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SUMMARY 
During the Kenya Rift International Seismic Project (KRISP 90) a 450 km long E-W 
seismic-refractionlwide-angle-reflection profile involving the deployment of 250 instru- 
ments was shot across the Kenya Rift. A reflected phase recorded between distances of 
260 and 350 km from a 1000 kg shot at the western end of the line in Lake Victoria 
has been interpreted as originating from about 60 km beneath the western margin of 
the rift. 

Detailed processing of this phase has resulted in defining its polarity in relation to 
the first-arrival diving wave at the same range. Extensive kinematic and dynamic 
modelling shows there is a high-velocity zone at depths below 60 km under the western 
flank of the rift. We cannot exclude the presence of a layered alternating high-low- 
velocity structure as found in the upper mantle beneath the northern part of the N-S 
seismic profile along the rift axis. 

Constraints from xenolith studies indicate that anisotropy may explain the high 
velocity found beneath the reflecting horizon (2 8.40 km s-’). Petrological modelling 
shows that if the anisotropy is due to the preferred orientation of olivine crystals, then 
either a transverse isotropic structure, in which the ‘a’ and ‘c’ axes are randomly 
orientated in the horizontal plane, or an orthorhombic structure, in which the fast ‘a’ 
axis is orientated along the direction of the E-W seismic line, is possible. The reflection 
could also be caused by a pre-rift structure associated with the Proterozoic collisional 
orogen involving the Mozambique Orogenic Belt and the Archaean Nyanza Craton, 
whose contact is subparallel to and lies about 70 km to the west of the Tertiary rift. 
The evidence presented here delimits the lateral extent of the upper-mantle region of 
anomalously low-velocity material that is confined to below the surface expression of 
the rift itself at depths below 60 km. 

Key words: Kenya Rift, seismic modelling, upper mantle. 

1 INTRODUCTION 

One of the objectives of KRISP 90 was to detail the upper- 
mantle structure beneath the Kenya Rift Valley, where the 
rifting process is still active (Fig. 1). 

It is generally accepted that rifting episodes are associated 
with magmatic activity whose origin resides in the lithospheric 
upper mantle or in the asthenosphere. Previous geophysical 
studies in Kenya have demonstrated large gravity and heat- 
flow anomalies, indicating the presence of anomalous mantle 
material or partial melt beneath the rift axis. A structural high 
has been modelled in the upper mantle, with the Moho rising 
from 38 km underneath the rift flanks to 30 km beneath the 
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rift axis along the cross-rift line (Fig. 1 )  (Maguire et al. 1994). 
A close relationship has been suggested between asthenospheric 
upwelling and penetrative magmatism as driving forces for 
lithospheric rifting (Bhattacharji & Koide 1987). 

This paper describes and interprets a phase ‘dl’, reflected 
from a discontinuity below the Moho recorded during KRISP 
90 on the cross-rift line (Fig. 1) on the section from the Lake 
Victoria shot point (VIC) at the western end of the profile; the 
section from which dl returns is indicated in Fig. 1. Similar 
phases have also been detected on the KRISP 90 east-flank 
line (Prodehl e t  al. 1994) and the KRISP 90 axial line, where 
two phases reflected from depths of respectively, 40-45 km 
and 60-65 km, within the uppermost mantle have been ident- 
ified (Keller et al. 1994). Discontinuities within the upper 
mantle in rift zones have also been identified elsewhere, for 
example in the Afar depression and the Red Sea (Mooney 
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Figure 1. Location map of KRISP 90 explosion seismic profiles. The reflection zone indicates the section from which the dl discussed in the 
text returns. 

et al. 1985; Prodehl 1985; Mechie, Prodehl & Koptschalitsch 
1986; Makris & Ginzburg 1987). 

The dl phase has been the subject of further processing and 
analysis to define its polarity, in order to determine whether a 
low-velocity zone (LVZ) exists in the upper mantle beneath 
the reflector. Studies of lithospheric structure elsewhere (Hirn 
et al. 1971; Kind 1974; Cassell & Fuchs 1979; Burmakov et al. 
1987; Ansorge, Blundell & Mueller 1992) have revealed thin 
layers of both high and low velocity, explained via changes in 
either composition (Blundell 1992) or physical state (Fuchs 
1983; Mechie, Fuchs & Altherr 1994). The interpretation of 
the KRISP 90 axial line has revealed a low-velocity layer 
between two high-velocity layers at a depth of between SO and 

65 km beneath the northern-central part of the profile (Keller 
et al. 1994), and for this reason it was important to study the 
polarity of phase dl. 

