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Abstract

On the basis of a test experiment in 1985 (KRISP 85) an integrated seismic-refraction/ teleseismic survey (KRISP
90) was undertaken to study the deep structure beneath the Kenya rift down to depths of 100-150 km. This paper
summarizes the highlights of KRISP 90 as reported in this volume and discusses their broad implications as well as
the structure of the Kenya rift in the general framework of other continental rifts. Major scientific goals of this phase
of KRISP were to reveal the detailed crustal and upper mantle structure under the Kenya rift, to study the
relationship between mantle updoming and the development of sedimentary basins and other shallow structures
within the rift, to understand the role of the Kenya rift within the Afro—Arabian rift system and within a global
perspective, and to elucidate fundamental questions such as the mode and mechanism of continental rifting.

The KRISP results clearly demonstrate that the Kenya rift is associated with sharply defined lithospheric thinning
and very low upper mantle velocities down to depths of over 150 km. In the south-central portion of the rift, the
lithospheric mantle has been thinned much more than the crust. To the north, high-velocity layers detected in the
upper mantle appear to require the presence of anistropy in the form of the alignment of olivine crystals. Major axial
variations in structure were also discovered, which correlate very well with variations in the amount of extension, the
physiographic width of the rift valley, the regional topography, and the regional gravity anomalies. Similar
relationships are particularly well documented in the Rio Grande rift.

To the extent that truly comparable data sets are available, the Kenya rift shares many features with other rift
zones. For example, crustal structure under the Kenya, Rio Grande, and Baikal rifts and the Rhine Graben is
generally symmetrically centered on the rift valleys. However, the Kenya rift is distinctive, but not unique, in terms of
the amount of volcanism. This volcanic activity would suggest large-scale modification of the crust by magmatism.
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Although there is evidence of underplating in the form of a relatively high-velocity lower crustal layer, there are no
major seismic velocity anomalies in the middle and upper crust which would suggest pervasive magmatism. This
apparent lack of major modification is an enigma which requires further study.

1. Introduction

As is described in detail by Swain et al. (1994),
the Kenya Rift International Seismic Project
(KRISP) started in 1968 as a largely British effort
and has culminated to date with the large, inte-
grated seismic investigations of KRISP 85 (KRISP
Working Group, 1987; Khan et al., 1989; Henry
et al., 1990; Achauer, 1990; Green et al., 1991)
and KRISP 89-90 (KRISP Working Group, 1991;
KRISP Working Party, 1991; Keller et al., 1992;
Achauer et al., 1992) whose results have been
described in detail in this volume. The purpose of
this contribution is to summarize the results of
the individual studies of the various seismic re-
fraction / wide-angle reflection lines (Gajewski et
al., 1994; Mechie et al., 1994a; Keller et al., 1994;
Maguire et al., 1994; Braile et al., 1994; Prodehl
et al., 1994) and teleseismic investigations
(Achauer et al., 1994; Slack and Davis, 1994;
Ritter and Achauer, 1994), analyze these results
within the larger perspective of the East African
rift system, and evaluate their implications for
our understanding of continental rifting in gen-
eral. We will also point out key questions which
we believe need to be addressed in future studies.

2. Lithospheric structure of the Kenya rift and its
implications

An index map of the KRISP teleseismic net-
works and explosion profiles is shown in Fig. 1. In
order to facilitate the comparison of these results,
a fence diagram showing the velocity models ob-
tained is shown in Fig. 2. The new picture of
crustal structure obtained from the KRISP effort
was combined with previous results to revise the
contour map of crustal thickness constructed by
Keller at al. (1991). Previous results from the
Kaptagat and Ngurunit areas indicated a crustal
thickness of just over 40 km under portions of the
rift flanks (Maguire and Long, 1976; Pointing and
Maguire, 1990). In addition, studies of teleseismic

waveforms recorded at Nairobi (Benjer et al.,
1970; Herbert and Langston, 1985) indicated a
crustal thickness of about 40 km which is consis-
tent with recent xenolith data (Henjes-Kunst and
Altherr, 1992). These xenolith data indicate a
systematic crustal thickening along the ecastern
flank of the rift valley from 33 km near Marsabit
in northeastern Kenya to 42 km under the Chyulu
Hills in southeastern Kenya (Fig. 3). Finally, seis-
mic reflection and gravity data in the Anza rift
(Fig. 1) also suggest crustal thinning in northeast-
ern Kenya (Greene et al., 1991; Dindi, 1994). The
revised crustal thickness map is shown in Fig. 3.
In the vicinity of the rift, the structure in the
south near Tanzania is poorly constrained. Away
from the rift, particularly in eastern Kenya, the
only control is the intuitive interpretation that the
crust thins towards the coast and continental
margin.

