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ABSTRACT

Nyblade, A.A. and Pollack, H.N., 1992. A gravity model for the lithosphere in western Kenya and northeastern Tanzania.
Tectonophysics, 212: 257-267.

We present a new gravity model for the lithosphere beneath the Kenya Rift Valley, the Mozambique Belt, and the
Tanzania Craton in western Kenya and northeastern Tanzania. The Kenya Rift lies within the eastern branch of the
extensive Cenozoic East African Rift System and has developed almost entirely in the Pan-African Mozambique Belt about
50 to 150 km east of the exposed margin of the Archean Tanzania Craton. The gravity field over western Kenya and
northeastern Tanzania is characterized by a long-wavelength Bouguer anomaly. We propose that this anomaly has two
components: (1) a “rift” signature, deriving from a shallow rift basin, a lower crustal intrusion and a low-density zone in the
mantle lithosphere localized beneath the rift axis, and (2) a “suture” signature, arising from a crustal root along the
boundary between the Mozambique Belt and Tanzania Craton and higher density crust in the mobile belt above part of the
crustal root. Two lines of reasoning support our interpretation:

(1) Recent geological studies of the Mozambique Belt in Kenya and Tanzania suggest that it is a continent-continent
collision zone, and continent—continent collision zones worldwide commonly exhibit a characteristic gravity anomaly.

(2) The long-wavelength Bouguer anomaly has at least two minima, one over the craton-mobile belt boundary, and one
or more over the rift valley. Corroborative evidence for our interpretation of the gravity field is provided by recent seismic
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investigations.

Introduction

The East African rift valleys belong to a major
continental rift system extending southward from
the Afar region in Ethiopia to the southern end
of Lake Malawi. Parts of this rift system have
been studied in some detail, most notably the
Kenya Rift (also known as the Gregory Rift). The
Kenya Rift extends across western Kenya in a
roughly N-S direction and terminates in north-
eastern Tanzania (Fig. 1).

Among the many investigations of the Kenya
Rift are several gravity studies (Bullard, 1936;
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Masson-Smith and Andrew, 1962; Sowerbutts,
1969; Girdler et al., 1969; Baker and Wohlen-
berg, 1970; Searle, 1970; Khan and Mansfield,
1971; Darracott et al., 1972; Darracott, 1974;
Girdler, 1975; Wohlenberg, 1975; Fairhead, 1976;
Swain and Khan, 1978; Fairhead and Walker,
1979; Swain et al., 1981; Bechtel et al., 1987;
Ebinger et al., 1989). Gravity measurements in
and around the rift valley delineate a long-wave-
length Bouguer gravity anomaly over western
Kenya and northeastern Tanzania (see Fig. 4 for
examples). Gravity models developed by many of
these investigators suggest that a possible expla-
nation for this anomaly is low-density (hot) mate-
rial in the upper mantle beneath the rift and its
western shoulder.

As we discuss in more detail below, the Kenya
Rift lies in a region of complex Precambrian
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Fig. 1. Simplified tectonic map of western Kenya and north-
eastern Tanzania showing Precambrian terrains and major
Cenozoic rift faults.

geology. The rift has developed almost entirely in
the Pan-African Mozambique Belt about 50 to
150 km east of the exposed margin of the Archean
Tanzania Craton (Fig. 1). Shackleton (1986) and
Key et al. (1989) interpret the Mozambique Belt
as a late Precambrian continent—continent colli-
sion zone. If this interpretation is correct, then it
has important implications for modeling the grav-
ity field over western Kenya and northeastern
Tanzania. Elsewhere it has been demonstrated
that crustal structures developed within
Archean—-Proterozoic sutures give rise to charac-
teristic Bouguer gravity anomalies. Therefore, a
significant portion of the observed Bouguer grav-
ity anomaly over western Kenya and northeastern
Tanzania may arise from crustal structures along
the craton-mobile belt suture.

The possible gravimetric effects of Precam-
brian crustal structures along the craton—mobile
belt boundary were not included in earlier gravity
studies. In this paper, we reinterpret the long-
wavelength Bouguer gravity anomaly over west-
ern Kenya and northeastern Tanzania, proposing
that this anomaly is comprised of two compo-
nents: (1) a “rift” signature, deriving from crustal
structures and a low-density zone about 100 km
wide in the mantle lithosphere beneath the rift
axis, and (2) a “suture” signature, arising from
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crustal structures developed along the boundary
between the Mozambique Belt and the Tanzania
Craton.