If we recognize that this phase has the same polarity as the 
first 'd' arrival, d being the diving wave beneath the Moho, we 
can interpret such polarity as resulting from an increase in 
velocity across the reflector. The results may be compared 
with those from a number of long profiles within rifts that 
have provided information from reflectors below the Moho 
(Keller et al. 1994). 

The seismic velocities derived from the present analysis have 
been compared with values determined from petrological mod- 
elling. The elastic properties of individual minerals can be used 
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to define the seismic velocities at a certain pressure and 
temperature for a given assemblage of these minerals. 
Mineralogical compositions are derived from xenolith studies 
(Henjes-Kunst & Altherr 1992), and a possible geotherm for 
the continental crust is based on a conductive model after 
Pollack & Chapman (1977). 

2 THE SEISMIC DATA 

The data studied have been recorded along the cross-rift line 
(Fig. l), a 450 km profile between the equator and 1 "N, from 
the lOOOkg underwater Lake Victoria (VIC) shot at the 
western end of the line. 

A detailed description of the interpretation of the cross-rift 
line can be found in Maguire et al. (1994), which contains a 
complete record section for the shot point VIC and from which 
the present crustal model is obtained. 

The upper-mantle reflection dl is shown in two 'windows' 
extracted from the VIC record section, the seismograms being 
normalized and band-pass filtered (1-20 Hz) (Figs 2 and 3). 
For the following reasons we believe that this d, phase is an 
upper-mantle reflection and not a converted or scattered phase: 

( 1 )  if we omit the upper-mantle reflector in the model then 
we have no energy in the theoretical seismograms (see 
Section 5.2 below) where the phase dl should occur; 

(2) although the d and d, phases are both observed in an 
area with complex crustal structure, both phases appear to be 
correlatable in a consistent and coherent fashion; 
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(3) along the rift axis itself and beneath the north-east flank 
of the rift, similar phases from uppermost-mantle reflectors 
have been recognized (Keller et al. 1994; Prodehl et al. 1994). 

3 METHODS 

The phase investigated is observed at a distance of 260-350 km 
from Lake Victoria. The quality of the data required detailed 
processing to be undertaken before enabling a comparison of 
the polarity of the reflection with the sub-Moho diving wave at 
the same offset. A decrease in velocity across the reflector would 
produce a reflection of opposite polarity to the first arrival. 
With a velocity increase, the polarity should be the same as 
that of the first arrival, as long as the reflection is still undercrit- 
ical. Beyond the critical point the phase of the reflection starts 
to change, and eventually, at large distances, it will again have 
an opposite polarity to that of the first arrival. The distance 
over which the phase change occurs depends on the velocity 
contrast. For large velocity contrasts it changes over a fairly 
short range, whereas for mantle-reflected events involving small 
velocity contrasts it usually occurs over a large distance. 

4 PROCEDURE 

4.1 Processing 

Band-pass frequency filtering improved the quality of the 
recorded seismograms. This was designed to enhance the 
crustal phases. The dl phase was first detected on these trace- 

250 300 
0 [STANCE I K M )  

12 

11 

10 

9 

U 

7 

6 

5 

u 

3 

2 

I 
350 uoa 

Figure 2. Record section for the Lake Victoria (VIC) shot point. Reducing velocity=8.0 km s-'. Band-pass filter 1-20 Hz. The modelled travel 
time picks for phases d and d,, derived from the cross-rift line model of Maguire et al. (1994), are shown. 
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Figure 3. Record section for the Lake Victoria (VIC) shot point emphasizing phases d and d,. Reducing velocity=8.0 km SKI. Band-pass filter 
1-20 Hz. The observed travel time picks for phases d and d, are shown. 

normalized band-pass filtered sections, and, together with the 
preceding first arrival, was extracted for further processing, in 
particular correlated adaptive noise cancellation (CANC) fil- 
tering (Hattingh 1988) and subsequent stacking. 

4.2 CANC filtering 

CANC was first developed as an extension of adaptive noise 
cancelling (Widrow & Hoff 1960; Widrow et al. 1975, 1976). 
CANC was initially designed to remove interference noise, 
random noise and linear or non-linear drift from a time-series 
using adaptive filters instead of fixed filters. 

Fig. 4 (modified from Hattingh 1988) illustrates the CANC 
procedure. The primary input, D, contains the signal, So, and 
the noise, n,. The reference input, X ,  contains the same signal 

plus a permitted delay and/or scale change, S1, and noise, nl, 
which is assumed to be uncorrelated with no. The reference 
input is adaptively filtered to produce the filter output, Y, 
which is a least-squares estimate of D=So+no.  The filter 
output is subtracted from the primary input to give the system 
output or error, E. The error is then fed back into the adaptive 
filter and used to adjust the filter weights. Since no is uncorre- 
lated with the filter input X = S 1 + n , ,  the filter output is a 
least-squares estimate of the signal S (Kirk 1989). 

