m 0.D. at
the southern extremity of the rift valley (Baker et al,; 1972).
The sides of the rift valley are the product of a séries of faults
each of which shows considerable variation Iin amplitude. In thé
southern part of the rift the western margin Is formed by the
Nguruman faul; which has a maximum throw of 5000+ feet. As the
Nguruman fault Is followed northwards:the amplitude of the throw
decreases until the fault passes I'nto an eroded downwarp. North
of this downwarp faulting once again develops..This pattern of
fault-downwarp-fault Is found along the length of the rift valley.
The variation In the throw of the faults Is well Illustrated by
the Elgeyo fault which develops a throw of 5000 feet In a few
mlles (King, 1970). A similar pattern of faults and downwarps Is

found on the eastern margin of the rift valley. The pattern én




ftﬁérea§iern margin Is assymetrical to the distribution of fauits
-and downwarps on the western edge of the rift valley, with a

 fau1t opposite ardownwarp and vice versa (King, 1970).

The faulting In the Gregor; Rift cah be dlvided Into three
“eplsodes which are of Lower Pliocéne, Upper Pllocene and Plélstocene
age. During the first episode faulting was restricted to the
“western marglin of the FIft valley to glve an assymetric trough

. formed from eastward tllted blocks (Baker and Wohlenberg, 1971).
Nottall of the western margin of the future rift valley was
affected by this faulting. The Nakuru section In line with the
Kavirondo Gulf was probably an upstanding area during thils perlod

" (MCcall, 1967). But where the faulting did take place |t produced
‘ large scale scarps as in the Lake Hannington area where throws of
;hOOO feet have been measured. In the second episode of faulting
‘the rift valley was developed with faults formed on both sides of
the rift and the valley floor at a lower level than the flanks of
~the rift. Again the form of the faulting |!s not constant, some
‘:sectlons of the sides of the valley being produced by step faults
“whilsf other sectors are formed from single large contlnuous faults
i(MCCall, 1967). The faults formed during this perlod are falrly
‘wldely spaced. The final eplsode of fiaulting produced a serles of
 érid faults with throws rarely more than 150 m (Baker et al., 1972)
~but as much as 300 m In the Nakuru area (M®Call, 1967).

' To the west of the Gregory Rift valley the fauttlng cah be
~divided Into two groups, an important group of faults trending In
-a general east-west dlrectlon and minor faulting In a north-south
djrectlon. The domlnance of the east-west trend Is illustrated in
séﬁellite photographs which show that the ENE-WSW 1lneaments are
jfrequent to the south and southeast of Lake Victoria but scarce to

‘the north of Lake Victoria (Mohr, 1974b). In this gtudy .three east-




Ewésf'Stkucturés were found to be the slte of earﬁﬁggake actlvity.
?Tﬁése'strdctures weretthe Kavirondo RIft, the Sirlta fault and the
ﬂNédflkIa fault. The northern marglin of the Kavirondo graben Is
 formed by the Nyando fault which deéreases In tthW'ﬁesfward'to
}pass Into a monocline. On the other side of thé'kavTrondo graben,’
{the'southern margin Is formed by the Sondu fault whlch grades

- eastward Into a flexure., The pattern of faulting Is slhllér to

- the Gregory RIft In that a flexure fhesoopposite a’féulf‘on the
other side of the rift. Any juncttoh with the Grefary RiFf s
A'hidden by the Uasin Gishu phonollte lavas. Further south the Sirla
k'and Ngorika faults run in a NE-SW dlrection and haveVQOwnfhrow to |
‘ the east of 800-900 feet and 700 feet respectlvely. These normal
_faults each 1le In a mylonite zone which Is hhe locatloﬁ;of a
_healed thrust plane. This thrusting was probably of Pre-Cambrian
iage as it truncates the post-Kavirondlan, pre-Bukoban Kilgorls
'jgranlte (Wit1lams, 1964). Of the north-south fleatures west of the
Gregory RIft the Nandl fault Is probably the most important. This'
':Is a recent normal fault that hassexploited a myloﬂ}té‘zone formed
5by a Pre-Cambrlan thrust (Jennlings, 1964). .In the Eldoret and
Kapsabet areas near the Kaptagat array, the north-séuth faultlng
;ls a mixture of healed Pre-Cambrian thirusts of varylhg extentsand
}mlnor normal recent faults (Sanders, 1963 and Jennlngs, 196u).

As the Gregory Rift Is traced northwards the fault belt
%wldens and passes Into the Turkana depression, This region of
ifaulttng is almost a mirror Image of the North Tanzanla divergence
ﬁwhlch suggests a symmetry of faulting about the Kenva Dome. In the
‘Turkana depression the small Suguta graben, south of Lake Rudolf,
.and the Barlngo trough are the northward extension of the Gregory
Tlet. The Suguta graben is approxImately 20 Km wilde and is bounded

fby eéscarpements rarely more than 400 m In helght (Dodson, 1963).




;Torthé west of the ‘Suguta-Barlingo graben the Uganda and Turkwel
‘escarbements form the western border of a triangular loW]and

- (Baker et al., 1972). These escarpements are probably the oldest

| faults in the Gregory Rift and may degrade Into monoclinal flexures
" In the nhorth (Walsh and Dodson, 1969). The Suguta grében.does not
persist for long but degenerates, as It encounters a region of

! shallow uplift, into a zone of Plelstocene faulting known as the

| Kinu Singo fault belt. Within the Kinu Singo fault belt thé

- faults are all normal and have a small throw (Baker et al., 1972),
" The triangular shape of the Turkana depression forms a lowland

" feature between the Kenya and Ethlopla domes and serves as a

- northern boundary to the Gregory Rift.

Three questions are posed by the pattern of faulting In and

i near the Eastern Rfft. The first question Is: are the east-west

: structures outside of the rift active and In any way related to‘
the main rifts? Secondly, as the structure of the Turkana and
Tanzanla areas is different from the structure of the Gregory RIft,
there may be a difference In the selsmiclity between the two
structural reglimes. -The thlird question concerns the Kavlrondo

i Graben and any possible connection with the Gregory Rift. As

" Kaptagat lies close to both the Kavirondo and Gregory rifts, it

Is In an ldeal position to outline any connection, under the

- Uasin Gishu lavas, between the two rifts. This connectlion, to be

observable, must be made by currently actlve faults.

ey Volcanism In the East African RIFft.

| The extruded [gneous rocks Ih East Afrlca are assoclated wlth
. faulting and In particular with the Eastern Rift. In the Eastern

" RIft the volcanism and faulting are closely llinked as the volcanic

~activity developed at the same time as the faulting (King, 1970).




‘fWIthlh the. Eastern RIft zone ‘the first magmas to be erupted

;volcanoes. One line of volcanoes lles along the line of the

durfhg the Tertiary-Quarternary period came from two lines of

" Kavirondo Graben and the other in Eastern Uganda (Logatchev et
~al., 1972), The lower to middle Miocene volcanoes Elgon, Kordam,
- Napak, Kisingri and Tinderet erupted alkallne rocks such as
melanephlenite. Carbonatlites may be assoclated wlth thesé.
:'alkall rocks, as th the case of Napak, the eroded ba§e df ﬁhf;h

i‘shows a core of carbonatite (King, 1970). To the north and

northeast of the above central volcanoes, flésure eruptibns

f created a Basalt serles In the northern area of the Incipient

rift (Baker et al., 1971). The difference in volcanism of the

two areas Iimmediately suggests a structural différence between

| the two areas.

Later, In the Upper Mliocene, the centre of eruptlon changed

2 to the Kenya Dome area of the future rift. During thls period
- large quantities of phonollte was extruded.ffom long fissure vents
- (Logatchev et al., 1972 and Baker and Wohlenberg, 1971). The
f:phonollte Is of uniform mineralogical eomposition (WIlliams, 1972)

" which suggests that the source was el ther large or contlnually

replenished.

After the first phase of faulting In the lower Pliocene the

" form of the volcanic eruption changed from fissures to central
- volcanoes. During this eplisode 19 volcanoes were. active along the

: rift valley with subsidiary flssures, close to and In the rift

valley, Issuing phonolite lavas (lLogatchev et al., 1972). Rhyolltes,

~ Ignimbrites and trachyte occurs In the downfaulted axial part of
" the Kenya Dome (Willlams, 1972)., The maln eruptions inTtially
" started with minor phonolitic and trachyte magmas In the central

sector followed by voluminous basalt Ttavas In the Aberdare Mountaln
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?range, wlillam51(1972) found that.the alkall to sl1lca ratio ¥n
Tthesg and subsequént lavag Is lower than the ratio In the eattier
}Volcanics. This suggests a change In the status of the source.

~ In the Upper Pliocene and Lower Pleistocene basalts were .
;emp1aced along the whole of the Gregory Rift. In the north and

. central rift sectors these basalts were erupted fnom flssureﬁrbut
iln the south from shleld volcanoes. Carbonatite magmatism took

" place 130 Km south of the maln'area and autonomous centEeS‘of

i melting were Initiated east of the rift (Logatehev et al., 1972),
~These centres east of the rift gave rise to basalts, nephe]?hltés
~and trachybasalts wlth lavasd becoming more alkaline In later flows.
E The middle and upper Pleistocene saw the completion of the rift
 trough and effusion of trachyte and phonolitic trachytes through
~out the length of the Gregory RIft.

In the Western Rift the volcanlec sulte of rocks Is not so

- well developed. The norithernmost activity In the Western Rift occurs
~ afound the Ruwenzor! block where the volcanic fleld consists of

a great number of ring craters. Lava flows from these craters are
_ rare and the main erupted material Is rounded blocks of foundation
rocks, pyroclasts and rock powder. The lavas range from carbonatl!tes
to thash rich ultrabasic lavas (Holmes, 1965). Further south the
elght volcanoes of the Blrunga-Bufumbria volcanic fleld produced
potassium rich lavas ranging from nephelinites to trachytes. Of
the eight volcanoes In the fleld the two westernmost vents are
still active. To the south of Lake Kivu there is a volcanic fledd
composed of silica saturated tholeltte lavas (Baker and Wohlenberg,
1971). The volcanoces within this tholeltte field were actlive from
the Lower Pliocene to middle Pleistocene. As the volcanic activity
Is traced southwards from the Ruwenzori Mountains It becomes

progressively older. This Is the reverse of the trend displayed




by the volecanlc activity In the Eastern Rift.

The volcanic suite found within the East African RIft may be

‘due to elther ‘an upwelling geothermal current (Baker et al., 1972)
‘6r the deprgsslon of the phase transformation boundaries (Harris,
1969) or both. Carbonatlte rocks within the rift zone are enrlched
"with rare elements. This suggests that the Carbonatite probably

resulted from volatile enrichment of a stagnant magma deep In the

upper mantle. The primary magma may‘have had a high CO, content
which combined with the calclum to produce the Carbonatlte.
' Removal of the calcium from the fluid would result in the production
iof nepheline and aegirine Instead of albite and auglte. The
‘elimination of the sllica phases may have taken place as the
'carbonatlte magmas' rose to the surface (0'Hara, 1968). In North
Tanzania the Lashine lavas contain xenollths of Garnet Lherzolite.
These xenoliths, which probably correspond to the mantle at depths
: of 90-100 Km, are relatively uncorroded suggesting that the magma
ascended quickly. The magmas, in which these xenollths were
suspended, probably represent the lower meltlng temperature
- components of'mantle peridotite (Dawson et al., 1970). Further
;north In the Gregory RIft, the lavas of the Siall volcano may be
~differential products of a basaltic magma confindd to cupolas. high

in the crust (MSCall and Hornling, 1972);- Chemlcal relatlbnshlbs

within the Slall lavas suggests that the magma within the cupolas

was Initially of upper mantle oflgln.

The East African Rift system has frequently been compared wlith
océanic rift systems and thé difference in the volcanic sultes is
an important aspect of this comparison. Oceanic ridges afe
characterized by basaltic-and“tholeittlc lavas, transfﬁrm faults

‘and a high heat flow. The Ethioplan RIft, which Is the section of

the contlnental rift nearest to an oceanlc ridge,is characterized

12



by large volumes'of Tert1ary.Eésalts. _THéSe basalts are
Tntermedlate between tholelttes and alkal basalts and Have a
tholelttic chemistry but an aikail mlneraitogy (Baker~et al., 1972).
fFurther south In the Kenya Dome the most striking feéturé is the
jabundance-of-phonolltes. " The petro<chemistry of the Kenva and
ZEthioplan Domes shows that the rocks in Kenya are richer In
fCaO-MgO-FeO than the extrusive rocks In Ethloﬁla. Because of the
‘high percentage of calclum, magneslum and iron oxides It Is thought
‘that the Kenya basaits have addeeper origin than thé Ethlopfian
‘basalts. This suggesfs a treng along the rift with the source.

1of the magma becomipg progressively deeper towards the south. A
fsecond pattern [$ superimposed across the rift with basalts
}tendémg to be more tholelttic In the rift than on the plateau
Q(Baker et al., 1972). Reay and Harris, (1964), have suggested that
 for a slllca saturated tholeittic 1lquld to be In equilibrium with
{a parent ultramaflec liquid, the conflning pressﬁre must be In the
;range 0-10 Kbar. The conflnling pressure for an alkall basalt
illquld, to be In equillbrium with an ultramafic parent; must be In
 the range 20-30 Kbar (Kushlro, 1965, and Green and Ringwood, 1967).
%Thls suggests a shallow orligln for the tholelttlic oceanlc lavas
5and é deeper origin for the alkall basalt'series of the contlnental

frlfts. The gradual Increase iIn the depth of origin of the lava

@

~toward the southern part of the rift is Indicated by the nephelinlte-

ﬁcarbonatlte-klmber]lte provinces of the continental rift. Le

' Bas (1971) has suggested that these alkall lavas may be the result
iof degassing of the deep upper mantle. Le Bas also Invokes expanslion
‘of the top of the upper mantle to give the doming of the crust and
“the peeralkallne volcanoes.

Two questlons are posed by the distribution of the varlous

itypes of magma. The distribution of lavas wlthin the Gregory RIft




:and_adjacent areas would suggest ghat the depth of origin of the
'ﬁagmas}lncreéses as fﬁe distance to the centre of the dome Increases.
;thhln the Gregory let the volcanoes may be fed from local crustai
jréservolrs. - The mantle dome and crustal cupolas, from which the
Emagmas-orlglnate, may affect the strength of the crust and the
}Stress distribution. These effects may be reflected In the

‘seismiclity and the magnltude of the earthquakes.

‘1:5 Geophyslcal studles,.

Geophyslical Iinvestigations can be divided Into studies
}cbncerned with structures within the ¢#l1ft and studies assoclated
wlith the structure outside of the rift. |

Gravlty surveys conducted by Bullard (1936) revealed a
;'negatlve Bouguer anomaly associated with the East Afrlcan p]atéau.
- Bullard suggested that the anomaly Is the result of a mass
' defliclency within the mantle and that the plateau Is In isostatic
equilibrium. Fairhead and Girdler (1969), from more”recentér
‘surveys have found that the anomaly, which has a maximum amp1l tude
- of 1500 g.u (1g.u = 0.1 mgal), has gradlents of approgihately
3 g.u, km='. Small gradlents, as found by Ralrhead and‘Gfrdler,
:_suggest that the anomaly Is produced by a deep body of small denslty
j'contrast. Seismlic studles have produced a number of model§, Filg
3f(1:3), for the crust of the plateau. Maguire (1974) generated-a
| model for the crust south and west of Kaptagat from the apparent
iiveloélty of signalssacross the Kaptagat array. This model Is
Vaslmllar to that derived from earthquake data by Rykounov et al.,
17(1972) for the crust at the southern end of the Gregory Rift. The
similarity of the two models would suggest that the crust Is

- continuous between the two areas. When the two models for the




fcrUstwﬁear the Gregory RIft are compafedwwlth models for the shleld
HcrUét«of South Africa (Gane et al., 1956, Hales and Saghs, 1959,
EWIllmdfe et al., 1952) the two groups of models are found to be
fslmllar. Thls suggests that the crust of the East African plateau
1!5 of the same”structure as the crust of the South Afrlican shileld.
;Further confirmation of the simllarity betweén the crust of the
fEast African plateau and the South African shleld Is displayed In
- surface wave studies. Using multimode surface wave dispersion
itechnlques, Block et al., (1969), have demonstrated that cnust and
‘mantde under South Africa Is simllar to the Cansd model, of Brune
:énd Dorman, 1963), for the Canadian shield. Gumper and Pomeroy,
%(1970), using surface wave velocitles have derived a model, the
;Afrlé model, for the crust and mantle under the whole of Africa. -
‘The Afric model Is similar to the Cansd model which supports the
;assumptlon that normal African crust Is of shiedd type structure.
' The structure of the East African plateau has been Investligated
by Sundarlingham (1971) who has shown from the disperslion of
vRaylelgh waves between Bulawayo—Nalrob®, Addis Ababa-Nairobi
and Addis Ababa-Lwiro that the crust of the East African platean
1s simliar to the crust of the Afric model. Thls close similarlty
iis evident from the merging at short periods, of the dispersion
}curves for the East African plateau glven by Sundarlingham and the
‘dispersion curve generated by the Afric model. However, at long
iperlods the two dispersion curves diverge. The dlispersion curves
5of Sundariingham reveai a significant reduction, at tong periods,
in the phase veioclty; this suggests a low velocity upper mantle
fanomaly (Long et al., 1972). This low velocity anomaly Is probably
coinclident with the anomaly iIndlcated by the gravity surveys.

In the Gregory RIft gravity surveys have revealed a negatlve

-Bouguer anomaly of amplitude 1000 g.u and 500 Km wide. This




A

DOl }SD3 JO} S|I9pOIN A}IADIg

2:67
2:05
20 Km
Crust l2-9d 2.90
¥ JI
—40
3-20
3.3¢ —60
324
—80
100 Km
— —100
Darracott et alia 1972
Latitude 1-8°S
Coast
2:67 )?
]
—40
334
—60
322
—80
100
500 Km

— J

Fairhead and Girdler 1972
Latitude 00

29

50 Km
—d

Baker and Wohignberg 1871

Gregory Rift

29

3415

100 Km

—_—

Khan and Mansfield 1971

=20 Km-

=60



18¢2Km

59+0-2 KmSec’
171 » 6503 =~
8-0% 01 "

Maguire 1974
Western Flanks of
the Kenya Dome

2 35
11 Km 6-0 KmSeé'
22~ 6-7

82 =

Bonjer et al 1970
Crust under Lwiro

17419 -~

18 Km 5-8+0-3 KmSec?

65203

Rykounov et al 1972
Northern Eyasi Rift

3 3005

18-5Km

7-48:0-11

Griffith et al 1971
Gregory Ritt

Crustal Models
Derived from Seismic
Studies

Fig 13

6-38:0-07KmSec

1617 Km 6:0 KmSed!
26-27 » 67-71 w
8:2 =~

Bonjer et al 1970
Crust under Nairobi

8 Km 6-:3-6'4 KmSec!
10.5 " 7.0!0 .2 ”"
7.5 IT)

Maguire 1974
Gregory Rift



%nomaly Is probably due to doming, undefwthe Gregory RIft, of the
éastward extension of the low velocthimantle material found under
;fhe East African plateau. As the negatlﬂe anomaly Is traced -
;northward Its amplltude decreases and, In dolng so, correlates
;Well with the decrease In helght of the topography (Khan and
;Mansfleld, 1971). South of the.centre of upl!ft the anomaly dles
Eout between 5°S (GIrdder and Sowerbutts, 1970) and 4OS’(Darracott
;et al,, 1972), Darracott et al., (1972), also suggested that the
%anomaly I's rotated by 25° east of north. 0On to the negative anomaly
?ls superimposed a posltlive Bouguer anomaly colncldental Wlth the
iaxls of the rift. This positive axlal anomaly has been Interpreted~:!
Lby Searle (1970), Baker and Wohlenberg (1971), Khan and Mansf ledid
?(1971), and Darracott et al., (1972), as an Intrusion Into fhe
‘crust (Flg 1:3). This axlal Intrusion Is probably derived from

-the mantle anomaly. Posslible conflirmation of a crustal anomaly
.comes from magnetic surveys carried out s the Gregooy letnbyﬁ
:WOhlenberg and Bhatt (1972). In the Lake Magadi-area they found

a series of north-south anomalles varylng In amplltude between

;+200 gammas and -200 gammas and more numerous In the north of the
iarea. Superimposed on the primary anomalles are a series of NW-Sg
ffrendlng secondary anomalles. The half-waveléngth of the secondary
anomallies suggest a deep crustal orligin for the secondary anomaly.
;In the Lake Hannington area, the NW-SE trending anomalies become
domlnant and again a deep crustal origin Is suggested for the
anoma]y by thelr half wavelength. Refractlon studles by Grifflth

gt al., (1971), have shown that the crustal structure within the
}lft Is different to the crustal structure outside the rift, They
have suggested that the structure within the rift can be represented
by the model In Fig (9:3), Grifflth (1972) has suggested a

modlflcatlon which Is Illustrated In Flg (1:3), .These models must
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?Be regafded with cautlon as the refraction lines were effectlvely
unreversed, fﬁégqiéé (1974) uslng the apparent velocltles measured
1acrbss-tﬁé Kaptagat array of earthquakes located within the Gregory
}let, suégested that the crust could be represented by the model
;Illustrated In Flg (1¢3). A1l the models for the Gregpry_let
:clearly suggest that the crust withln the rift Is d{fferent to the
}shle]d crust outside. Teleselsmic studies have conflrmed the
idlfference between the Gregory RIft and the shield. Gumper and
}Pomeroy (1970) found that Sn was evident on the records for all

' paths less than 3000 Km Tn length that dld not cross the Afrlcan
;Rift zone or the Red Sea. South of latltude 100§ they found that
Sn propagated across the rift. Sn was .not seen fq}'paths that
.crossdd the rift north of the equator. 1nbbetween the equator

;and 10°S Gumper and Pomeroy found that Sn propagatlion was dependent
on path. The reglon of $n attenuation can be correlated wlth
fposiulve travel time residuals to the tables of, (i)“Herrln and

- Taggart (1968), (11) Lilwall and Douglas (1970). .The abnormal
-structure of the rift Is further outllined by delay tlmé55méasured
on teleselsmlic arrivals. Sundarlingham (1971) has ﬁeasured the
 delay of teleselsmlic arrlivals at Addls Ababa, Nalrobl and Lwlro
?felétlve to the normal crust which is presumed to underlie
iBulawayo. Delays at these statlons Indicate the exlstence of
:anomalously low velocity materlal under the statlons. However,
-the delay at Lwliro Is approximately half the delay measured at
Natrobl and Addls Ababa. Thls suggests that the anomalous materlal
fén the path to Lwiro Is less extenslve than on the paths to Nalrobl
and Addis Ababa. Backhouse (1972) has made delay time measurements
on teleselsmlc arrivals at the Kaptagat array. HIls value of 2.2

seconds dedbay on teleselsmlc arrlvals at Kaptagat Is simllar to




ﬁhé.z.S'séconds measured at Nalrobl by Sundar]ingham. Long et él,,
f1972), from the measurement of thelslowness.of teleselsmlc
Srrlvals across the Kaptagat~:array and from dlsperslph studles of
teleselsmlics, have suggested that a low veloclty mantje;anomaly
underlles the Gregory RIft. They suggested that the anomaly has
outward sloping boundaries and that the veloclty of the materlal
‘lles between 7.0 and 7.5 Km sec™!. Knopoff and Schule (1972)
:have confirmed the presence of a low veloclty channel.under the
frlft but suggest that surface wave disperslon data does not allotll:
;a definite model. They also point out that the dIsperéion curve
1for the Addls Ababa-Nalrobl path Is similar to that for paths
fhrough the Basin and Range province.

| The Western RIft, 1lke the Gregory Rift, has an assoclated
jynegative Bouguer anomaly. From the gravity data Bullard (1936)
'has suggested that Western Rift valleys are lisostatically

‘uncompensated. Gradients of 4 g.u Km_]

(Wong and Von Herzen,
‘1974) exist on the gravity anomaly to the west of Lake Kivu. To
'the east of the rift the gradients of the anomaly fall to zero.
‘This impllies that the anomaly becomes deeper to the west of the
QWestern RIft. From earthquake data, Dopp (1964) has produced a
‘model for the. crustal structure within the Western Rift. Dopp's
model, Fig (1:3), for the Western RIft Is very similar to models
ifor the crust In the shield area of the plateau. The depth to

fthe second layer In Dopp's c¢rustal model for the Western RIft Is

%varlable and the boundary may have a dip of 10-16° to the west.

