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Abstract. The origin of the East African Plateau and rift valleys is poorly understood largely 
because little is known about the crust and upper mantle beneath East Africa. The center of the 
plateau is composed of the Arcbean Tanzania Craton and is flanked by the Proterozoic Kibaran, 
Ubendian and Mozambique Belts to west, southwest, and east, respectively. Cenozoic faults of 
the East African rift system lie primarily within the mobile belts. New estimates of Moho 
depths, mean shear velocity ( Vs ), and Poisson's ratio for the crust of the East African Plateau are 
presented and used to address questions related to the tectonic development of the plateau and 
rift valleys. The new constraints on crustal structure are obtained by separately modeling 
receiver functions and Rayleigh wave phase velocities from teleseismic earthquakes recorded by 
a deployment of 20 broadband seismic stations spread across Tanzania in 1994 and 1995 and 
then by combining the results of the separate analyses to obtain estimates of mean crustal 
structure that satisfy both sets of observations. For the Tanzania Craton, Vs is 3.79 km_/s, Moho 
depths lie between 37 and 42 kin, and estimates of Poisson's ratio are between 0.24 and 0.26. 
For the Mozambique Belt, V• is 3.74 km/s, Moho depths range between 36 and 39 kin, and 
estimates of Poisson's ratio are between 0.24 and 0.27. Parameter uncertainties are _+0.10 km/s 

for V•, _+4 km for Moho depth, and +0.02 Ibr Poisson's ratio. Results from stations in the 
Ubendian Belt indicate a V• of-3.74 km/s and Moho depths between 40 and 45 kin. Based on a 
comparison of these results to global averages for Precambrian crust, it can be concluded that 
there are no regional scale anomalies in the crustal structure that can easily explain the isostatic 
uplift of the East African Plateau and that Arcbean and Proterozoic crust in East Africa may be 
slightly more felsic than Precambrian crust elsewhere. In addition, patterns of crustal thinning 
beneath rifted areas in East Africa appear to be consistent with amounts of extension deduced 
from surface structures. 

1. Introduction 

The East African Plateau, covering some 1.8 x 106 km 2, is a 
well-recognized topographic and tectonic feature of the African 
Plate [Nyblade and Robinson, 1994]. As illustrated in Figure 1, 
the plateau has a mean elevation of about 1100 m and consists 
of several Precambrian terrains that have experienced Cenozoic 
extension related to the rifting of Arabia from Africa. These 
terrains include the Archean Tanzania Craton, lying in the 
center of the Plateau, and a number of early to late Proterozoic 
mobile belts surrounding the craton. The Cenozoic rift valleys 
have developed almost exclusively within the mobile belts, 
largely skirting the cratonic nucleus. 

The mechanisms and structures controlling the tectonic 
development of the East African Plateau have been discussed in 
the literature for several decades but remain poorly understood, 
primarily because few details are known about the nature of the 
crust and upper mantle across East Africa. In this paper, we 
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present new constraints on crustal structure beneath East Africa 
obtained from analyses of teleseismic waveforms recorded by 
the Tanzania broadband seismic experiment and then use these 
constraints, together with existing information on crustal 
structure in East Africa, to address several unresolved questions 
concerning the tectonic evolution of the plateau and rift valleys. 
(1) Is there crustal thickening under parts or all of the plateau 
that may have led to isostatic uplift? (2) Are there variations in 
crustal structure between the craton and the mobile belts that 

may have helped to localize the rifting within the mobile belts? 
(3) Are patterns of crustal thinning beneath the rifts consistent 
with their kinematic development as inferred from surface 
structures? 

Beyond the regional tectonic implications, the nature of 
crustal structure beneath the East African Plateau is also of 

interest from a global perspective. There has been much recent 
debate about the variability in crustal thickness between 
Archeart and Proterozoic terrains, as well as about differences in 
crustal composition [e.g., Durrheim and Mooney, 1994; 
Rudnick and Fountain, 1995]. Because the East African Plateau 
comprises mainly Precambrian terrains, the constraints on 
crustal structure presented here provide new information about 
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Archean and Proterozoic crustal structure relevant to this 

debate. 

The Tanzania broadband seismic experiment (Figure 1), as 
explained in detail below, recorded earthquakes using an array 
of 20 broadband seismographs deployed across the East African 
Plateau between June 1994 and May 1995 [Nyblade et al., 
1996]. In order to characterize crustal structure beneath the 

East African Plateau, 28 teleseismic earthquakes well recorded 
by the experiment were processed to obtain receiver functions 
and dispersion curves of Rayleigh wave phase velocities. The 
receiver functions and phase velocities were then modeled 
independently using forward modeling algorithms, and finally 
the results of the separate analyses were combined to find 
estimates of mean crustal structure (e.g., Moho depth, mean 
crustal shear wave velocity [ Vs ], Poisson's ratio) that satisfy 
both sets of observations. 