Geology

The Kenya Rift is a well defined graben about
70 km wide and several hundred kilometers long.
Most of the rift floor and shoulders are covered
with thick sequences of Tertiary lava flows and
volcaniclastic units. The earliest faulting and vol-
canic eruptions are thought to be contemporane-
ous, starting at about 20-25 Ma in the northern
section of the rift, and somewhat later in the
southern part of the rift (Baker et al., 1972;
Ebinger, 1989). The main rift faults are shown in
Figure 1. Most are roughly parallel to the eastern
margin of the Tanzania Craton, but some faults
deviate from the general N-S trend and cut the
eastern margin of the craton in an E~W direc-
tion.

Development of the Mozambique Belt was
polycyclic. The oldest dates, at about 1200 Ma,
have been obtained from the western section of
the mobile belt along- the craton margin; the
youngest ages, at about 450 Ma, are from areas to
the east of the Kenya Rift (Cahen et al., 1984).
Shackleton (1986) and Key et al. (1989) cite three
main lines of reasoning that suggest a collisional
history for the Mozambique Belt: (1) altered
shelf-sediments can be traced across the entire
width of the orogen; (2) deformation is complex
and intense and is associated with high-grade
metamorphism; and (3) structures are mainly re-
cumbent and involve thrusting and imbrication of
basement with slices of oceanic metavolcanics
and metasediments. The Archean Tanzania Cra-
ton is the foreland to the mobile belt. According
to Shackleton and Key and co-workers, crustal
thickening occurred in the suture zone, and
west-verging thrust faults emplaced younger rocks
onto the craton’s eastern margin.

Gravity anomalies over Archean—Proterozoic su-
tures

A characteristic Bouguer gravity anomaly. is
found over many collisional sutures worldwide.
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The best studied gravity anomalies over
Archean-Proterozoic sutures are from the mar-
gin of the Superior Province in Canada (Thomas
and Tanner, 1975; Kearey, 1976; Gibb and
Thomas, 1976, 1977; Thomas and Gibb, 1977
Thomas and Kearey, 1980; Mukhopadhyay and
Gibb, 1981; Gibb et al., 1983). Other gravity
anomalies over Archean-Proterozoic sutures
which have been studied in some detail are from
Australia (Mathur, 1974; Wellmann, 1978), India
(Subrahmanyam, 1978) and West Africa (Blot et
al., 1962; Louis, 1978; Black et al., 1979).

Figure 2a shows representative gravity profiles
over three different sutures in Canada, Australia,
and India. The characteristic features of suture
anomalies are a gravity “low” over the craton-
mobile belt contact and a gravity “high” over the
mobile belt. Wavelengths are usually several hun-
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Fig. 2. Suture gravity anomalies and model. a. Bouguer gravity

anomalies: (i) Cape Smith fold belt, Canada (Mukhopadhyay

and Gibb, 1981), (ii) Fraser Range, Australia (Mathur, 1974),

(iii) Eastern Ghats, India (Subrahmanyam, 1978). b. Gravity

model for sutures around the margin of the Superior Province

in Canada (after Gibb and Thomas, 1976); numbers give
density contrasts in kg/m?>.

dred kilometers, and amplitudes of 50 mGal or
more are frequently observed. Although suture
anomalies worldwide have these characteristic
features, wavelengths and amplitudes can vary
considerably between anomalies from different
sutures, as well as within individual sutures.

To explain the anomalies found in Canada,
Gibb and Thomas (1976) developed a simple
gravity model which has become the type model
used for interpreting suture anomalies worldwide
(Fig. 2b). In this model the gravity “low” results
from a depressed Moho beneath the suture. The
crustal “root” is about 5 km thick and has a
density contrast of up to 400 kg/m>. The positive
anomaly over the younger province is caused by
denser material in the crust. Modelled density
contrasts between the older and younger crustal
blocks can be as much as 100 kg/m>.

The interpretation of the gravity “low” in terms
of thickened crust beneath the suture is strongly
supported by seismic studies that have detected
5-10 km increases in crustal thickness beneath
various sutures around the Superior Province
(Gibb et al., 1983, and references therein; Mereu
et al,, 1986; Green et al., 1988). The origin of the
gravity “high” over the younger block is more
controversial. Part of the gravity “high” may re-
sult from fragments of oceanic crust accreted to
the younger block during suturing. Kearey (1976)
explained the positive anomaly by an undulation
in the Conrad discontinuity. Alternatively, Foun-
tain and Salisbury (1981) proposed that thrusting
along the suture brings slices of higher density
lower crustal rocks nearer to the surface. What-
ever the origin may be, the common occurrence
of a gravity “high” over the younger block re-
quires the younger crust to have a higher average
density than the adjacent older crust.