BQFh the Kavivdondo Graben and the Speke Gulf have been
Lﬁnvestlgated by gravity surveys, Thﬁse'surveys have revealed
hégatlve Bouguer anomallies over the two features. The negatlve
’Bouguer anomaly over the Speke Gulf has been Interpreted by

_Darracott (1974) as elther a granitic Int}USlon or a Pre=Cambrlan




.Graben. Darraébtt=favours_gh§ latter Interpretation.

| ‘The slmllarlfy-ﬂétween the crustal model of the Western Rift
Eahd the shleld would suggest that the Western RIft Is not
 pehetrated by a crustal anomaly. The crustal structure of the
?Gregorykalft is different to the shleld structure of the plateau
‘and the crust has been penetrated by relatively high density
imaterial, (Girdler_.et al., 1989, Searie, 1970, Baker'and
;WOhlenberg, 1971, Khan and Mansfleid, 1971, Darracott et al.,
31972). The Intrusions and the mantle anomaly that underlles the
éGregomy Rift may cause the crustal structure to deviate sufficlently
ifrom the crustal structure of the normai shield to affect the
ftravel time of the seismic signals estlﬁated using the normal
;shle]d model. Ailso-If the anomaiy Is In a plastic state, or«if

' the many intruslions that feed the volcanic vents forma diffractlon
agratlng, the amplitude of the seismic signal may be affected. Ahy
_siich variation In the ampl i tude of fhe signal or travel time should
' be evident from measurements at Kaptagat and Nalrobl. A§ the
?Gfegory Rift crosses the Kenva Dome the stretching of the crust

?by the mantle anomaly may affect the local stress distributlon.
éThe pattern of the selsmicity should reveal the currently actlve
faults. ﬁrom the pattern and nature of the actlve faults it may

;be possible to eluclidate the local and general stress distribution.

;1:6 Theorles of rift formatlon.

s A nuﬁber of dlfferenf hypothesés involving compresslion, tension,
féhbsidence of faulted blocks and the movement of plates have‘been
%pqt forward to explaln the African RIft system. Gregory (1921)
Eproposed that the Kenya RIft Is the result of compresslonal archfng
with the faulting resulting from extension on the top of the dome,

iGregory's proposal has two serious fallings: (1) The blocks between
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ihé faults have undergone subsldencé_and (t1) the existence of the
rﬁestern ﬁlft cannot.be explalned by the same process. Bullard,
:(i936),‘also belleved the rifts to be formed by compfesslon and
ésuggested that the rift valleys were formed by overthtiusting.
{However, the geologlcal and geophyslical evidence has Bhown that the
?faultlng Is normal ana therefore not the result of compression.
iThe doming In the Kenya Rift plays an Important part In the
ihypothesls suggested by Willls (1936). He suggested that the
faulting In the rift was the result of tension caused by doming of
gthe crust by a subcrustal asenollth. Support for the domiﬁg
thypothesls of Willls came from modelling experiments. Using models,
ECloos (1939) simulated the crust In East Afrlca. By doming the
{model crust he managed to produce patterns of faulting In the model
‘similar to the pattern of faulting In-East Africa. The modélllng
experiments of Cloos will not.explaln the depth of the grabens.
Freund (1966) suggests that these grabens are too deep to be
explained by the doming hypothesis of Willls or the subsiding block
hypothesis of Girdler (1964). From gravity data énd the temporal

'‘pattern of volcanlclity and faulting Glrdler et al., (1969), Searle

'(1970), suggested that the rifts are the result of thinning of the
:llthosphere. The thlnnThg of the 1ithosphere Is probably a symptom
rpfssbme other process and therefore not the ultimate cause of the
faulting.

. A number of well defined selsmic bands are now recognlzed as
;;he boundaries of 1lthospheric plates capable df moving over the
fasthenosphefe. Using the pattern of selsmlclfy part of a plate
?oundary has been deflned running down the Dead Sea and the Red Sea,
Jnto the Afar Triangle. In the region of the Afar Trhkangle the
;elsmlclty spllits Into two trends; one trend Is colnclident with

the East African Rift and the other Is colnc¢ldent with the ridge

Sl mee e d e




}n £he Guif of Aden. In the Gulf of Aden the edges 6F the
'éoﬁtfnental crust are separated by at least 200 Km of_oceanlb
crust orlginating foom the cental ridge. In the Red Sea the
presence of the oceanlic crust Is Indicated by a basement with a
p-veloclty of ‘6.6 km sec™?. The basement Is overﬂéln by 3-5 Km
of dedlmentary materlial with a ve%oclty of 4.3 Km sec”!.
However, within the Red Sea the width of the oceanic crust has
;decreased to 50 Km (Tramontl! and Davles,>1969). This diminutlion
fln the width of the oceanic crust suggests that the movement of
:the ptates diminishes In a northward dlrettioh. The movement of
ithe plates reiative to each other has been represented by
trotatlng the plates about potes of rotation. From the pattern of
 magngtlc lineatlions parallel to the Indian Ocean rlidge, LePRichon
iand Hélrtzler (1968), found that the rate of separatlon of the

1 at the Southern Indlan Ocean

"two plates decreased from 3.0 cm yr~
.rldge to 1.5 cm yr'] at the Carlsberg ridge. LePRlichon and Helrtzler
‘combined these movement rates with the transform faults of Laughtoﬁ
(1966), to put the pole of rotatlon for the Arabla-Somalla plates
‘at 26°N 21°E. LePichon and Helrtzler also found breaks, dated

at 9-18 my B.P. In the magnetic lineatlons. If these dates are

‘correct the break would correspond to the Inltlation of the East
FAfrlcan Rift and thé cessation of the movement of Afkﬁca agalnst
%Europe. In the eastern Medlterranean the lack of compresslonél
;features In rocks younger thatrmiddle Miocene Indicates the end
bf the northward movement of Africa. Further evidence of a change
5jn.the movement of the plates Is seen In Ethiopla where the style
bf deformatlon changes In the Mlocene (Gass and Glbson, 1969),

The Inablllty of a two plate model to explaln the dlfference In

spreading rates@along the arms of the Afro-Arablan rift system
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Ted to ghe prbposa] by Gass and Glbson (1969) of the Nubla, Somalla
rand A}ébian plates. Thls three plate system was extended by
fMCKenéIe et al., (1970), and Roberts (1969) to Inc]dde three poles
of rofatlon. MCKenzle et al., (1970), found that by matching the
Gulf of Aden coastllne, at the 500 fathom contour, the pole of
‘rotatlon for the Arabla-Somalla plate system cou]d‘be put at 26,5°N
'él.5°E. The method of transform faults»also gave tﬁe saﬁe pole of
‘roﬁatlon and thls Is seen as conflrmation of the posftion of the
-pole. By matcﬁlng the coastline of the Red Sea, MCKenzie et al.,
iplaced tﬁe pole of rotatlon for the Nubla-Arabla plates at 36. 59N
_l8pE. The pole of rotation for the Nubla-Somalla plates was
:computed, by the above authors, to be at 8.5% 31%. |f these
-poles of rotation are used the crustal sepatration would be 30 Km
~In Kenya and 65 Km In Ethiopia. Freund, (1970), suggested that
lfittlng of the Red Sea coastline was impossible because of the
:Danakil horst and that a pole at 36;5°N 18%E is inconsistent wlth
{present knowledge about the Suez and Dead Sea rifts. Freund
suggested that the Nubia-Arabla pole could be better placed If the
-2000 m contours In the Red Sea were matched. Matchling the 2000 m
~contour would put the pole at 32°N 22°E. Roberts (1969) suggested
that the pole of rotation for the Nubia-Somalla plates should be
at 30°N 47°E. This pole must be Incorrect as it Implies that the
East African RIft Is spreading faster in Kenya than In Ethliopla.
Mohr, (1970), 1n order to explain the rifting and the movement
vrates has proposed a“four plate system, Altﬁough attempts have
‘been made to explaln the motion of plates about polés of rotatlon
1hone fully explain the obserygd features. For Instance, In Kenya
the sepatatloﬁ of the Gregory RIft is probably smaller at the
north and south ends of the rift than in the centre. However, the

selsmlclity does suggest a 1ink between the East African RIft system

and the ocean ridges.
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Oxburgh and Turcotte (1974) have postulated that-tﬁe East
African RIft system Is a product of membrane tectonlcs. They
have suggested that stralns, of the order oflo.l%) and stresses,
of the order of the strength of the plates, may result when a plate
moves over the 'surface' of-the Earth. As the Earth Is not a

“berfect sphere a plate of 1lthosphere moving to a new latltude may

;have a different éurvature to the asthenosphere over which it lies.

- For a plate moving to the equatof from the poles they suggest tﬁét

~tension will predominate In the centre of the plate and compression
on the edges. The tenslon In the centre of the plate may give

irlse to riftlng similar to the Africancrifts. Thls hypothesls.
~differs from. the 'plate movement' of M®Kenzlie and ‘others In that
it requires only one ptate and no extra splitting force.
The plate system explalns the general rifting but not the

: doming which occurs In the East African RIft system. Harris, (1969),

~has suggested that the continental swells are the results of elther

_convectlve uprise or depression of the phase,transformation
‘boundaries or both. He suggests that frictlonal and mechanlcal
energy canno£ provide the heat needed“to cause melting as the

- movement rate, 0.5 mm yr-], (Baker and Wohlenberg, 1971), for the

1 East African Rift, Is too slow. Reductlon of the pressure by

'compresslon will result In a small degree of partlial melting,
(Balley, 1964), but insufficlient to explain the continental doming
and volcanlsm (Har?ls, 1969). Magnitsky and Kalashnlkova, (1970),

_ have suggested that, after allowing for.eroslon_and Isostatlc
relevelling, a phase change resulting In the displacement of the
translitiénad’ zone at 400 Km depth will result In displacement at

the surface. For an Initlal displacement of the transitional
zone of 200 m, the surface of the crust will show a displacement

~of 1 Km. Osmaston (1971) belleves the uplift to be due to heatlng
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wjfhln'the méntlé énd'perhabs the crust. He calculates that an
Ongaif‘rlse in tempefaturé of 200°C of the mantle will=glve an
upiift of 1.5 Km. The heat Is provided by the penetration of hot
material from the asthenosphere into the lithosphere. Initially
‘the'contlnehtal lithosphere will be cold and most of the heat of
 the Intrusion will be dissipated In the wall rock. As the walls
‘become hotter the Intrusion rises higher. The heat lost to the
:wall may go toward alding the domal uplift of the crust. Gass,
(1970), has suggested that the mantle under the ocean ridges Is
:in a state of thermal Inequllibrium. The body resulting from the
“thermal inbalance may start at 300-400 Km depth and may not have
‘a deflhed bése. Confirmation of penetrative convectlon wlthin
“the mantle may come from swarms of earthquakes, wlth focli at

50 Km depth, which occur under a volcano before eruption (Elder,
1966).

The seismicity of the Grefory RIfti'will reveal the active
;faults within the graben. The pattern of actlivity may glve sofe
}lndlca;lon as to the movement of the plates and the effect of the
Kenya Doﬁe. The penetrative Intrusion, which probably forms the
‘Kenya Dome, may weaken the crust and so affect the seismiclity.
Hence the selsmicity and the assocliated selsmlc parameters may

glve some indication of the mechanics of the rift.
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CHAPTER 2
DATA COLLECTION

~2:1 Geology of the area around Kaptagat.

The Kaptagat array lies ten kilometres to the west of the

- Elgeyo Escarpment and is sited on phonolite lavas of the llasin
Gishu plateau. The origin of the array Is at latltude 35.&62°E,
longlitude 0.452°N. Three major faults lie within the Immediate
viclinity af Kaptagat. These faults, known as the Elgeyo, Nyvando
and Nandi faults, form an open box around Kaptagat. To the east
of-the station the Elgeyo fault runs In a NNW-SSE direction. Thls
fault Is the youngest of the three and was initiated during the
formation of the Gregory Rift. West of Kaptagat and running In a
parallel direction to‘the Elgeyo fault, is the Nandi fault. The
Nandi fault is of post-Myanzian, pre-Kavirondian age (Jennings,
1964). This fault shows signs of rejuvenation near Broderick
Falls. North of Kaptagat the Nandi fault disappears under the
volcanics of Mt. Elgon. The Nandi fault may be condlnuoﬁs wi th
faulting in Uganda to the north of Mt. Elgon. The southern side

of the open box Is formed by the ENE-WSW strlking Nvando fault.

» This fault is,%he northern 1imit of the Kavirondo graben. As the
Nvando fault Is traced eastwards it disappears under the phonolite
lavas. However the drainage pattern on the lavas does suggest
structural control which may be provlded by the Nyando fault.

The phonolite lavas that the seismometers rest upon are the
older of two flows that were errupted, durlng the mid-Miocene,
from fissures to the east of the Elgevo escarpment. Near the
Kingwall swamp thg lower lava flow is approximately 166 metres
thick. Both the upper and the lower lava flow dip slightly to the

west, This dip Is consistent with their volcanf& origln. The




1avas rest upon lower Miocenerlaruqtrlne sediments. These sedimenfs
in turn rest upon a Pre-Cambrlian basement consisting of paragnelss,
| granitond gneiss and metamorphosed Nyanzlan basaltic lavas. The
-gnelisses are the product of regional metamorphism upon semi-peiitic
sediments. Evidence of Intense f’oldin«r and faulting can also be--
found in the Nyanznan lavas (Jennings, 196b4).

Both normal faults and thrust faults occur in.the Tmhediate
vicinlty of Kaptagat. The thrust faults are restricted to the
Pre-Cambrian and are not assoclated with the latest phase of

faulting that gave rise to the Eastern RIft.

2:2 The recording and playback equipment.

The Kaptagat array consists of two arﬁs of five vertical
Willmore Mk || selsmometers with a natural period of two seconds.
' One arm Ts_allgnéd approximately east-west and the other arm Is
- a]ignéd'Tnﬂa north-south direction, Each arm of the L-shaped'
| array |Is approximately five kilometres long. The selsmometersl
forming the arms were positioned using a compass and f$ne method
which gavé;an’accuracy In locatlon of * 30m excebf for selsmometer
Y5 where‘thé accuracy in location Is * 60 m.

The s.ignal from the selsmometer is fed Into an amplifier
package located In the seismometer pit. This amplifier package
conslsté of a pre-amplifier, a handpass filter, a modulator and
a buffer amplifier. The response of the filter is simllar to
that glven in LONG (1968). Each seismometer is connected to a
central recording station by twin telephone cable. This cable
served a dual purpose In that it carrled :the frequency modulated
slignal and the power, which Is derlved from twelve six-volt

accumulators and delivered town the line as D.C., to dflve the




émplifier packége at‘ea¢h p{f% mAf-fHelséIsmometér'bit'there I's
é'battery_béck{lﬁto-whlch tﬁé 1lne pbwer.is fed. This acts as a
reservolr ahd'Back‘up In case of line damage and 1imits the line
Qoltage. The system Is so designed that 1t remains operative if
the lines are in poor condition or-even if one of the cables Is
broken. The frequency modulated signal was recorded along wlth
the signal from a long period instrument, a binary time cdde, a
reference signall and a radiO'signal on 14 track one Inch magnetlc
tape. A’quartz crystal clock with diift less than 1 part In 108
was used to generate the time code, (LONG} 1968). Tape speed was
15/160 Ihcﬁés per second’a]loWTng signals of frequency up to

20 Hz to be recorded. Standardization of time was achleved by
comparing the blnary time code with G.M.T. time pips recbrded on
the radio channel. Each day the condition of the selsmometer
package wés checked using an ihpulse calibrasion method.

The analogue magnetic tapes were plaved back, In~:the

laboratory In Durham, at a spéed_ten times faster than that at
which they were recorded and the signal displayed using a 16
chanhel jet pen recorder. Ten of the jet pens were used tp_write
kthe slgna1 from the ten selsmometers of the Kaptagat array, Of the
remaining s[x channels‘three were used for the binary time code and
Vthree for output from three Krohn-Hite filters. The three Krohn-

Hite fllters were used In bandpass mode to emphasize the signal

:when the signal to noise ratio was low. Because at any one time
{only three selsmlc channels could be filtered each event was
‘written a number of times. Each time the event was playved out
the seismic inputs to the Krohn-Hite filters were changad. In
order to produce the best posslible set of traces for each event

the limits on the bandpass fllters were varied until the optimum




regpohse was found. i he hahdbéss limlts were the same on each of
;the;f?ltéfs ahd_kéé& cénstant duflng the playbaékLOF an event,
}Prior to each sesslion of playbaé&.of records the aligpment'cf'the
;traces on the jet pens were checked. It was Important to thé
method df~analysis that the traces were correctly allgned or that
. the relative offset of .the traces was known, Ea¢ﬁ:set-of”seisﬁlc
event records were Breceded by a wrlitten display of the'céllbratlon

?pulses recorded on each of the selismic channels.

;2:3 Readings made on the Kaptagat records.
The signal onset time at each selsmometer was measured
fre]atlve'to an arbltrary base line. These méasdréments werexused
to find tﬁe directlion of approach of the signal. o facllltafe
-~ the measurement of the relative bnset tifie of the signal the traces
"of the binary tlme’qode were utilised to draw -an arbitrary base
line., A magnifyingrélass and half millimetre scale were used to
' measure the offset of the onset of the selsmic signal from the
~arbitrary base line. . For events with the onseﬁ represented;by an
Iinstantanious break In the trace the offset was measQred to -an
- accuratty of * 0.05 mm (% 0.002 seconds). However this accuracy
"~ was not possible for all events, fhe majorltyqof the offset
measurements being made to an accuracy of ¥ 0.01 seconds.
The onset time of the signal at the chdssover polnt of the
arms of the arrdy was estimated from the arrival time of the slgfal
at selsmometer Y1. A correction was applied to this measurement
~to allow for d#fft of the clock that generates the time code. The
‘corrected onset time at the crossover point was designated as the
;arrival time of the event at Kaptagat and has a reading error of

<+

= 0,0L seconds.
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j”iﬁquhe body-ivave maznltude of each event was determinad from
thd-amplitude and period of the flrst six cyctes of the sIgnal
H;éhéﬁChapter 6§). The amplitude of the slignal was measured to an

dccuracy of + 8.5 nm and was converted to ground motion using the

1 Ty

esponse curve indicated by Fig (6:2). The period of the signal

xS

ias measured to an accuragy of + 0.08 seconds.

‘ e S .

:2;& Data from other stations.

“‘3. ﬁairobl seismic station Is a member of the World Wide

by )

-Atandard Selsmograph Network (W.W.S.S.N.). The equipment at the

3
-
.
,

),

‘fﬁét}on consists of three long perlod Spregnether seismométér§f

hd three short period Benloff seismometers. The records from‘the
bng period Instruments were not used in this study. Two of the
enioff selsmometers are operated In horizontal mode and the

hird In vertical mode. The output from the Benloff selsmometers,
hich have a free period of one second, is fled Into galvanometers
Ith a free perdod of 0.75 seconds. The llight beam from the
élvanometers then describes a trace upon photographic paper.

hese péper records are photographed and the negatlives used to
foduce the seventy millimetre film chips used In this study. To
roduce the fllm chips the negatives are reduced in size by a
actor of approximately elght.

To view the film chips a microflIm reader was used to display
he traces -on a graund glass screen. The magnification of the
ftrofl]m reader is such that the Image on the ground gldss screen
s-approximately 1,41 times the origlinal paper record. As the
’e?ofdlpg system at Nalrobl has a magniflication of 50K the slgnal
'.digpié&éd as a trace on the ground glass screen has undergone a

totg] magnification of approximately 70.5K. Time on the Nalrobl




30

récérﬁs-is"formed‘by minute and hour marks superimposed upon thg
seismic traée. The clock from which these pulses are taken
experiences a drlft of between 0 and 600 milllseconds per twenty-
four hour perlod. The‘onset times of the events were measured
relative to the nearest minute mark. Thls measurement was per-
formed using a half-millimetre scale and a magnifying glass and
gave a reading accuracy of * 0.18 seconds. Besides the onset
time of the evtdt the maximum trace amplltude and the perlod of
the first six cycles of the signal were measured in order to
estimate the body wave magnl!l tude. The trace amplitude was
measured to an accuracy of ¥ 0.50 millimetres and reduced to
ﬁround motlon‘uslng the response curve for the Nairobl Instruments
indicated In Fig. (6:2). The reading accuracy on the perlod
measurements Is approximately ¥ 0.18 seconds.

The selsmic observatory at Nairobi is sited on a serles‘bf
Tertliary lava flows, pyroclastic rocks and intercalated éediments.
This series lies direct]y upon the Pre-Cambrian basement. The
average noise levelrﬁt the Nairobi observatory Is 0.01r of éround

motlon with a pFedominant period of 0.5 seconds. This value of

the average ‘noise lgyel'was used to check the ca]culated total
magnification of the Nalrobl records when displaged using the

microf!im reader at Durham.




CHAPTER 3
LOCATION OF EARTHQUAKE FoOCII

%:7 Inteoduction.

i

W*' To locate the epicentre of an event usinz only one station
|

Fequlres knowledge of the azimuth of the eplcentre from the

tation and the epicentral distance. WYith an array station It

|

s possible to determine the azimuth of approach and the apparent

Ye]oclty of a slignal as It crosses the array. |f the velocity

Structure of the crust is known the apparent velocity of the

signal can be used to glive the angle of Incidence of the signal.
Traditionally the eplcentral dlstance is determined from the
Fime separation between the Pg and Sg arrjva1s’on the record.
“Thase arrivals have travelled the direct path from the focus
&f the event to the station. The Pg-Sg tlme can-be cohverted
fihfd the travel time for the Pg arximadl, TFf the veloclity
'strUCture of the crust is known the travel time of the Pﬁ
ﬁr}fval can be used to estimate the distance between fhe'Focus
and the station. At large distances the travel path disfance
%or a PB arrival approximates tb the epicentral distance. |If
Y4 is.nof VWsible the Pg-Surface wave time can be used to
-&stimate the epicentral distance. The Pg-Sur time represents
the difference In travel time of the Pg arrival and the travel

rtfhé‘of the surface waves between the eplicentre and the station.

Thleg~Sur time has been limited empirically with the Pg-Sg

tfﬁéfWhlch enables the epicentral distance to be determined.
= ::Two methods can be used to determine the azimuth and
Bbbafcnt velocity of the signal. One of the methods, veloclity
’?}i;erlng, Is based on the correlation of the signal between

c#ach of the seismometers. Velocity filtering can be pcrformed
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on the Department's lodular One coﬁputer. The signal at each
seismometer is deiaved so that it represents a signal arriving

at the origin of the array. The delay is derived using an

assumed velocity and azimuth for the signal. The delayed signals
gre summed to give a measure of the correlation. By stepping-
through velocity.and azimuth a matrix of correlation is formed.
The'maximum correlation corresponds to the apparent velocity and
azfmuth of the signal. In the second method, onset time analysis,
a plane wavefront is fitted to the onset times of the signal at

dach of the seismometers. Corbishley (1969) found that the

dnset time analysis method provided a more accurate determination

qf the azimuth of an event than correlation methods. Throughout

i .
the following discussion onset time analysis was used to determine
l

ghe azimuth and apparent velocity of the signal.

§:2 Height correction.

The seismometers of the Kaptasat array are each at different
heights. Before any operation is performed on the onset times

gf the signai at each seismometer the onset time has to be

[e]

orrected to effectively place each séismometer on the same

rbitrary horizontal plane. Fig (3:1) illustrates the travel path

Q

df a direct wave and a head wave to a seismometer which is at a

0

efight h Km above an arhitrary horizontal plane. The diagram also

Shows the two paths required to reduce the seismometer to the

b,

rbitrary horizontal plane.

[o}]

For a head wave the height c¢orrection is given by,

t = h _cosB where,

Vs

VS is the velocity of the surface rock and 8 is the angle

iIndicated in Fig (3:1).
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Similarly, the height}cdrrectlon“for a direct wave is given by,

t =hcosf)
Vs
Because the nature of the arrival is not known before the onset
times are'analysed'the helght correction has been approximated
by-h/VS. The difference between the true height correction and

the approximation is,

g=%(l~cos¢) =0
S

Assuming a value of L.5 Km secfl for VS (Backhouse, 1972), the
maxfmum value of g for a head wave Is glven when cosﬂ = 0. For
a selsmometer 0.06 Km above the arbltrary horizontal plane § ts
éppromeately 0.01 seconds for a moho head wave. This error is
of the order of the reading errors on the onset times of the

signal.