2. Background Information 
2.1. Geology 

The Tanzania Craton consists mainly of granites, gneisses, 
and amphibolites, with some greenstone belts in the regions 
north of 4.5øS. The youngest dates for the craton (-2500 Ma) 
come from granitic rocks near its eastern margin [Cahen et al., 
1984]. To the east of the Tanzania Craton lies the Mozambique 
Belt, which has mainly north to south striking structures formed 
by multiple collisional events dated between 1200 Ma and 450 
Ma [Cahen et al., 1984; Shackleton, 1986; Key et al., 1989]. 
The Tanzania Craton is bordered to the southwest by the early 
Proterozoic Ubendian Belt, a southeast striking ductile lateral 
shear belt of granulites and amphibolites deformed during the 
Ubendian orogeny (2100-2025 Ma) [Lenoir et al., 1994; 
Theunissen et al., 1996] (Figure lb). The northern part of the 
Ubendian Belt is truncated west of the Tanzania Craton by the 
NE trending late Proterozoic Kibaran Belt [Cahen et al., 1984]. 

The Precambrian terrains have been disrupted by extensional 
tectonism at least twice during the Phanerozoic, first during the 
Karoo (Permian-Jurassic) and then in the Cenozoic. The 
Cenozoic rift system is over 4000 km long, and in the region of 
the East African Plateau it is characterized by two branches, the 
Western Branch and the Eastern Branch (Figure lb). In Kenya, 
extension within the Eastern Branch has led to the formation of 

a narrow (50-80 km wide) rift graben commonly referred to as 
the Kenya or Gregory Rift. In northeastern Tanzania, the 
graben structures of the Kenya Rift give way to a much wider 
zone (-300 km) of block faulting [Dawson, 1992; Ebinger et 
al., 1997; Foster et al., 1997]. The Western Branch of the rift 
system is characterized by several -100 km long en echelon 
fault bounded basins [Ebinger, 1989]. Although not illustrated 
in Figure 1, many of the Cenozoic rifts to the south and 
southwest of the Tanzania Craton developed within or adjacent 
to Karoo rifts. 

2.2. Crustal Structure 

Previous investigations of crustal structure in East Africa 
have focused primarily on the Eastern and Western Branches of 
the rift system. Early studies used seismic retraction data and 
observations from teleseismic and regional earthquakes to 
examine crustal structure [Bonjer et al., 1970; Griffiths et al., 
1971; Long et al., 1972; Mueller and Bonjer, 1973; Bram and 
Schmeling, 1975; Nolet and Mueller, 1982; Hebert and 
Langston, 1985], yielding estimates of Moho depths of 40 to 48 

km beneath unrifted crust, and of 20 to 32 km under the rift 
valleys. More recent work on crustal structure in and around 
the Kenya Rift has been undertaken by the Kenya Rift 
International Seismic Project (KRISP) [Prodehl et al., 1994, 
and references therein] (Figure lb). They found that along the 
axis of the rift Moho depth shallows northward from 32 km at 
the equator to -20 km beneath Lake Turkana (Figure lb). 
Away from the rift, they obtained crustal thicknesses of 34 to 
40 km beneath the Tanzania Craton and 35 to 42 km beneath the 

Mozambique Belt. 
A few kilometers of crustal thickening beneath the suture 

between the Tanzania Craton and the Mozambique Belt is found 
on the two KRISP refraction lines that cross the suture (Figure 
lb). The presence of a thin crustal root at this location is 
consistent with the presence of a negative residual Bouguer 
gravity anomaly of-50 mGal located over the contact between 
the Tanzania Craton and the Mozambique Belt in Kenya and 
Tanzania [Nyblade and Pollack, 1992; Tesha et al., 1997]. 
Nyblade and Pollack [1992] suggested that the crustal 
thickening occurred during the suturing of the Mozambique 
Belt to the Tanzania Craton, while Hay et al. [1995] have 
attributed the crustal root to magmatic underplating associated 
with Cenozoic volcanism. 