In terms of crustal structure, the most signifi-
cant discovery from KRISP 89-90 was that the
crustal thickness along the rift axis varies from as
little as 20 km beneath Lake Turkana to about 35
km under the culmination of the Kenya dome
near Lake Naivasha (Fig. 3). The transition in
crustal thickness occurs over a horizontal dis-
tance of about 150 km (Fig. 3) between Lokori
(LKO) and Lake Baringo (BAR) and thus the
discrepancy between the model of Henry et al.
(1990) and the tentative model of Griffiths et al.
(1971) has been resolved. The change in crustal
thickness along the rift is accomplished by thin-
ning of all layers, but especially by the thinning of
the lowermost crustal layer. The seismic data
agree very well with the north to south increase
in Bouguer gravity anomaly values (Survey of
Kenya, 1982; Swain and Khan, 1978). The area of
thickest crust correlates with the apex of the
Kenya dome where the elevation of the rift valley
floor is highest. As one proceeds northward along
the rift valley from the Lake Naivasha area, the
physiographic expression of the rift valley widens
from its minimum of about 60 km to about 180
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km in the area of thinnest crust (Fig. 1). In
addition to these observations, recent seismic re-
flection results near Lake Turkana (Morley et al.,
1992; Morley, 1994) indicate that the amount of
extension across the rift increases from about
5-10 km in the Naivasha-Nakuru region (Baker
and Wohlenberg, 1971; Strecker, 1991; Strecker
and Bosworth, 1991) to about 35-40 km in the

Lake Turkana area (Morley et al., 1992; Hendrie
et al, 1994), The limited KRISP data south of
Lake Naivasha suggest that there may be a de-
crease in crustal thickness southwards along the
rift valley towards Lake Magadi. However, the
need for additional data in the southern portion
of the rift can be identified as a result of KRISP
89--90.
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Fig. 1. KRISP 90 location map showing the seismic refraction/wide-angle reflection lines and the configuration of{the teleseismic
networks in 1985 and 1989-1990. The 1985 refraction/wide-angle reflection lines extended from Lake Baringo tb Lake Magadi
and across the rift valley just north of the Susua volcano.
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Fig. 2. Fence diagram showing crustal and uppermost-mantle structure of the Kenya rift from Lake Turkana to Lake Naivasha and
beneath the neighboring flanks from Lake Victoria to Archers Post. P-wave velocities are shown in km/s. Also shown are relative
velocity variations from teleseismic delay time studies across the rift at 1°S (Achauer et al,, 1994). For more detailed velocity
information for the crustal sections (VII, VIII, and IX), see corresponding cross-sections in enlarged form in individual papers of
this volume (profile VII: Mechie et al., 1994a; profile VIII: Maguire et al., 1994; Braile et al., 1994; profile IX: Prodel! et al., 1994).
Teleseismic velocity perturbations are contoured at 1% intervals and shaded at 2% intervals. Slow perturbations are light coloured,
fast perturbations are dark coloured.
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Another interesting aspect of the crustal struc-
ture is that both Maguire et al. (1994) and Braile
et al. (1994) show the thickest crust (almost 40
km) beneath the western flank to occur immedi-
ately adjacent to the rift valley. Normal continen-
tal uppermost mantle velocities of 8.0-8.2 km/s
are also found under the flanks. These values of
crustal thickness and upper mantle velocity are
consistent with the result obtained from the Kap-
tagat seismic array by Maguire and Long (1976).
Beneath the eastern flank, the model of Braile et
al. (1994) shows the thickest crust occurring im-
mediately adjacent to the rift valley, while the
model of Maguire et al. (1994) shows the thickest

469

crust occurring somewhat more to the east. Nev-
ertheless, on this cross-section the thickest crust
beneath both flanks occurs close to the rift.
Maguire et al. (1994) have suggested that if this
crustal thickening had been present before the
rifting started then it could have influenced the
position of the rift according to the model of
Vink et al. (1984). In this model, rifting tends to
occur where the crust is thickest as this creates an
overall weaker lithosphere because it contains a
higher proportion of weaker minerals (e.g., quartz
and feldspar) which are dominant in the crust
and a lower proportion of stronger minerals (e.g.,
olivine) which are dominant in the mantle. Braile
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Fig. 3. Crustal thickness map for the Kenya rift region. The contour interval is 5 km. B4R, NAI, CHF, and LKO iddntify shotpoints
at Lake Baringo, Lake Naivasha, Chanler’s Falls, and Lokori, respectively. MAR and CHY indicate estimates of crustal thickness
from xenoliths from the Marsabit and Chyulu Hills areas, respectively.
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et al. (1994), on the other hand, suggest that this
crustal thickening, which is also manifested by
the isostatic effect of rift shoulder uplift, is the
result of intrusion/underplating. Of course, the
thickening may partly have existed prior to the
rift initiation and may be partly due to lower
crustal intrusion during rifting isostatically bal-
ancing the shoulaer uplift. A seismic profile across
the rift where little or no shoulder uplift is ob-
served may help to soive the question of to what
extent was the crust thicker before rifting began
and to what extent has it been thickened below
the shoulders due to the rifting process.

East of the eastern flank, the crust thins again
to about 33-34 km in the vicinity of Chanler’s
Falls (Fig. 3). Although Quaternary volcanism is
observed in the area, the influence of the Meso-
zoic to Early Tertiary Anza rift (Fig. 1) in north-
eastern Kenya (Greene et al., 1991; Bosworth and
Morley, 1994; Dindi, 1994) may play some role in
this off-rift crustal thinning. Nevertheless, the
flank profile lies between the Anza rift and the
Kenya rift south of Lake Turkana; thus, we can
conclude that the crustal thinning along the Kenya
rift with respect to that beneath the flank line
must have been caused by the late Cenozoic
rifting episode.