3:3 Determination of the azimuth and apparent veloclity of the
signal,

Suppose that the positions of the n selsmometersjof,the

Kaptagat array can be designated by the coordlnatesjii vi. fa.
signal of constant Veiocity V, and azimuth «, crosSés the array
the apparent velocity VA' along the radial i is given by,

Vp = Voo
cos (X - kj).

The angle, measured glockwise, between the radial 1 and true
north is designated by ki. Relative to the origin, taken at the
crossover point of the two arms, the arrival time at the Ith

seismometer is,

t; = -R; cos (ki -X )
\')




N N t, = =X s]n‘e( + y.CcOoSe where
. = ' Y Ty .

v ni is the radial distance from selsmometer | to the origin.

As the arrival times are normally measured relative to

M 1 afhltrary zero and not the orlgin, the observed arriwal time,

. Nj, €an be written as Oi = ti +7T where X is the arrival time

ot the origin, IF 0, Is In error by ey,

0; + xISISa-+ yic03°<-'f = e;  (Carpenter, 1966).

his equation which contains three unknown variables, siney/V,
oset/V and U can be solved by least squares if the array has
ore than three séismometers, In a least squares solution,

d eiz = 0 giving the normal equation

d"';k
n m - n
2025 X[KX 535 = 2(ap Xity

h the above equation a; represents the varlables sine¢/V, coses/V

nd T , t; Is the arrival time at the ith seismometer and Xy 3

1, 3) are unlty and the coordinates of the Ith selsmometer.

(=3
1}

his formula can be represented by'the general matfix equation

Y which can be solved by matrix inversion to give the

_v%riables a; (j =1, 3).
[

ra

If the event occurs close to the station the approximation

[

~ of a plane wavefront Is not correct. For a curved wavefront
)

v

c?dssing the array the azimuth of the signal varies for each
i?éeiSMOmeter. If the focus of the event is at or near the surface

:fhe\ahgig_of Incldence of the slgnal will remaln constant across
L .

e

SN

- (
dhe array. However if the focus lies deep wlithin the crust the
‘San;Té of incidence of the signal will vary from seismometer to
seiSmometer; Hence the direction of approach of the signal

WIIT'not be constant across the array, Fig (3:2) shows the error
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[
1
e

;ln azlmuth and apparent velocity, calculated by ‘the method
l%f onset tlme analysls assumlng a plane wavefront, for events .
iat}an eplcentral distance of 50 and 100 kilometres. Flg (3:2)
fclparly shows that the error, dUe to the assumption of a plane
i:avcfront, s a &unctlon of the true azlmuth, uhlch is plotted-
‘bs the absclssa of the graph. The graphs also show that the
prror, due to the assumption of a plane wavefront, decreases
fps the epicentral distance increases. For an eplcentrél
hlstance of 100 Km, the maximum error,due to the assumptlonlbf
b plane wavefront, In the azimuth and veloclity are * 1.3
idEgréés and * 0.08 {m sec”! respectively. The correspondlng

"&alucs for an epicentral distance of 50 Km are + 2.9 degrees

#nd*i 0.2 Km sec'l. A curved wavefront program has been

ﬁeveloped to process close In events and this program will be
1.

o isédbsed in section (3:b).

4 Curved Wavefront analysls.
The crust under the Kaptagat array approximates closely

"o a simple horlzontally layered structure, (see section

K3:5)). [If the focus of the event [s a point source the
Vravefront emltted from the focus will form a sphere. For a.
ﬁ;nlform layered structure the spherical wavefront should

retaln iss shape, within each layer, as the signal travels
fthfgugh the crust. The locus of the Intersection of the sphere
Qi£ﬁ:the surface forms a clrcle with the epicentre as [ts centre.
llnﬁfhe curved wavefront program the onset time of the signal at
7* h seismometer Is calcutated for an assumed azimuth, eplicentral

Jl tance and veloclity. These calculated onset times are compared

Jlth the oh erved onset. times to glve an error of fit. The

ézlmuth, eplcentral distance and veloclty which corresponds to
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'¢ﬁetnfnlmum erfor of flt are takén to represent the parameters
of the slgnal;'

 '.To achieve a stable answer requires accurate picking of the

3 hsét times at the selsmometers. The azlmuth and veloclty

Ufékly attéined a stable valuec but the stablility of the eplcentral
istance was strongly dependent upon the accuracy 64 the onsets.

he advantage of the curved wavefront program over the planc
javefront analysis Is limited by the accuracy of the mecasurement

f the onset times. Conslider an event with a surface focus and

he epicentre aligned such that the azlmuth Is at right angles

o the strlke of one arm of the array. On the plane wavéfront

nalysis there should be no difference between the onset time

of the signdd at the centre of the arm and the onset time at the
extremities of the arm. However there Is a difference In the
nsét.tjmes because the wavefront Is curved. For an eplcentral
istance of 25 Kms the difference in the onset times of the middle
_nd the extfemé seismometers Is approximately 0.02 seconds. In
eneral the readlng accuracy on the onset time is ¢+ 0.01 seconds

o the error on the difference of the onset times at two
eismometers Is * 0.02 seconds. Hence the curved wavefront

rogram Is no more accurate than the-plane wavefront program at

plcentral distances greater than 25 Kms,.

:5 Errors in the measured azlimuth and veloclty.

The measured azimuth and veloclty may contaln errors due
o‘incorrect reading of the onset times, mislocation of the
xgismometers and dffects due to the local geology.

H The measured azlmuth of the event may contaln an error

ﬁfroduced by an ersor In the coordlinates of each selsmometer.

—

téaufre (1974) and Backhouse (1972) have studied extensively the




! -t . .
effect of incorrect pit coordinates upon the azimuth and apparent

!

Oélqcrty of the signal across the array. By varying the position

“ffeach selsmometer within the estlmafed accuracy on the ¢obrdinatés
'ffﬁﬁé selsmometers, Maguire found that the maximum error due to
ncorféét pit locatloné wés + 1.05 degrees on the azimuth and *+ 0.15
{m sgc'l on an arrival with apparent velocity of 8.0 Km_sec-l, The
errof on the azimuth is independenf of the apparent velocity of
théfé}gnal. The error of + 1.05 degrees on the azimuth implies
;thaf %or an eplcentral distance of 600 Km the eplcenfre will be
ocqted on an arc, centred on Kaptagat, approximately 21 Km In
jensth. For an epicentral distance of 60 Km the arc Is reduced

to 2.1 kn. |

An error exists in the measured azimuth due to reading errors
¢n the onset time of the signal at each sédésmometer. Kelly (1964)
.has.§hown that if the reading errors are Gaussian variables, the
rﬂh.é; error on the slowness Is glven by,

. +
1) Ke=( (XX) cos2A - 2(XY) sInA cosA + (YY) sinZA)
ey

n the abovevexpression,

m is the number of seismometers,

_ﬁ f§ the az Imuigth of the event,

g Is the variance in the onset time,
K is the wave number,

(XxX)

fl
[
M
3
x
i
>
e

(xy) = 1g7 0 (x; - X)y; = )
m i=1

(yy)

127, vy - )7
1z,

D = (XX)(YY) - (XY)2

fquation (1) has been wearranged to give an equation (equation (ii))



“¢or the r.m.s. error on the azlmuth,

G " Mo ¢ 000 s 1n2A + 2(XY) sinA cosA + (YY) cosZart

%heiév Is the velocity of the signal across the arry. The
 yéfIénce was calculated by repeating five times the measurement
':fifhé onset times. This procedure was performed for a number

f events and the maximum varlance was found to be 0.009 seconds.
s the error due to random readings Is not single valued the
varlation of the random reading error withlazimuth and velocity
has been plotted In Figin(3:3). From the dlagram It can be seen
that the maximum reading error in the azimuth is 1.1° for a
signal with an apparent velocity of 8.0 Km sec”!. The random
~$frors'plotted in Flg (3:3) may be regarded as a maximum as

¢vQﬁts wlith clear onsets will have a smaller varlance.

The expected arrival time of a plane wavefront at each

>

eismometer can be calculated from the measured azimuth, velocity

'qnd the arrival time of the signal at the origin of the array.

‘hﬁ-d;fference between the expected and the observed arrival
Ime of the sighal at each seismometer gives the residual at each
eismometer. llhen the residuals are plotted acainst the calculated

zimuth of the event théy appear to follow a sinusoidal functlon

-

Lith an Imposed D.C, level., Corbishley (1969) has shown that the
residuals on the selsmometer onsets can be fitted:ito a functlon

of the form,

iii) QI = A + B, sin (u PI) + e,

my

fuhpre 111 are the resliduals for the Ith seismometer,

 Is the azimuth of the kth event,

0(
éi a phase angle for each selismometer,
f the remaining error,

3 ﬁnd B are constants for each seismometer.
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gBefoke the plane wavefront analysis |s performed the onset times

" are corrected so that the selsmometers are reduced to the same

- horizontal plane. Ih the above equatlion AI may be gonsldered as

representing thererror on the Helght correction for each

selsmometer. The error AI may arise from three factors. |If the

. p-wave velocity used for the surface material is in error the

fheight correction on the onset times wll11l not compensate foo the

relative heights of the selsmometers. The height correction also

depends upon the relative heights of the selismometers. An error

.In the relative helght may contribute to the D.C. resliduals.

Lastly as shown In section (3:2) the height correction employed

Is only an approximation to the true height sorrection. Because
the helght correction does not fully compensate for the felatiVe
helghts of the selsmometers there will be a residual error. This

residual error gives the Ai term. The sinusoidal part of equatlion

~(111) may represent the effect on the onset time of a dippinﬁ»

layer beneath the array. Maguire (1974) found that the values

- of Bi<wére,less than & 0.019 secéhds indicating that the near
AﬂsurfaCe structure under the array lIs nearly'horlzonﬁél. This
vragrees wlith observations of the local geology. Manuire found

‘thaf the Ai vaers were generally less than + 0.007 seconds

: implying that the helght correction is effeét!ve.

3:6 Estimatlon of eplcentral dlstance.
As mentioned in section (3:1) the P-S time is converted to

the P travel time to glve an estimate of the travel path distance.

- The P and S velocltles are related by the equation,

V -
B = if__iﬁfi where,

Ve (1 - 207)
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pflsJPoi son's ratio,
;La_iétthe p-wave veloclty,
145 fs‘thp s-wave vélbclty.
;Jf c;is 0.25 the ratio V V is 1.73. In this study Vp was taken
:=qual to 1. 7uvs, correspondlng to a Polsson's ratio~of 0.2584,
after Anderson (1965).

For close in events the first arrival is normally a Pg phase.
{ith increasing epicentral distance the first arrlval changes to
’#*Hﬁd then Pn (Flg 3:4). In records where the first arrlval was
Pﬁ ﬁf;?h It frequently difficult and often impossible to Identify
Pﬁ,! Pnnce throughout this study the P-S time was taken as the time
po??rntlon between the P and S wave onsets. This quantlty defines
tuo-ﬁ-mave travel time for the path Involved.
rrequently the S onset was not clearly visible on the record
Jn thls case the P-Sur time was used to estimate the travel path
distance for the P wave. To obtain thls estimate the P-Sur time
vas.coﬁverted to a P-S time using the emplirical relationshlp shown
In Fig (3:5). This graph was constructed using tHe events, located
to the west of the Gregory Rift,which showed cleér S and surface
Wwave onsets. A similar empirical re]atlonshlp was derived for the
-5 and P«Sur time of events located within the Gregory Rift.

;Tho p0|nts that form the graph, shown in Fig-(3:5), beyond a P-§
le; of 45 seconds show a large degree of scatter. Most of the:
i‘Vnnts with a P-S time greater than 45 seconds come from the area
gd thp Ruwenzori Mountalns. This Implies that the scatter cannot

‘Lo duq to varlatlon In the structure of the crust. The scatter In
thegdiagram s probably due to mislidentiflication of the S or Surface
wave onsets.

The S-wave onset-Is usually marked by a pronounced change in the
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frequency and amplitude of the signal (Flg 3:6). 'Tﬁe surface
waves showlé giear'lncreése In period and ﬁsually have a larger
ampl!tudé ﬁhanffhe prevlbus arrivals. |

As defined the P-S time glves an estimate of the travel path
distance. To 1ink thls dlstance with the eplcentral distance
fequlres a kﬁowledge of the type of travel path and the focal
depth of the event. The p-wave travel path can be found using
the apﬁg;ent vetoclty of the arfiVal,‘eg;rlf the Initlal P-wave
has an apparent velocity of 6.5 Km sec-] the travel path is
probably P* taklng the crustal model In Fig (3:4). [If the focal
depth was not known It was assumed to be five kllometres. Thls
éssumptlon was based of the focal depths determined In this study.
Also, Molnar and Aggarwal (1971) found‘that the majb?ity of
microseisms In the Gregory and Kavlieondo Rifts lid within the. top
5 Km of the crust. The effect upon the eplcéntral distance of an
Incorrect focal depth is I1lustrated in Flg (3:7).

The conversion of the p travel tlme to travel path dﬂstance
and eventually epicentral distance was achleVedbusing the model
for the structure of the crust, Fig (3:8), derived by Maguire
(1974). Using a range of focal aepths from 0-35 Km and a set
éplcentraJ distance the travel time was calcufated fon the direct
haves, the moho reflection and all thé head waves generated by the
ﬁodel i1lustrated in Fig (3:4). The set of travel times for each
fbcal depth were compared to find which path gave the shortest
travel time. The shortest travel time for each focal depth was
stored In a. two-démensional métrlx and the proéé;s repeated for
inother eplcentral distance. This travel time matrix was used to

rive the eplcentral distance.
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17  Measurement of focal depth.

The eplcehtral distance and focal depth are t1gh£ly bound
ﬂbgéther, ah error In one affects the other. |If, for a head
vave arrival, the true focal depth Is deeper than the measﬁred
‘ocal depth the measured epléentral distance wlilﬂbe»shortér
lhan the true epicentral distance. The reverse applies to
lfrect arrivals, ie, If the true focal depth is deeper than the
easured focal'depth the measured eplcentral dlstance will be
longer than the tntue epicentral distance. From this It can be
éeen that, except in a few cases, It Is Impossible to divorce

the focal depth from the eplicentral distance.

:

The focal depth of a large number of ewents can be used ‘to
deflne the fault plane. The events, to which the focal depths
apply, must be spread over the fault plane and not clustered at

one depth. Once the fault plane has been deflned the natUre;le,

ﬁormal, reverse or thrust, of the fault can be determined.

‘ One or more of four methods were used In an attempt to

define the focal depth of each event. All of the'metﬁods.fequlre
the use of a cfgsta] model to represent the structure of the cnust.
The four méthods fnvélve; -
(n A combination of fhe eplcentral distance derived from the
: curved wavefront program and the P-S time,

(1i) The use of the angle of approach and the P-S tlme,

(lll) The use of the P-S time at Nalrobl and Kaptagat and the

azlmuth of the event from Kaptagat,

(lv) The time separatlon between known flrst and second P

arrivals.
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Zocal depths of very close events.

, “¥he eurved wavefront program glves a direct measure of the
R

voicéntral dlstance. As the curved wavefront analysis applles

j'%]yiﬁo close in events the flrst arrival is a P, phase. Hence

g
;tﬁbfpé-sg time gives an estimate of the direct distance from the

N

tatdon to the focus. Knowing thls distance and the epicentral

Ly

listance enables the focal depth to be determlned.
Like the other methods the accuracy 646 this method depends
upon the cnustal model. The calculated travel times were formed

Using the P-velocities glven In Magulre's crustal model and

may be In error If the velocitles In the crustal model are
Pncorrect. Suppose that the focus of the event lies within tke
S _

firot crustal layer. |If the true veloclty of the first crustal

layok Is smaller than the assumed velocity the true trawel time,

'ﬁor‘a.partlcular focal depth, will be larger than the calculated
.%a}@g. Conversely the true travel time Is smaller than the _
ﬁa]cujated travel time if the true velocity of the first layer of the
crust is greater than the assumed velocity. For the first crustal

ﬂayer the assumed velacity was 5.9 Km sec']. In Fig:(3:8) the efrdr

—

n focal depth, due to assumling a velocity of 5.9 [m sec'] ﬁor_thé

—

Irst crustal layer, Is plotted against the'true velocity' of the

—

lrst crustal layer,

An error can be introduced into the calculated focal depth'IF

ct

he“m¢asured P-S time Is in error. |If the P=-S time Is in error by

51T96cond the observed tmavel time wlll be in error by approximately

)

‘f,IBSTsecond. In Flg (3:9) the error due to an Incorrect observed

Qrdvél tIme has been comblred with possible error due to the

ol

- ééumbtlon of an incorrect crustal model. Thils graph, Flig (3:9)}

oy

houg that an error of +0.1 seconds on the travel time has the
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rror analysis for this method can be eéxtended to Include

v sacond layer. This extenslon.of the error analysis has

’E&QgESEen included here as the method, for available earthquakes,
’jfzﬁgbt ybeld focal depfhs in exﬁess of 18 Km; |

The curved wavefront program gave a stab]e'eplcentrél
ifstance for flve close in events. These events had focal
dépths in the range 14 to 17 Km. These focal depths compare
Favourably with values of the focal depth determined using the

velocity of the slgnal across the array and the Pg-Sg time.

5:9 Focal depths using the apparent veloclty and Pg=Sg time

of an event.

A ~The angle of Incidence Is defined as the angle between 4

o |

Fhe:dlrection of approach of the signal and the horlizontal
h}ghg on which the seismometers are standing. The cosine of
»k%ﬁé;ang1e I's glven by the ratio of the veloclty of the slgné]
%éréés the array and the p-velocity of the surface rocks., |If

=E&d-first arrival has travelled a Py path the Pg=Sg time gives
A measure of the path distance. Thls. path distance can be
employed along with the angle of approach to glve the focal
depth. L

The accuracy of the method depends upon three factors,
(i) the accuracy of the cnustal model used to give the angle
of approach and the travel time of the slgnal,

(ii) The accuracy 6f the measured apparent velocity,

Lflii)-the accuracy of the P-§ time.

'ﬂfn Fig (3:10) the error on the focal depth, due to

I incofrect velocities used in the crustal model, has been plotted
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‘m

fajnﬁt the p-velocity of the fifst layer for four apparent

\

Lo

clocities. This error has been calculated on the basjs that

1 was used to represent the p-wave

;Qcy&loclty of 5.9 Km sec
yé%;é{ty of the first crustal layer. A path dlstance of 10.0 Kms
Eésiﬁadn used ‘to convert the error in the angle of incldence to
error In focal depth. From the graph, Flg (3.10), It can be

seen that the error in the focal depth, due to an error in the

a%sumed crustal model, decreases .as the measured apparent
velocity of the signal increases; This indicates that, providing
.the path distances are the same, events with deep calculated
‘Fbcélfdepths wi1l have a smaller error In the foéal depth, due to
ahﬂincorrect crustal model, than shallow earthquakes. The graph,
Fig (3:10), is modifled If the path distance is allowed to vary

v,

d

fth the true p-wave veloclty of the crust. Consider a focus

Y

F the first layer of the crust. If the true velocity of the

1 the

flirst layer Is less than the assumed value af 5,9 Km sec”
agtual path distance wlll be less than the calculated path
distance. Thls Implles that the error in the focal depth Is
less than that plotted In Fig (3:10)., For a first crustél layer

wjth a true velocity greater than 5.9 Km sec"1

the true path
dfstance wl1l be greater than the calculated path dlstance.
This In turn means that the error in the focal depth will be
Inerecased.

- fhe calculated angle of Incidence Is a function of the

apparcnt velocity of the stgnal across the array. Any error In

;?he'aﬂparent velocity will be reflected'by an error In the angle

'o$'1ﬁcldence and ultimately In the focal depth. Flg (3:11) Is
Zé{ﬂrét of the varliatlon of the error In focal depth agalnst the

error in apparent velocity. Agaln the error decreases as the
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édﬁﬁfént veloclty increases. Thls decrease In the error lhplles
_fiap;tbe higher the apparent veloclty the smaller the error In
qubﬁ1 depth due.to an incorrect measurement of the apparent
vgibciﬁy.

-Egr:An error in the measured Pg-Sgtlme will glve an error In
'fkeﬁtravel path distance via the ervor in the travel time.
Suppose that In measuring the P-S time an error of ¢ 1 second

is Introduced Into the measured P-S time. For a direct wave
cpbnfined to the first layer of the crust the t 1 second error In

tdeﬂmeasured P-S time will glve an error In the calculated path

oy

distance of 7.97 Km. The corresponding error in the focal depth

w?lf be a function of the sine of the angle of Iincldence. As
tﬁo angle of incldence Increases the error in the focal depth, due

td an Incorrect measurement of the PF-S time, also Increases.

g
“"I¥ the focus ldes deeper than the flrst laver of the crust the

error on the path distance will Increase because the p-wave
v%locity is greater. For aﬁ error of + 1 second on the P@-Sg
t{me the maximum error on the focal depth of a crustal focus Is
8179 Km. | -

This method of determining focal depths was restricted to
eﬁents within the Kavirorndo Graben. Thesé events are located
wlthin normal shleld crust the structure of which 1s rebresented
.by.thg crustal model of Magulre (1974). The analysls was

restricted to events that had a flrst arrival 6.6 Km sec”! or

1;'}6 Km sec-]. This 1imitation was Imposed to remove P" travel

paths from the analysis. A 1Imlting depth can be put on events
Ll th a flrst arrlval apparent veloclty of 6.5 Km sec']. Flg
(3:12) showé the rangé of focal depth and epicentral distances

fﬁk which P, arrives before P*. This graplithas been constnucted

)
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4%#

y3$ﬁ5?Maguire‘s mbdel for the crustal structure. Llnes of equal
ﬁrgfpihe héve been drawn on the section of the graoh for which
‘Pg.ﬁfélves, at'ithe statlion, before Pg. Flg (3:13) shows the range
of‘fbcé1 depths for events In the Kavirondo Graben. The greatest

number of focll apparently occur at a focal depth of 11-25 Km.

&0 the poor resolutlion of the apparent velocltles., Also the

TIe lack of earthquakes with shallow focal depths is probably due
m%xlmum error on the apparent velocity Is + 0.2 Xm seuz-1 which

can glve a consliderable error In the focal depth.

3 10"Foca] depths determined uslng data from Kaptagat and Nairobl.
' If a crustal model and focal depth are assumed the azimuth

of the event from Kaptagat and the P-S time at Kaptagat can be

uiedﬁo estimate the hypocentral location. The travel path from

fhe:focus to Kaptagat was assumed to be the travel path of the

.éﬂgnal.that should, theoretically, be the first arrival at Kaptagat.

The hypocentral locatlon and the assumed focal depth can be used

té determlne tﬁe nature of the flrst arrlvél at Nalrob!l and the

assocliated P-S time. Thils calculated P-S time at Nalrobl can be

cgmpared with the measured P-S tlme at Nalrobl. By varylng the

agsumed focal depth the calcu]afed P-S time at Nairobi can be

adjusted until it Is the same as the measured P-S time at Nairobl.

When this condltion exists the assumed focal depth was taken as

thie actual focal depth.

ﬁ The accuracy of the method depends on four factoré:

(i)‘ :?he accuracy of the measured P-S time at Nalrobl,

'(ff) the accuracy of the measured P-S time at Keptagat,

(iifa the accuracy of the measured azimuth, from Kaptagat, 6§

- the eplcentre, .
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{]v) . €he simllarity between the crust and the model used to

\-f;“ﬂmrepresent the crust.