Gravity data and model

Some 12,000 point Bouguer gravity anomalies
define the long-wavelength anomaly over western
Kenya and northeastern Tanzania (Fig. 3 ). Four
representative gravity profiles across this region
are displayed in Figure 4 and show the major
features of the long wavelength anomaly. Shown
in Figure 4 are point anomalies from up to 15 km
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on either side of the profile, and solid line pro-
files constructed by gridding the point anomalies
at a 2.5 km interval, and then filtering to remove
wavelengths less than 50 km. The long-wave-
length Bouguer anomaly, as illustrated by these
profiles, lies roughly between 33.5°E and 37.5°E,
is about 400-500 km wide, and has an amplitude
of several tens of milliGals.

We have suggested above that crustal struc-
tures along the craton—-mobile belt boundary give
rise to some of the observed Bouguer anomaly
over western Kenya and northeastern Tanzania,
because (1) there is geological evidence that the
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Mozambique Belt is a continent—continent colli-
sion zone, and (2) characteristic suture gravity
anomalies are commonly found over Archean—
Proterozoic sutures elsewhere in the world. Addi-
tionally, there is another line of reasoning, illus-
trated in Figure 4, to support our interpretation.
The Tanzania Craton—Mozambique Belt contact
and the Kenya Rift are marked on each gravity
profile in Figure 4. It is evident from this figure
that the long wavelength Bouguer anomaly is
characterized by at least two minima, one over
the craton—mobile belt boundary, and one or
more over the rift valley. The spatial correlation
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Fig. 3. Location of gravity measurements (dots) in western Kenya and northeastern Tanzania. The margin of the Tanzania Craton
and the major rift faults as shown in Fig. 1 are highlighted for orientation. Profile lines give the location of the gravity profiles in
Fig. 4.
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Fig. 4. Gravity profiles over western Kenya and northeastern Tanzania, Profile locations are shown in Fig. 3. The small crosses and
circles are point anomalies from the Tanzania Craton and Mozambique Belt, respectively. The solid line represents a filtered
profile excluding wavelengths shorter than 50 km. The bold arrow marks the Tanzania Craton-Mozambique Belt boundary.

C = Tanzania Craton, MB = Mozambique Belt, RV = Kenya Rift Valley.
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between the craton margin and a gravity mini-
mum clearly suggests that structures beneath the
craton margin contribute to the observed
anomaly. The gravity minimum along the craton
margin is consistently observed between 3.0°S and
0.8°N, except where the Kavirondo Rift intersects
the craton margin (Fig. 1). There the gravity low
arising from the suture is likely obscured by the
gravimetric effects of crustal structures related to
the Kavirondo Rift (Fairhead and Walker, 1979).

The boundary between the Tanzania Craton
and Mozambique Belt is fairly well established to
the south of the Kenya Rift in Tanzania, and it is
of interest to know if a “suture” anomaly is
apparent in this region where there is no rift
graben. Unfortunately, the gravity coverage south
of the Kenva Rift is sparse and insufficient to
define a coherent gravity pattern over the cra-
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ton—mobile belt boundary. The data suggest that
there may be a gravity “low” over the suture, as
observed to the north in Kenya, but it is not
adequately resolved with the available data.

Our new gravity model (Fig. 5) is illustrated
for a gravity profile at 0.4°N (profile A-A4’, Fig.
4). To calculate the gravity signal of our model,
we used a 2-D algorithm for the gravitational
attraction of right rectangular prisms (Nagy,
1966). Our model has two components, a “suture”
and a “rift”. The “suture” follows the Gibb and
Thomas (1976) model, and comprises a low-den-
sity crustal root beneath the craton-mobile belt
boundary and higher-density crust in the mobile
belt. The “rift” component of the model has
three elements: (1) an axial low-density zone
about 100 km wide in the mantle lithosphere; (2)
a high-density intrusion in the lower crust; and
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Fig. 5. Gravity model for profile 4-4" (Fig. 4), showing the “rift” and “suture” components. Symbols are the same as in Fig. 4.
Numbers give density contrasts in kg,/m>.
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(3) a shallow rift basin filled with low-density
sediments and volcanics. Starting with the Gibb
and Thomas suture model and a low-density zone
in the mantle beneath the rift, the model geome-
try and densities were adjusted on a trial and
error basis until a satisfactory fit between the
observed and calculated anomaly was obtained.
There is good agreement between the calculated
and the observed gravity anomaly over the center
part of the model and the western edge, but on
the eastern side of the model there is greater
departure between the calculated and observed
anomalies. However, the eastern side of the pro-
file is not as well constrained by measurements
(see profile A-A’, Fig. 4), and therefore the
departures may be somewhat artificial.