The rift infill thickness along the axial and
cross-rift profiles is generally 3-5 km. However,
large variations occur. For example, the rift infill
is zero where Precambrian crystalline basement is
exposed on the crests of steeply tilted fault blocks.
On the other hand, the rift infill thickness ap-
proaches 10 km in the deepest part of the Elgeyo
basin at the foot of the Elgeyo escarpment along
the cross-rift profile (Fig. 1). The effect of the
well documented basins in the Lake Turkana
region (Morley et al., 1992; Hendrie et al., 1994)
can also be recognized on a band-pass filtered
(15-125 km) residual gravity anomaly map in
which they are associated with local minima of
some tens of milligals. Within the crystalline crust,
three principal layers can be recognized (Fig. 2).
The top of the upper crystalline crust generally
has velocities of 6.0-6.3 km /s. However, “blocks”
or “layers” with velocities about 0.2 km /s greater
than the average background values have been
recognized. Examples are found within the upper

crystalline crust beneath the rift flanks on the
cross-rift and flank profiles (Maguire et al., 1994;
Prodehl et al., 1994) and within the crystalline
crust beneath the central part of the rift valley
itself (Ritter and Achauer, 1994). These high-
velocity zones may represent regions which have
experienced significant amounts of mafic intru-
sive activity. Individual intrusions, most probably
dikes, would be too small to be detected by the
KRISP data. However, enough of them could
raise the average velocity and density of a region
of the upper crust enough to be detected. Swain
(1992) has made a similar argument in his inter-
pretation of the source of part of the axial gravity
high along the rift.

The top of the lower crust is marked by a jump
in velocity up to 6.4-6.6 kin/s, and the depth to
the top of the lower crust varies from 9 to 18 km.
Shallower depths are encountered beneath the
northern part of the rift valley where extension
has been the greatest and beneath the flank pro-
file. The basal 2-10 km of the lower crust is
marked by higher velocities generally in the range
of 6.7-6.9 km /s. The inversion analysis of Braile
et al. (1994) shows that the highest velocities in
this basal layer may be restricted to the rift valley
region. Beneath the Nyanza craton (Fig. 1), the
top of this basal crustal layer is a good reflector.
Beneath the Mozambique belt, there is no reflec-
tion from the top of this basal layer except within
the southern part of the rift valley. Beneath the
northern part of the rift valley, this basal layer is
too thin for the reflection from it to be distin-
guished from the reflection from the crust-man-
tle boundary (Moho), and it is represented as a 2
km thick crust-mantle transition zone beneath
the northernmost 100 km of the axial profile (Fig.
2). However, the continuity of this layer from
south to north, while convenient for the computer
modeling, may not be real.

Crustal velocities within the rift valley itself
are not significantly different from those beneath
the rift flanks. Thus, it would appear that the
expected lowering of seismic velocity due to in-
creased temperature beneath the rift is either
masked by pre-rift compositional variations or is
compensated for by intrusion of mafic material
into the crust beneath the rift itself. Crustal thin-
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ning across the rift is accomplished by thinning of
both the upper and lower crusts beneath the rift
valley. Along the rift, the thinning is most pro-
nounced in the basal ~ 6.8 km/s layer, and as
mentioned above, it may disappear altogether
beneath the Lake Turkana area.

While the teleseismic tomography is not able
to provide a detailed picture of the crustal veloc-
ity—depth distribution it nevertheless (in contrast
to the refraction profiles) provides a long-wave-
length, 3D velocity image sampling the depth
range from 10 to 35 km (Achauer et al., 1994) for
the central portion of the rift and neighboring
areas. In contrast to the less extensive observa-
tions of Green et al. (1991), the most recent
results (Achauer et al., 1994) suggest that, for the
southern section of the rift, the velocities of the
middle and lower crust within the rift are similar
to, and in some places slightly lower (1-3%) than,
those of the adjacent shoulders. Only in the north
near Lake Baringo and in the south near Mt.
Susua does there seem to be some spots of higher
velocities in the lower crust. As pointed out by
Achauer et al. (1994), it is stretching the resolu-
tion of these data to make definitive statements
about crustal structure. However, we can con-
clude that the teleseismic data show no evidence
for wholesale intrusion of mafic material in the
crust,

The entire lithosphere was the target of KRISP
89-90, and good data concerning mantle struc-
tures were obtained in both the explosion and
teleseismic portions of the experiment. Arrivals
from two, at least somewhat, continuous seismic
discontinuities were observed in the data from
the long profiles extending along and across the
rift (Keller et al., 1994; Maguire et al., 1994) and
the teleseismic data provided a 3D picture of
velocity variations down to depths of about 165
km (Achauer et al., 1994; Slack and Davis, 1994).

Beneath the northern part of the axial profile,
two upper mantle high-velocity layers separated
by a low-velocity zone have been identified. The
upper of these two layers, at 40—-45 km depth, has
a velocity of 8.05~8.15 km /s and a thickness of at
Ieast 8 k. Below the low-velocity zone which has
an average velocity of 7.9 km /s, the lower of the
two high-velocity layers, at 60—-65 km depth, has a

velocity of about 8.3 km/s. Beneath the southern
part of the axial profile, the upper mantle is
characterized by velocities of 7.5-7.6 km/s down
to about 60 km depth where the velocity in-
creases to about 7.7-7.8 km/s. Beneath the
cross-rift profile, upper mantle reflectors at about
55 km depth have been identified beneath both
rift flanks while beneath the flank line an upper
mantle reflection at 45-48 km depth has been
recognized.