_#iﬂn Incorrect measuamement of the P-S time at elther station

4311 result In an incorrect estimate of the path distance from the

}ﬁa¢ﬁ3'¢o the statlion. Flg (3:14) shows the varlation wlth‘azlmUth

the error on the focal depth due to an incorrect measurement

the P-S time at Kaptagat. The graph consliders two cases,

(a) when the first arrival at Kaptagat is a Pg phase restrictgd

to the first crustal layer and the first arrival at Nalrobl Is

a Pn phase,

(T) when both stations see P_ as the first arrival.
Each graph has been constructed assuming an error of *+ 0.39

s%conds on the P-S time. An error of * 0.39 seconds on the P-S

me corresponds to an error of + 0.50 seconds on the travel time.

e first case Is applicable to events located in the Kavirohdo

abfn for which Pg is the first arrival at Kaptagat. Case (b)

}lees to events located In the Evasl Rift or along the arc of

6 géstern'let. Confirmation of the P, arrival at Nalrobl, for

sféﬁt events, iIs given by the expected onset time, at Nalrobi,

tﬁa»slgna] being approximately the same as the actual onset

ﬁ@;ﬁﬂ?lg (3:15) shows similar graphs for an errof.Of 0.39

céﬂﬁg on the P-S time at Nairobl. Again two cases have been

nsldered, _ »

) the {first arrival at Nairobl Is a Py phase and the flrst
arrTval at Kaptagat Is a Pn phase,

) both stations see a P, phase as the first arrival,

Qni(g) appllies to events very close to Nalrobi. These events

QQES”P-S time which 1imits the first arrival, at Nalrobl, to a

) 5h§§¢§ The graphs In Flg (3:14) and Fig (3:15) show that the
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cccrracy of the method Is strongly dependent upon the accuracy of

-

the reasured P-$ time at Nairobi.
"The accuracy of the azimuth, measured from Kaptagat, of the
Ghicentre also affects the error on the focal depth. In Flg

:15) the error on the azimuth Is assumed to be one degree. Three

~
W

df the four cases listed above have been considered and are

rnepresented on the graph by a, b, c. The three graphs shown In

T

igures (3:14) to (3:16) are not smooth curves. Thls Is because

fa s

he computer program, based on the above method to determlne

ch

décal depth, Increments the test focal depth in steps of 1 Km.

vﬁn error in the azimuth has a maximum effect when one of the two

(%]

tations sees a Pg phase as the flrst arrival. The effect of an

grroneous azimuth is not so pronounced when both stations see a

v

n phase as the first arrival.

Fig (3:17) shows the error on the focal depth, due to an

ncorrect crustal model, assuming both stations see a P, phase as

ct

he first arrival. The graph in Fig (3:17) has bebn drawn assuming

an errorndf + 0,2 Km sec-] on the velocity of the first and third
' 1

—

ayers and an error of + 0.3 Km sec” ' on the second layer. In
these graphs the eplcentral distance has been constralned to the
correct value. In the case when the actual p-wave veloelties are
at the extreme 1imlts of the veloclities In the crustal model the

error on the focal depth is + 12 Km., Thls discussion assumes

t

%at,the width of each layer, within the crUst, is known., An
error in the width of each layer will lntroduée an error Into the
fbeal depth. For a P arrlval a varlation of & 1 Km In the depth
to the first boundary will result in an error of + 0.1 Km on the

focal depth., For a Pg arrival the same error on the crustal model

will produce an error on the focal depth equivalent to an error of
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The Three Graphs Assume That The First Arrival isa Pn Phase
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+# N, "7 seconds on the travel tima., This error is insianificant.
The ernst withln the Crecory "iTt is anomalons and therefore

he calculated travel time to Hairohi will be incorrect. ''hen

ct

e focal denths of events within the Kavirondo Craben are

+

determined by this nethod the focus of the event is nlaced at
o near 0 Km denth. This is due to the incorrect travel time.

Al sinilar perturbation exists on the fncal “denths of events

pa—r)

bcated vithin the Duwenzori area. Because of this perturkation,
hy the anomalous structure within the Gresory Nift, of the travel

i

ne of the sicnal the method was restricted to events from the
soputh and southwest of Faptacat anfd "airohi. Fvents fron these
rPeions have travel naths which do not cross the Gresory Pift.

Events from these recions have focal depths within the top 5 Km

of the crust.

11 TFocal ilenths letermined usinm second arrivals.

W

The three focal denth methods disncussed nreviouslv Adid not
uFl]ize any second arrivals that may anpear on the record. Focal

depths were determined from the nrevious methods usine some

feature of only the first arrival and the rieasurerl P=-5 tine. A
crustal mnodel as illustrated in Fiag (3:4) will ~ive rise to @
njmhor of P-arrihvals aoricinating from different travel naths. |7

tke event is sufficiently distant from the station these sccond

|

P-arrivals may he sufficiently separated to bhe distinguishable

OA the record. Cfonsider an event with Pn as the first arrival.

Uéin: the crustel mnodel in Tieg (3:4) it is possible to postulate

a nunther of najor seccond arrivals followint the rioho arrival.

The naths tollouved by the second arrivals are illustrated in Fig

(n:l) alont with the letters hy vhich they vill be iddntified in
b

tHe text. ¥For an event uith a focus in the first lover the second
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arriVals may include Pg, P* and Ppe An event wlith a focus In the
;écnnd layer may have P, and Py as second arrlvals. A P, second
lﬁrrival was tentatively identifled for one event. This arrival had
anvaﬁparent velocity of 8.0 Km sec”! and was similar in shape to
ﬁhe P, signal which was the first arifival. The 'Pp' signal showed
an 180 degree phase shift relative to the P, signal.
The second arrlivals were identified using the apparent velocity
of the signal. This means that the second arrivals were accurately
Hefined and there Is only a slight chance of misidentiflcatlion,
Using the crustal model in Fig (3:4) the arrival times for Pn'

5*, PF and P, were calculated for a series of epicentral distances

ind focal depths ranging from 0 to 35 Km. The difference between

he arrival times of P,~Pg, Pn-P* and Pn-Pm are plotted against

n=Spn in Fig (3:18). In the case of the Pn-Pg two focal denths,

. and 35 Km, have been considered. Similarly two focal depths,
and 15 Km, have been considered for Pn-P*, and a focal depth of
Km for Pn=P,. At a focal depth of 35 Km, Pn-Pg and Pn—Pm‘are

quivalent. Against the theoretical separation between P, and

he second p-arrivals are plott;d the observed differences fcr

arthquakes recorded at Kaptagat. Fig (3:18) shows that the

ﬁajorlty of the earthquakes have a shallow focal depth. This Is

onflrmed by the apparent velocity of the second arrivals (see

ppendix).,

:12 Discussion of focal depths.
Df the four methods available to deterﬁine focal depths, the
QOtentlally most useful method, the combination of the P-S time at

aptasat and Nalrobi and the azimuth of the epicentre from Kaptagat,

—
——

s virtually ellminated by the anomalous crust In the Gregory Rift.




=

lhen this method was used, for events from the far south and south
vést of Kaptagat, it gave focal depths In the top 15 Km of the
cruét. The error graphs dliscussed previously have shown that an
error in the P-S times or azlmuth of the event forces the focal
lenth to the 1Imits of the crust. That this does not happen is
taken as an indication that the focal depths, determined by this
method, are not wildly: incarrect.

The focal depths within the Kavirondo rift cluster between
11 - 25 Km, similar to the focal depths found by “ohlenberg
(1908, 1970) for the “estern Rift. These focal depths are deeper
than those found by Molnar and Aggarwal, (1971), for the after
shock sequence in the Homa Bay area. The difference between
their fdcal depths and those found In this survey may be due to
an error In the measured apparent veloclity.

.In the northern section of the Eyasi Rift Rykounov et al.,
(1972), and Molnar and Aggarwal reported values of focal depth

Flusterlng in the range 10 - 20 Km. This compares favourably

'with the focal depths found for events iIn the Kavirondo Rift.

The second arrival method can only provide an Indjcatlon
bf the focal depth. However, it does support the other methods

n that the focal depths appear to cluster at depths of 10 - 15

Km.

02



CHAPTER &4
SEISMICITY

ﬁ;l Introduction

Previous seismic studies of the East African Rift System have,
because of the location of the recording stations, concentrated

on the western arc of the system. Consequently little is known
hhout the seismic activity in the Kenva section of the East African
Rift System, Wohlenberg (1969) lists four selsmically active
tectonic afeas;

1) The Sem{iki~ Ruwenzori area,

1F)=No?th,of Lake Tanganylka and the Russi Plain.

5) The Rukwa RIft.

.ﬂifTﬁé Eyasl Rift and the southern part of the Gregory Rift'

 0F the four arcas llsted above the flrst three are part of the

western let and the fourth area is part of the Eastern Rift.;.

" The Semillki Ruwenzori area Is In the northern sector of the
Western RIft and of the three selsmically active areas in the
Western Rift it Is the nearest to Kaptagat, It should be posslble
to observe at Kaptagat shocks within ;hé Ruwenzorl area with a
magnitude greater than 3.4, The largest earthquakes previously
trecorded within the area had a magnitude of 6.5-7.0 (m,) and
Occurred on March 20 1966. Thils shock may be assoclafed wlith an
prthrnw to the west of 40 cm on a fault running NNE for 40 Km
ﬁrom 1atltude 0.7N, longltude 29.8F (Wohlenberg, 1966). The
?picentral locatlion of the earthquake on March 20 1les on the
ltne of ‘the fault described above (Lahr and Pomeroy, 1970). In

the l 8 days prlor to the large shock there were 35 events wlith

sl

body ane magn i tude greater or equal to 3.3, These shocks are

o0 dlstrlbuted In time as to suggest that they are part of a
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‘fbreghock sequence. At the beginning of this foreshock sequence
.fhe@témporal frequency of events is approximately 150 events

per day. Just before the main shock, toward the end of the

“forééﬁock sequencé, the temporal frequency of events dropped to
5=EVent per day., The third earthquake in the foreshock sequence
%as-the largest of the sequence and had a magnitude of 4,8 (mb).
ff the foreshock sequence Is isolated from_thé fo{Towing shocks

bt takes on the appearance of an aftershock éequence. This
%mpress[on is created by the large earthquake, magnitude 4,8,
followed by the decaying sequence of smaller magnitude earthquakes,
In the 67 days after the main shock there were 779 earthquakes
nith magnltude (mb) greater br equal to 3.3 (Lahr and Pomeroy, 1970),
#Hohlenberg (1968) has split the aftershock sequence into a main
‘series starting immedlately after the main shock and two secondary
seﬁiés starting approximately 32 days and 37 days after the maln
»%hockf When the magnitudes of the earthquakes of the fore and
thcrshdck sequence are fitted to an equation'of'the fofm

Toéﬂia - bm both the fore and aftershock sequence give_é‘b value
of approximately 1,05 (Lahr and Pomeroy, 1970). The events of

_ %heaftershock sequence are located on fhe Kitimbl-Seﬁ}ikl fault,
o the west of the main shock (Fairhead and Girdler, 1971). In

he perlod 1956-1963 before the earthquake of March 20 the
uwenzor! area was moderately actlive with 38 events of magnitude
(M1) greater or equal to 4 and 80 events of magnitude less

han 4.0 (Wohlenberg, 1968). Sutton and Berg (1958) using data
.:Ffé% #he 1. S. R. A, C. network located two earthquakes wlth
méﬁqffude (M]) greater than 6 on the western side of Lake Albert.
“Tﬁ§¥fﬁrst shock (M]=6.0)_occurred on July 22 1955 and the'seCOnd
éHbéki(M]=6.3) on Septéhbér L 1955. The threes large magnitude

_éafthdUakes‘that have been located in the region of the Ruwenzorl
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flrequency of the earthquakes with larger magnl tudes.

mayfrepresent an ubper 1imlt to the magnltude of earthquakes In
ﬁh1§ feglon. Analysls of the 1.S.C. bulletins for thé‘period
1567-1970 showed that~after dthe major shock of Mérch 20th 1966

fid -its associated aftershook sequence the number of évents wi th
ﬂagn]fude (m,) greater than 4 dropped to 8 and & earthguakes wlith
Aagqf;ude (mb) less than 4. This apparent decrease In the seismlc
cti;lty of the Ruwenzor! reglon may be a function of the number
af observing statlons or may reflect a large stress drop due to
the serles of earthquakes during 1966. Microselsmic activity In
the Ruwenzor! area has been Investligated by Rykounov et al., (1972),
who found a mlcroselsmic actlvity of 230 events In ten days. Thlis

evel of mlcroselsmlic actlvity Is in agreement with the temporal

As the Western RIft Is traced southward the next prom!nent

seisnmically active zone Is the northern end of Lake Tanganylka.
Prdv!dlng that theée earthquakes located at the northern end of Lake
Tanﬁanyikahhéke a magnitude greater than 3.9 they will be recorded
at Kabtagat. The selsmic actlvity for the northern part 6f Léke

Tananylka in the years 1956-1963 is dut]lned In table 4:1 (from'

thlenberg, 1968). From this table the general selsmlic actlvity

hi

af

off 6,25 (1960) and 5.75 (1962)., Further evidence that the northern

ar

fn

I$ approximately 12 earthquakes a year with magnltude (My) less
than 4 and approximately 5 earthquakes a year with magnitude (My)
greater than 4 excluding the data for the years 1960 and 1962,

The nymber of earthquakes in. the two years 1960 and 1962 are much

ghér.than for the other years listed and are representatlve of

‘ﬁefshock sequences followlng earthquakes wlth magnitudes (M)

d of;Lake Tanganylika Is a continuously actlive selsmic zone comes

om DeBremaecker (1959)., Using déta from the 1.S.R.A.C. networg,
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- TABLE %:1

TEMPORAL DISTRIBUTION OF FARTHOUAKES

YEAR
1956
1957
1958
1959
1960
1961
1962
1963

T _THE NO

END _OF TANGANYIK

MAGNI TUDE >k

5L

12

MAGNI TUDE<L
9

128
2L
53
17



nghas shown that thls area was one of the most active areas In
théﬁﬁestern RIft during the period 1953-1957. DeBremaecker also
F0udd that the earthquakes were closely related to thé faults
Ehét“form the margin of the Tanganylka graben., Combined with the
locations of Wohlenberg (1966, 1968, 1969), the data of DeBramaecker
(1959) clearly shows the continulty In the selsmic activéty at the
northern end of Lake Tanganyika.

The southern end of the Tanganyika and Rukwa grabens are areas
of high selsmicity with 68% of the shocks felt in Tanzanla
originating from faults In these areas. Of the two areas the

?ukwa graben ¢s the more active (Falrhead and Glrdler, 1971) and
the majority of the selsmic actlvity Is concentrated on the eastern
#lanks of the grabens (Wohlenberg, 1968). Durlng the years 1958~
1963 the southern part of the Tanganylka graben and the Rukwa
graben were the site of 7 shocks with magnitude (M;) greater than

8 and 27 shocks with a magnltude (My) between 4 and 5. "These |

figures suggest that the selsmic actlvity In the southern part

f the Tanganyika graben and the Rukwa graben Is sllgh;]y-hlgher
han the selsmic activity at the northern end of Lake  Tanganyika.
he ﬁbuthern end of the Tanganylk& graben Is approximatéjy 2000 Km
gouthwest of Kaptagat and at this dlstance only earthquakes wlth

a ﬁaghltude (M]) greater than 6.3 wlll show above the nolse level

j4}]

t Kaptagat.

Within the Western RIft not all selsmic reglons are tectonlc
greas. Reglons of hlgh geothermal heat flow correlate well wlth
zones, of seismlc activity (Fairhead and Girdler, 1971). These

eaothermal areas Include the Upemba-Mweru area and north of Lake

-y

fﬁiVﬁ‘hhere the actlivity Is assoclated wlth the Virunga volcanoe$

5 ;
~~

DeBremaecker, 1959). Two selsmic zones, one ruhning:dﬁé WeSt‘of

i ake'klvu (DeBremaecker, 1958) anfl the other in the Malagarasi




*éféa:goo Km east of central Lake Tanganylka (Wohlenberg, 1969)
show“mo slgns of tectonlic or geothermal activity.
‘Compared with the Wbestern RIft the eastern arc of the East

. African RIft system Is much nearer to Kaptagat and consequently It

rhéuld be possible to detect, at Kaptagat, small magnitude
arthquakes with eplcentres located Inithe Eéstern RIft. Previous
ork fas $hown that the most actlve part of the Eastern RIft dles
between latitudes 2°s and 6°S. This section of the Eastern RIft
Is known as the Eyas! RIft. From Lwiro, a station within the

1.S:R,A.C. network, It should be possible to detectcevents with”

f

agnltude (M]) greater or equalt to 4 origlnating from withlin the
ivasi RIft (Fig 4:1). During the period 1958-1963 the I.S.R.A.C.

etwork located 14 events wlth magnl tude (M]) greater than 5, 38

-

aevents wlth magnltude (M]) between 4 and 5, and 10 events wlth

nagnlitude (M;) less than 4 within the Eyasi RIft. |f the trend

-

Indicated by the above flgures for the recorded selsmicity in the
Evasi Rift Is extrapolated toward lower magnltudes approximately
3

00 events per year wlth magnl!tude (M]) greater than 3 can be

1)

xpected to occur withln the Eyasi Rift. Most of the shocks

—

ocated ¢n the Eyasi Rift by the I.S.R.A;C;'netWOrk are concentrated

an the western flank of the Eyasl RIft or to the west of the Evasi

=

Ift (Wohlenberg, 1968). Sykes and Landisman (1964) have relocated

our of the large earthquakes located In the Eyas! RIft by

-+

Wohlenberg, The locatlons of Sykes and Landlsman are to the east
ﬂéf'those of Wohlenberg (see table 4:2) and 1ile within the Evasli
Rlift. |

The microselsmicity of the Eyasl RIft has been studled by
Rykounov et al., (1972), who recorded approximately 30 events per
'Qav,in the vicinity of:the twe volcanoes Ngorongoro and Ofdonyo

Léngél, and Lake Manyara. These shocks had magn!tudes In the range

{
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Date

April 04 1956
May 10 1959
August 2L 1959
October 25 1959

TABLE

L he?

Svylkes and. Landisman

Location
oL, 98°S 35.44CF
n3,19°s 35.919E
04.24°s 35.04°F
04.83°s 35.64°F

COMPARISON NF LOCATIOMS OF EVENTS IMN THE FASTERNMN RIFT

Wohlenberg

Location
05°s 35.20E
03°s 34.58°F
o4°s 3L, 5°F
J4.75°S  34,75°9F

Magni tude
6.5
bh.2
6.1
5.2
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n,5-3,5 (M]). Although the earthquakes in the vicinity of
Neorongoro, 0ldonyo Lengai and Manyara did not correlate wlth

known faults,'further north at latltude 2°S Tobin et a%., (1970),

jlocated a signiflcant number 6f earthquakes near the scarps of
%Jeistonene faults. Tobin et al. found that the eastern filanks

of the rift near the Kenya border showed the hlighest seismic
acthlty with a seismicity of 47.1 events per day. Further north
Into the Gregory Rfft the selsmic activity appears to decrease
(Molnar and Aggarwal, 1971; Tobin et al., 1970).

Beyond the northern 1imit of the microseismic surveys two large
?arthquakes have occurred in the rift. The earlier shock happened
‘on January 6, 1928, and had a magnitude (M;) of 6.2 (Tillotson,
1937a). Tillotson (1937b) has sugsested that this shock was In fact
g double event with a near surface focus. The second of the two
major earthquakes had a magnitude (M]) 6f 7.0 and occurred on
September 1, 1957. This shock was located in the Gregory Rift on
the same latitude as the southern boundary fault (the Lambwe fault)
cf-fhe_Kavlrondo Gulf (Hohlenberg, 1968). Unfortunately, the
H.S.R.A.C. system is too far awéy from the Gregony RIft to reveal

any low magnitude seismicity. However, the close proximity of the

Kaptagat array to the Gregory RIft does provideiinformation on the
low magnitude seismicity.
On the same latltude as the centre of the Gregory Rift btit

rinning in an east-west dlrection Is the Kavlrondo graben. Like the

N

Gresory Rift the Kavirondo sraben appears to be selsmically quiet.
u?wever, during March and April, 1968, a series of magnltude (M)
54N eafthquakes occurred on the Lambwe fault (Loukepine, 1968).
The_after effects of these large shocks is confined to a zone 2 Km
wideijUst north of the Lambwe fault. In thls zone, Molnar and

Agsarwal reqorded over 300 microseisms per day durlng March, 1970,
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ﬂﬁarthuakes within thls zone had a focal depth between 3 and 5 Km.

B

jﬁ] " From prevfous'seismlc surveys the Gregory and Kavirondo Rifts

Lanpear to he areas of low selsmic actlvity. The small earthquakes

.:}ocated In the area may represent a small stress build up and the

nrarrp earthquakes a locking of the faults. Further south the

 Qattern of faults and the presence of large magnitude earthquakes

-3

nay Indicate a change Iin the crustal structure and the stress bulld

up.

4:2 The present survey.

The bulk of the data Involved in this study covers a contlnlous

perfod from March 12, 1971, to July 9, 1971. This data was
w;qu1émented by data from September 1, 1971, to No¥ember 14, 1971,

nd from July 20, 1970, to July 31, 1970. Although the study Is

hased primarlily on the data from the continuous period the secondary
‘,ﬁériods were used to confirm the selsmic areas, the background

écti?]ty, magnitudes and other features outlined by the contlnuous
Jerlbd, |

Four selsmlcally active areas were outlined by thls study.

nhe four aréas,’gachvof which wi11 be Individually discussed, are:-
() The Kavlirondo RIft and surrounding. areas.

(11) The Gregor§ RIft.

(117) The Ruwenzor! block and the Albertine RIft.

(liv) The Sirla Fault.

3 Kavlirondo RIift.

The eastern end of the Kavirondo RIft, the Elgeyo Escarpement

;ahdf;he southern flankd of Mt Elgon have been grouped into one area.
The Kévlrondo>let is bounded by the seismclally active Lambwe

fault and the Nyando fault. Kaptagat lles between 43 and 166 Km
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Seismic Activity in.the Kavirondo Rift

Fig 44




-From>the Nyando fault and between 86 and 192 Km from the Lambwe
ffault. At these dlstances the observatlional cutoff magnltude at
kaptagat for events In the Kavirondo Rift 1les between 2.1 and
2.4 (Mé). Events that have been located within the Kavlrondo
'Riftlhave flrst arrivals wlith a measured apparent veloclty
ranging between 5.9 Km sec'l and 7.0 Km sec']. The majorlty of
the measured apparent velocltles are between 6.4 and 6.6 Km sec-].
| f the model In Flg (3:4) Is applicable to the crust in this area
the velocltlies of 6.4 Km sec™! to 6.6 km sec”! suggest that the
first arrival Is a P* phase and the focal depths are less than
?8.0 Km.

4

, A1l ofithe events located within the Kavirondo graben show

én initlal Impulsive P arrival. After the flirst arrival the

"TmpIitude of the p-wave traln gradually dies away until the onset
?f'the S or surface waves. The s-waves are not always visible on
£he record and this may be due to the orientation of the fault
élane to Kaptagat. The frequency of the p-wave traln of all the
;vents from the Kavisvondo RIift lles In thé range 4-6 Hz. With
the onset of the surface waves the frequency of the signal decreases.
Two events which have epdcentres located In the Kavirondo graben
are illustrated In Fig (4:3).

A cluster of 13 events have been located approximately 25 Km

outh of Kaptagat and east of the Nyando fault. These events

.

have travelled a Pg path to Kaptagat, the measured apparent

eloclty of the flrst arrival ranging between 6.3 and 7.2 Km sec'].

<

The signal frequency of the p-wave train Is approximately 10 Hz.
As can be seen from Fig (4:4) the majority of the events

ocated within the Kavirondo graben are assoclated with the eastern

—

'ehd of the Nyando fault. Events located In thls part of the graben

are not concentrated on the Inferred extension of the fault but
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form a diffuse pattern either side of the fault line. The spread

Af the epicentres may be due to local small faults or Incorrect
ocal depths. As the eastern end of the. Kavlrondo Rift ]s covered
by the Uasin Glshu lava any small flaults are hidden and thelr
correlation with the eplcentres cannot be confirmed. |f.the events
]ocated at the eastern end of the graben and the events 25 Km to
%he south of Kaptagat are treated as one group they form a llneﬁof
#elsmlclty allgned In a ENE dlrection. This line Is colncident
ith the direction of the inferred extenslon of the Nyando fault,
Whe‘tlght grouping of the eplcentres near the Elgeyo Escarpement
%uggests that these events are assoclated with a local fault. |If
4hls is correct the 1ine of seismiclity probably represents a band
éf local faults and not one contlinuous fault.
i - The western end of the Kavirondo Rift Is apparently less
éeismica]ly actlve than the eastern end of the graben. This
Jpparent lack of seismic activity may be due to the Increase In
%heobservatlona] cutoff magnlitude because of the Increased dlstance
t

o Kaptagat. However, the number of earthquakes In the western

art of the rift ls still lower than the number anticlpated, Even

2

qhe Homa Ray area (0.5°sS, 34,59 ) of the western part of the

-~

avirondo rift which was the slte of previous selsmlic activity,

~~

section 4:1), was seismlically qulet, Between 1968 and 1971 the

area of seismic activity has apparently migrated eastwards by a
distance of approximateily 100 Km. The events that have bheen
located within the western end of the rift are concentrated toward
the centre of the rift. Geoioglcal evidence Indicates minor
faulting within this part of the graben and the events are probably
associated with these faults,

.Seven ewvents have been located to the north of the Kavirondo

Rift. These shocks are assoclated wlth small scale normal faulting
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that festoons the basement.

