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ABSTRACT

First arrivals of local and regional earthquakes, recorded at the
Kaptagat array station on the western flank of the Gregory Rift Velley in
Kenya, have been analysed to determine the crustal structure westward
from the Rift axis. Apparent velocities have been interpreted in terms of
crustal velocities. Azimuth and epicentral distance of event has provided
lateral and vertical control on crustal boundaries.

Normal shield crust, underlain by normal Moho is concluded to
exist on the western flank of the Rift Valley. From the satisfactory
propagation of Sn from events originating around the western Rift, normal
Moho is considered to exist across the East African Plateau. A massive
mantle derived intrusion is concluded to have penetrated the crust to within
approximately 8 km of the Rift floor. This intrusion reaches to within
about 7 km of the Elgeyo escarpment, the major Rift Valley boundary
fault immediately to the east of Kaptagat.

In order to aid second arxival analysis, a synthetic seismogram
programme based on short wavelength asymptotic theory for reflected and
refracted waves has been written. A qualitative analysis of real and
synthetic seismograms of events originating to the west of Kaptagat,
suggests that the crustal structure is more complex than the simple two-
layered model initially produced.

It is considered that the structure beneath the Gregory Rift is more
equivalent to that beneath ocean Rift Systems than that beneath continental
Rifts, However, rather than being a direct extension of the World Rift
System, the Eastern Rift and associated Kenya dome should be considered
as a single physical unit.
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CHAPTER 1.
INTRODUCTION

1.1. THE EAST AFRICAN RIFT SYSTEM

The East African Rift System extends some 2300 miles, from the
L impopo River in the south, across the Zambezi valley to the region of
1 ake Malawi; where upon it splits into the Western and Eastern Rifts,
bifurcating around the Tanganyika Craton. North from I ake Rudolf, the
System follows the Ethiopian Rift to Afar, a triple junction with the
Red Sea and Gulf of Aden (Fig. 1).

Despite considerable variation in the pattern, the typical Rifts are
grabens, about 50-80 km in width, of Tertiary and later age. However a
similar pattern of faulting can be dated Jurassic or L ate Karroo in some
regions. Although there is strong correlation between Precambrian
structural trends and Rift faulting (DIXEY 1956), it is unlikely that the
fundamental cause of both features was a stress system operating from
Precambrian times in eastern Africa. This is because the older trends
followed by the Rift faults belong to Precambrian orogenic beits of
different ages and structures. Rather, the ancient structural trends
'directed’ the later course of rifting (KING 1970).

Traced along their length, the Rift Valleys show considerable
variation in altitude. It is noticeable that regions of uplift are strongly
associated with volcanic activity; in particular, the Ethiopian and Kenya
'‘domes’, regions around 1 akes Edward and Kivu in the Western Rift,
and a region north of I ake Malawi.

Faulting is predominantly normal, with dips varying between
S5 to 70 degrees; the boundary faults to the grabens being arranged en
echelon, rather than composed of single large faults. In many places,
the displacement from floor to Rift shoulder has been obscured by
volcanic and sedimentary infill, but throws of up to 3 km have occurred
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Fig. 1. Map of East Africa outlining Rift System,
and incorporating KAPTAGAT, KARIBA and
V7VISSN Stations.






in the basement rocks. Within the grabens, latest movements have
commonly taken place along numerous closely spaced grid faults of
small displacement. These features suggest a sequence of secondary

adjustments to strains after the initial Tertiary Rifting,



1.2. THE EASTERN RIFT

The Easterm Rift (Fig. 2) is a north-south feature bisecting the
Kenya dome. The latter is a broad ellipsoidal uplift, some 300 km across
its minor axis, rising to nearly 3 km above sea level at its central point,
between Naivasha and Nakuru. Here, the Rift is of classic graben
structure, 60-70 km wide, with throws on the main faults of some
2000m. In this region, there are no parallel faults outside the Rift.
Within it, dense subparallel faulting developed inwards from the Rift
shoulders, which have been uplifted in conjunction with subsidence of the
floor. Slightly to the north, on the western flank, lies the Kavirondo
Rift. This is an ENE-WSW striking graben, with maximum throws on
the boundary faults of the order of 1000m. Further to the north, i.e.
immediately to the south of I ake Rudolf, the main Rift splays out into
a faulted region some 350 km wide. A narrow, relatively shallow
trough is the only connection with the main Ethiopian Rift. To the
south, in northern Tanzania, the main Rift again splays out into a
broad, block faulted and tilted, zone.