The teleseismic results (Achauer et al., 1994;
Slack and Davis, 1994) indicate that below the
southern part of the Kenya rift, a low-velocity
body exists which extends from the Moho down
to a depth of at least 165 km. For the uppermost
mantle (35-65 km depth) the lateral extent of this
low-velocity body appears to be similar to that of
the surface expression of the rift. The overall
shape of the low-velocity body is that of a steep-
sided wedge of low-velocity material which is
more or less confined to the rift and its western
prolongation, the Nyanza trough (Fig. 1), and
which only broadens at depths greater than 125
km. Within this generaily N-S-trending wedge of
lower-velocity material, there is a NW-SE lin-
eation along the direction of the old Aswa shear
zone of Pan-African age (Nandi fault, Fig. 1).
Both trends are most pronounced in the depth
range of 65-95 km, but are also visible at other
depth ranges. Velocity contrasts in the upper
mantle beneath the rift and its flanks are gener-
ally about 6-10%, but reach a maximum of up to
12% for some small pockets. The strong variation
of velocities even within the low-velocity body
reflects either areas with quite large differences
in temperature or pockets which contain a some-
what larger fraction of partial melt.

At first glance, the models of crustal and up-
per mantle structure across the rift are similar to
those earlier drawn as schematic cross-sections of
rifts (e.g., Baker and Wohlenberg, 1971). How-
ever, in both the teleseismic and explosion re-
sults, the abruptness of the variations from the
rift flanks to the rift valley region are surprising.
This abruptness is particularly evident in the tele-
seismic results which are from depths where the
diffusion of heat would be expected to produce
broader velocity anomalies. A wide variety of
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starting models and parameterizations was em-
ployed in the inversion scheme which was used to
interpret the teleseismic data. In all cases, the
abrupt velocity anomaly in the upper mantle was
derived from the inversion. Such an anomaly
clearly must be very young or diffusion would
have smeared it out laterally. A young origin for
this anomaly is also suggested by the fact that
normal heat flow values are found on the rift
flanks in Kenya with the high values being re-
stricted to the rift valley region (Morgan, 1973,
1982; Nyblade et al., 1990; Wheildon et al., 1994),

At least in central Kenya, the lithosphere east
and west of the rift valley has experienced funda-
mentally different geologic histories (Nyblade and
Pollack, 1992; Smith, 1994). The Tanzanian cra-
ton is located to the west, and the Proterozoic/
Cambrian Mozambique mobile belt is located to
the east. In central Kenya, the rift valley locally
does seem to follow the boundary between these
provinces (e.g., Baker et al., 1972), and one might
expect the deep structure of these areas to be
different enough to be reflected in the KRISP
resuits. There are no striking differences between
crustal and upper mantle structure east and west
of the rift valley (Achauer et al., 1994; Braile et
al., 1994; Maguire et al., 1994; Slack and Davis,
1994). The crust is slightly thinner to the east, but
this may be due to the proximity of the Anza rift
(Prodehl et al., 1994). However, as discussed
above, the NW-SE-trending Aswa suture zone
west of the rift valley may be associated with an
anomaly in the teleseismic inversion results even
at depths of about 100 km.

3. The Kenya rift within the framework of the
Afro-Arabian rift system

A recent compilation of seismic investigations
of lithospheric structure in the East African rift
system (Prodehl and Mechie, 1991) has been up-
dated and is shown in Fig. 4. An obvious point is
that our knowledge of deep structure in the west-
ern rift remains very rudimentary, and this region
needs additional study. The need for additional
data on deep structure is crucial from the stand-
point of rift processes because the eastern and

western branches of the rift are so different in
terms of volcanism. The volumes of surface vol-
canics differ by as much as a factor of 100 and the
chemistry of the extrusives varies considerably
(e.g., Williams, 1982). At present, we are unable
to discern if these dissimilarities are due to varia-
tions in the mechanism of rifting or if they are
simply the result of the response of different
pre-rift lithospheric structures.

Bram (1975) gathered data from earthquakes
to compile two refraction “profiles” for the west-
ern rift region (Fig. 4). These sections show some
evidence of crustal thinning beneath the western
rift valley and show rift flank crustal structures
similar to those observed in Kenya. However,
there is not enough information to draw detailed
comparisons on such points as the nature of the
transition from rift valley to flank or axial varia-
tions in structure.

Much more information is available in the
Ethiopian-Afar section of the rift system (Ruegg,
1975; Berckhemer et al., 1975). These results
have been synthesized by Makris and Ginzburg
(1987) and Prodehl and Mechie (1991), and some
interesting comparisons with Kenya are evident.
Like the Kenya rift, the crust and uppermost
mantle of the Ethiopian plateau appears to be
similar to that of shield areas, the transition to
rifted crust appears to be abrupt, and uppermost
mantle velocities under rifted areas are low (< 7.8
km/s). Unlike Kenya, the crust of the Afar has
little similarity to that of typical continental ar-
eas. A very thin sialic (V, = 6.1 to 6.3 km/s) layer
and a large thickness of material with velocities
of 6.6-7.2 km /s led Berckhemer et al. (1975) and
Mohr (1989) to conclude that the original conti-
nental crust cannot merely have been stretched
and thinned uniformly as proposed by the me-
chanical stretching model of McKenzie (1978). In
addition, material must have been accreted to the
base of the lower crust by magmatic processes
within the mantle, and Mohr (1989) argues that
almost the entire crust in Afar is new igneous
material. The 6.8-6.9 km/s lower crust layer
beneath the Kenya rift and its flanks could also
represent underplated material.