Discussion

The geometry of the crustal and mantle blocks
comprising our model and their densities are
non-unique; many alternative geometries and
densities could produce an equally satisfactory fit
between the calculated and observed anomalies.
However, the general features of our model are
consistent with seismic models and density mea-
surements of surface rocks. There are several
seismic investigations of the Kenya Rift which
provide independent constraints on crustal and
upper mantle structure beneath the rift valley.
The low-density zone in our model, which is
essentially confined to the width of the rift valley,
is consistent with models of P-wave travel-time
delays showing a low-velocity zone localized in
the area beneath the rift valley: models by
Maguire and Long (1976) and Long and Back-
house (1976) show that the low-velocity zone be-
neath the western flank of the rift does not ex-
tend significantly beyond the rift’s western mar-
gin, and a complementary study by Savage and
Long (1985) suggests that the low-velocity zone is
mainly confined to the area directly beneath the
rift. More recently, Green et al. (1991) presented
a three-dimensional image of the velocity struc-
ture beneath the central Kenya Rift from invert-
ing P-wave travel-time residuals. This image shows
a steep-sided low-velocity body beneath the rift,
confirming the earlier models of travel-time delay

data. The low-density zone in our model also
shifts slightly to the west with depth, consistent
with recent studies suggesting that the low-veloc-
ity zone also shifts somewhat to the west with
depth (Dahlheim et al., 1989; Green et al., 1991).

There is supportive evidence from seismic re-
fraction studies for the shallow rift basin in our
model. The 1991 KRISP cross-rift profile (KRISP
working party, 1991) shows that the rift fill is
about 2-3 km thick below Lake Baringo, which is
approximately at the same latitude as profile
A-A’ in Figure 4. The velocity of the rift fill is
about 1.4 km/s slower than the basement veloc-
ity, thus suggesting that its density is lower than
the basement density. Density measurements on
rift volcanics also suggest low-density material in
the rift valley. The floor of the Kenya Rift south
of about 1.0°N is covered predominantly by tra-
chytes. The mean density of seven trachyte sam-
ples from the rift valley is 2550 kg /m? (Fairhead,
1976), considerably lower than a mean density of
2640 kg/m> reported for a number (13) of rock
samples from the Mozambique Belt (Fairhead,
1976).

Evidence for a crustal density contrast be-
tween the Mozambique Belt and the Tanzania
Craton is also provided by the KRISP 1991
cross-rift seismic refraction profile; the upper
crustal velocity of the Tanzania Craton just west
of the craton—mobile belt boundary is 5.9 km/s,
but is 6.0-6.1 km/s in the Mozambique Belt to
the east of the craton—mobile belt contact. The
higher crustal velocity in the mobile belt suggests
a slightly higher crustal density in the mobile belt
relative to the craton, as we show in our model
(Fig. 5). Moreover, the average density of several
granitic rock samples (22) from the Tanzania
Craton (2620 kg/m>) (Darracott, 1972) is slightly
lower than the average density of the 13 Mozam-
bique Belt rock samples (2640 kg /m?) (Fairhead,
1976). Although the difference in these mean
densities is somewhat lower than in our model
(Fig. 5), the density measurements are suggestive
of slightly higher-density mobile belt crust rela-
tive to the cratonic crust. Additionally, the KRISP
1991 cross-rift refraction profile provides evi-
dence for a modest crustal root beneath the su-
ture. The KRISP velocity model shows the Moho
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increasing in depth from about 36-37 km be-
neath the craton to about 40 km beneath the
suture.

In contrast to the other general features of our
model, the lower crustal intrusion beneath the
rift has not been clearly imaged with seismic
techniques (KRISP working group, 1987; Henry
et al.,, 1990; KRISP working party, 1991). But, if
the crustal intrusion is as small as our model
suggests, and if it does not penetrate into the
upper crust, it may perhaps be difficult to detect.