The temporal distibution of the events In the Kavirondo
rraben area is I1l1lustrated in Fig (4:5). This plot shows that the
najority of the earthquakes occur in bursts, two of whlch have been
narked E and W. Events that constitute the burst labelled E are
located in the eastern part of the rift and south of Kaptagat.

The burst of activity labelled W is formed by events approximately
30 Km to the west near the junction of the Nandl and Nyando faults.
JIthin this burst there are five shocks with mé greater than 3.50.
The majority of the shocks with mB greater than 3.50 occur at
point A In Fig (4:4), Within burst W the events show a general
shift in the eplcentres from east to west. This and the position
of bursts W and E suggests a mlgration of the activity from east
to west. Of the two bursts the events in the western burst have
the higher average magnitude. The events In the eastern burst
have a smaller average magnitude and are probably assochated wlth
smail faults.

The histograms for the temporai distribution of the selsmic
activity In the Kavlirondo Rift and the Gregory RIft show two péaks
of activity separated by ten weeks. Althngh the histograms cover
bnly Y weeks the ten week periodicity Is supportéd by observatlions
from tapes not Included In the contlnuous period. The peaks In the
histogram for the Kavirondo RIft are slightly displaced in time
relative to the peaks in the histogram for the activity In the
Gregory Rift. A cross correlatlon of:the two hlstograms shows two
neaks separated by approximately ten\weeks (Fig 4:6). These péaks
are produced when the hlstogram for the Gregory Rift Is displaced
forward In time by four weeks and reflect a similarity in the
seismic actlvity of the Kavlrondo_and Gregory Rifts. Thi§ suggests

that there may be a causal relationship between the selsmic actlvlity
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|
bin'fhe Kavlrondo and Gregory Rifts.,

Twelve events from the Kavirondo Rift were recorded by -

airobl seismic station. Of thege twelve events, four did not

.
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show recognlzable p-waves but were represented by surface waves.

ne of the surface wave only events had a magnitude of 3.5 as
easurededt Kaptagat. There Is no apparent correlation_between

he position of the eplcentre and the absence of recognizable
-waves at Nalrobi. Two of the surface wave only events are

hown in Fig (4:7). On this figure Is shown the expected amplltude
f the p-wave at Nalirobl If the attenuation of the slignal Is

1lowed for using a modifled form of Richter's curve. This
eductlion In the amplitude suggests attenuation of thé signal as

t crosses the Gregory Rift.

th  Gregory Rift,

During the period Investigated fourty-sevennevents origlnating
roh within the Gregory Rift were recorded by the Kaptagat array.
he epicentres of these events lle In one of three well défined
eismlc areas centred af latitude 1.5°S, 0.35°N and 2°N (Fig 4:1).
hese groups will be called the southern, central and northern groups
espectively. The.seIsmIclty In the Gregory RIft forms a distinctlive
attern with the areas of selsmiclty separated by regiéns of
pparent quiet. The gaps In the seismicity within the Gregory RIft
orrelate closely with areas of volcanlc activity. The southern
ap,‘ét approximately 19s, s occupled by the volcanoesiSuswa and
ongnot. Similarly the northern gap, at approximately 1°N, Is the

te of two volcanoes, namely Slall and Pakka. The absence of any

eismic actlvity within these areas is surprising as at least

icroseismlic actlvity should be associated wlth the volcanoes.

aptagat is approximatedy 90 Km from the centre of the northern
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gap and 150 Km from the southern gap. At these distances the
observational cutoff magnitudes (mg) are 2.2 and 2.3 respectively.
Thé stress reléase, and hence the magnltude, associated wlth an
éakthquake depends upon the abllity of the rock to store
defofmatlonal energy. |f the crust In the volcanlc areas has been
|weakendd by high heat flow and magma reservolrs, the capacity of
the rock to store deformational energy may be reduced. This will
result in an upper cutoff 1Imit to the magnitudes of the earthquakes.
However, it is unllkely that the volcanoes can affect the strength
of the crust over the whole area of the selsmic gaps. Magn! tude
(m{) 3.5 earthquakes have been recorded from the central area.

The southern flank of this area lies on the rim of the volcano,
Menengai. |f magnitude 3.5 earthquakes have been recorded from
Menengal similar magnltude earthquakes may be associated wlth the
nther volcanoes.

The signal frequency of the events from the gouthern and

northern cluster show an anomalous low signal frequency (Fig 4:8)

gpproximatély half that of events, from the same epicentral distance,
Qutéide of the rift. Events from the central area also show an

%noma]ous slgnal frequency. These events have a signal frequency

0N

b F abproxlmately 5-10 Hz, In some cases nearly double the slignal
frequency of events, at the same epicentral distance, outside of
the Gregor? RIft. The anomalously low frequencles, ofievents from
the southern and northern cluster, suggests anomafdusnattenuation
of the signals from the rift.

Events from within the Gregory Rift show a wide varlatlon,

W)

t Kaptagat, In the apparent velocity of the“flrst arrival (Flg 4:9),
First arrlvals from the southern cluster have apparent velocltles
:between 6.6 and 8.2 Km sec']. Events from the northern cluster

-show .a simllar range but?#%uStér at 6.8 Km sec']. Within the




centfaI area the first arrivals show two distinct trends in the

pparent velocity. Six events have a mean flrst arrival veloclty

(44}

gf 7.59+0.16 Km sec-] and flve events a .mean first arrival velocity

f 6277:0.17 Km sec']. Within 95% conflidence 1imlts the two means

Q Q

re slgnificantly different. These apparent velocities clearly
demonstrate that the crustal structure withln the Gregory Rift Is
dl fferent to that on the plateau. The anomalous crustal structures

wWill be discussed In section 4:7.

4:5 The Western Rift.

A small number of events were located In the Western RIft and

n

urrounding areas; this small number may reflect the large distance

-t

o the Western Rift. Of the earthquakes located In the Western
ift, the majority are distributed on the east slde of the
uwenzor i Mounsains (Flg 4:1). The events to the east of the
Ruwenzori Mountalns form two trends. One trend runs in a.north-
siouth direction between the Lakes Albert and Edward and the

arthquakes are, In general, -associated with the boundary fault of

&

c

he Ruwenzori block. The second trend forms a diffuse band running

flrom the Ruwenzori block eastward toward Lake Wamala. In this

e I

eglon, henceforth called the Wamala region, the basement Is formed

o

y rocks of the Toro system. These rocks have been Intruded by
girani tes. Although the Toro sy#tem In the Wamala reglion shows no
slign of recent faulting there are .a large number of small, normal
and wrench faults In the Pre-Cambrian basement, (Johnson and
WiI11iams, 19614; Johnson, 1969). These faults may have been
.reactTVated. Further north the northern end of Lake Albert is
'sllghtly actlive with flve events recorded from this area. These
eyeﬁts 1le on the boundary fault or on the line of the Eoundary

fault of the Albert graben.
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The temporai distribution of events w]thln‘the RUwenZori area
Is plotted as a histogram (Fig 4:5). On_ average 2.5-earthquakes,
fror1 the Western Rift, per week were recorded:at Kaptagat. Thls
background level was disrupted by a burst of 24 earthquakes between
Apffl 17 and April 26, 1971. The earthquakes within thhsi:burst of
édtfvlty have magnl tudes (mg) between 2.2 and:4:i4 and are not
éssoclated with one large earthquake.

Data taken from the 1.S.C. bulletins for the period 1964-1970,
(Fig 4:2), show assimilar distributlon of eplicentres near Lake
Albert.‘ The majority of the earthquakes occur In the reglion bf
‘the Semﬁlkl region. Thls concentration of events reflects the
foreshock and aftershock sequence of fhe Congo earthquake of March
20, 1966. The shocks form a tight cluster Indicating that the

|

Ttress release Is confined to a small area. To the east of the

Ruwenzori block the Wamala region shows sllight activlty.
iarthquakes wlithin the Wamala reglon, genenally, have magnl tudes
mg) less than 4. This agrees with magnltudes determined In thls
tUdyi vFurther south down the Western RIft the earthquakes form
-é diffuse pattern of activity in the Tanganyika and Rukwa grabens.
.fhe'shocks In thls reglon 1fe‘on the N/ trending béundaky faults
ar on the line-of these faults. This clearly deménstrates the

qontlnued activity of the faults in the Tanganylka graben.

l:6 The Sirla Fault.

Twelve earthquakes occurred between April 2 and May 4, 1971,
on tie Siria fault. Outside of this 'period only two earthquakes
‘wifh magnitudes greater than 2.7 were recorded by the Kaptagat
arfa&. The eplicentres of the earthquakes are closely assoclated
'wffﬁ fhe surface outcrop of the fault and the shocks have a near

zéro'focal depth. The magnitude of the earthquakes range between




2.7 and 3.5. Within the period April 2 to May 4, the magnl tudes

re not normally distributed about a large magnl tude shock. Thls

ba)

N

ugﬁésts that the burst of activity from thls.fault is not formed
wy.a'large shock with a followlng aftershock sequence. Although
the Siria fault Is equidistant from both Kaptagat and ﬁairoﬁl, only
the larger shocks are recorded at the latter statlon. Those shocks
necorded by Nalrobi showed a reduction in amplitude. This suggests

that the Gregory RiIft contains material wlth a low Q value.

4:7 Crustal structure wlthin the Gregory Rift.
The crustal model for the Gregory RIft must explain not only

he apparent veloclty of the first arrivals from the rift but also

o S o

he quiet reglons and the attenuation of the slgnals across the

nift. The qulet regions within the Gregony RIft are approximately

n

ymmetrical to Kaptagat and resemble the shadow zones seen at

ct

eleselsmic distances.
Fig (4:9) shows the apparent velocitles measured In this study

nd those glven by Long and Magulre (1976) for the flrst arrivals

o))

-+

rom. the Gregory'RIft; The data includes the velocity, across
the array, of the signal of three of the eight shots let off In
Llake Hannington by Griffith et al., (1971). Magulre measured the

apparent velocity of the shots as approximately 8.0 Kni sec”!

and
these velocities have been conflrmed In:this study. The shots
di ffer from the earthquakes In the Lake Hannlngton area in that

tlhhe signal frequency is much lower, 2 Hz as opposed to 5-10 Hz, and

- e

s in agreement with the findings of Griffith et al., (1971).
-As stated earllier the apparent velocltles of events located
vwithin the central area deflne two groups. Those events with a
'megnffirst arrival "apparent velocity of 6.77 Km sec”! have,

geherally, el ther a P-S time less than 8 seconds, or are located
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on the north and south edges of the central area or both. The

events with a mean “apparent veloclty of 7.59 Km sec-] for the

first arrival generally have elther a P-S time larger than 8 seconds,
6r are located toward the middle of the central area, or both. This
suggésts.that the apparent velocl ty ofgthe events [s dlictated by
ahétlocatlon of the focus within the Gregory Rift..

The events from the Bouthern group show a wide variatlion In

the apparent velocity and do not define average velocities as Is

Lhe case of the central cluster. |In contrast the events from the

horthern cluster have a mean apparent velocity of approximately

5.8 Km sec™!. This suggests that the events from the northern

Lluster travel a fafFfly constant travel path. Thils wide range of

velocities Is suggestive of a structure which shows a velocity
increase with Increasing travel distance.

| The symmetrical shadow zones suggests aistructure which ataa

éértaln distance prevents the slignal from reaching Kaptagat. In
he case of the teleseismic shadow zones the travel paths, wlthin
he nantle, are deviated by a drop in the p-velocity of the 'rock'.

If a simliar cause Is postulated for the shadow zones In the

regory Rift there must be a velocity discontlnuity within the

o]

regory RIift.

Lastly the model must explain the attenuation of the signals

~~

see Chapter 6) that cposs the rift and the delay times at Nalrobl

-~

see Chapter 5).

The simplest velocity-travel path distribution Is given by the
eéquation:

V, = Vg, + Kz (1), where,
z| Is. the depth of penetration of the ray,

K| is the Increaselin velocity per unlt Increaée in depth,

V$ 1s-the surface veloclty,

Vi, is the velocity at depth z.




Fior a surface to surface travel path the travel time for a signal

passing through this type of structure is glven by,

-1
T = 2 cosh ‘
K %2 ‘ (ii) where

T'is the travel time and Vi $s the maximum p-wave velocity
travélled by the signal. |If the origin of the shock Is not at

the surface the travel time is gliven by,

T =1 cosh™' K2(AZ + h2)  + 1 (1i1) where
K 2Vo(Vg + Kh)

A is the ppicentral distance and h is the focal depth of the shock.

For the earthquakes located within the central gwouop the

-—

owest measured velocity for the first arrival was 6.6 Km sec'l.

f this earthquake has a focal depth of 0 Km, equation (ii) can

T

e used to estimate limiting values of K providing Vo s known.
Events from the western edge of the rift valley have a first arrival

]. These events may

apparent velocity, at Kaptagat, of 6.2 Km sec”
“haVe brjefly sampled the topmost part of the anomalous crust within
tbe_fift. Taking V5 as 6.2 Km sec”! in equation (i1) gives

K = 0.05 sec']. 1f the p-wave ve]ocity of the topmost part of the
crust is 5.9 Km sec™!, K is 0.07 sec”!. Thg minimum apparent
velocity of events from the northern group of events Is 6.8 Km sec”!
This and the travel time can be used to put a lower limit of

0,03 sec™! on K. The high apparent velocity of the shots and the
earthquakes from the Lake Hannington areé suggests that the simple

model, for the structure within the Gregory Rift, may be locally

perturbed. |f a linear increase of velOCI;y with depth is sti11

aLplicable within the Hannington area, K will be 0.09 sec'] for

VL = 6.2 Km sec”!.
~Into this model must be Included the velocity discontinuity

||chrwi]l be represented by a velpcity drop, VD, at a depth z.

EYents from the central cluster have a maximum P-S time of
| _

|

vl
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11.5 seconds. This P-S time anplies to events from the southern
edge'of the cluster. Events from the northern edge have a maximum
P=-S ffme of 8.4 séconds. The P-S time of 11.5 seconds can be used
-tOigive a maximur travelttime for events within the central zone.
lf.K and V, are known the maximum travel time cah becsused to put

a lower limit on the depth to the discontinuity. Fig (4:19) Is

b plot of the P-S time for an event with zero focal depth against
the depth to the discontinuity. This figure shows four trends
rach of which corresponds to a different combination of V5 and K.
From the graphs the followlng comblnations of K and V, give the

fndicated maximum depth, z, to the discontinuity:

Vo K z

5.9 Km sec”! 0.03 sec”! 5.3 Km

6.2 " " 0.03 " 5.5 "
5.9 " " 0.07 " 12,5 "
. 6.2 " " 0.07 " 13.0 "

'These figures show that the surface velocity, V5, has 1lttle affect
Upén the depth z. If z is smaller than the maximum value the

Pax inum traval time, for an event with a zero focal depth, will
Bglless.than 15.54 seconds (P-S time 11.5 seconds). The
rpépbearance of the signal from belqw the discontinuity Is
gLverned by the value of K below the discontinuity and the decreése,
VD, in velacity at the discontinulty. Below the discontinuity K
w?s assumed to have the same value as above the discontinulity.

Fig (4:11) is a plot of the P-S time agalnst VD for an event wlth

' a.surface focus. The bulk of events, from the north and south
clusters, start to appear when the P-S time exceeds 20 seconds.

IT this value of P-S time represents an event with a zero focal
depth the.graphs in ng (4:11) can be used to give a minimum value

O‘F VU.
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Vo

5.9 Km sec”!

6.2

5.9

6.2

K

n.03 sec™!

0.03

0.07

0.07

vD

y4 o
6.0 Km 0.15 Km sec”!
6.0 " 0.18 " "
13.0 " p.83 " "
13.0 " 0.86 " "

located on the suggested discontinuity.

ig (4:12) shows the P-S time pldtted agalnst VD for an event
Events located in thls

os ttéon should prbvmde an estimate for the maximum value of VD.

he graphs In Fig (4:12) and the P-S time of 20 seconds give the
P1lowing estimates of VD:
Vo K D vD
5.9 Km sec™]  0.03 sec™! 6.0 Km  0.32 Km sec”!
6.2 " " 0.03 " 6.0 " 0.34 " "
5.9 " " 0.07 " 13.0 " 1.46 " "
6.2 " " 0.07 " 13,0 " 1.50 " "

f the events lie below the sugges ted dlsconfinuity to generate
he shadow::zone the 1Imits on the above mddel will be modified.
t Is possible to stop the sfgnal, from events from below the
ggested discontinuity, reaching Kaptagat if the upward path Is
pflected at the dlscohtinulty. This suggests that VD Is
bmparitively large.

The travel path for events from wlithln the Gregory Rift is
Dt completely confined to the anomalous crust. At some point the
iznal leaves the anomalous crust and enters normal shield. For

1efprésent model any signal leaving the anomalous structure, at

a
i

a

]ﬁdwer p-velocity. Hence the ray will be bent towards the normal
b»the boundary. This means that the apparent velocity across the

Fray is not the true maximum velocity seen by the signal. The

|

level above the suggested discontinulty, encounters matérlal with?

¢!
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s ignal wlll'héve travelled faster than the apparent velocity.
_Thelsuggested deviatlion of the travel path Iimplies that the
hpicentres, located by the array, are incorrect and that the

epicentres'are probably nearer to the axis of the rift than

Fgggeéted. Below the dlscontinulty the velocity contrast between
%hé anomalous and normal crust depends upon the model for the
anomalous crust. For the upper limiting values on the geheral
Todel the signal passes from a low velocity to a hdégh védocity.
This means that the slgnal emerging from the rift is bent away
from the normal to the boundary. Also the signal Is deviated in
a Vértica] direction. This direction will, probably, Increase
the angle of ascent of the signal and hence the apparent velocity
is greéfer than the maximum veloclty seen by the signal. For

the lower limiting values on the general model the signal,
géhefally, passes from a higher to a lower velocfty. Compariéon
of the travel paths for the southern and northern group events

§uggests that the travel path for the latter events is

72

predominantly within the rift. This may explain why the p-vefocltieé

for the onset of the signal are fairly constant for these events.
The travel path for events from the southenn cluster apparently
leave the rift much earlier shan the events from the northern

cluster. Thisy, and the spread in eplcentres, may explain the

_varlation In apparent veloclity of events from the southern cluster.

4Lt8 Discussion.

Hithin East Africa the seismicity shows two distinct trends.

ig in accord with the general east-west stress (Bangher and Svkes,

1469; Sykes, 1967)which is épening the Western Rift and the

A ndrth-south trend exists In both the main rlft areas. Thls trend



ffégohy Rift. At right angles to this trend Is an east-west
tréhd displayed In the Kavisondo graben, the Wamala region and
oﬁ the Siria fault. IFf the Nubla and Somalla plates are rotating
féﬁout an axls In the area of the Rukwa grabhen as suggested by
ACKénzie et al., (1970), east~west fractures should developn.
%hese fractures will form in zones of crustal weakness such as
rthe Siria fault, or where a local stress perturbs the regional
stress pattern, for example, the Kavironda graben and the Wamala
region. In the former reglion the perturbation is due to the
uplift of the Kenya Dome and In the latter region to the uplift
of the Ruwenzori block.

The pattern of seismlic actlvity within the Gregory Rift

lis the combined effect of the suggested anomalous crust and
possible shallow focal depths. In sgctlon b:7 the parametersd,

which define the general model, have been limited uslng events

-

rbh'withln the Gregory Rfft. Compressional velocities recorded

~h

rom the central group of events are consistent with veloclities
recorded from the oceanic ridges. Across the ridges the veloclty
varies between 6.4 and 8.2 Km sec”! (0xburgh and Turcotte, 1968),
wjith velocities of 7.3 - 7.7 Km sec”! predominant at the centre
off the ridge (Talwanl et al., 1965). The latter authors found

vélocities of 8.2 and 8.1 Km sec” !

» 3 Km below the crest of the
ridge, which thay chose to ignore. Uﬁder the oceanic ridges the
hjgh velocity material probably corresponds to anomalous mantle
material. 1In the Gregory RIft the velocity Increase in the upper
layer probably corresponds to the intrusion of volcanic material.
The anomalous crust within the Gregory RIft probably passes

tg normal crust to the north and south of the Kenya Dome, In accord

wilth the findings 6f Rykounov et al., (1972). |f the anomalous

¢rust is to pass In to normal crust the value of K must decrease
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way fkom the dome and the discontinuity becomes progressively

1eeber. This requlred increase in the depth of the discontinulty

TS‘pEobably colnclident with the increased depth to the top surface

N

TF the mantle anomaly as outlined by the various gravity surveys.
e Events from the northern and southern clusters, within the

Gregory Rift, show a comparitively low signal frequenéy. If the
source function for the faults in this region is similar to that

fon faults in other areas, the predominant fow frequencles suggest

0.

elective attenuation of the high frequenclies. For a partial melt

Q is Inversely proportlonal to frequency at frequencles less than

reater than the critical frequency (Walsh, 1969). The crnitical

%he critical frequency and proportional to frequency at frequencises
¢
f

requency for pure dilation is dependent upon the viscosity and

hulk modulus of the fluid inclusions. For pure shear the critical

firequency s dependent upon the shape of the flild Incluslons,
Jhe'bulk and rigidity modulus of the solid and the viscoSity of 

. the fiuid (Walsh, 1969). |If the high frequencles are selectively
éttenuated by a partial melt, the viscoslty of the fluld must be
quite low. Alternatively If the rock Is solid, Q may be independent
of frequency. The attenuation of the high frequencies is then

due to a decrease mn Q, and the humber of cycles of the sfgna]

wii thin the anomalous material.

‘ fhe absence of s-waves in the coda of earthquakes from the

n%rth and south clusters suggests that the rodk on patt of the

travel path may be in a partlally molten state. |f the apparently
‘séiectlve attenuation Id due to a partial melt, the discontinulty

vhéy represent a change from a solld state to a partial melt In

nasna chambers. Local perturbation of the surface of the discontinulty

may be caused by magma cupolas below the'maln volcanoes.
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The events in the‘Gregory Rift shown In Fig'(u:l) are
probably mislocated. If the model outlined in section 4:7 is
aplecabie to the structure in the Gregory Rift, the events In
the central cluster in the rift probably lie nearer to the axis
of the rift than depicted in Fig (4:1), This mislocatlon Is

due to deviation of the ray path as It crosses from the anomalous

to the normal crust.
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CHAPTER 5
TRAVEL TIMES ACROSS THE GREGORY RIFT

5:1 Introduction.

Evidence from gravity surveys and refraction lines shot
within the Eastern Rift zone suggests that the crustal structure
within the rift zone Is different to the structure outside of
the rift zone. This difference in crustal structure may become
manifest in the onset time at Nairobl of the first arrival from
earthquakes to the west of the Gregory Rift., Using the
hypocentral location and origin time as determined by the
Kaptagat array the expected onset time of the first arrival at
Nairobl can be determined If a particular model is assumed for
"the structure of the crust. The model in Fig (3:4) was used

to represent the crust both inside and outside of the Gregory

Rift and the expected onset times at Nairobl derived from this
‘model will he terméd the calculated onset times at Nairohi.
As the model of the normal crust Is unrepresentative Of.the
crust within the Gregory let,?thé calculated onset times at
Nalrobi shoulld be dIfferent to the measured onset times at
Nairobi. This difference between the calculated and measured
anset times at flairobl will be termed the delay times at
Nalrobi. |

Flg (5:1) shows the average delay times at Nalrobi for
the five main regions. The Individual delays are gliven In Table
(5:1). The 95% confidence 1imits on these average values are
as follows: Ruwenzori, 0.24, Kavirondo RIft, 1.07, Siria Fau'lt,O
3.16, Southern Group, 1.58, Northern Group, 1.20. Events from ghe

Ruvenzorl and Kavirondo areas should have Ph as the first arrival

at Nairobl. In the latter resion the first arrival at Kaptagat
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TABLE 5:1
TRAVEL TIME ANOMALIES

Event Epicentral .Epicentral Delay

No. Distance to Distance to used in
' Kaptagat Nalrobi calculations
56098 216.2 . 211.64 -4, 35
56 149 215.2 212.8 -5.02
5494 0 212.8 209.25 -2.56
62108 50.8 220.31 2.01
62107 49.3 223,31 2.82
62108 7.1 220.08 1.97
62110 b5, 226.63 2.93
62118 46,7 224,69 0.83]
62117 62.8 220.57 5,21
62135 67.1 219.91 4.70
60280 - 70,0 220.60 0.4k

5953 210.4 66.58 -2.29

5956 219.0 53,72 -1.20

5956 242,2 33.52 -k, 03
60282 215.2 e -2.09

6277 285, 45.60 -0.97

5955 208.5 66.90 .. -1.81

6163 347.6 142,70 1.08

6164 31,2 132.00 0.77
54902 192.1 384.81 -3.89

380.80 =472
376.70 -3.88

390.91 . 2.09




Event
No.