The filter requires various input parameters, which are, 
following Hattingh (1988) and Kirk (1989), as follows. 

L: the filter length. This should be set to twice the ratio of 
the signal-bandwidth-to-frequency resolution of the filter. 
Values from 25 to 38 samples were used following spectral 
analysis of the signal. 
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Figure 4. Correlated adaptive noise cancelling concept (CANC); modified from Hattingh (1988). H ,  and H ,  represent the introduction of allowable 
delays and/or scale factors. 
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p: the convergence rate. Long filters with smali convergence 
rates provide the greatest signal resolution. Values were set 
between 0.001 and 0.0001. 

I :  the number of iterations. The CPU time required increases 
with increasing I .  Between 20 and 40 iterations were sufficient. 

CANC filtering of wide-angle seismic data is ideal for 
enhancing separate signals from one shot point recorded at 
one recording site. In the present case, with signals recorded 
at a large distance from a single shot, we are assuming a 
correlation between the recorded phase at two adjacent 
recorders (spacing 0.3-3.8 km), but with uncorrelated noise. 
Noise spectra in the region, both from present and previous 
studies (Henry 1987) show that, in general, dominant noise 
frequencies (10-30 Hz) are higher than the signal frequency 
(0-10 Hz). Reasonable surface-noise velocities result in the 
dominant noise wavelength being significantly less than the 
station spacing. 

CANC filtering can perform satisfactorily if there is a small 
phase shift between reference and input signal (Kirk 1989). As 
suggests by Kirk (1989) from synthetic data tests, the noisier 
signal should be on the primary input. Referring to Fig. 4 it 
can be seen that the reference input is adaptively filtered to 
become similar to the primary input. The system output power 
will be high if the noise power on the primary input signal 
is high. 

Where possible, the signal closest to the shot was used as 
the reference signal. For very noisy signals, the reference and 
input signals were reversed to improve the output quality. 

We analysed the d phase within a 1 s (200 sample) time- 
window starting at 6 s reduced time (for a reducing velocity 
of 8.0 km s-'). The d, phase was analysed within a window of 
2 s length. 

The results are presented for selected traces for ranges 
between 260 and 350 km from the VIC shot point. 

The derived cross-correlation function between the time 
windowed CANC-filtered traces provides an estimate of the 
time shift necessary to achieve the greatest similarity. The 
accepted time shift was always less than a wavelet cycle. Each 
CANC-filtered pair of traces has been cross-correlated with 
the input traces and only those with a cross-correlation >60 
per cent were accepted. 

Following CANC filtering and the subsequent time shifting, 
the best data sets were stacked. An example of the filtered and 
resultant stacked seismograms is shown in Fig. 5(a) for location 
numbers between 31 and 42 for phase d, and in Fig. 5(b) for 
the same location numbers for the d phase, between 320 and 
344 km from VIC. The stacked seismogram for each group of 
traces is shown at the right-hand side of each figure. 

For every location-number group the final output shows a 
d, phase with the same polarity as the first arrival d. 

In order to quantify the similarity in each group between 
the d and the d, phases, cross-correlation has been carried out 
between d and dl, as well as between d and an inverted d, 
phase for each group of location numbers. The result for traces 
in the critical range (between 312 and 345 km from VIC, using 
location numbers between 27 and 42 for d and between 27 
and 45 for d,) is shown in Fig. 6. A similar result is also 
determined for the group of traces in the undercritical range. 

The measures of similarity suggest that the optimum result 
is achieved when cross-correlating the d phase with the d, 
phase, rather than the inverted d, phase, i.e. the polarity of the 

two phases may be taken to be the same, and the d ,  phase 
results from an increase in acoustic impedance in the upper- 
most mantle. 

5 INTERPRETATION 

5.1 Ray tracing 

Prior to the polarity analysis, Maguire et al. (1994) modelled 
the reflector d, via ray tracing. They required a reflector at a 
depth of 55 km beneath the western margin of the rift (between 
about 140 and 160km from VIC) to generate the high- 
amplitude phase d, immediately after phase d on the VIC 
record section. A reflector at a depth of about 50 km is also 
identified beneath the flank line to the north-east (Prodehl 
et al. 1994). 