In the vicinity of the major boundaries of the
Kenya rift on the cross-rift line, Moho depths
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change quite abruptly by about 5 km over lateral
distances of 10-20 km. Abrupt changes in crustal
thickness are also known to occur at some places
along the western boundary of the Jordan-Dead
Sea rift (El-Isa et al., 1987). In southwestern
Saudi Arabia, the transition from the Red Sea
depression to the Arabian Shield, with a change
in Moho depth in excess of 20 km over a lateral
distance of a few tens of kilometers (Mechie et
al., 1986; Mechie and Prodehl, 1988), appears to
be the major lateral discontinuity beneath the
region.

As the sequence of crustal columns (Fig. 5)
shows, the central portion of the Kenya rift is one
of the end members of the Afro-Arabian rift
system. The sequence may be viewed as an evolu-
tion in space with the thin oceanic crust of the
Gulf of Aden and the axial trough of the south-
ern Red Sea at the center. Progressing away from
the center, the crustal thickness generally in-
creases until the thickest and closest to “normal”
continental type of crusts of the Jordan-Dead
Sea and the East African rifts are encountered
(Mechie and Prodehl, 1988; Prodehi and Mechie,
1991). This proposed spatial evolution may be
supported by the hypothesis of punctiform initia-
tion of sea-floor spreading in the Red Sea be-
tween latitudes 22° and 24°N (Bonatti, 1985,

1987), and rift propagation (Vink et al., 1Y84) as
applied to the northern Red Sea-Gulf of Suez-
Jordan—Dead Sea rift area (Steckler and ten
Brink, 1986). However, the new results from the
KRISP-90 experiment show that the northern
Kenya rift does not quite fit into the sequence as
here the crust is thinner than in the southern
Afar depression to the north (Fig. 5). It is obvious
that the evolution of the East African rift is more
complex than simple propagation southward from
Afar.

This sequence (Fig. 5) may also be thought of
as an evolutionary progression in terms of inten-
sity of rifting (see also Girdler, 1983), but this
would seem most applicable to a stretching (pas-
sive) component of rifting. It may not be a useful
measure of an active component of rifting as
illustrated by the southern Kenya rift. Here geo-
logical estimates of extension from structural
mapping (Baker and Wohlenberg, 1971; Strecker,
1991) and crustal thickness indications of exten-
sion (Mechie et al., 1994a; Maguire et al., 1994)
suggest only a small amount of stretching while
teleseismic estimates of the depth of the litho-
sphere—asthenosphere boundary (Achauer et al.,
1994; Slack and Davis, 1994) suggest that there is
a large active component thinning the lithosphere
from below. Morley (1994) further discusses the
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interaction of deep and shallow processes in the
evolution of the Kenya rift.

4. Comparison with other rifts

Comparative studies are useful to organize in-
formation and to look for key relationships. Since
the Kenya rift is the classic continental rift zone,
it has often been compared to other features. For
example, Keller et al. (1991) conducted a detailed
comparison between the Kenya and Rio Grande
rifts, and Logatchev et al. (1983) compared the
Kenya and Baikal rifts. In any comparison with
other Cenozoic rift zones (e.g., Rio Grande,
Baikal, Rhine Graben, eastern China, southern
Mexico/ Colima graben etc.), the Kenya and
Ethiopian sections of the East African rift are
distinct in terms of volume of volcanic rocks (e.g.,
Williams, 1982; Karson and Curtis, 1989; Mac-
donald, 1994). For example, in Kenya, the volume
of volcanics is on the order of 50 times greater
than that found in the Rio Grande rift. However,
several paleorifts (e.g., midcontinent rift system
of North America, Hutchinson et al., 1990; Oslo
Graben, Neumann et al., 1992) were magmati-
cally active and may have surpassed the Kenyan
and Ethiopian rifts in volume of magmatic prod-
ucts per unit length. A major result of the KRISP
effort has been to show the extent of the modifi-
cation of the lithosphere caused by the Kenya
rift. Although this modification is extensive, it is
similar to that found in some other rift zones.
Thus, despite its large volume of volcanics, this
rift does not appear to need a special explanation
for its evolution, and it can be studied in the
context of other rift zones.

One problem in comparative studies is that
data for features one would like to compare are
often not of comparative quality and quantity.
This problem is certainly the case for lithospheric
structure. With the completion of KRISP 89-90,
the lithospheric structure data bases for the Kenya
rift, Rio Grande rift, and Rhine Graben are
comparable. The data base for the Lake Baikal
region is considerable and is being greatly ex-
panded as a result of new cooperative efforts
(e.g., Hutchinson et al.,, 1992). However, little

basic data for the Baikal rift zone has been pub-
lished in western journals, thus making compar-
isons difficult. For all of these rifts, one must
remember that they present only discrete sections
of considerably larger zones of extension (East
African rift, western North America, Central Eu-
ropean rift zone, Baikal rift zone). None-the-less,
some interesting observations can be made re-
garding the lithospheric structure of these four
rifts.