Additional seismic information on crustal structure in East 

Africa comes from studies of earthquakes deeper than -20 km 
[e.g., Rykounov et al., 1972; Maasha, 1975; Bungum and Nnko, 
1984; Shudofsky, 1986; Doser and Yarwood, 1994; Nyblade 
and Langston, 1995; Camelbeeck and lranga, 1996]. Strength 
profile calculations suggest that for the lower crust in East 
Africa to be seismogenic, it must be both mafic and cool 
[Shudofsky et al., 1987; Nyblade and Langston, 1995]. The 
presence of mafic lithologies within the lower crust in nonrifted 
areas of the East African Plateau is also suggested by the high 
P wave velocities (6.9-7.1 km/s) found in the lower crust in the 
KRISP refraction profiles away from the volcanic areas (Figure 
lb), as well as by the existence of old (i.e., Proterozoic) mafic 
granulite xenoliths [Jones et al., 1983; Cohen et al., 1984]. 

2.3. Tanzania Broadband Seismic Experiment 

The Tanzania broadband seismic experiment was designed to 
investigate lithospheric structure under the East African Plateau 
by recording teleseismic, regional and local earthquakes using a 
deployment of 20 broadband seismographs. The seismographs 
were deployed in two 1000 km long arrays crossing the plateau 
from west to east and from southwest to northeast (Figure 1). 
Station spacing varied between 50 and 200 km. The layout of 
the arrays was chosen to optimize the recording of surface 
waves crossing the plateau from major teleseismic source 
regions to the northeast (e.g., the Hindu Kush/Pamir region) and 
the east (e.g., the Java trench and the Fiji/Tonga subduction 
zones). Details of the field deployment are given by Nyblade et 
al. [ 1996] and Last [1996]. 

Nine of the 20 seismic stations were located within the 

Tanzania Craton and seven stations were in the Mozambique 
Belt (Figure lb). The four remaining stations were in areas 
with more complex surface geology within the Ubendian Belt. 
Stations GOMA and INZA, for example, were located on 
Bukoban (late Proterozoic) sandstones and shales overlying 
Ubendian gneisses, stations GOMA, PAND, and TUND were 
located within 10 km of major Cenozoic rift border faults, and 
stations PAND and TUND were, in addition, located along 
margins of Karoo rifts. 
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Figure la. Map of East Africa showing the East African Plateau, the boundary of the Tanzania Craton, 
and the seismic stations of the Tanzania broadband seismic experiment. 

3. Crustal Structure From Receiver Functions 

In order to determine first-order crustal structure beneath the 

East African Plateau, radial receiver functions were used to 

estimate Poisson's ratio and crustal thickness, assuming a range 
of mean crustal shear wave velocities (V,). An attempt was 
also made to invert some of the radial receiver functions for 

more detailed crustal structure. In section 5, we combine 
results from modeling the receiver functions with an analysis of 
Rayleigh wave dispersion to obtain more tightly constrained 
estimates of crustal structure. 

The radial receiver function is a record of radial ground 
motion from a near vertical incidence teleseismic P wave and is 

computed by deconvolving the vertical component from the 
radial component of the P wave coda [e.g., Langston, 1979; 
Owens et al., 1988]. Several phases are often seen in radial 
receiver functions. The initial arrival is the direct P wave, 
followed first by Ps phases from pronounced impedance 

contrasts such as the Moho and later by phases reverberated 
between the surface and the impedance contrasts (e.g., 
prominent reverberated phases from the Moho are PpPms, 
PpSmS, and PsPms). 

Various approaches to interpreting receiver functions have 
been discussed at length by others [e.g., Owens, 1987; Aremort 
et al., 1990; Gurrola et al., 1994; Langston, 1994; Zandt et al., 
1995; Zandt and Aremort, 1995] and will not be reviewed here. 
However, it is important to note that most interpretations 
assume laterally homogeneous structure beneath the receiver. 
When making this assumption, it is necessary to check that 
phases on the radial receiver function being attributed to 
vertical structure do not have corresponding phases of 
tangential ground motion that are large. This can easily be 
accomplished by examining the tangential receiver functions, 
which are computed by deconvolving the vertical component of 
ground motion from the tangential component of ground 
motion. 
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Figure lb. Map of East Africa showing Precambrian terrains, major Cenozoic rift faults, and the 
distribution of Cenozoic volcanic rocks. 

Events of magnitude 5.6 and greater occurring between 
distances of 37" and 101" from the Tanzania network (Table l) 
were used to compute receiver functions, which were then 
smoothed with a 0.8 s half-width Gaussian pulse. After 
examining the radial receiver functions for azimuthal variation 
in the arrival times of various phases, and comparing the 
tangential and radial receiver functions to check for possible 
effects from laterally heterogeneous structure [Last, 1996], 
radial receiver functions were stacked to improve the signal to 
noise ratio. 