Maguire et al. (1994) arbitrarily suggested that the reflection 
resulted from a positive impedance contrast, consistent with 
the present flank-profile model. Beneath the axis of the rift the 
anomalously low-velocity material immediately beneath the 
Moho was modelled to a depth of at least 60km. This is 
consistent with the axial-profile model, which identified a 
boundary with a small impedance contrast at this depth south 
of Lake Baringo (Keller et al. 1994). It is also consistent with 
the recent model derived from teleseismic data (Green et al. 
1991). On further examination of the VIC data set it is just 
possible that the reflector identified beneath the flank of the 
rift continues beneath the rift itself. This reflector would be 
equivalent to the one modelled at about 60 km depth along 
the axial line (Keller et al. 1994). 

The new evidence presented here increases confidence in the 
picking of both d and d,. d ,  appears to occur at about 7.5 s 
reduced travel time (VR=8.0 km s-I)  between 280 and at least 
350km from VIC (Fig.2b). The d, picks obtained in the 
present study are somewhat later than those obtained in 
Maguire et al. (1994), which has necessitated the d, reflector 
being placed at a greater depth. 

The revised picked phases d and d, were again modelled 
using the MacRay package (Luetgert 1992), based on the ray- 
tracing algorithm of Cerveny, Molotkov Kc PgenEik (1977). 
The velocity structure above 55 km depth has not been changed 
from the final model of Maguire et al. (1994). Perturbation of 
the models has shown that once the phase correlation has 
been fixed, resolution of the relevant velocity and depth to 
interface may be accepted as better than 1 per cent and 5 per 
cent, respectively. 

Two different models are kinematically acceptable, one with 
and one without the presence of a LVZ (Figs 7a and b). In 
the former case the reflection arises from the base of the LVZ. 

At about 350 km distance, the travel-time difference between 
the d and d, phases is about 0.5s and the two phases have 
very similar apparent velocities. For this reason, and in order 
to move the theoretical critical point to around 280 km dis- 
tance, a LVZ was introduced. In this case the observed travel 
times and amplitudes can be matched using a velocity of 
8.4 km s-' under the reflector, together with a 4 km thick LVZ 
between 55 and 59 km depth and an average velocity in the 
LVZ of 7.7 km s-'. The velocity in the LVZ is taken from the 
axial line model. 

However, the observed travel times and amplitudes can also 
be fitted within the error limits without the necessity of a LVZ. 
In this case a velocity of 8.65 km s-' beneath the reflector, 
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Figure 5. (a) CANC output seismograms for location numbers 31-42 and their stack for the d phase. Each trace shown is the CANC output from 
two adjacent seismograms, the display showing sequential CANC output traces. (b) CANC output seismograms for location numbers 31-42 and 
their stack for the dl phase. Each trace shown is the CANC output from two adjacent seismograms, the display showing sequential CANC output 
traces. It should be noted that the filter length may be different and in some cases the traces used are not the same for d and dl. 

which should now be at 63 km depth, is required. The resultant 
theoretical critical point is at 304 km distance from VIC. 5.2 Synthetic seismogram modelling 

Correcting for the sphericity of the Earth (Mereu 1967), the 
velocity below the reflector decreases to 8.56 km s-'. 

Both models fit the travel times equally well. In both cases 
the ray coverage on the reflector is limited to the distance 
range 100-180 km from VIC, i.e. to the west of the surface 
expression of the rift. In the next section we will use the 
amplitude ratios between the d and d, phases to try to 
discriminate between the two models. 

We have computed synthetic seismograms for the two seismic 
models using two methods: the ray method (terveny et al. 
1977) and finite-difference modelling (Kelly et al. 1976; 
Sandmeier 1990); only the latter is discussed here. The synthetic 
record sections in Fig. 8 were computed by a finite-difference 
technique for 2-D heterogeneous elastic media, which enables 
a complete description of the seismic wavefield. The phase in 
between d and dl in Fig. 8(a), arising from the top of the LVZ, 
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'true' amplitudes, to use amplitude ratios of the two phases 
(d,/d). Peak-to-peak amplitudes were also measured for the 
theoretical d and d, phases from both record sections (Fig. 8), 
and amplitude ratios of the two phases (dJd) were thus 
calculated for both the model with the LVZ (Fig. 8a) and the 
model without the LVZ (Fig. 8b). 

A comparison of the amplitude ratios of the synthetic 
seismograms using the two velocity functions (with and without 
the LVZ) shows that the model with the LVZ produces 
amplitude ratios slightly higher than the observed ones, while 
the model without the LVZ produces values somewhat too 
low before 280 km distance (Fig. 9). The d and dl phases 
apparently merge beyond 330 km from VIC on the synthetic 
section. 

It should be noted that these amplitude ratios have been 
derived using isotropic layered models. If, as is proposed below, 
the high-velocity layer at about 60 km depth is anisotropic, 
with preferred orientation of olivine crystals, then the ampli- 
tude ratios shown here may be up to 20 per cent in error in 
the undercritical range and up to 5 per cent in error in the 
overcritical range. 