4.1. Physiography and crustal structure

An obvious observation is that all of these rifts
have thinned crust as a result of extension. How-
ever, as more information has become available,
considerable variations in crustal thickness have
been observed along these rifts (Fig. 3). In the
Kenya and Rio Grande rifts, there is a regular
variation in crustal thickness which correlates with
the amount of extension suggested by the number
and geometry of basins and the physiographic
widths of the rifts. The Rio Grande rift experi-
ences a north to south increase in extension and
width and a corresponding decrease in crustal
thickness and elevation of the flanks and valley
floor (Cordell, 1982; Keller et al., 1991). At least
from the apex of the Kenya dome (Naivasha area)
northward, similar variations occur in the Kenya
rift (Morley et al., 1992; Mechie et al., 1994b). In
the Rhine Graben area, there is a zone of strong
crustal thinning in the south (Edel et al., 1975)
which does not correlate with increased extension
but does correlate with the highest (not lowest)
flank elevations. At the southern end of the Cen-
tral European rift, at the mouth of the Rhone
river, a strong thinning of the crust correlates
with increased apparent extension (Sapin and
Hirn, 1974; Prodehl, 1981). Crustal structure is
not well defined at its northwestern end, the
Lower Rhine embayment, which is a center of
recent increased seismicity and extension and may
be associated with progressive lithospheric thin-
ning (Prodehl et al., 1992; Ziegler, 1992).

Lake Baikal occupies the middle third of the
Baikal rift zone (Logatchev and Zorin, 1987), and
there is no obvious difference in the structure
along the lake or in the physiographic expression
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of the rnift in the region of the lake. Recent
reflection data collected in the lake indicate that
the basins in the southern portion are larger and
perhaps older than the basins in the northern
portion of the lake (Hutchinson et al., 1992). The
rift zone widens both north and south of the lake,
and to the north, the variations are reminiscent
of the axial variations found in the Kenya and
Rio Grande rifts. However, published geological
and geophysical data are not sufficient to evalu-
ate the crustal structure of this region in detail.

From all of these results, we can deduce that
there are often correlatable variations in regional
topography, width of the rift zone, and crustal
thickness which are generally consistent with
varying degrees of extension via pure shear. Rela-
tions with upper mantle structure and the amount
of magmatic activity are less clear as one com-
pares the various rift zones.

4.2. The lower crust

The lower crust is another potential source of
information on rift processes, and the KRISP
results have provided some unexpected resuits.
One reason the lower crust is important is the
role of rift-related magmatic processes in its for-
mation (e.g., Wendlandt et al., 1991). Recent
studies (e.g., Lachenbruch and Sass, 1978; Griffin
and O’Reilly, 1987; McCarthy and Thompson,
1988; Buck, 1991) have indicated that the Moho
is sometimes a transient feature during extension
due to magmatic underplating and lower crustal
flow. The pre-rift crust is thinned by extension
but magmatic additions to the crust and/ or flow
may cause the Moho to remain at a nearly con-
stant depth.

The axial variations in the lower crust delin-
eated as a result of the KRISP study address the
role of the lower crust in rifting. The volume of
volcanics associated with the Kenya rift strongly
suggests complementary magmatic additions to
the lower crust and upper mantle (e.g., Karson
and Curtis, 1989; Wendlandt et al., 1991; Mac-
donald, 1994). However, the observed south-to-
north thinning of the lower crust is in excellent
agreement with the south-to-north increase in
extension. This result does not necessarily argue

against magmatic additions but it does indicate
that these additions either predate or have not
kept up with the mechanical thinning which ap-
pears to have been concentrated in the lower
crust. In the Rio Grande rift, there is also an
axial variation in crustal thickness which corre-
lates with the amount of extension (e.g., Keller et
al., 1991), but this variation is not as pronounced
as in Kenya. In addition, in the Rio Grande rift,
the thinning is not concentrated in the lower
crust. The P-wave velocities in the Rio Grande
rift lower crust (~ 6.5 km/s) are not unusually
high, and thus do not suggest extensive mafic
magmatic additions to the lower crust (Wend-
landt et al., 1991). For the Central European rift,
as far as data are available for the areas of the
Rhine Graben and the grabens in the French
Massif Central region, no considerable thinning
of the lower crust which might be related to
extensive magmatism has been detected (Prodehl,
1981; Prodehl et al., 1992). In the Lake Baikal
area, existing data are not sufficiently detailed to
reveal details of the lower crust.

Thus, the lower crust of the Kenya rift is an
enigma in that its velocity structure appears typi-
cal of continental areas, its thickness varies in a
predictable way with the amount of extension,
but its geometry does not reflect the known mag-
matic history in a straightforward way. Morley
(1994) suggests that this enigma indicates that
either the amount of magma emplaced in the
crust in association with the volcanism is smaller
than generally believed or that significant crustal
material has been lost into the asthenosphere.