The oldest recognizeable Rift structure is the dissected monocdlinal
flexure, now represented by the Uganda escarpment and Turkwel fault
(BAKER and WOHL ENBERG 1971). These are of mid-Tertiary age,
immediately predating the subsidence of the Turkana depression and
the uplift of the Kenya-Uganda border, in the L ower to Middle Miocene.
These movements were accompanied by massive basaltic and trachytic
volcanism in Turkana (LOGATCHEYV et al 1972), and the formation of
the alkaline-carbonatite volcanoes of Eastern Uganda and the Kavirondo
Rift. In the Upper Miocene, the volcanism migrated to the slight domal
uplift of the central Rift, severing the connection with the Ethiopian
volcanic arca. The uplift was accompanied by immense fissure eruptions
of phonolites and phonolitic trachytes. Inthe L ower to Middle Pliocene,
the first extensive faults appeared along the whole of the western side
of the Rift Valley, from the Kamasia range in the north, to the Crater



Fig. 2. The Eastern Rift Valley System including
known faults and major lakes.






Highlands in the South. The volcanic activity to the west stopped completely,
and since that time has been localized to the centre and east of the Rift,
revealing the underlying asymmetry of the magma generating process.
In the late Pliocene, Rift-trough formation, with associated uplift of

the marginal plateaux, took place along the whole length of the Rift.
Boundary faults of an earlier generation were renewed, while new faults
developed within, and at the extremities of the Rift. These caused a
deepening of the floor, and the appearance of step faults at the margins.
Massive basalt eruptions began in the Upper to L ower Pleistocene along
the whole of the trough floor. At the same time, autonomous mejting
centres appeared to the east, forming the gigantic volcanoes of Mount
Kenya and Kilimanjaro. In the late Quaternary, trachyte, basalt-
trachyte and phonolite caldera volcanoes (McCAL L 1967) built up axially
in the floor of the main graben. Well to the east, slightly differentiated
associations, mainly of basaltic composition, were erupted in three
main areas, forming muiticentre volcanic chains (WILL IAMS 1969).
Thus a picture of migration of magmatism from the North to the South
and East is apparent over the whole region (LOGATCHEYV et al 1972).

It is seen that post-Miocene basalts and phonolites of the Rift floor are
less undersaturated than corresponding flows, erupted outside the Rift.
The same volcanics tend to be less undersaturated and less alkalic than
Miocene flows. Miocene flows of phonolite exposed to the west of the
Rift are more undersaturated and more alkalic than similar flows from
the Eastern margin. (WILL IAMS 1972.)



1.3 THE TANGANYIKA SHIELD AND THE WESTERN RIFT.

The Eastern and Western Rifts bifurcate to the north of 1 ake
Malawi, around the Tanganyika Shield. This consists of a gneissic
complex and meta-sedimentary or metavolcanic systems, with
prevalently east-west trends, acting as a stable block from
1850 + 250 my ago (CLIFFORD 1970). k terminates to the west of the
Eastern Rift at the margin of the Mozambique belt (HEPWORTH and
KENNERLEY 1970). This is an assemblage of Upper Proterozoic
folded rocks and tectonised basement extending from the I impopo in
the south, into Ethiopia to the north. It may be partly Archean, but has
been reactivated at successive periods and so has acquired comraon
structural and metamorphic characteristics (McCONNELL 1972).

Volcanism in the Rungwe region, at the intersection of the
Western and Eastern Rifts, commenced in the 1 ate Miocene to Early
Pliocene, and has continued up to the present day. North of this region
lies the rej uvanated post-Karroo Rukwa trough. Rifting from the
Miocene to the Quaternary formed a belt which runs NNW through 1 ake
Tanganyika to the lava fields south of 1 ake Kivu. 1 ake Tanganyika
occupies a subparallel graben defined by various pairs of faults, which
cover an area some 160 km wide at its southern end. Southern Kivu and
Kamituga basalt-trachyte volcanicity began at least 6 to 8 million years
ago and stopped in the mid-Pleistocene. From I ake Kivu, the Western
Rift swings round NNE through the Birunga lava flows. The bulk of the
lavas are ascribed to the later part of the Pleistocene, but originating
in the Pliocene. North of I akes Edward and George; two L akes connected
by a series of en echelon faults; the Rift is offset through Ruwenzori,

a parallel horst block rising to S000m above sea level. It continues
along the Semliki River, through 1 ake Albert, terminating abruptly
against the strong NV’ to SE trends of the Madi series of the Sudan
boxrder, and the parallel structures of the Aswa shear belt in Northern
Uganda (KING 1970).