The two models thus fit the observed amplitude ratios with 
more or less equal quality (Fig. 9). Considering the difficulty 
in defining the exact position of the critical point for the d ,  
phase, the calculated amplitude ratios lie within the scatter of 
the observed ratios. For the finite-difference model without the 
LVZ the critical point is at about 300 km from VIC; for that 
with the LVZ it is at about 280 km from VIC. 

An eastward dip on the reflector of 5" would move the 
critical point by no more than 30 km, still achieving a satisfac- 
tory travel-time fit. It is apparent that a range of models 
between the two endmembers presented can be considered to 
fit the travel-time and amplitude data. Appropriate variations 
in the thickness of the LVZ, depth of the interfaces, and seismic 
velocities may achieve the desired fit. 

Although it is therefore not possible to exclude the presence 
of a LVZ, the seismic modelling does constrain the velocity 
beneath the reflector at about 8.4k0.1 km s-l at a depth of 
59.0f2.0 km in the model with the LVZ, and at about 8.6 
kO.1 km s- l  at a depth of 63.0k2.0 km in the model without 
the LVZ. 

As mentioned in Section 5.1, it is possible that there is a 
reflector across the rift, but the velocity underneath it along 
the axis (7.8-7.9 km s-l)  is less than the one we find. In either 
case the relatively high velocity underneath the flank of the 
rift adjacent to lower velocities underneath the rift axis must 
be explained. The possible presence of a LVZ must also be 
discussed. 

1-4.0 

'd' stack 

12:; - - 1 0 0 ,  - RbA( 300 

-2.0 
-4.0 

normal 'dl' max = 0.870 

I inverted 'dl' stack 

'd' stack 1::- 100 - --;AL 300 

inverted 'dl' max = 0.616 

Figure6. Example of CANC output stacked seismograms d cross- 
correlated with a time shifted d, (location number 27-42 for d and 
27-45 for d , ) .  Top: d with a normal polarity d,; bottom: d with an 
inverted polarity d,. 
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would be strongly attenuated for a 2nd-order velocity change 
here. 

Finite-difference synthetic-seismogram modelling enables a 
complete response of the model to the input source function. 
It can automatically account for the relative amplitudes of the 
various arrivals, and includes contributions from converted 
waves, Rayleigh waves, head waves and diffractions from fault 
zones. It is, of course, subject to limitations, e.g. model reso- 
lution and grid spacing. It can enable the matching of calcu- 
lated to observed times in regions where 2-D kinematic ray 
tracing breaks down. According to eervenl (1985), 'the ray 
method, of course, cannot compete in the accuracy of compu- 
tations with the reflectivity method', and the finite-difference 
technique may be considered as a 2-D reflectivity method. 

We digitized our ray-traced model with a grid spacing of 40 
m for the calculations. The dominant frequency for which we 
calculated the seismograms was 4 Hz, according to the stability 
conditions of the finite-difference modelling (Kelly et al. 1976) 
and the analysis of the power spectra for the mantle phases. 
This analysis showed that relatively high frequencies (up to 
10 Hz) are preserved beyond the anomalous upper mantle, 
which has no strong damping effect on the P waves. 

5.3 Amplitude ratio versus offset calculation 

The maximum and minimum values of the observed amplitudes 
were automatically measured for the chosen phase within a 
selected time window. Due to considerable scatter of the 
observed amplitude data, probably caused by varying site 
response at the recording stations, we preferred, instead of 

5.4 Petrological modelling 

A technique that allows the evaluation of the seismic velocity 
of a rock at a known pressure and temperature from estimated 
elastic properties of individual minerals is described in detail 
in Fuchs (1983) and Mechie et al. (1994). Knowing the mineral 
composition of a rock and in situ temperature and pressure, 
then P- and S-wave velocities can be calculated. We have 
applied this method to the modelling of the seismic velocity in 
the uppermost mantle beneath the western flank of the rift 
valley. 

The temperaturedepth values are estimated from Pollack 
& Chapman (1977) for a continental geotherm. Normal heat- 
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Figure 7. (a) Ray-trace diagram for the intramantle reflection d, for a model with a LVZ (bottom) and corresponding travel-time diagram (top). 
(b) Ray-trace diagram for the intramantle reflection d,  for a model without a LVZ (bottom) and corresponding travel-time diagram (top). 

flow values of about 50 mW m-2 are found on the rift flanks 
in Kenya with high but very variable values up to around 100 
mW m-' being limited to the rift-valley region (Morgan 1982; 
Nyblade et a!. 1990; Wheildon et al. 1994). An average value 
of 40 mW m-' was found on the western shoulder of the rift 
valley, north of the Nyanza Rift (Wheildon et al. 1994). 