As briefly mentioned in the introduction, pre-
vious studies have modeled the long-wavelength
Bouguer anomaly largely with low-density (hot)
material in the upper mantle. We show two rep-
resentative examples of such models in Figure 6.
Figure 6a is a model by Fairhead (1976) in which
the entire gravity anomaly arises from an exten-
sive zone of lithospheric thinning, located not
only beneath the rift, but also extending more
than 100 km to the west of the rift beneath
unfaulted regions of the Mozambique Belt and
Tanzania Craton. An alternative model (Baker
and Wohlenberg, 1970), which does not cover as
broad an area as Fairhead’s model, is shown in
Figure 6b. In this model the hot low-density re-
gion in the lithosphere is confined to a narrower
zone beneath the rift, and in order to account for
the long-wavelength nature of the anomaly, a
thin, continuous low-density sheet is placed at the
surface. Baker and Wohlenberg attribute the low-
density surface material to Tertiary volcanics
which are present along most of their profile.
However, in many areas to the west of the rift
Precambrian basement is exposed, and so a vol-
canic source of low-density material cannot be
used to explain the gravity anomaly in these ar-
eas.

Our model has some similarities to and differ-
ences from the models illustrated in Figure 6a
and b. For comparison, our model is shown in
Figure 6¢. It is similar to the Baker—Wohienberg
model in that the size and shape of the low-den-
sity zone in the mantle lithosphere are about the
same. Our model differs from theirs in three
ways: (1) the lower crustal intrusion beneath the
rift basin is about half the size of theirs; (2) there
is no low-density sheet at the surface extending
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beyond the rift valley; and (3) there are crustal
structures in the suture zone. Compared to Fair-
head’s model, our model has a narrower, more
confined low-density zone in the mantle litho-
sphere, and it includes crustal structures in both
the rift valley and the suture zone, whereas the
crust in Fairhead’s model is uniform.

A further issue is the isostatic balance of the
Gibb and Thomas “suture” model and our “su-
ture” model in Figure 5. There is little topogra-
phy over the Canadian sutures, and, therefore, in
the Gibb and Thomas model (Fig. 2b) local iso-
static equilibrium is achieved for the crustal blocks
comprising the mobile belt by balancing the posi-
tive buoyancy of the crustal root with denser
material above the root, The cratonic crustal root
adjacent to the craton—mobile belt boundary,
however, is not balanced by denser cratonic
crustal material. This part of the Gibb and
Thomas model is not in isostatic equilibrium. The
400-500 km wavelength anomaly in western
Kenya and northeastern Tanzania (i.e. both the
“rift” and “suture” anomaly) is associated with a
broad region of crustal uplift (the Kenya dome).
Thus, in contrast to the Canadian sutures, it
appears that at least some of the crustal density
contrasts in the Tanzania Craton—Mozambique
Belt suture may be topographically compensated.

A possible explanation for the difference in
topography between the two sutures is that the
lithosphere in East Africa because of rifting is
fractured and thus weaker than the Canadian
lithosphere. In Canada, the lithosphere probably
has sufficient elastic strength to support the
buoyancy force of the cratonic crustal root. Bech-
tel et al. (1990) estimate the effective elastic plate
thickness of the Canadian shield to be on the
order of 100 km. The lateral extent of the crustal
root is ~ 100 km, and a load of this size will have
little if any topographic compensation on an elas-
tic plate 100 km thick (Turcotte and Schubert,
1982, p. 123). However, if the East African litho-
sphere is broken at the rift, the elastic strength of
the East African plate will be reduced signifi-
cantly (Turcotte and Schubert, 1982, p. 127), and
may not be sufficient to support the buoyancy
force of the cratonic crustal root. Hence, crustal
uplift may develop over the suture,
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Wohlenberg (1970) at approximately the equator showing thinning localized beneath the rift and a low-density sheet at the surface.
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In summary, we propose that the Bouguer
anomaly over the Kenya Rift and surrounding
region may be a combination of a ‘‘suture”
anomaly, which arises from crustal structures de-
veloped along the Archean craton margin, and a
“rift” anomaly, which derives from crustal struc-
tures and a low-density zone about 100 km wide
in the mantle lithosphere bencath the rift valley.
If our hypothesis is correct, low-density material
is confined to a much narrower zone in the man-
tle lithosphere than hypothesized by Fairhecad
(1976) and shown in Figure 6a, and the density
contrast associated with this low-density zone may
be somewhat smaller than the density contrast
proposed by Baker and Wohlenberg (1970) and
shown in Figure 6b. The presence of a low-den-
sity zone in the upper mantle that is confined to
the width of the rift valley is important for under-
standing continental rift development because it
suggests that during the early stages of continen-
tal break-up there is no large-scale perturbation
of the base of the lithosphere well away from the
margins of rift valleys.
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