The volcanism of the Western Rift is arranged in a north to south
sequence of increasing age and duration, less extensive and reverse to
that in the Eastern Rift (LOGATCHEV et al 1972). Along its length,
the Western Rift is characterized by the number of large lakes and the
Tertiary to Pleistocene sedimentary infil. These sediments decrease
in thickness southwards from some 2.5 km in L ake Albert to negligible
infil in I ake Tanganyika. Theyaccumulatedupto the Pleistocene, due
to a westward drainage system from the Eastern Rift Valley watershed.
In that age, crustal movement reversed such drainage into the Lake
Victoria downwarp.



1.4 THEORIES OF RIFT FORMATION.

Crustal doming (WILLIS 1936), and subsidence of the Rift Valley
floor as a result of isostatic forces (GIRDLER 1964), have been two
of the theories put forward to explain the formation of the Rift Valleys.
However, the total extension of the crust within the Eastern Rift
could range up to 10 km from structural analysis (BAKER and
WOHLENBERG 1971) which is too great to be accounted for by doming
alone. Also, the depth of the graben is too great for the isostatic
model tc be adequate. Both doming and faulting must be related to some
subcrustal process.

Since thz advent of the ocean-floor spreading hypothesis, the Rift
System has been considered in relation to ocean-floor genesis. This is
due to the apparently similar structure of oceanic and continental
rifts, and also to the connection of the East African Rift System with the
‘new’ Red Sea and Gulf of Aden. The poles of opening of these three
regions have been located (Le PICHON 1968; GASS and GIBBON 1969;
ROBERTS 1969; BAKER 1969; McKENZIE et al 1970; FREUND 1970),
and the consequent crustul extension along the East African Rift System
inferred. However Al CHALABI (1971) has cast doubt on the reliability
of deducing the East African Rift pole from those calculated for the
opening of the Red Sea and the Gulf of Aden, while geologists have
doubted the simple three plate system on structural, geomorphological
and geological grounds (MOHR 1970; FREUND 1970; BAKER and
WOHIL ENBERG 1971; Le BAS 1971; 1L OGATCHEYV et al 1972). From
a further comparison of oceanic and continental rifts, it is clear that the
two are associated with different petrographic and structural styles
(OSMASTON 1971; Le BAS 1971).

The volcanism associated with oceanic rifting is dominantly
basaltic, occurring along an essentially linear system. Kk is
characterized by transverse faulting, tensional phenomena and the
abundance of dykes. In comtrast, volcanism associated with continental



rift valleys is per_alkaline, with abundant alkaline basaltic rocks
grouping together in regions of crustal swelling. Transverse faults are
rare and despite the normal character of the rifts, none of them show
signs of continued opening (L e BAS 1971). Even though isotopic evidence
suggests that the Red Sea and Eastern Rift Valley formed at about the
same time (FAIRHEAD et al 1972), temporal correlation does not

imply similarity in mechanism of neo-oceanic and continental rifts. The
East African Rifts should therefore be thought of as physical units rather
than as a direct continuation of the World Rift System (BAKER and

WOHL ENBERG 1971).

A number of petrogenic theories have been put forward to
explain the crustal doming and volcanism associated with the East
African Rifts.

The enormous volumes of alkaline magmas of salic differentiate
character, often with associated carbonatites, in East Africa, can be
more easily explained by partial melting of the crystalline source rocks than
by fractional crystallization. The latter process would require a

vastly greater volume of parent magma.

Before it was generally considered that the Rift Valleys were
extensional features, BAIL EY (1964) believed that lateral compression
caused the crustal upwarping. Pressure would be relieved underneath the
swell, allowing partial melting of differentiated constituents from the
underlying mantle.