The pressure can be estimated (Mechie et al. 1994) for a 
velocity-depth function derived from the seismic model 
beneath the western rift flank as 17.1 kbar at 59 km depth or 
18.4 kbar at 63 km depth. Errors caused by uncertainty in the 
pressure are thought unlikely to be significant, as a change of 
2 kbar (equivalent to about 6 km change in depth) produces 
only a small change of about 0.02 km s-' in P-wave velocity. 
In contrast, a 100 "C change in temperature produces a change 
of about 0.05 km s-' in P-wave velocity. 

The average mantle composition, P1 (Fig. 10) has been 
derived from xenoliths brought up by Quaternary volcanoes 
(Henjes-Kunst & Altherr 1992) and corresponds to a peridotite 
with 50 per cent olivine, 30 per cent orthopyroxene, 18 per 
cent clinopyroxene and 2 per cent spinel. At 63 km depth some 
garnet may be present at the expense of spinel, and taking into 
account that the spinel-garnet transition is likely to occur over 
a wide interval, a garnet peridotite, P3 (Fig. 11) consisting of 
55 per cent olivine, 23 per cent orthopyroxene, 14 per cent 
clinopyroxene and 8 per cent garnet has also been modelled. 

Combining a surface heat flow of 40-50 mW m-2 with the 
Pollack & Chapman ( 1977) geotherms leads to temperatures 

of around 600°C at about 60 km depth. Even for such a low 
temperature, isotropic pure olivine has velocities of only 8.05 
and 8.15 km s- l  for P1 and P3, respectively (Figs 10a and 
1 la). However, the velocity of either 8.4 km s-'  at 59 km depth 
or 8.6 km s-' at 63 km depth beneath the western rift flank 
can be explained if preferred mineral orientation (anisotropy) 
is invoked. Involving anisotropy, either the transverse isotropic 
olivine model or the orthorhombic olivine model, is possible. 
In the case of the transverse isotropic model the faster 'a' and 
'c' axes of the olivine should be randomly orientated in the 
horizontal plane. Although at temperatures as low as 600 "C 
at around 60km depth both P I  and P3 have velocities of 
8.3-8.4 km s-', compositions richer in olivine can have velocit- 
ies up to 8.6 km s-', even at temperatures up to 800°C (Figs 
lob-c and Ilb-c). In this respect it is interesting to note that 
kimberlites of uncertain age near the western end of the cross- 
rift line have brought up ultramafic xenoliths including olivine- 
rich harzburgites and dunites (Ito 1986). In the case of the 
orthorhombic model, the fast 'a' axis of the olivine should be 
orientated along the direction of the cross-rift line. In the case 
of the model without a LVZ for both P1 and P3 at temperatures 
between 600" and 800°C at 63 km depth, more than 75 per 
cent of the olivine must be preferentially orientated in order 
to attain a velocity of 8.6 km s-l. For the model with a LVZ 
more than 50 per cent of the olivine must be preferentially 
orientated in order to attain a velocity of 8.4 km s-' for both 
P1 and P3 at temperatures between 600 and 800°C at 59 km 
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Figure 8. Synthetic seismograms for d and d, phases for the model 
with (top) and without (bottom) the LVZ, calculated by using a finite- 
difference technique (Sandmeier 1990). 

depth. For compositions richer in olivine a smaller amount of 
the mineral is required to be preferentially orientated. 

Keller et a / .  (1994) and Mechie et ul. (1994) have also 
invoked anisotropy to explain high-velocity layers at 40-45 km 
and 60-65 km depth in the mantle below the axis of the 
northern part of the Kenya Rift. Their high velocities could be 
explained by either a transverse isotropic model similar to that 
utilized here or by an orthorhombic model in which the fast 
'a' axis of the olivine crystals is orientated along the rift axis. 
If the layer identified at 60-65 km depth beneath the rift axis 
and the layer identified here have a common origin, then either 
a transverse isotropic model or an orthorhombic model with 
the fast 'u' axis of olivine orientated radially away from the 
apex of the Kenya dome could account for the observed 
seismic velocities. In either case, the cause of the anisotropy 
could be shear stress along more or less horizontal planes 
perpendicular to the slow 'b' axis of olivine (Nicolas et al. 
1971) and possibly directed radially away from the apex of the 
Kenya dome. 