55987
55979
58169
58184
6219
6243
6268
627
6278

Epicentral

Distance to

Kaptagat
599.5
617.0
639.6
748 .4
776.6
76L4.7
928.5
731.1
L96.2

Epicentral
Distance to
Nal robl
781.70
797.00
793.20
799.70
809.70
601.6N
9L2.40
559.80
666.40

De

calcu

0
0

0.
0.

0
1

lay
used In
latlons
.58
.62
57
29
.22
.20
.87
.78
.07
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'S élther P* or Pe whilst events ffom the former region have Ph
s the flrst arrival at Kaptagat. FEvents from the Sirla fault
yave P* as the first arrival at Kaptagat and from thelr positlon
should have P* as the first ar}Ival at Nairobl. Those events
From the southern group should have Pg as the first arrival at
lairobl and elther P* 6® P, at Kaptagat. These arrlvals are
hased on fhe assumption that the travel path Is conflned to
jormal shield crust,
.Before the delay times at Nafrobl can be interpreted~ds: the
rffect of an anomalous crustal structure within the Gregory RIft
several alternative explanations must be eliminated. The
1lternative explanations are: |
i) That the hypocentral location as determined from data from
the Kaptagat array Is incorrect.

(i1) That the origin time of the event as determined from the

onset time of the event at Kaptagat Is incorrect.

(11i) The delay times are due to measurement errors on the onset
times at Nairobi.

iv) That the model used to represent the structure of the
normal crust Is not an-adequate representation of the

true crustal structure.

V) That the anomalous crustal structure is not assoclated
with the Gregory RIft but a feature of the crust external

to the rift,

'he filve alternative explanation 1lsted above will be discussed

n section (5:2).

:2 Discussion of posslible errors.
If the crustal mode] for the structure outslde of the rift

s Incorrect the calculated travel times to Nalirobl will also be



incorrect and may give the measured delay times at Nairobl.
Congdder two cases when a) both stations see a Py phase as the
first arrlval and b) when one station sees a P, phase as the
first arrival and the other a Pg phase as the flrstnarrival.

. The hypocentral location of the shock Is fixed us kng data
Ffém the Kaptagat array. Therefore any error,in the crustal
modél, wljl glve an error In the eplcentral distance and the
focal depth. Consider case a). |If the p-wave velocity of the
fhird layer of the model for the normal crust is in error the
moHo travel tlime to Nairobl will be incorrect. For an ]ncorrect
moho velocity the error In the calculated travel time to

Nairobi is glven by,
e =‘Ai___]_ - l] where,
§.05 X
x is the true velocity of the rock at moho level, and Als the
epicentral distance to Nairobl calculated from the Kaptagat
locations. If x differs from 8.05 Km sec™! by 0.1 Km sec™! the
error in the calculated travel time to Nalrobl is 0.15 seconds
per'loo Km epicentral distance. To determine the effect of an
srror In the velocity df the flrst and second layers of the
%trnctural model the hypothetical event was assumed to have a
focal depth of five Km. For this hypothetical event an ehror of
B.l Km sec™! on the veloclty of the second crustal layer glves a
maximum error of 0.13 seconds in the calculated travel time to
Haikbbl. A similar error on the velocity of the first layer of

the crustal model wlill result In an error of N.03 seconds on the

ga]culated travel time to Nalrobl. For the events from the

Ruwenzori areap a true moho veloclty of 7.95 Km sec-], as compared
o the model veloclty of 8.05 Km sec” !, will explain the delay at
”airobi for events from the Ruwenzori. PBvents from the Kavirondo

Rift have P, as the first arrival at Nalrobl and a delay at




Hlalrobl of 2.37 seconds. To explain thls delay as an error on
:%Hé tho veldclty of the modél for the normal crust requlres the
1p}Qe-moho veloclity to be unacceptab]y small,

| ;An erroneous assumption of the moho velocity will also mean
‘thét A Is Incorrect. For a true moho velocity of 7.95 Km sec”!
fhérmaximum error in A is 5 Km for a P-S time of 50 seconds at
ﬁaptagat. This error In A acts to reduce e, the error If A Is
assumed to be correct. The delay Is probably not due to error

on the veloclty of the second crustal layer of the crustal model.
If the delay Is due to error In the velocity of the second

1 to

¢rustal layer the true velocity would have to be 5.8 Km sec”
éxplaln the delay at Nalrobl.

Case b) can he split into two subsectlons:

(i) Kaptagat sees a Pg phase as the first arrival and Nalrobi

a P, phase as the first arrival.

dli) Kaptagat sees a Pn phase as the first arrival and Nalrobl
% | a Pg phase as the first arrival,

Wn both (i) and (Ii) the Py phase was usually restricted to the
first layer of the crust. The following error analysis, In
comb]iance wlth the above finding, assumes that the Py phase

s restricted to the first crustal layer. In case b) (1) an

efrror In the p-velocity of the third layer of crustal model wi
nit result in an error In the epicentral distance or focal depth.
However, the travel time to Nalrobl will be affected by the use

dF an Incorrect moho veloclty. For an error of 0.1 Km sec”! In
tﬁe rmoho veloclity of the crustal model, a maximum error Of 0.15
spconds per 100 Km eplicentral distance will be Introduced Into the
én1cq1ated travel tlme to Nalrobi. An error of 0.1 Km sec™! In
tpé:vgloclty'of the second layer of the model will alve a maximum
errOr‘df 0;13 seconds on the Caléulated travel time to Nalrobl.

The focal depth of an event ‘can.be determined_usjng the,aqnaren%
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velocity of the Pg arrival across the Kaptagat array. An error

in the p-velocity of the first layer of the model will introduce
(én éfror into the foeal depth and the epicentral distance to
iKaptagat. Therefore the effect of using an lncorrect p-veloclty
ifor the first crustal layer Is expressed as a function of the
iapparent veloctty of the Py phase at Kaptagat (Flig 5:2). The
‘graph in Filg (5:2) assumes an error of 0.1 Km sec™! in the
\p-velocity of the first crustal layer. From thls graph it can
\be sean that the maximum error corresponds to low apparent
'velocitles. For events with an apparent velocity at Kaptagat
1of 6.4 Km sec'] the error, due to the use of an Incorrect
i-p-veloclty for the intermediate layer, is approximately one-
flfth of:=the delay at Nalrobl.

In case b) (i1) an error of 0.1 Km sec™! in the veloclty of
the third tayer of the crustal model WIII give a maximum error
ﬁn the calculated travel time to Nairobl of -0,01 seconds per
]00 Km epicentral distance. An error of 0.1 Km sec”™! In the
h-velocities of the flmst and second layers of the crustal mode 1
fve a maximum error of 0.05 and 0.06 seconds respectively, In
the calculated traye] time to Nairobf. |
The effect, on the calculated travel time to Nairobi, of
varving the width of the crustal layers is smél] compared to the
?ffect of varying the p-velocltieé within the crustal model.

Case b) (1) applles to events located wlthln the Kavlrondd

Rift. These events have an agverage delay at Nairobi of 2.37

figufes it can be seen that thls delay Is probably not due to

errdr:on the crustal model. Case b) (1i) applies to events from

the southern group. These events have a large negative delay at

/
’

-sjrconds and are approximately 200 Km from Hairobl. From the above
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Naifobi which cannot be explalned by errors on the crustal model.
i-The accuracy of the hypocentral location of an event Is
Sﬁbject to the errors on the es:lmate of the eplcentral distance,
%dcal depth and the azlimuth, from Kaptagat, of the event. |t may
pe‘pdssible that the delay time at Nalrobl Is due to incorrect
location of the epicentre.
When the first arrival is a P, phase at both Nalrobl and
Kaptagat the travel path between the focus and Kaptagat Is similar
tn form to that between the focus and Nalrobi. For this type of
travel path the time taken for the signal to travel down to and
ip from the moho is the same for both the path to Kaptagat and
the path to Nairobi. Hence the only difference between the travel
path to Nairobi and the travel path to Kaptagat Is the time spent
by the signal travelling as a moho head wave. Any variatlon in
the focal depth will be reflected by a change in the epicentral
v?istance. As the epicentral dlstance to Nairobl was,defived from
- the Kaptagat estimate of the hypocentral location an ermor In the
¢picentral distance to Kaptagat wlll result in an error In the
épicentral distance to Nairobi. This error in the ppicentral
dlistance to Nairobi will be a function of the azimuth of the
évent from Kaptagat. |If the two stations and the éplcentre of
the event are in line the error on the epicentral distance to
Méptagat is the same as that on the epicentral dlstance to
Nairobi. When this condition exists the error on the eplcentra)

distance will not glve rise to an error on the travet time to

alrobt.

herad

~Flg (5:3) shows the delay time at Nalirobi due to an ertor

n.the eplcentral distance to Nairobl. This diagram has been

constructed assuming a focal depth of 0 Km and can be used to glve
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the error due to an incorrect focal depth. This is posslb]c

o

ccause of the direct link between an error in the focal depth

and an error in the epicentral distance. At an eplcentral

-~

{istance of 690 Km the maximum error on the travel time to

—p

lairobi Is approximately 0.2 seconds. Most of the events that

—

\ave two P, travel paths and show a delay time at Nairobl have

Q)

nnazimuth from Kaptagat of between 280 degrees and 320 degrees.
At this azimuth the error on the travel time Is much less than

3.2 seconds. In the events described previously as type b) (i)

-

and b) (il), one station sees a first arrival which has been

___

cdnfined to the crust. The second station sees a moho head wave

|

aFche:flrst arrival. This means that an error in the focal
%epth will Introduce an error Into the calculated travel time

tb Malrobi via the change In the epicentral distance and the

tiime taken by the signal to travel the crustal path. For crustal
arrivals at Kaptagat the signal travels a P* or a Pg path within
the first layer of the cruét. Crustal arrivals at Nairobi are

probably Pg signals. Thls assumes that the slignal travels

+

hrough normal crust. Fig (5:4) shows the error on the calculated
travel time to Nairobi due to an incorrect focal depth. The

efrror on the focal depth was assumed to be 5.0 Km and the signal
wias assumed to have travelled a P* path to {aptagct. From thls
graph 1t can be seen that for the above conditions the maximum
ejfror on the calculated travel time to Nalrobl Is +1.8 seconds.
Fpr the group of events which have a P, phase as the first arrival
atl(aptagat the maximum error Is +0.8. Similarly for events with
Pz as the first arrival at Nairobl the maximum error on the travel
tlime to Nairobi is -1.8 seconds. The error Is a function of the

a%imuth, from Kaptagat, for the event. In all three cases the
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énror is less than the observed delpy time at Nalrobi. |If the
focal depth is in error by more than 5 Km the corresponding error
»n the travel time to Nalirobl will be Increased. The Kavirondo
Ri%t events have an azimuth from Kaptagat of approximately
200 degrees. At this azimuth the delay time at Nairobi, due to
an error of 5 Km on the focal depth, is -0.4 seconds for p*
arrivals and +0.4 seconds for Pg arrivals at Kaptagat. These
values are. considerably less than the average delay time at
Mairobl of events from this region, and the focal depth would
have to be In error by over 25 Km to generate this delay. An
error of 25 Km in the focal depth Is unlikely as the apparent
velocities of the first arrival was used to give the focal depth.
Events from the soutHern group have an azimuthTfrom Kaptagat of
approxihately 150 degrees. At thés azimuth the delay time at
Nairobi, due to an error of 5 Km on the focal depth, is -1.8
seconds on Pg arrivals at Natrobi. The average delay at Nairobl
of events from this region is approximately twice this value.
Therefore the focal depths would have to be In error by
approximately 10 Km to explain the delay. If this .is the case,
and assuminé normal crust, the first arrivals at Kapfagat would
he P,. The first arrivals are not P and therefore the focal
lepth is probably not In error by as much as 10 Km.

An error In the azlmuth, measured from Kaptagat, of the
apicentre will produce an artificiél delay at Nalrobi. In
“1g (5:5) the chbnge In azimuth and epicentral distance required
to compensate for the delay time at Nairobl Is shéwn for events
'n the Uganda sector of the Western Rift. This graph shows that
‘he epicentral distance has to be conslistently smaller than
stimated and the azimuth swung toward the north.

The accurawy of the onset times of the signal at Nalrobi
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and Kaptagat is critical to the measurement of the delay times.
An error in measured onset time at Kaptasgat will be reflected In
én error In the calculated arfival time at Nalrobi. This error
in the calculated arrival time at_Nalrobi.wlll give a delay time
at Nairobi. Similarly an error in the measured onset timé at
.Nafrdbi will gfve a delay time at Nalrobi. The accuracy of the
6n§et time at each statlon depends upon the identification of the
signal onset and the reading error Involved in the measurement
of the onset time. At Kaptagat the onset time was read to an
accuracy of #0.04 seconds and at Nairobl the onset time was read
to an accuracy of $0.25 secbhds; The character of the onset
slgnal varied from a sharp break, in which case it was easy fo
identify the onset, to a low amplitude sinusoid. When the onset
was difflcult to ldentify the maximum of the flrst deflectlion,
at both statlons, was chosen as the onset. Thls approximation

nroduces a s1lght-error as the signal frequency at Kaptagat Is

usually different from the sighal at Nairobl. Comparison of the
signal periods, at both statlons, shows that the approximatlion

to the onset of the signal can result in a delay time at Nalrobi

f t0.1 seconds. These errors are an order of magnitude samller

than the delay times at Nairobi.

b:3 Discussion of the delay times.

Fig (5:1) shows the average calculated delay time at Nairohi

“or events located within five reglons. From this plot it can

he Gregory RIift. The events from the Uganda area will be treated
S one unit because they are all located iIn approximately the
ame position. At the eplcentral distances involved, a slight

arlation in the position of the epicentre hardly affects the




travel path through the rift zone.

Because of”the posttidon of the Siria fault earthquakes,

le they are equlidistant from both stations, the calculated onset
time at Nalrobl was taken as the actual onset time at laptagat.
The anomalous onset times at Nalrobl of earthquakes with
crustal and moho travel paths indlicates the possiblility of an
anomalous body extending throughout the width of the crust. This
anomalous body Is probably coincldent with the Intrusion which
glves rise to the positive gravity anomaly along the axis of the
rift. The deday times at Nafrobi, on crustal arrlvals from the
Sirla fault, Indicates that the anomalous materfal must have a
p-wave velocity greater than that of the normal crust, or the
upward travel path Is smaller than that of the normal path. If
the anomaly is 20 Km wide, as Is suggested by the gravity models,
the retardation of the signal to produce the delay time at
Nairobhl on moho arrivals cannot take place at moho level. For

an anomaly 20 Km wide the veloclity would have to be 6.1 Km sec”!
to produce the detay time, on moho areréls, at Nalrobi. Clearly
thlis velocity Is too low to be acceptable. In the following
analysis the delay time at Nalrob! on moho arrivals Is assumed

to be due to a delay imposed on the sfgnal as it ascends to the
surface. This supposition Is refnforced by the distance, 15 Km,
hetween Nalrobl and the Gregory RIft. Assumlng that normal

crust exlsts throughout this distance It Is Impossible for a
rmoho head wave to emerge, at moho level, from the anomaly and
ascend to Nairobi’,

The moho arrivals have been split into two groups:

(f) Events from the Kavirondo graben with an averagacdelay tlme

at Nalvobl of 2.37 +21.07 seconds




(i1) Events from the Ruwenzorl‘area with an average delay time
at Nairobl of 0.93 #0.24 seconds. |
Two models have been tested to try and explaln the delays.
One model assumes a two layer crustal structure similar to that
given by Griffith (1972), Giriffith et al. (1971), and the other
model assuries a structure simi-lar to that used to explain the

seismicity.

5:4 The two layer model.

In this model a layer of material with p-velacity of

6.38 Km sec”! was assumed to overlie an anomalous layer with a
higher p-velocity. |If the intrusion is in the form of a wedsge
the model can be defined using;
VA the p-veloclty of the second laver,
y the width of the anomaly,
olthe anglé of dip on the faces of the anomaly and
D the distance of the eastern edge of the anomaly from Halrobl.
The travel path through the anomaly will also depend upon P, the
angle between the normal to the flanks of the anomaly and the
approaching ray. |

For moho sisgnals the travel path was assumed to enter the
anomaly immediate]y after leaving the moho. This gives the largest
possible delay for each variation of the model and provides upper
1imits for the parameters. The travel path of the moho signal was
traced through the model for the crustal anomaly and the associated
abnormal travel time calculated. As the horizontal distance
travelled by the ascending slignal through the anomaly is different
to that for a normal arrival a correction was applied to the
bnormal travel time. A number of varlations of the model were

tried and an acceptable model Is found when the calculated delay



time Is the same as the delay time at MNalrobl.

Two values of VA were considered; a lower 1imit of 7.1 Km
sec”! was based on the model of Long et al., (1972), and an
upper limit of 7.5 Km sec_] on the model of Griffith et al.,
(1971). For these two values of VA, & and W were allowed to
vary until the calculated delays were 0.93 and 2.37 seconds,
Initially the computations were conducted assuming that the
anomaly was aligned due north-south. Under this assumption it
vas impossible to sencrate the delay time at Nairobi. Therefore
the orientation, F, of the axis of the anomaly was allowed to
vary.

Fig (5:6) shows the range of $ and w which give the detay
times of 0.93 and 2.37 seconds for the indicated values of

and VA, These graphs clearly show that the axis of the anomaly
has to be rotated west of north to give the required delay time

1

at Nairobi., If VA is 7.1 Km sec” ' the anomaly has to be rotated

y between 25 and 30 degrees to give a delay of 0.93 seconds on

he moho arrivals from Uganda. The corresponding rotation required
o-give the delay of 2.37 seconds on Kavirondd Rift events i§
‘petween 7 and 10 degrees. For VA = 7.5 Km.sec" the axis of the

anomaly has to be rotated by between 20 and 25 degrees for a

£

delay of 0.93 seconds. lhen a veloclty of (VA =) 7.5 Km sec-] is

gmployed to explain the delay of 2.37 seconds the range in the
variables ? and w become very restricted. The graphs In Fig (5:6)
show the range of the variables P and w for three values OFIOL
These lines show that .the greatest acceptable range in $ and w
occurs when &K * 5 degrees. Also as o increases the value of F

decreases.




5
45 | | \J
| \0 .
.. 5\ - L4, \
I ~\\ \ 5
40 0. 10
. e \ \
-
Angle g Angle B
(Degrees) T 3 Delay of 2:37 Seconds
35
Delay of 093Seconds ‘ \
' Q 0\
| -42
30 Figures on Trends are
Angles of Slope on the VA= 7-1 KmSec’
Faces of the Wedge  VA=T-5KmSec]
10 20 i 10 20
| ] ) I

Wedge Thickness |
(Km)

Delay on Moho Arrivals Assuming
a Two Layer Model for the
Gregory Rift

Fig 56



If the signal enters the anomaly Iimmediately after leaving
the moho 1t emerges from the anomaly Into the 6.5 Km sec-] layer
of the normal crust. A moho slignal which enters the anomaly at
é higzher level may emerge from the anomaly into the 5.9 Km sec']
layer of the normal crust. To estimate the delay time for this
type of travel path a signal was traced through the anomaly and
allowed to leave the anomaly at the base of the 5.9 Km sec”!
layer.

Flg (5:7) shows the range in § and w required to glve a detay
of 0.93 and 2.37 seconds for VA = 7.1 and 7.5 Km sec™!. From
these graphs it can be seen that: for a delay of 0.93 seconds,

VA has little affect on the range of P and w, For a delay of
2.37 seconds the veloclty VA becomes extremely Important. A
value of VA = 7,5 Km sec-] will only glve a delay of 2.37 seconds
for this travel path if the angle,o, is 0 degrees and the wedge
is between 10 and 5 Km wide. The angdé by whlich the axis of the
anomaly has to be rotated to give a delay of 0.93 seconds 1les
‘between 18 and 20 degrees for both values of VA,

The nogative delay time at Malrobl of events within the
Magadl area can be Interpreted 'In two ways. Elther the events
are closer to Nalrobil than the Kaptagat locations suggest or,
the slgnal travels faster to Nairobi than assumed. The negative
delay at Nalrobi varies between -2.81 and -0.79 seconds whlich
can be Interpreted as the events belng between 16.6 and 4.8 Km
closer to Nafrobi than expected. These dlstances assume a
velocity of 5.9 Km sec”! for the travel path to Nalrobi. On the
present model for the Gregory Rift the slgnal will see a drop in
the p-velocity when leaving the Gregony Rift. Hence the true

travel path wll1l be bent away from Nalrobl and not toward the

statlon as required. To: arrive at Nalrobl approximately 2 seconds
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early the signal must have travelled at a veloclty of 7.03 Km sec”]
along the whole of the travel path. |If the events are misplaced,
as Indicatednabove,the p-velocity along the travel path will have
to be larger than 7.03 Km sec-] to compensate for the increased
path distance.

Events from the Siria fault arrlve at Nalrobl between -2.,5
and 5.0 seconds earller than expected. At Kaptagat these events
have first arrival apparent velocltlies which suggest a P* travel
path. |If this Is the case the travel path from the Siria fault

to'Nairobi should also be P*7 The travel path from the Sirla

lfault to Nairobl crosses the Gregory Rift where it &5 approximately

!50 2 wide, Within this 50 Km wide zone the signal must be

speeded up to give the negatlve delay time at Nairobl. The
horizontal projectlion of the travel path to Nairobi intersects
the flanks of the rift at an angle of approximately 90 degrees.
Hence the horizontal projection of the travel path will not be
deviated by an appreciable amount. The signal was assumed to
pass through the rift undeviated in a horizontal direction. For
3 negative delay at Nairobl of 3.5 seconds the signal must travel
vyithin the Gregory RIft at a velocity of 11.9 Km sec7]. Cleartly
this velocity Is unacceptable. |If the calculated epicentres are
lightly misplaced to the west of the true eplcentre the net
result will be a negative delay at Nairobi. The maximum error

n the azimuath; from Kaptagat, of the events on the Siria fault
Is +3 degrees (7.65 Km). |If the Slria events are actually

.65 Km to the east of the Kaptagat location the delay time at
lairobl will be reduced by 1.17 seconds. The delay time at Malrobi,
f the Siria events, then glves 9.32 Km sec”! for the materlal

Vithin the Gregory RiIft. The normal P* takes a horlzontal distance
!



of 38.9 Km to ascend to the station. If the signal from the
Sfrfa fault emerges from the anomaly as. a P* It cannot ascend to
tlairobl in the distance between the rift and the statlon. Either
the»anomaly Is thinner than the width of the rift or the signal
starts to ascend to the surface before reaching the anomaly.
Consider the latterccase. |f the ascending slgnal encounters
material with a higher apparent velocity the travel path wlll be
s teepened. Thils Implies that the western edge of the anomaly Iis
within 39 Km of Nalrobl and if the anomaly is contained within
the rift It must be lasssthan 2 Km wide. Fig (5:8) shows the
yarlation in the calcudated delay at Nalrobi with change In the
velocity of the intrusion. The width of the anomaly has been
constralned so that the slignal reaches Nalrobi and the anomaly
Ties within the rift., If the velocity of the anomalous materia1'
is lower than the normal crustal veloclity, the ray path will be

%eflected toward the horizontal and the resultant travel time

-

yi11 be larger than the normal travel time. The graph In Fig
VSQS) shows that the maximum negatlive delay witl be -0.72 seconds
for a p-veloclity of the anomaly of 7.5 Km sec']. A reduction In
_the p-velocity of the anomalous material results In a

¢orresponding decrease in the calculated delay ait Nairobi.

?:5 Delays from the model used to explain the selsmicity.

The delay times at Nalrobl were again treated as two groups,
moho arrivals and crustal arrivals at Nalrobi. The model used

was the same as that employed to explaln the seismicity pattern

-

ithin the Gregory Rift, and was restricted to the rift zone.
As beforetthe model Is deflined by four variables, K, z, Vo, VD,

.which were varied within the 1imits imposed In the last chapter.