L e BAS (1971) invoked conversion of mantle peridotite from a density
of 3.5t03.3 gm/cm3 ovel a distance range of some 35 km, which results
in uplift of about 3 km (MAGNITSKY and KAL ASHNIKOVA 1970), and
deqassing of the mantle (HARRIS 1970) to account for the observed
structure and volcanism in East Africa.

GILL (1973) explained the difference in abundance of continental

alkaline igneous provinces from their oceanic counterparts in terms of



the crust acting as a 'density filter'. Its efficiency is related to the
degree of crustal separation operating locally. In Ethiopia, crustal
extension is fairly large, with volcanism overwhelmingly basaitic;

while in Kenya, extension is small and the volcanism is dominated by less
dense phonolites and trachytes.

OSMASTON (1971) assumed that mantle material was intruded into
a fracture at the base of a 200 km thick lithosphere. Initial separation
would be very slow, since the intrusion would be hampered by loss of
heat to the fracture walls. As it penetrated nearer to the crust, it
would not possess sufficient buoyancy to hold the crust up, causing
rifting. The don.ing would be caused by expansion, from thermal
energy gained by the intrusive zone walls. As separation proceeded
the walls of the mantle would become heated, and fresh diapiric mantle
material would reach shallower levels. The volcanism and faulting

would then migrate towards the median line of the system.

GASS (1972), in explaining the tripartite Rift zone of the Gulf
of Aden, Red Sea and the Ethiopian Rift, assumes that the continental
lithospheric plate will not rift unless it has been previously weakened
in some way. From the fact that local thermal instabilities occur at
the base of a cool lithospheric slab and progress upwards by ‘penetrative
convection' (EL.DER 1970), he concludes that there is an upward perturbation
of the lithosphere-asthenosphere boundary. This has two effects. Firstly,
partial melting would take place in the upper mantle, thereby making
a large volume of basaltic magma available for extrusion. Secondly,
the thermal gradient would be steeper above such a region, causing a
downward movement of the main mineral phase boundaries in the mantle.
As the minerals change to their less dense polymorphs, the resulting
volume increase would be relieved by vertical uplift. Fractures would
occur in the overlying crust and mantle as it was updomed, to give
ready access to ascending magma. The first melts would originate at
depths of about 60 km, producing alkali basalt magma, corresponding
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to the situation in much of East Africa. Cantinued megma injection
through the already injected zone would raise the thermal gradient, with
the region of partial melting rising nearer the surface. The extruded
volcanics would then become less undersaturated in silica, being
generated higher in the mantle than their predecessors. Finally,
injection into previously injected basalts would lead to the formation of
oversaturated tholelitic basalts, generated from a parent magma at
depths of some 10 km (GREEN and RINGWOOD 1967). This stage was
reached in the Gulf of Aden 25 my ago, and in the Red Sea some 5 my
ago. The presence of less alkaline rocks within the Ethiopian Rift
(HARRIS 1969; MOHR 1970) could mark an intermediate stage in the
process. This is suggested also, by the fact that basalts with tholeiitic
affinities have been observed within the Rift in Northern Ethiopia, while
alkali basalts are observedon the Rift flanks (MOHR 1971). ‘This change
in composition could relate to the lowering of the thermal gradient

away from the Rift axis. However, this does not imply that all such
lithothermal systems will develop into new sources of ocean floor.
When such thermal perturbations occur well within a continental region,
a ‘topographic blister' is produced, as is observed in the Eastern and
V/estern Rift Valleys.

Geophysical studies in East Africa have provided substantial
evidence for the presence of ‘anomolous‘ mantie material existing
beneath the Rifts.
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1.5. GEOPHYSICAL RESEARCH IN EAST AFRICA.
1.5.1. AFRICA.

Away from the Rift Zzones, Africa would appear to have a structure
similar to that of stable shield regions. BL OCH et al (1969) produced
a number of crustal shear-wave velocity models from an analysis
of the dispersion of L ove and Kayleigh waves, between Kariba and
Pretoria, and between Pretoria and Bulawayo. (MODEL 1; SASD 2.)
They found that phase and group velocities in Africa are similar to, but
slightly less than those in other shield regions. GUMPER and POMEROY
(1970) from interpretation of surface and body wave data, have produced
a mean crustal and upper mantie model for Africa (MODEL 2), which
is but a slight modification of BRUNE and DORMAN's (1963) model for
the Canadian Shield.