6 DISCUSSION 

The upper-mantle seismic-velocity distribution beneath the 
western flank of the rift derived here is supported by both 
kinematic and dynamic modelling of the seismic wavefield and 
petrological modelling. Our proposed best-fitting model is 
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Figure 9. Comparison of observed and theoretical amplitude ratios 
for the model with and without the LVZ. 

shown in Fig. 12(a). An alternative model can be envisaged 
with a LVZ between 55 and 59 km, and 8.4 km s - '  velocity 
underneath the LVZ (Fig. 7a). The implications are similar. 
For comparison, the axial-line model is also shown in 
Fig. 12(b). The reflector modelled at 63 km depth marks an 
increase in velocity to 8.6 km s-'. This velocity is consistent 
with temperatures of 600-800 "C, a pressure of 18.4 kbar and 
a petrological model involving the presence of garnet and 
preferred orientation (anisotropy) of the olivine crystals either 
in a transverse isotropic or orthorhombic structure. Five points 
of note are detailed below. 

6.1 An upper-mantle low-velocity zone 

We cannot exclude the presence of a low-velocity zone in 
the uppermost mantle beneath the western flank of the rift. 
Low-velocity layers have been identified in the upper mantle 
beneath the axial line. The velocity inside the LVZ beneath 
the cross-rift line cannot be constrained because there is 
no reflection (with inverted polarity) seen from the top of 
the LVZ. The finite-difference synthetic-seismogram modelling 
provides similar amplitude ratios for the model with 
and without a LVZ. Petrological modelling requires relatively 
low temperatures that do not suggest the presence of melt at 
depth, but cannot exclude its presence laterally penetrating 
from the axial zone of the rift. Alternating high- and low- 
velocity layers have been found beneath the axis of the rift, 
where other geophysical results suggest the presence of anomal- 
ous mantle and partial melt. The low-velocity layers are present 
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Figure 10. (a) Ternary diagram showing the relationship between P- 
wave velocity and mineralogical composition P1 for a pure isotropic 
model at 63 km depth. (b) Ternary diagram showing the relationship 
between P-wave velocity and mineralogical composition P1 for a 
transverse isotropic model at 63 km depth. (c) Ternary diagram 
showing the relationship between P-wave velocity and mineralogical 
composition P1 for a transverse isotropic model at 59 km depth. 
Note the similarity in the velocity for PI between Fig. 10(b) and 
this figure. 

below the northern part of the rift and do not extend as far 
south as the cross-rift line. Elsewhere beneath rifts or tec- 
tonically active areas, alternating high- and low-velocity layers 
have also been found (Prodehl 1981; Nagumo et al. 1981; 
Prodehl et al. 1992). 

The following considerations are valid, assuming that the 
reflector seen under the western flank of the rift does not 
extend under the rift axis, and therefore the high velocity is 
limited to occur under the western flank of the rift: 
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Figure 11. (a) Ternary diagram showing the relationship between P- 
wave velocity and mineralogical composition P3 for a pure isotropic 
model at 63 km depth. (b) Ternary diagram showing the relationship 
between P-wave velocity and mineralogical composition P3 for a 
transverse isotropic model at 63 km depth. (c) Ternary diagram 
showing the relationship between P-wave velocity and mineralogical 
composition P3 for a transverse isotropic model at 59 km depth. Note 
the similarity in the velocity for P3 between Fig. l l (b)  and this figure. 

( 1 )  if the model with the LVZ is accepted, the anomalous 
mantle material occurring beneath the rift may extend laterally 
into this LVZ under the rift shoulder; 

( 2 )  if the model without the LVZ is accepted, the anomalous 
mantle material can be laterally constrained to exist beneath 
the surface expression of the rift. 

We are inclined to prefer the second possibility because 
there is direct evidence for the presence of high velocities below 
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the reflector, whereas there is no positive evidence for the LVZ 
above it. Also, there is scant evidence for the LVZ beneath 
Lake Baringo from the axial-line data. 

6.2 Teleseismic results 

The results from the KRISP 90 teleseismic survey (Achauer 
et al. 1994) show, in an east-west section through Lake 
Baringo, a narrow wedge of low-velocity material underneath 
the rift axis, broadening at about 100 km depth. The width of 
this zone at the depth of the Moho is about 20 km, extending 
to 30-40 km at 68 km depth, and it has velocities of between 
7.5 and 7.8 km s-’ in the uppermost mantle. Such a pattern 
would fit the width of the anomalous mantle found here. It 
does not show (1) a thin layer of LVZ beneath the margin of 
the rift, and (2) high velocity values under the rift flank. 
However, (1) the depth resolution of the teleseismic results is 
not capable of resolving the thickness of the LVZ layer 
modelled here and ( 2 )  the proposed anisotropy results in the 
high velocity values being in the horizontal plane. These high 
velocities would not be seen by the rays inverted in the 
teleseismic analysis, which are supposed to have travelled 
along near-vertical paths in the direction of the slower ‘b’ or 
‘c’ axes of olivine. 