4.3. Deep lithospheric structure

The overall geometry of the lithosphere as a
result of rifting is an important issue in efforts to
model rift processes (e.g., Buck, 1991). In Kenya,
the transitions in the crust and upper mantle
from the flanks to the rift valley are very abrupt.
In the Rio Grande rift, the transitions in crustal
structure are not well known in the northern rift,
but in the south, the crust gradually thins into the
rifted area (e.g., Keller et al., 1991). All along the
Rio Grande rift, the zone of reduced velocities in
the upper mantle is broad and only approxi-
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mately correlates with the rift valley (e.g., Davis,
1991). In addition, the velocity and attenuation
anomalies are significant but not as large as those
associated with the Kenya rift (Halderman and
Davis, 1991). In the Rhine Graben, crustal struc-
ture changes abruptly when crossing the graben
boundaries, though the overall crustal thickness
decreases only gradually when approaching the
graben axis (e.g., Brun et al., 1992; Edel et al.,
1975; Prodehl, 1981; Prodehl et al., 1992). This
result also applies to the French Bresse and Li-
magne grabens and the southern Rhone Valley
(e.g., Sapin and Hirn, 1974; Hirn, 1976; Bergerat
et al.,, 1990; Prodehl et al., 1992). There is no
clear relationship of the subcrustal lithospheric
structure below 50 km depth to the Rhine Graben
proper (Glahn and Granet, 1992). However, un-
der the Rhenish Massif and Lower Rhine embay-
ment, in the seismically active continuation of the
Rhine Graben to the northwest, a well pro-
nounced low-velocity zone at 50-150 km depth is
clear evidence for progressive lithospheric thin-
ning (Raikes and Bonjer, 1983; Prodehl et al,,
1992) which, however, is only observed to the
southwest of the Rhine river. In the Lake Baikal
area, a low-velocity zone is observed in the upper
mantle. However, this zone is also asymmetrical,
being offset to the southeast (e.g., Logatchev et
al., 1983). The basin geometry, physiographic ex-
pression, and heat flow data argue that the crustal
thinning beneath Lake Baikal is abrupt (e.g.,
Ruppel et al., 1992), but more data are needed to
confirm this interpretation. The differences be-
tween the gradual transitions observed in the
southern Rio Grande rift and the abrupt transi-
tions observed in the Kenya, Central European
and Baikal rifts may be due to differences in the
state of the lithosphere prior to rifting. In the Rio
Grande rift, the lithosphere was in a hot back-arc
setting, in Central Europe the lithosphere was in
a Variscan orogenic terrain setting, and in Kenya
and the Baikal area, the lithosphere was in cool
cratonal setting.

The new tomographic data from the Kenya rift
(Achauer et al.,, 1994; Slack and Davis, 1994)
confirm the observation of Green et al. (1991)
that the velocity—depth pattern related to the rift
reveals areas with distinct variations which make

the Kenya rift a truly 3D feature. The situation is
less pronounced but is similar in the Rio Grande
rift where a low-velocity upper-mantle anomaly is
offset slightly with respect to the direction of the
main rift valley (Davis et al., 1993). Davis et al.
(1993) have summarized the results of teleseismic
studies of the upper mantle structure beneath the
southern part of the Kenya rift, the Rio Grande
rift and the Rhine Graben. Beneath the southern
Kenya rift and the Rio Grande rift, large velocity,
density and attenuation anomalies in the upper
mantle, interpreted to be caused by partial melt-
ing, suggest that the lithosphere has been thinned
much more significantly than the crust. The ex-
tensional shear processes which caused the lim-
ited amount of crustal extension (about 10 km)
are unable to explain the magnitude of litho-
spheric thinning. An active mantle plume thin-
ning the lithosphere from below is a more reason-
able source for the observed mantle anomaly.
Thus, Davis et al. (1993) place these two rifts in
the category of active rifts. In contrast, the Rhine
Graben which has no such mantle anomaly (Glahn
and Granet, 1992) is placed by Davis et al. (1993)
in the category of passive rifts. In the Baikal rift,
we unfortunately lack high-resolution data. This
situation will hopefully change with the joint Rus-
sian—-American Baikal project currently under-
way. (e.g., Scholz et al., 1993).

4.4. Symmetry vs asymmetry

Deep crustal structure is essentially symmetri-
cal in the Kenya rift, Rio Grande rift, Rhine
Graben, and Baikal rift in that the maximum
crustal thinning is approximately centered in the
rift valleys. However, the upper crustal structure
as revealed in the basins and tilted horst blocks is
generally asymmetrical. The Lake Baikal and
Rhine Graben basins are relatively simple and
mildly tilted, but in the Rhine Graben the polar-
ity of tilting switches from one flank to the other
(e.g., Brun et al., 1992). The Rio Grande rift is
distinctive in that it contains a continuous series
of large, complex, en-echelon basins along its
extent. These basins are generally asymmetrical
and flip polarity often (e.g., Keller and Cather,
1994). A lack of drilling and seismic reflection
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data in Kenya along with the extensive volcanic
cover limit our knowledge of its basins. However,
the Project PROBE results in Lake Turkana
(Dunkelman et al., 1988), the AMOCO reflection
data in the Turkana area (Morley et al., 1992;
Hendrie et al.,, 1994) and KRISP results reveal
several large generally asymmetrical basins and
many smaller complex basins. Gravity data do not
suggest that these basins are as extensive as in
the Rio Grande rift. However, dense volcanic fill
in some basins could mask the negative gravity
anomalies expected from large fill thicknesses.

5. Discussion

Cross-sections through the central Kenya rift
derived from the KRISP-90 data (Fig. 2) con-
strain the crustal thinning and anomalously low
upper mantle P-wave velocities down to around
165 km depth to be confined essentially to be-
neath the rift valley itself. In the vicinity of the
major boundaries of the rift valley at the surface,
the crustal thickness, upper mantle velocity, and
heat flow change abruptly to attain normal conti-
nental values beneath both rift flanks. Abrupt
changes in crustal thickness have also been deter-
mined for parts of the western flank of the Jor-
dan-Dead Sea rift which is at a similar stage of
development as the Kenya rift and the Arabian
margin of the southern Red Sea, which is at a
more advanced stage of development. What
causes these changes to be so abrupt should be a
topic of further research, but they seem to be
evidence for the major phase of lithospheric thin-
ning and extension to be young. Otherwise, lat-
eral diffusion of heat would tend to spread the
geophysical signatures out.