Consider the moho arrlvals from Ugénda.'

&
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Fig (5:9) shows the variatlon of the calculated delay with

z and VD for a constant value of K and Vo' The graphs in Flg
(5:9) show lines of equal delay and assume that the angle be tween
the.hormal to the flanks of the anomaly and the incident ray path
is 15 degrees. For a constant value of K an increase In VY,
decreases the range of z and VD which will glve a delay of 0.9
seconds, at Nairobl; on moho arrivals from Uganda. |If K is
increased the theoretlical delay times at Nairobl on these moho
arrivals is increasedaand the range of acceptable values of z and

VD is also Increased. Although the graphs do not define:the

values of the parameters of the model they do confirm that the

modeél will generate the dedays.
The moho arrivals from the Kavirondo graben will intersect
a nokhh-south anomaly at an angle of 35 degrees to the normal to

the flankg. Fig (5:10) shows the variation in the delay time

at Mairobi for arrivals from the Kavirondo graben. The graphs
Fn this figure show that the condlition that the delay is 2,37
?econds is not satisfled until K is at least 0.06 sec”!. This
value can be used as a lower 1lmit on the value of K. With
Tncreaslng K the calculated delay, for the same value of VD and
2z, increases and, as before, the acceptabdé range of VD and =z
fncreases. Simllarly an Increase in VD Increases the calculated
delay at Nairobi.

The events from the Lake Magadl area, which show a negative

delayt time at Nairobi, have a'first arrival apparent veloclty,

.%t Kaptagat, of approximately 6.9 -6.5 Km sec-]. These events
emerge from the Gregory RIft zone at least 60 Km fnom Kaptagat.
This and the apparent velocity suggests that the depth at which
tbe ray emerges from the anomaly is betweén 18 and 22 Km. It

was shown In the last section that to glve the measured necatlve
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2.

elay at Nairobi the signal had to travel at over 7.0 Km sec”

1

olr the event was nearer to Nairobi than the current locations

t

uccast. The only way to swing the locations toward Nalrobi is

“h

or the signal to emerge from the Gregory Rift Into a higher
vielocity material. As the signal must be travelling approximately
horfzoﬁtally when it emerges from the anomaly it Is possible to
calculate the horizontal distance travelled within the anomaly.
Sécdndly there must be a negative velocity contrast between the
anomaly and the normal crust to swing the travel path toward
Nairobb. Flg (5:11) shows the swing, toward Nairobi, in the
ppsition of the epicentre as the parameters of the model are
vpried. Flg (5:11) shows that as Vo Increases the veloclity drop

(¥D) must also increase if the epicentres of the events are to bhe

syruny towards Nairobi. Similarly an increase in K also requires
an increase In VD. Assuming a surface velocity of 5.9 Km sec”!
tpe size of the swing Is sufficient to give the requlired delays
a#NairobI providing the velocity drop at the boundary is
sufficlently large. The delays on the flrstnharrivals at Nairobl
of the events from the southern group do not restrict the {Imits
oﬁ the model. However they do not preclude the model.

Events from the Siria Fault probably enter the Gregory RIift
ad P¥ signals. Flg (5:12) shows the calculated negative delay
tlime at Nairobhl assuming that the eastern edge of the anomaly is

15 Km distance from Nairobl. The width of the anomaly has been

—

aljlowed to vary. Each graph In Fig (5:12) i§ drawn for a constant

Voo K and z with VD allowed to vary. Events from the Siria Fault
should provide some Indicatlon as to the upper limit on VD

berause the overall upward travel

upyard travel time. Large values of VD will increase the upward

travel time through the anomaly. The max!imum possible delay on

time must be lower than the normal

92
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1is 11odel is approximately one quarter of the observed delay

[ f
¥

timae at Mairobl. If It Is asaln assumed that the events on the
| )

Siria Fault are mislocated the maximum possible delay, senerated

by the model, is approximately one-third of the observed delay.

LT

¢G5 Discussion.

Two models were considered In an attempt to explain the delay
times at Nalrobi. The two layered model will explain the two sets
of dolays at Malrobl on moho arrivals providing the axls of the
apomaly Is rotated in an anticlockwise dlrectioﬁ; However the

ahount of rotation required witl take the anomaly outside of the

rift zone. Secondly: the two layered model will expdain the
nexative delay at Nairobl of the Lake Magadl arrivals only if the
velocity of the anomalous material is above 7.0 Km sec”! and that
t;fs material exlsts on the whole travel path to Nairobi. Thirdly
t#e two layered model will not explaln the negative delay time at
N%irbbi of the arrivals from the Siria Fault. For these reaéons
tﬁe_tuo layered model Is not an adequate representation of the

[
anonaly.

The second model Is the same as that used to explaln the

.370.93 second delay at Mairobi providing that K is greater than
OWOB sec™!. wlith increasing K, and Vo the range of z and VD,
WJich will give a delay of 0.93 seconds at Nairobi, Increases.

Td cexplaln a delay of 2.37 seconds, on the moho arrivals from the
‘@virondo graben, at Malrobl, the value of K has to be at least
0.06 sec™! and again a range of acceptable values of z and VD

exlists. The delays were fitted assuming that this model was

a]igned due north-south. |If the axis of the anomaly is rotated by

83

Attern of selismicity, in the Gregory RIft. This model will explain
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al feur degrees in an anticlockwise direction the minimum value of

i Jdecrecases. The negative delays at Nairobl can, on this model,
-bk eﬁb]ained by mislocation of the epicentres if the travel paths
1Ea9é a low velocity material in the Gregory RIft and enter a
quher velocity normal crust. This requlrement can be used to put
lbwer limits on the value of K and VD (see Fig 5:11). These

I%mits lie below those required by the model to generate the
pattern of seismicity. Lastly, the Sirla Fault earthquakes require
éxplanation. The negative delay at Nalrobl on these earthquakes

i$ inpossible to explain on elther of the models. Ewven If the

eyents are shifted toward Nairobl, assuming a maximum error on the

(
a%ihuth, the calculated delays are still smaller than the observed
d%]ay,
The delays at Nairobl generally support the model given In
Chanter h. However they do not refine thelimits on the model but

merely show that these limits are acceptable.




CHAPTER 6
MAGNITUDE DETERMINATION
6l:1 ‘Introduction.

R}éhter (1935) orlginally defined the magni tude of an _event

uF;ng the logarithm of the maximum trace amplitude written by a
rwood ~Anderson torsion selsmometer. The maximum trace amplltude
";grtaken as half the maximum peak to peak displacement on a
veriiéal selsmometer or the mean of the maximum displacements on
‘tﬁd mutually perpendlcular horizontal selsmometers (Richter, 1958).
T|-alTow for the reduction In the amplitude of the trace due to
aIsorptlon of.the energy and geometrical spreading, Richter included
aldistance dependent functlon (Fig 6:1) into the calculation of

the magnitude. Richter orlginally defined this measure of

magnitude for epicentral distanoes from 0-600 Km and hence 1t is
k#own as the local maghhtude (M ). Gutenberg (1945a) extended

tHe use of Magnltudes to teleseismic distances when he defihedba

.surféée wave -magnitude (M ) as,

| . Mg = lomgoA - logg B + C + D.
'%' s the maxImum hortzontal ground displacement of the 20 second
piriod‘surface wave. 'B' s a distance dependent functlon to

rrect for the geometrlcal spreading of the wavefront and absorpt!on
a ong the travel path. 'C' Is a statlon correctlon and ‘D' a correction
dépending on the focal depth of the earthquake and anomalous
absorption along the travel path. |

The 20 second perliod surface waves were originally empl8yed

b%cadse surface waves of this period are prominent at distances
of the order of 2000 Km. Also the absorption coefficient for
-s&rface waves of thls perfod shows 11ttle local lateral variation,

Eyetnden and Filson (1971), Solomon (1972)), and follows closely
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the theoretical curves which assume‘constant absorption and:

géometrlca] spreading (Duda and Nuttli, 1974). The constancy of

t
t
i

o

e ahsorption coefficlent for the 20 second period wave Implles
at the surface wave magnl tudeican be universally applied. This
in contrast to the local magnl tude which is a regional measure

the energy of the earthquake. The surface wave magn! tude has

two disadvantages. Most seismometers which operate in the twenty
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cond period range have a gain of a few thousand and thls

stricts their use to medium and large magni tude earthquakes.
condly, the amplitude of the surface waves generated by an
rthquake Is dependent upon the focal depth of the shock. As

e focal depth increases the amplitude of the surface waves
creases., Because of the correlation between the initial

plitude of the surface waves and the focal depth, Gutenberg
stricted the determination of M, to events with focal depths

ss than 30 Km. A determination of Ms for deeper earthquakes can

madé if a positive correction is included in the computatlon of

96

e magnlitude, B3th (1966), by employing a factor of 0.008 multiplied

the focal depth, has extended the determination of Ms to events
th focal depths up to 100 Km. Gutenberg (1945b, 1945c) defined

body wave magni tude (my) which involved the use of the ampllitude
period ratio of 'short period teleseismic body waves. As In
e other methods of determining magnltude a distance dependent
nction is Included Into the calculatlons. This function allows
r the dissipation of 'the energy by geometrical spreading and by
sorption. Gutenberg originally calculated this distance

pendent functlon from measurements of body wave phases at

rious distancés. The amplitude-distance measurements were made in

sets,,each set confined to one earthquake for which the surface

wa

ve magni tude was known.



Nsually, for the same earthquake, the magnitude my, is not

gné;same as the magnitude M_. This difference between m, and M,
_i;’ﬁéobably due to the two measurements being made at différent
;ffeéuencies in the displacement spectrum (Duda and Nuttli, 1974),
fé}’émall earthquakes the amplitude of the displacement spectra
aﬁ ;hort periods is the same as the amplitude of the displacement
speétra at long periods. However with Increasing energy release,
and hence larger eart@guakes, the amplitude of the displacement
spectra at short periods is less than the amplitude of the
displacement spectra at longer perlods. By linking the m, and

M _scaleé at: magnitude 7, Richter (1958) found the followling
relatlonship,

| M. = 1.59m

S b
The geometrical spreading and absorption factor F(A) used

- 3.97.

by'Rléhter In his determination of M, Is only applicable to
areésvwhlch have a crustal structure similar to the crustal
§tfﬁcture In Southern California. To determlne the magnltudé‘of
eérthquakes In East Africa, a F(A) factor must be determlned‘for
the crustal structure in East Africa. The F(A) function was
dgetermlined with the help of data from Nalrobi (sectlon 6:2) after
the émplitude of the signal at Nalrobl had been corrected féf
anomalous attenuation (sectlion 6:3). This F(A) function wés
cgmbined with the amplitude to perlod ratio of the first slix
cycles of the p-wave ground motlon to give a magnitude mf. The
ptbody waves were used In the determination of mg because: ‘
‘(1) The S and surface waves were frequently saturated,

(Tf) In some cases [t was difficult to make a positlve

| ‘Indentificatlon of the s-waves.

-_ Tp maintaln conslistency with other magn!tude determinatlions

the mj] scale was tied Into exlsting magnitude determinations
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;UﬁfﬁﬁVearthquakes of known magnltude (mb) listed in N.O.A.A.

repO!"tS .
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ZS,?The amplltude of the ground motlion was estimated uslng the

aEeJamplltude, magnl flcation of the system and the response
f&é*shown in Flg-(6:2). The response curve of the recording -
d playback system was determined by Fourler analysing the

1ibration pulse. Before the ca]lbratlon pulse was digitlzed

the curve was smoothed by hand to remove high frequency nolse

present In the slgnal. |If the high frequency nolse~ls allowed

feﬁter the analysls the response curve shows erratlc varlatlons
the high frequency end. Even after smoothing .the calibration

Lée‘the high frequency end of the response curve showed

perturbation by noise. To remove this perturbation, the high:

ti

frequency part of the response curve was smoothed fos a second

me. The peak magniflicatlon of the system was obtalned using

knlown constants of the instrument and the current required to

génerate the callbratlion pulse.

2 Construction of the F(A) curve for East Affklica.

The magnitude (m}) of an earthquake as measured at Kaptagat

iﬁ given by the formula,

ml')=LogA+F(A)+C | (1)

where ‘A Is the maximum half peak to peak amplltude hn the flrst

gi

w o

x cveles of the ground motlion, T is the perlod of the measured

ilsnal, and CS Is a statlon correctlion. For the same earthquake,
‘the magnltude as calculated from the signal amplltude at Nalrobi

is given by,

my = LogA' + F(A') + C¢ (i)
T

The amblltude 6f the slgnal at Nalrob! and Kaptagat beling
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rrected for any anomalous absorption 'associated with the travel

péth, equations (1) and (ii) above are combihed to give,

LogA' - LogA = F(A) - F(A') + Cc_ - C! (1ii)
T T S s

From the above equatfon an F(/A\) curve can be defined If
- C; is known. Flve earthquakes of known magni tude and with

as the first arrival were recorded at Kaptagat. These events

o¢curred to the west and the south of the station and the travel

pa
th

wi

ths to Kaptagat did not cross the Eastern RIft zone. Using
ese five events the value of (F(A) + Cg)y, can be determined

thin the distance range 480 to 720 Kms. The subscript w denotes

earthquakes to the west of Kaptagat. At an eplcentral distance of

<
fal

tg
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ca

600 Km (F(A) + CS)w for Kaptagat Is 5.04,

Seven earthqyakes of known magnitude have beén recorded at
irobi. Four '‘of the seven earthquakes are to the west of Nairobl
d the remainder to the east and the south. The four earthquakes

the west were used to egtimate avvalue of 5.42 at 600 Km fbf

(Afj + Cl), at Nalrobi. Simlilarly the events from the east and
uth were used to glive a value of 5.19 at 609~Km for (F(A') + C;)E
Nairobl. The difference between (F(A') + Cl)p and (F(A') + Ccl)
‘probably due to anomalous absorption within the Gregory RIift,
ection 6:3). |If signals travelling-to 'Kaptagat from the west and
gnals travelling to Nalrobl from the east and south have not
perienced any anomalous absorption, (F(A) + Cs)w and (F(A") s C;)E
n be used to give Cg -‘C; when A= A'. Hence equation (I111)

duces to,

LogA_:_ - LogA = F(A) - F(A") + K
T T

ere K = C_ - C; at A= A'. |If the function F(A) can be represented

a polynomial inlA, the change in F(A) between the two statlons

n be wrltten as,
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1
|
\
| FIA) = F(AYY = aj(A= A" & a (A2 - A'D) + coeeneil,
| i + a (A" - A'™).
e
|

Log AT ve=a (A=A +ayA? -A'D + Ll
+a (A" - A'™M,
where e Is the error. \
The F(A) curve of Richter can be con;}dered as two separate
grlaphs, the two sectlions representing a change In the phase which
hgs the maximum amplitude. When the measurements are restricted
to the p-waves, a similar changg may occur when the travel path
chianges. A simple polynomial in A will fot preserve the knee In
Rilchter's F(A) curve. As the data cannot be split into two parts
to give two polynomials, a functlon was sought that would
represent both sections of the curve. A function of the form,
F(A) = (a; + a, ) arctan(A/a3)

where ay, a,, a; are constants, can be used to represent the two

curves and maintaln the knee In the graph where the travel path
changes character. Powell's method of minimization, (Powell, 1964,
1965), was used to minimize the errors in F(A) - F(A') and to

giEe values for ay, a,, and az. Powell's method of minIimization
requires estimates of the derivatives dfF/da; and the choice of n
copjugate directions which Initlally correspond to a, ay, and as.
The procedure starts from the best known approximation to the
minimum and defines'4 correction to the approximation along each
of| the n directions. The direction with the largest correction
Is| replaced by a new direction mutually conjugate to the existing
directions and the process restarted. This procedure is carrled
Onluntll the error on the'functlon Is less than a pre-defined
vajue. The variation of the error on the function with change In

ay} a, and as. forms a steep parabaloid. The constants a,, a, and
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as used to define the F(A) carve 1le at the minima of the parabaloid
and are sharply defined.

To test the method, Richter's curve was used to generate
:amplltudes for hypothetical earthquakes. These amplltudes were
used as data for the prognam and Richter's curve regenerated.
Fig (6:1) shows that the method is effective and has produced a
fair representation of Richter's curve.

| Using only events with well defined onsets at both stations
amd non-saturated records, the above method gave the following
equation for F(A),
F(A) = (0.7018 + (Ax0.0012))xarctan(A/382.2) + 2.65.

Tﬂis equation was used to define the magnl tude of earthquakes

rTcorded by the Kaptagat array. s AT

6%3 Corrections applled to the amplltude data.

l For the standard events origlnating withlin the Uganda section
o# the Western RIft the difference between the F(A)IZS values for
Nafrobl and Kaptagat is 0.38. This reflects a difference between
tqe attenuation of the signal along the travel path to Kaptagat
a%d the travel path to Nalrobl. The path to Nalrobi shows the
gjeater absorption. A similar relatlonship exists for the events
to the east of the Gregory RIft with the path to Kaptagat having
tJe greatér absorption. Therefore, at Nairobl, the anomalous
amplitude of the standard events from llganda Is probably due to

absorption - within the Gregory Rift zone. Further evi&dence for

anomalous absorption within the Gregory RIft comes from events
, \

located on the Siria fault. The epicentres for these egrthquakes
arF equidistant from Kaptagat and Nalrobl. As the epicentral
diistance is the same for each statlon, these earthquakes should
have the same amplitude at Nalrobl and Kaptagat. However a

diffference in F(A) of appnoximately 1.0 exlIsts between the two




stétlons. This dlfference should not be due to the fault plane

solution. The angle between the travel path to Nalrobi and the

fault plane Is the same as the ahgle between the travel path to
Kaptagat and the fault plane. This Implles that both statlons
should see equivalent aseas of the energy radlation pattern.
Tﬁerefore the difference In F(A) at Nalrobl! and Kaptagat for
the Slria fault events Is probably due to anomalous absorptlon
within the Gregory RIft.

| To allow for the increased attenuation within the Gregory
R?ft zone the amplitude, at Nalrobl,lof ear thquakes from llganda
h%s been multiplied by a factor of 2.37. A simidldr correction

hés been made to the amplitude of moho arrivals at Kaptagat for

events to the east of the Gregory Rift.

182

A correction was not appllied to the ampl!tude of moho arrivals

ftom the south and south-east of the statlons. Events from the

south and southqeast orliginate from.the southern end of the

Tanganylka Graben and the Eyasi RIft. Moho trairel paths from these

ragions skirt the edge of the anomaly and do not suffer anomalous

absorptlon.

the anomaly as events from the Ruwenzori area. To allow for thls
increase Iin distance travelled within the anomaly, the correction

factor for Uganda events has been arbltrarily doubled and used to

Rilft.

Events from the Lake Nalvasha area pose a problem In that

neither station sees a signal completely unaffected by structures

associated with the rift. The earthquakes In this region form a

di ffuse pattern across the rlft. Events on the western flank have

‘a travel path to Kaptagat predomlnantly through normal crust.

Events from the Kavlrondo Graben travel twice as far through

correct the émplltudes, at Nairobl, of events from the Kavlsondo
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Those events on the eastern flank have a travel path to Nalrobl
predominantly within normal crust. To allow for the variation In
dlistance travelled within the anomaly the correctlion factor was
varled from event to event. The maximum correction was applied
‘tg the amplitude, at Nalrobl, of events from the western flank

off the rift.

(2]
se

4L Effect of the fault plane radlatlion pattern on Magnltudes.
Estimates of earthquake magnltudes made by one or two stations
arle susceptible to errors Introduced by the radiation pattern from
the source. For compressional body waves the radiatlon pattern Is
a |funetion of the dip and slip angles of the fault plane, the
azjimuth of the event from the station and the angle of emergence
OJ the signal from the focal sphere. Hence, If the radiation
pattern Is preserved, magnitude estimates will vary from statlion

to| station. The problem is not alleviated by using surface waves
to| determine magnitudes. The surface wave radiation pattern is
dependent on the dip and slip angles of the fault plane, the
azlimuth of the event from the statfon and the focal depth of the
earthquake. |If the perlod of the measured surface waves Is greater
thianififty seconds the surface wave radlatlon pattern becomes
delpendent upon frequency. At short periods the lgngth of the fault
pliane becomes important. As the length of the fault plane fncreases
an| interference pattern wlll develop. This interference pattern Is
sujper imposed upon the radhatlon pattern for both bddy waves and
sulrface waves.

At local and reglonal distances the radiation pattern Is
dijstorted by the flilterlng effects of the crust..For thls reason,
the radiation pattern may not be preserved beyond the first half

cycle of the compressive wave traln (Von Seggern, 1970). The
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aApthude of the first cycle of the wave traln at Kaptagat Is
n%t normally the maximum of the first six cycles. This implles
that the magnltudes at Kaptagat are not seriously distorted by
the body wave radlation pattern. When the magnitude has been
ditermlned from the first cycle an estimate of the error on the
magnitude can be determined by the method of Syed and Nuttli
(1971). They developed the correction to adjust the body wave
magnhitude of events at teleseismic distances. At teleseismic
distances the radiation pattern is better preserved because

the Filtering effects of the crust are not so pronounced. The

correction of Syed and Nuttll has been applied to regionalcevents.

S, S

The correction has the effect of distributing the ground
displacement evenly over the focal sphere., The p-wave

displacement, U, on the hypocentral sphere is given by,

U= 2XYK(T = R/fet) where,
hrpet”R

X|land Y depend on the force ax!ls of the double couple mechanism,
R|is the radius of the hypocentral sphere,

e Is the density of the 'source rock!',

K{T) is the double couple force,

& is the p-veléclty of the source rock.

Al the variables, except fof X and Y, are constant for each event
apd the value of 2XY lles between 0 and 1 with an average value

off 0.424., As ithe amplitudes seen at the station depend upon the

displacement on the hypocentral sphere the maghiitudes can be
nprmalized using a factor of log(2XY/0.424). This Is equivadent
tg spreading the displacement uniformly over the focal sphere
apd hence giving an average displacement. Using the fault plane
sb]qtion given by Bangher and Sykes (19608), the magnltudes at

Kfptagat of events located near the Ruwenzorl mountains should be



165

—

hcreased by 0.23. This factor gives an itndication as the possible
ipherent error in the magnitudeiestimates for this reglon. It was
not possible to determine a similar correction for other regions

because fault plane solutions were not avallable.

65 Earthquake frequency.
The frequency of occurrence of earthquakes with magni tudes
greater than my, can be represented by the equation,

Log N = a - bmy _ (1)

w%ere, N is the number of earthquakes with magnitudes greater

ct

an m_, my Is the central value of the magnitude Interval, and

a, b, are constants for each tectonic reglon. The magnlitudes
are grouped into discrete Intervals défined by the range m, gmb.
Each magnitude interval Is Smb in width, The choice of 5mb depends

on the density of the magnitude data. |In previous studles, 8mb
has heen taken as small as 0.1 (Bath, 1973, and Francis, 1969) and
as large as 0.5 (Wohlenberg, 1969). In this study, 8mb was taken
as 0.25. Equation (i) assumes that the magnltude Is an

independent Polsson variable. Under thls assumption the frequency
o# earthquakes with magnl tude mb is only a function of my. This
$ﬂumles that a series of large magnitude earthquakes can occur In
afsmall time interval regardless of avallable deformational stress.
Knopoff et al, (1972), have questioned the assumption that the
maggnitude-frequency relationship for the background seismicity Is
off Poissonian form. The background activity exctudes those

edr thquakes which form an aftershock or foreshock sequence. Knopoff
et al. have suggested that the background activity is better
represented by a linear stochastic process. Suppose the maximum
deformational energy that be stored within the rocks Is E and

max
thp rate of additlion of deformational energy Is dE. Then in the




106

‘near stochastlc model two shocks with energy release of Emax

must be separated by a time Iinterval greater or equal to E /dE.
Fﬁom observations on models, Knopoff et al. found that the shocks
were likely to be small rather than large and that the probability
oﬁ a shock occurring In a small time Interval is a function of

the stored deformational energy. The linear stochastlc model is
dffficuIt to apply to a real system because dE, Emax and the amount
off deformational energy stored within the system at any one time

arje unknown.
:- Provided the constants, a and b, are known, equation (i) will
givefthe frequency of occurrence wlthin unit time of earthquakes
wfth a magni tude m, . Before a and b can be determined from existing
data, the value of N has to be corrected for the observational
7¢Utoff. Thls correction consists of multiplying N by the ratio of
the area sampled to the area within the observational cutoff. The
area sampled is the area wlthin which an earthquake with magni tude
mﬂmax will be seen at Kammagag, m

bmax
s[en from a tectonic area. Similarly, the area defined by the

being the maximum magni tude

observational cutofif Is the area within which an earthquake with
magnitude my, will be seen at Kaptagat. Two methods have been used
to determine the constant b. |In the first method, a stralght 1lne
was fitted through the LogN(mb) - m data usln& the method of
l¢as£ squares. The least squares method assumes that there is no
uncertainty in m, and that the variance on‘LogN(mb).is uniform for
a)l magnitude:intervals (Page, 1968). The effect of the latter
assumption is to emphasize the contribution of large magnl tudes
ahd decrease the Importance of the small magnitudes. In the meithod
of maximum likelihood, the second method used to determine b, no
assumptlon Is made about the variance on LogN(mb). However, it

is assumed that there Is no error in the measurement of my. This
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condition is the same as applied in the least squares method. The
constant b Is given by the equation,

= ~S - ~b' (my - Mpmin) -1
b Logyge m Bmin rgmaxe max (i)

b'(Mmpmax - Momin’

1 - e
where,

M bmax is the maximum magnitude within the sample,

min Is the minimum magnitude within the sample,

m|ls the average magnitude of the sample and,
Il =
b b/ngloe.