6.3 High velocity value/anisotropy 

Examples of high velocities in upper-mantle material have 
been identified in regions surrounding other rifting areas. In 
the Jordan-Dead Sea Rift (Ginzburg et al. 1979) a discontinuity 
at a depth of 55 km within the upper mantle marks an increase 
in velocity to 8.6 km s-’, a result obtained from seismic data 
recorded along the rift axis. In the Afar region, anisotropy in 
the mantle under the highlands surrounding the depression 
has been suggested to explain velocities higher than those 
beneath the depression itself (Gehlen, Forkel & Spies 1975). 
In the Baikal region, high velocities in the mantle have been 
explained by anisotropy in garnet pyrolite, from the interpret- 
ation of a seismic line across the Baikal rift axis (Burmakov 
et al. 1987). 

Anisotropy in the mantle has also been suggested to exist 
in other geodynamic regions, where alternating high- and low- 
velocity layers have been found. In Fennoscandia (Cassell & 
Fuchs 1979) it has been suggested that shear stresses may 
create a preferred orientation of olivine crystals, which in turn 
would cause orientation of the maximum velocity direction. 

6.4 Rifting or orogenic signature? 

There is another intriguing possibility. The seismic line crosses 
the contact between the Archaean Nyanza Craton (ANC) and 
the Proterozoic Mozambique Orogenic Belt (MOB) approxi- 
mately 70 km to the west of the rift’s western bounding fault, 
in the vicinity of the Nandi fault. It is considered that the 
contact results from a Tibetan-style collisional orogen 
(Shackleton & Ries 1984; Berhe 1990). 

It is possible that the upper-mantle discontinuity identified 
here is a pre-rift structure, resulting from that orogen; for 
example an intraplate shear zone, such as a decollement 
surface, or a relict oceanic or continental crustal eclogitic layer. 

One of the clearest images of a subhorizontal reflector within 
the mantle at depths equivalent to those discussed here is seen 
beneath the DRUM deep reflection line across the Caledonides 

offshore NW Scotland. This line identified the ‘ W  reflector at 
a depth of 45-50 km (McGeary & Warner 1985). The reflector 
was interpreted initially as a detachment fault or decollement 
surface within the mantle resulting from the Caledonian 
orogeny, possibly reactivated during Mesozoic extension 
(Warner & McGeary 1987); subsequently it was interpreted as 
genetically linked to the Flannan reflection, produced from the 
top of a dipping ‘relict oceanic and eclogitic component of a 
pre-Caledonian subduction zone within the lithospheric 
mantle’ (Morgan et al. 1994). The correspondence between 
this and the Kenya Rift geological environment is striking. 

6.5 Age of the anomalous mantle zone 

The temperature distribution modelled from the velocity values 
could be used to give an indication of the age of anomalously 
hot mantle material beneath the rift axis. Turcotte & Schubert 
(1982) modelled the temperature effect of an intrusion on the 
surrounding material at different times after the initial intrusion 
to provide a way of constraining its age. However, even 
assuming a large initial temperature difference of 500 “C 
between the thermal anomaly and the surrounding lithosphere 
at about 35-45 km depth, even 20 Ma after the first appearance 
of the thermal anomaly the rise in temperature 20-30 km away 
from the anomaly would be only 200-300°C. Such a tempera- 
ture rise would cause a P-wave velocity decrease of only about 
0.1-0.15 km SKI. A better-constrained model, using also results 
for example from possible future deep-seismic-reflection profi- 
ling could allow this type of modelling to be applied to the 
upper mantle beneath the Kenya Rift. 

7 CONCLUSION 

In conclusion, an interface within the upper mantle beneath 
the western flank of the rift has been identified. Detailed 
analyses of the kinematic and dynamic characteristics of the 
seismic wavefield confirm the presence of a velocity of at least 
8.4 km s-’ beneath the western flank of the rift. The petro- 
logical modelling suggests the following: 

(1) relatively cool temperatures adjacent to the rift, beneath 
which partial-melt material has been predicted; 

(2) the possibility of anisotropy in which the olivine crystal 
orientation is suggested as an explanation for the observed 
velocity structure. A further possibility is that the reflector is 
a pre-rift structure, resulting from the ANC-MOB contact. 

All the evidence taken together suggests that the upper- 
mantle region of anomalously low-velocity material is confined 
to being below the surface expression of the rift itself, to a 
depth below 60 km. There is the possibility of a thin lateral 
intrusion immediately above the high-velocity layer, which has 
been shown to exist beneath the western flank at about 
this depth. 
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