Using local earthquake data, WILL MORE et al (1952) and GANE
et al (1956) have deduced the crustal structure of the V’estern Transvaal
as in MODE] 3 a,b. There is evidence for including an intermediate
layer in a) which increases the depth to the Moho; 23 km of a 6.1 km/s
P-wave velocity layer, overlying 16 km of 6.8 km/s material. The
Pn and Sn velocities of 8.27 km/s and 4. 83 km/s are higher than the
8.06 km/s and 4.55-4.72 km/s from GUMPER and POMEROY'S (1970)
model. These in turn are higher than those found in the Eastern
Transvaal (MODEL 4) (HAL ES and SACHS 1959). Slight regional
variations in Pn and Sn velocities have also been observed in the Noxrth
American continent, which may be related to differences in depth to the
Moho (HERRIN 1969).

1.5.2. THE RIFT SYSTEM.

The East African Rift System is outlined by a zone of shallow
seismicity, which continues through the Gulf of Aden to the Carlsberg
Ridge. (ROTHE 1954). This observation led to the concept of the East



MODEL 1

BLOCH, HALES and LANDISMAN

H (km) Vv, (km/s)
3.9 3.45
3.9 3.55
7.8 3.63
3.9 3.68
7.8 3.83
3.9 3.88
3.9 4.04
9.1 4.21

24.7 4. 62

4.75



MODEL 2
AFRIC MODEL

GUMPER and POMEROY (1970)

H (k) VP (km/sec) VS (km/sec) (gm/cc)
7.0 5.90 3.35 2.70
10.5 6.15 3.55 2.80
18.7 6.60 3.72 2.85
80.0 8.05 4.63 3.30
100.0 8.20 4.78 3.44
100.0 8.30 4. 65 3.53
80.0 8.70 4.85 3.70

9.20 5.25 3.76



MODEL 3

a) WILLMORE, HALES and GANE

H (km) VP (km/sec) VS (km/sec)
36 6.09 3.68
8.27 4.83

b) GANE, ATKINS, SELLSCHOP and SELIGMAN

H (km) VP (km/sec) VS (km/sec)
35.1 (from P 6.18 3.66
wave data)
8.27 4.73

(including about 1.3 km
of low velocity super-

ficial material)



MODEL 4

HALES and SACHS

H (km) VP (km/sec)
28.2 (from P- 6.0
wave data)
8.4 6.7 ~7.2

7.96

VS (km/sec)
3.6

3.95 - 4.15
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African Rifts being connected to the World Rift System (EWING and
HEEZEN 1956). Along mid-ocean ridges, earthquakes are confined to
the median rift and fracture zones offsetting the ridge (FRANCIS 1968).
In East Africa, however, there is a much greater scatter of epicentres,
possibly due to the long history and complex nature of the continental
crust (FAIKRHEAD and GIRDLER 1971). Along the V'estern Kift,
earthquake activity is, in general, confined to the Rift itself (SUTTON
and BERG 1958), except for a broad belt some 400 km long, stretching
west from I ake Kivu (de BREMAECKER 1959). Teleseismic activity

is closely associated with the Rift, with only small magnitude events
occurring outside it, (SYXKES and Il ANDISMAN 1964; FAIRHEAD

1968; FAIRHEAD and GIRDL ER 1971), while focal depths are almost

all less than 40 km (WOHL ENBERG 1970).

In contrast to the above region, there appears to be less seismic
(and little or no teleseismic) activity associated with the Eastern Rift
(FAIRHEAD and GIRDLER 1971). In the northern region from 1°S, 36°E
up to 1 ake Rudolf, no earthquakes with magnitudes M>4 could be
located by WOHL ENBERG (1970) and MOL NAR and AGGARWAL (1971).
Activity is largely confined to the Kavirondo and Sneke Gulf Rifts
and the faulting in northern Tanzania. Microseismic activity is also
very low in the north of the Rift, but increases to the south, being confined
to the Rift floor and bordering faults, with no detectable activity on
the flanks (TOBIN et al 1969). Focal depths are small being in general
probably less than 5 km from the surface (MOL NAR and AGGARWAL
1971). To the south in northern Tanzania, RYKOUNOV et al (1972)
have shown that earthquakes with 1gNigc3 originate from foci
distributed throughout the crust, and have a most probable focal depth
of about 15 km.