Crustal thinning is accomplished by thinning of
both the upper and lower crusts (Fig. 2). The
upper crust is thinned primarily by simple shear
along normal faults leading to asymmetric basins
and tilted fault blocks. The concentration of the
crustal thinning and the anomalously low upper
mantle velocities down to about 165 km depth
beneath the rift valley itself is consistent with the
lower crust and the lithospheric mantle being
thinned by pure shear. Models requiring asym-

metric development of the rift with the major
crustal and lithospheric thinning being signifi-
cantly offset to one side of the rift (e.g., Bosworth,
1987) are inconsistent with the present seismic
results.

Mechie et al. (1994b) and Keller et al. (1994)
have provided quantitative petrological interpre-
tations of the seismic P-wave velocities in the
uppermost mantle down to 60-70 km depth be-
neath the rift, while Halderman and Davis (1991)
Achauer et al. (1994), and Slack and Davis (1994)
have provided estimates of partial melting in the
low-velocity body identified by the teleseismic
data in the upper mantle down to about 165 km
depth. Mechie et al. (1994b) have explained the
low Pn velocities of 7.5-7.7 km /s beneath the rift
by 3-5% partial melt of basaltic magma rising
from greater depths and being trapped below the
Moho. At depths between the maximum penetra-
tion of the Pn wave and 60-70 km depth, veloci-
ties lower than 7.8 km /s can also be explained by
a few percent partial melt. The teleseismic results
can be explained by low P-wave velocities in the
upper mantle down to about 150 km depth which
are due to 3—6% partial melt. Thus, the estimates
for the amounts of partial melt beneath the rift
derived by both the long axial profile and tele-
seismic data are in agreement with the value of
3% given by Macdonald (1994) from considera-
tion of the petrogenesis of the volcanic rocks.

Mechie et al. (1994b) and Keller et al. (1994)
have explained the layers with high velocities
(8.0-8.3 km/s) in the uppermost mantle beneath
the northern part of the rift in terms of preferred
orientation of olivine and depletion of basalit.
Depietion alone cannot explain the high velcci-
ties as even pure isotropic olivine rock does not
have high enough velocities at the high tempera-
tures existing beneath the rift. Depletion does,
however, serve to reduce the amount of preferred
mineral orientation required to obtain the high
velocities. The preferred orientation of olivine
could either produce an orthorhombic structure
or a transverse isotropic structure. In the case of
the orthorhombic structure, and in the absence of
depletion, at least 40-55% of the olivine should
be oriented with its ag-axis oriented horizontally
along the rift axis. This orientation would result
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in azimuthal dependence of velocities in the re-
fraction data. In the case of the transverse
isotropic structure, there would be no azimuthal
dependence of the refraction velocities because
the a- and c-axes of the olivine should be ran-
domly oriented in the horizontal plane and the
slow b-axis should be oriented vertically. In fact,
for the deeper layer (60-65 km), both preferred
mineral orientation and depletion are required to
explain the high velocity of 8.3 km/s. Mecha-
nisms which cause olivine to show preferred ori-
entation tend to orient the b-axis perpendicular
to the plane of the flow (Nicolas et al., 1971;
Bussod, pers. commun., 1992). Thus, we envisage
that a horizontal flow possibly caused by shearing
has occurred in the high-velocity mantle layers.
Nicolas et al. (1971) also describe the situation in
which the flow (shearing) is accompanied by re-
crystallization. The two processes acting together
can yield randomly oriented a- and c-axes in the
plane of the flow (Nicolas et al., 1971).

The plate boundaries surrounding Africa sug-
gest that the whole continent is in a compres-
sional state of stress. The Cenozoic rifting and
the tensional state of stress in many areas of
Africa can therefore only be explained by a
mechanism involving movements within the as-
thenospheric mantle. Zoback (1992) has stated
that the buoyancy force due to the low-velocity,
low-density upper mantle anomaly beneath the
Kenya rift is more dominant than the ridge push
compression and thus produces the present-day
NW-SE extension. In contrast, Strecker and
Bosworth (1991) and Bosworth et al. (1992) have
suggested that the rotation of the stress field in
the vicinity of the Kenya rift from an E-W direc-
tion to a NW-SE direction during the Quater-
nary is a result of far-field tectonic stresses (e.g.,
ridge push forces generated at the Red Sea/ Gulf
of Aden spreading centers).

In the southern part of the Kenya rift in the
vicinity of the Kenya dome, the teleseismic results
show that the lithosphere has been thinned con-
siderably, whereas the refraction results and sur-
face structural estimates provide evidence for
modest crustal thinning and only 5-10 km exten-
sion. This situation is complicated due to the
probability of magmatic additions to the crust,

but active mantle upwelling seems required. The
abrupt lithospheric boundaries between the flanks
and rift valley and the low heat flow on the flanks
are evidence that the major activity has been
recent. The high surface heat flow in the rift
valley, the earthquake activity and its concentra-
tion in the upper 10-12 km of the crust, and the
recent volcanicity all suggest that the rift is active
today.

The results of KRISP 90 have shed consider-
able light on the structure and evolution of the
Kenya rift. However, many questions remain
unanswered, and this feature is clearly an ideal
place to study the relationships between the crust
and mantle during extension and the role magma-
tism plays in the evolution of volcanically active
continental rifts.
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