Whien m = Mpmin >2, equation (il) can be approximated to equation

bmax
(tlit), (Page,1968):

b = 00,4343
T-ﬁ‘mbm[n (tii)

Thle b values determined by the maximum llkelihood method are
coPslstently smaller than the b values dgtermlned by teast squares.
Thlis discrepency is probably due to the inabllity to adequately
sample the smaller magnitudes and the 1imited range of the data.
Using the data from Kaptagat, the b and a values were determined
fof four regions. Both methods were used to determine the b values

which are as follows:-

, Regioh} Least Squares Maximum Likelihood
Albert Rift b = 0.81+0.18, a = 4.43+0.44 b = 0.84
Gregory Rift b = 0.7020.24, a = 3.7710.50 b = 1.62
Kavirondo Rift b = 0.8440.33, a = 4.2140.76 b = 0.95

Siria Fault b

-0.77+0.67, a = 3.80+0.39

The high figures for b from the maximum likelihood method reftéct
the small range of magnitudes recorded from the Gregomny Rift.

The Kaptagat data represents only a small sample of the
selsmic activity and consequently may not be typical of the long
period activity. Using the 1.S.C. data for the period 1965 - 1970,

the b and a values were calculated for three regions, the Albert
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Rift,'the Tanganylka Rift, and the Eyasl Rift. Miyamura (1962),
frpm seismic studies in Jap;q, has suggested that ‘the age of the
fathing may affect the b value in the equation, Log N = a - bm.
Th'e age of the faulting in the Western Rift becomes progressively
younger as the faults are traced north and so the Western Rift
has been split into the two regions, the Albert Rift and the
Tanganyika Rift., This division 1s apparently justified by the
diffferent values of b and a for the two regions.r For the Albert
Rifft, the 1.S.C. data gives b = 0.53+0.07 and a = 3.3420.38, and
folr the southern section gives b = 0,9120.12 and a = 4.54+0.54,
The majority of the earthquakes, listed by the |.S.C., in the

|

these earthquakes, b & 0.77+0.30 and a = 3.73#0.75. |[If the

eastern arc of the rift system lie within the Eyasl Rift.  For

Eviasi RiIft data Is supplemented with data from Kaptagat, the values
of| b and a become 0.68:0.21 and 3.97+0.80 respectively. Withln
the 95

o

confidence 1Imit these values are the same. |If the

malx imum 1ikélihood method is used to estimate the b value 66r each
region, the values are:

Western Rift (North) 0.5440.06

Western Rift (South) 0.43+0.07

Evasl Rift 0.43+0.07

Thie low values of b, using the maxlmﬁm 1t kelihood method, for the
last two regions are due to the inability to adequately sample the
small magnitude earthquakes.

Wohlenberg (1968), using magnlitudes determined by Lwino selsmic

station calculated the constants as b = 0.65, a = 3.95 for the

Weistern Rift and b = 0.79 and a= 4.85 for the Eyasi Rift. Providling
thét the upper magnitude 1imlt 6f each area Is the same, the above
constants indicate that the Eyasl Rift shows a greater energy

release than the Western RIft., The upper magnltude 1Imit Is
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-aqalogous to Emax in the l1linear stochastlic model. The value of
btfor the Western Rift as determined by Wohlenberg is substantially
d‘fferent compared to the value determined by Lahr and Pomeroy
(1970) for the aftershook and foreshock sequences associated with
the 1966 Congo earthquake. Using 779 shocks, Lahr and Pomeroy
calculated b as 1.05+0.07 for the aftershock sequence and as
1105+0.35 for the foreshock dequence. Falrhead and Girdler (1971)
using only 28 shocks calculated b as 0.83. |[If the b value of

Lahr and Pomeroy is correct, the 1966 earthquakes cannot be
cansidered as part of the background actlvity.

| For the Kaptagat data the b value for the northern sector

o% the Western Rift is slightly higher than the same value derived
from the 1.5.C. data. The value of b = 0.81 Is very close to the
b [value derived by Fairhead and Girdler for the aftershock sequence
off the Congo earthquake of 1966. Comparison of the b and a values
friom the Kaptagat and 1.S.C. data shows that the two distributions
arle equivalent for m greater than 4, The Kaptagat data predicts
thie larger number of small earthquakes. Thils &s consistent with
the data from Kaptagat being more representative at the smaller
mdﬁnltudes. For the Gregory Rift, the b and a values, derlved
friom the Kaptagat data, are simitar to the constants for the Eyasi

Rifft. However, the two regions are different when the magnitude

cmtoff limits are compared. Both |.S.C. and the Kaptégat data for
thE Gregory Rift do not contain earthquakes greater than magnl tude
L., In the Eyasi RIft, magnitude & earthquakes are qulte common,
This suggests that the two reglons are, tectonlically, the same

at magnitudes less than 4. The seismicity in the Kavirondo Graben
gives values for b and a of 0.84 and 4.21 respectiveiy. These
vafues are similar to those for the Western Rift as determined In

thls'study. Both the Kavisiondo Graben ahd the Albert Rift are

v

J
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_gqabens bounded by single faults of large throw. The grabens are
d%vofd of volcanic activity. It is therefore not surprising that

'tﬁe two reglions have the same b and a value. However, the two
regions_do differ in the magnitude cutoff limit, the Albert RIft

hgving the higher cutoff.

6:6 Energy release within each area.

The energy release in an earthquake is llnked to the

magni tude of the shock by the equatlion,

Log E = 5.8 + 2,4m (Richter, 1958)
where E is the energy release. This equation can be used to give
2

an estimate of the total seismlic energy release per year per Km

ifi,it is combined with the equation LogN = a - bm. |f the

equation’ for the energy is generalised to log E = c+dm, the energy-
| ' . ,
equency relationship is giveh by ,

+ be/d) __
e2.3(a g-b/d

fr

: NCE) =
i
where N(E) Is the number of events with energy E and above.
I
The estimated seismic energy release per year for each region

Isi-

Albert RIft 0.3000 10'% Ergs yr~' 0.6000 10'* Erg km™2 yr-!
Tahganylka RIft  0.1800 10'% » v 9325 19'% v w w
Eyhsi Rift 0.4000 107 " m  g.oy78 10™ v ww
Gregory Rift 0.9156 10'7 ™ m  p.2888 10'> " n w
Kalbrondo Graben 0.6768 10~ " u 0.1019 10'% n m "

The total energy release for each region has been normalized to the
arpa of the reglon and this value is shown In the second column.
From the above table it can be seen that the Albert Rift shows the
highest energy release per unit area, EU, with an energy release

of | 0.6 10‘“ Ergs Km-z. The Tanganyika graben shows approximately

ong¢ quarter of the selsmic energy release per unit area of the
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bert Rift. In the Albert Rift, the faulting is comparatively
ung and constralned at one end by the Aswa shear belt. |If the
bertine faults are locked the stress will bulld up and be
leased in large shocks. Hence the high selsmic energy release.
e Kavirondo Graben has a value of EU simliar to that for the
nganyika graben. This suggest a similarity in the tectonics of
e two areas.

Of the flve areas considered the Eyasi Rift shows the second
rgest value for EU. However, it is a third smaller than the
lue for the Albertine Rift. Again the faults In the area are
mparatively voung. Furthear north, in the Gregory Rift, the value
EU drops to a tenth of that for the other regions. However,

e calculated seismic energy release for this region is probably

top low.

Gr

Earthquakes from the two outside groups of events Iin the

egory Rift show an anomalously low signal frequency. This in

it

sD

(A

1/
A/
Ho
th
ad

self does not lead to a lower magnitude ) ff the displacement
ectral density, at the source, Is simllar to Akl's model B
f, 1972). In this model the displacement spectra decays a

for high frequencles. As the magnitude is determined from

I the decay in the spectrum should not affect the magni tude.

1

<

yever, the anomalous low frequency does inidcate absorption, within

Gregory Rift, which may not be fully compensamed for by the
itbon of a path correction in the magnitude determination.

Tha:bove values for the energy release in each area must be

considered as approximate values. The equation used to derive the

se

of

ismic wave energy from the magnltude is based upon investigations

large magnitude earthquakes. From the dislocation model of

i

fadlting the energy imparted to seismic waves during a shock is

given by,

i



E = kFLsz(Y)P | (i)
whlere,

P is the efficiency of conversion of stress energy to seismic
wéve energy,

k |lis a numerical constant,

r is the shear modulus,

f(§) is the fractional shear stress drop,

L lis the fault iength,

D lis the depth of the fauit,

I f| equation (i) Is substituted into the equation fior the energy-
magni tude relationship the expression becomes,

a + bm = Log(kyLsz(K)P)

For large earthquakes, the accuracy of k,r, P, and f(¥) are not
critical to the accuracy of the énergy, E, in equation (1).
However, for small earthquakes the accuracy of these values Is
extremely important (King and Knopoff, 1968). As imprecise values

were used to determine the 'energy of large magni tude earthquakes

the accuracy of a and b Is 1imited.

G:P Discussion.
. The F(A) curve derived for East Africa forms a very §hallow
curve which approximates closely to a stralght line. This is in
agreement with the findings 6f Taner '(1961) and Evernden (1967)
who found that the body wave magnitudes of local earthquakes
could be represented by the formula,

my = LogA/T + aLog(A) + C where,

a and ¢ are constants, and A is the epicentral distance.

Earthquakes which have crossed or originate Inside the
Gr?gory Rift show a reduced amplitude at one of the two stations.

This attenuatlon of the signal is probably assocliated wlth the

112
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same materlal that produces the calculated delay time at Nairobi.

THe attenuating material probably lies below the discontinuity

postulated from the seismlicity within the Gregory Rift. Using
the formulae of Francis (1968), the apparent decrease In magnl tude

for events crossing the rift can be used to estimate a value fomn

dmb = n where,
QpLogelo

d%b is the reduction in magnitude 'per wavelength within the anomaly,
nd Qp is the attenuation factor for 'p-waves. "For events from the
Siria Fault this formula gives a Q, of 55 and a Qp of 130 for

Uganda events. These values of Qp’are approximations as the estimates

anne based upon the number of wavelengths within the anomalous zone.

ancis suggests that,beneath the oceanic ridges, the value of Qp

may be as low as 10, Therefore the above values do not seem

studies In lceland, have suggested that Q, in some regions, may

v

i
u%reasonable. Ward:.:and ‘Bjornsson (1971), from microearthquake

j as low as 50. 'They suggest that these“low values of Q may be
dye to magma chambers. The similar low values of Q for the Gregory
Riift could also be due to magma ‘chambers.
Miyamura (1962) has suggested that the value of b In the
equation LogN = a - bm is a'function of the mechanical properties
ofi the tectonic area. |If this is so, the data In this study
iﬁdicates a slmflarity in the mechanical properties of the rock in
tHe Kavirondo and Albert rifts. Sim}larly, the b values indicate
a |tectonic similarity between 'the Eyasi and Gregory rifts. In the

farmer region the upper cutoff magnitude Is higher than that in

the latter region. This suggests that the two regions differ in

=

the ability to store deformational energy with the latter region

losing stress energy by creep. If a relationship exists between

thle stress drop and the radlius of the fracture, assuming a circular
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source, large values of b, for a set of magnitudes, Indicates a
shall stress drop, (Wyss, 1973, and Scholz, 1968). This, if
cérrect, suggests a smaller stress drop in "the TanganyiKa Rift
tkan-in the Albert Rift. Francis (1968) found that the b value
| f?k the seismicity of the fracture zone (b = 0.99) was different
to that for the rift zone (b = 1,72). The b value for the
fracture zones Is similar to those for the various rifts in East
Africa, suggesting a similarity In the tectonlcs of the two areas,

In the Gulf of Aden, b= 2.13, and b = 1.92 for the Carlsberg

Ridge (Francis, 1968), suggesting a lower 'stress release In these

areas compared with the East African RIft system. The low stress
release in the Gulf of Aden and Carlsberg Ridge is probably due to
highef temperatures and weaker ‘crust.

‘l " The discrepency between the b values, for:the Albert Rift,
dérived from the 1.S.C. and Kaptagat data cannot be due to the
different magnitude ranges. Allen et al. (1965) suggest that

the linearity of the equation LogN = a - bm exists for a wlde
range of magnitudes. The low value“for the |.S.C. data is
probably due to a lack of the small magnltudes In the |.S.C. data.

f The division of the Western Rift Into two regions is justified

by the two values of b, Milyamuran(1962) has proposed that the
viriatlon of b represents the 'age' of the tectonic area. |If thls
'is true, the difference'in b in the Western Rift reflects the

vqrious 'ages' of the tectonic areas.
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CHAPTER 7
DISCISSION AND CONCLUSION

7 Discussion.

| [Maps of the selsmicity, within East Africa, drawn by
tlohlenberg (1969, 1968) and DeBremaker (1959) show a consplcuous
lack of activity in the Gresory Rift. The present study has

sHown that the suggested lack of activity in this reglion is false
and that the Gregory Rift Is occupled by an apparently
dilscontinuous north-south band of selsmicity. Tobin et al., (1969),
hﬁve investigated the microseismlc activity In the Gregory RIft

and have located 'microseisms' in the 'shadow'zones. The magnitude
off the microseisms is not known but is is probable that they are
agcompanied by larger shocks. Thls suggests that the apparent

bneaks, as seen at Kaptagat, in the band of seismlic activity is an

observational feature and not a feature of the activity. The line
off epicentres correlate well with the centre of the negative

" pgravity anomaly outlined by the various studies. A similar

' cdrrelation has been found in the Rhinegraben (Mueller, 1970) and
in the Baikal Rift (Rlznichenko et al., 1969). In the latter
rgzion an even:stronger correlatlon exlsts between the terrain
and the seISmlcity.

In the Western RIft the events are associated with the
bgundary faults of the rift. This difference in the pattern of
se@ismicity within the Gresory and Western Rifts lends support to

- the division, by Milanovsky (1969), of the 'orld's rift systems

- into three types. In East Africa the Gregory Rift is an example
off his arch-volcanlic type and the Western RIft of the crevice
type. HWithin the Western RIft the events also show a tendency to

cluster near the Ruwenzori Mountains. This agrees with the pattern




ismic‘activity displayed by the 1.S.C. data.

Outside of the two East African FIft valleys the selsmicity
four east-west trends, namely the Kavirondo Rift, the Sirfa
, the Wamala region and the Speke Gulf. The inclusion of
ast area Is based upon data listed in the 1.5.C. bulletins.
(1974b) from ERTS-1 satelllite Imagery has suggested that
rending lineaments are a fundamental part of the tectonic

work of East Afrlca. Most of the lineaments af the area

ent to the Eastern Rift are found south and southeast of
Victorla; for example the Utimbara fault and the Speke CGulf:

' lineaments do exist In the north including one on the

rn projection of the Kavirondo Graben and one In the vicinlty
ali. On the western arc of the Rift System a lineament runs
the west of Lake Edward toward the Ruwenzori Mountains. This

rient Is on the opposite side of the Western Rift to the

ity In the Wamala region. The apparent correlatlon between

vest structures and the seismicity suggests that these

res are now belng explolted to relieve stresses within the

. Activity along these trends may be due to a differential
of movement between the north and south of the Rift as

stéd by Darracott et al., (1972), or the modification of the
s distribution by the Kenya Dome and the Ruwenzori block.
The two fault plane solutlons determined for the northern

r of the Western Rift (Bangher add Sykes, 1969, and Sykes,
suggest that a tensional stress (least compressive stress)
;ing perpendicular to the two main rifts. Maashar and

r, (1972), have shown that a stress system with a least
essive stress orientated east-west exdsts throughout the

rn dide of the African éontinent. From the high scatter of

s In South Africa they suggest that the rifting has not yet

116
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ended into this region. Fault plane solutions for South Africa
li show an east-west least compressive stress. Roberts, (1969),
sﬁggested that In the Ethiopian Rift the promlnent vecfor of
rient is east-west with a small sinstral shear. From the
/e evidence it seems clear that the principle stresses in the
rern half of the African continent are tensional and actling
ypen the rifts. On to these reglional stresses may be
2rimposed local perturbations generated by features such as
tenya Dome and the Ruwenzor! Mountains. The action of these
31 stress fields and the differentlial rates of opehing between
north and south parts of the rift has lead to the deveiopment
ast-west shears.

The pattern of seismic activity in the Gregory Rift Is
itht to be the product of an anomalous crustal structure wlthin
'Gfegory Rift. A model, for the structure of the crust wlthin
Gregory Rift, has been developed to explain the observed
smicity and the apparent velocity, at Kaptasat, of the first
ival from events wlthin the Rift. In the model the p-wave
city increases with depth until a discontinuity, which is
‘esented by a sharp drop in velocity. After the discontinuity
velocity once agaln Increases steadily. The patameters which
ine this model are not accurately known but 1le within the
'ts impqsed by the data. This model comparec favourably wl th
model suggested by Francis and Porter, (1973), for the Mid-
ntic Ridge near 45°N. They postulated an increase of veloci ty
1 depth truncated by magma chambers which zive a reversal of
vélocity gradient. Thé sharp dlscontlinuity In the model for
crﬁstal structure of the Gregory Rift may also be a reversal

‘he velocity gradient. However,.the present data cannot be
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{1 to distinguish between a reversal of the velocity gradient

‘a sharp decrease in veloclty.

"The apparent velocity of the first arrivals from the Gregory
t‘ranée between 6.6 and 8.0 Km sec™!, with the majority of
velocities laying In the middle of this range. Similar

ncities are found further north in the Red Sea where the rift
flpdred by material with a compressional velocity of 7.1 Km sec'],
1es) 1970). Under the Rhinegrahen and Baikal Rift, there Is

ilar anomalous material whlich has a p-velocity 7.6 - 7.7 ¥m sec-],
él]er et al,, 1967, 1969) In the former area and 7.1 - 7.5

=1 in the latter area (Artemjev and Artvushov, 1971). In

sec
Unfted States anomalous material does not exist at high level
hin the Baslin:and Range province. However, this area Is
arlaln by mantle material with a p-velocity of 7.6 - 7.8 Km sec”!,
ok, 1962). Thls suggests that anomalous mantle and, or, crustal
erial is common to the rift systéms and Is not a unique feature
the Gregory Rift.

The anomalous crustal structure within the Gregory RIft gave
e to a delay time at Nairobl for events that have crossed all,
part of. the Gregory Rift. These deléy times at Nairobithave
n interpreted using two models., A two laver model, similar to
t of Griffith et al., (1971), for the.crustal strucure will
2 the delay times brovfding that the anomaly Is rotated west
nofth aﬁd the anomalous crust exists from Lake Magadi to
robi. This model wlll not glive the shadow zohes and the range
parent velocitles seen at Kaptagat. The model used to explain
seismicity will give the delay times at Mairobi and this Is

'n as futrther support for this model.

Events which have crossdd the Gregory Rift show attenuatlon
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he signal amplitude. For p-waves thils reduction In amplitude
eosts a Qw of between 55 and 135. The corresponding Q-factor
shear waves should be even.lower as N« Iis approximately

- 2.6 times Qg if all the energy loss is In shear and thvs
.74 (Anderson, 1967). ‘Yard and Bjornsson, (1971), foﬁnd

lar values of Q, in lceland, for travel paths that had crossed
-hermal areas. Further south Francis, (1968), has postulated
» of approximately 10 for the mantle below the Atlantic ridsge,
- value of Qq is much lower than Qu = 440 (Qp = 185) for the
600 Km of normal mantle material (Anderson and Kovach, 196L).
1 the attenuation of the p-wave and the apparent lack of §
'vals from the outside clusters within the Gregory Rift it
<!l seem that the crust is intruded by magma-~chambers. These
bers would also give rise to a velocity drop corresponding to
discontinuity in the velocity-depth model.

For the Gregory RIft the constants in the equation
\ = a - bm indicate a low energy release, in the form of
thquakes, compared with the other areas. However, the high
: flbw and intensive fracturing within the Gregory Rift lends
'1f to the release of stress by creep and ductal flow. It is
)able that the stress release during selémic events represents
1all part of the total stress release within the Gregory RIft.
~From gravity studies Searle (1970), Baker and “Wohlenberg (1971),
and Mansfield (1971) and Darracott et al. (1972) have
ulated a crustal intruslon derived from a low density mantle
Aaly. The shape and p-velocity of the anomaly has been reflned

ons et alt., (1972), using surface wave disperston, delay times

slowness anomalles. The anomaly, ‘which consists of material

a p-velocity of 7.0-7.5 Km sec-], must be in a plastic state
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! .
aé S is severely attehuated In crossing the.riff zone (Gumper -and B
PLmeroy, 197@). Similar low veloclity anomalies must undeflie the |
'lcelénd ridge 8s indicated by the delays of 2.5 seconds found on
thleselsmic arrlvals (Long and Miltchell, 1870).

From the above discussion a plcture of the anomaly within,

apd below, the Gregory RIft emerges. The Wower part of the crustal

htruslon is an extenslon of the mantle anomaly both of which are

n a plastic, if hot fluid, state. Above the lower crustal

htrusion the normal rock has been Intruded by dykes, feeding the

volcanoes and fidsures, to give the crustal separation and the

velocity gradfent assoclated with the rock above the anomaly.

'E The difference between the Alberf and Tanganyika sections of
thé Western Rift Is displayed in the value of b in the equation
L@nN = a - bm., The higher value of b In the Tanganylka graben may
bl Indicative of the age of the faulting and that it Is fully
developed. In the Albertine Rift the lower value of b could
rcprésent the comparitively young age of the faulting and the
termination of the graben by the Aswa shear zone.

The faulting in the Western Rift correlates well with the
Pre-Cambrian structures. In the Baikal Rift the faulting has
'.dﬁveloped independently of the Pre-Cambrlan structures and is
dévejoplng eastward throusgh the Aldan shield (Florensov, 19%69).

Jf the Rift Systems of the Yorld are Interelated the Independence.
6?'the Baikal Rift from PreQCambrian structures suggests the
agsoclation between rifting and older structures in East Africa

I$.not a key factor of the allgnment of the rift.

7t2 Conclusions.
Hithin the Gregory Rift there is an axlal zone of earthquakes.

At each end of the Gregory RIft the axlal allgnment of the
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quakes disappears and the eplcentres of the shocks formna

ée pattern across the whole width of the rift. In the

nylka shleld the eplcentres lie on east-west structures,
xample the Kavirondo Rift and the Siria Fault, or form a

se east-west pattern of activity in the 'Yamala region.

ntres of shocks from the Western Rift are associated with
ift boundary faults and In particutar with the faults on
astern side of the Ruwénzo?& block.

The gradient, b, of the line 'describing the cummulative
ency-magnitude relatlonship suggests that the Western RIft

e split Into two sections with the southern region showing
maller stress drop by earthquakes. Comparison between the
alues for the Albert and Kavirondo Rifts suggests that
nically the two regions are the same. Similarly the Gregory
vasl RIfts also appear to be tectonically comparable but

r in the maximum deformational stress that can be stored in
ock.

Within the Gregory Rift the crust Is thought to be anomalous
a structure of the form Indicatéd in chapter 4. Away from
enya Doime this anomalous structu?e grades into normal crust.
nomalous crﬁst in the rift accounts for the pattern of

ic activity, seen at Kaptagat, wlthﬁn the Gregory let.b The
lous material also has a low value of 0p (C100) and the

part of the anomaly may be in a partially molten state.
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