Coincident with the regions of shallow seismicity associated with
the Rift Valleys, is strong geothermal activity. THOMPSON and
DODSON (1963), by analysis of the locations of numerous stean: jets
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and hot springs near the most recent volcanoes of the Eastern Rift
(Menengai, 1 ongonot and Suswa) concluded that there was high heat flow
in this region. Geothermal activity and recent faulting tend to be
coincident (WAYLAND 1935; WAL KER 1969; DIXON and MORTON 1969;
BUCHSTEIN and L e BALL 1969; REEVES 1969), while there is a

distinct lack of activity along the older faults in Eastern and Southern
Tanzania (FAIRHEAD and GIRDL ER 1971). All heat flow measurements
since 1971 have been obtained from relatively deep Rift Valley Lakes

by oceanographic techniques. VON HERZEN and VACQUIER (1967)
showed that the values obtained from I ake Malawi were similar to those
obtained from South African shield measurements; about 1.1 cal
ctn"2 sec-l. Except for one high value, twelve readings from locations
in I ake Tanganyika produced similar results ranging from 0.4 to 1. 4

cal cm"2 sec 1. Recently, high values have been obtained from I ake

Kivu, consistent with the present volcanic activity.

The coincidence of volcanism, seismicity and geothermal activity
with the Rift Valleys and associated domal uplifts, has been explained
to some extent by research into the crust and upper mantle systems

beneath these regions.

1.5.3 THE UPPER MANTLE

SUNDARALINGAiZ (1971) studied the dispersion of 1 ove and
Rayleigh waves along paths which cross the Rift System. From a
comparison with the dispersion curves produced by the AFRIC model
(MODEL 2) of GUMPER and POMEROY (1970) (FIG. 3), it was noticed
that at short periods the two curvei merged, implying a similar crustal
structure throughout Africa. At longer periods lower phase and group
velocities than those predicted by the AFRIC model, imply the presence
of a low velocity upper mantle zone beneath the Rift System. From an
examination of dispersion curves along paths AAE-NAI and AAE-L W],

an upper mantle anomaly under the Eastern Rift is concluded to be of



Fig. 3.

Observed Rayleigh wave phase (dots) and
group velocities (crosses) for the AAE-NAI
path (SUNDARALINGAM 1971) with computed
dispersion curves for AFRIC model of
GUMPER and POMEROY (1970).
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greater extent than : similar region under the Western Rift. KNOPOFF
and SCHLUE (1972) have interpreted the dispersion of Rayleigh wave
phase velocities along the path AAE-NAIL Their results are consistent
with a low Sn velocity mantle zone, about 120 to 200 km thick, existing
beneath the Eastern Rift, with the possibility of a thin high velocity

"1id’ at the top of the mantle. The Rayleigh wave phase velocities are
low compared with most other shield regions, but similar to those
obtained from the Basin and Range province of the Western United States,
implying a similar gross mantle structure.

Body wave analysis appears to confirm the presence of an
anomalous mantle zone beneath the Rift System. Station residuals,
calculated from the analysis of teleseismic P wave travel times, show
the stations at AAE and NAI to have large positive delays (HERRIN
and TAGGART 1968; LIL WALL and DOUGLAS 1970), while BUL has
a small negative delay, typical of shield regions. SUNDARAL INGALL (1971)
has measured teleseismic P-wave delays at AAE, NAI and LWI relative
to BUL, using events in the distance range 25°§ . §90° (TABLE 1).
Large positive delays at AAE and NA], with a smaller positive delay at
LWI, confirm the presence of a substantial iow velocity zone in the
upper mantle beneath the Eastern Rift, with a similar but less
extensive zone beneath the Western Rift. BACKHOUSE (1972), has

studied dT and azimuth variations for events in the distance range
dA
1805 AN 599o from KAP., He deduced a model of a mantie low velocity

zone, with sloping boundaries beneath the Gregory Rift. The zone
attenuates rapidly to the west to sink beneath mantle material typical
of the stable shield areas of Africa. From the absence of large
azimuthal or distance variations in delay times measured at Kaptagat
(limiting the angle of the ‘wedge shaped zone' according to its velocity),
he concluded that ultra low velocity material must exist within the

anomaqlous zone, with relatively moderate dips on the zone boundaries.
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TABLE 3

THE DATA
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