Figure 2 displays 20 s of the stacked radial receiver function 
waveforms along two arrays. On receiver functions at 15 
stations (marked with an asterisk on Figure 2), a large phase 4 
to 5 s after the direct P wave can be clearly seen which is not 
dependent upon the back azimuth of individual events. This 
phase can be readily interpreted as the Moho Ps conversion. 
The bars on the waveforms represent phase arrival times, and 
the accuracy of picking these phases is generally better than 
_+0.2 s. Arrival times were picked at the highest amplitude of 
the phase which in most cases coincided with the symmetrical 

center of the phase. The receiver functions at the remaining 
five stations (TUND, GOMA, INZA, BASO, and URAM) are, 
by contrast, more complicated, and the interpretation of these 
receiver functions is discussed separately below. 

To extract information on crustal structure from the 15 

receiver functions mentioned above, the method described by 
Zandt et al. [1995] is used. In this method, Moho depth (h) is 
found using 

where p is the ray parameter, t•.,- t• is the time interval between 
the arrival of the direct P wave and the Moho Ps converted 

phase, and Vs and V•, are the average crustal shear and 
co_mpression wave velocities, respectively. To use equation (1), 
Vs and V•, must be known. If Vs is assumed, V•, can be found 
from the time interval between the arrival of the Moho Ps 
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Table 1. Teleseismic Events 

Julian Time, Latitude Longitude A, Back mb Depth, Receiver Rayleigh 
Day UT Azimuth km Function Waves 

94.149 1411 20.56 ø N 94.16 ø E 63.7 ø 064 ø 6.2 36 X X 
94.154 2106 10.36 ø S 112.89 ø E 77.5 ø 100 ø 6.1 26 X X 
94.155 0057 10.78 ø S 113.37 ø E 77.5 ø 100 ø 6.0 26 X X 
94.160 0033 13.84 ø $ 67.55 ø W 100.8 ø 255 ø 7.0 630 X 
94.166 0972 10.34 ø S 113.66 ø E 73.3 ø 100 ø 6.0 20 X 

94.171 0909 28.97 ø N 52.61 ø E 37.8 ø 026 ø 5.9 9 X X 
94.181 0923 36.33 ø N 71.13 ø E 53.3 ø 037 ø 6.1 227 X 
94.182 1012 40.23 ø N 53.38 ø E 48.0 ø 019 ø 6.0 41 X X 
94.194 1145 7.53 ø S 127.77 ø W 92.4 ø 098 ø 6.5 159 X X 
94.202 1836 42.34 ø N 132.87 ø E 99.1 ø 048 ø 6.5 471 X 
94.206 2200 56.36 ø S 27.37 ø W 71.0 ø 211 ø 6.3 81 X X 
94.220 2108 24.72 ø N 95.20 ø E 65.7 ø 060 ø 6.0 122 X 
94.230 0113 35.52 ø N 0.11 ø W 51.8 ø 324 ø 5.9 9 X 
94.231 1002 26.64 ø S 63.42 ø W 95.1 ø 243 ø 6.4 565 X 

94.271 1639 5.79 ø S 110.35 ø E 75.3 ø 095 ø 5.9 638 X 
94.281 2144 1.22 ø S 127.99 ø E 95.2 ø 089 ø 6.3 31 X X 
94.286 0504 1.24 ø S 127.95 ø E 93.0 ø 089 ø 6.0 33 X 
94.298 0054 36.30 ø N 70.91 ø E 53.1 ø 037 ø 5.9 244 X 
94.318 1915 13.53 ø N 121.07 ø E 87.5 ø 076 ø 6.1 32 X 
95.003 1611 57.7 ø S 65.88 ø W 91.7 ø 212 ø 6.2 14 X 

95.021 0730 2.56 ø S 126.88 ø E 92.4 ø 088 ø 6.2 42 X 
95.033 1253 10.74 ø N 42.56 ø W 78.5 ø 282 ø 5.6 10 X 
95.044 0843 1.28 ø S 127.44 ø E 92.6 ø 089 ø 6.1 33 X X 

95.044 1504 1.32 ø S 127.44 ø E 92.7 ø 088 ø 6.2 33 X X 
95.054 2103 35.05 ø N 32.28 ø E 39.4 ø 357 ø 5.8 15 X 
95.085 0216 55.86 ø S 28.21 ø W 71.2 ø 212 ø 6.1 77 X 
95.110 0845 6.29 ø N 126.83 ø E 92.6 ø 084 ø 6.2 85 X 

95.113 0508 12.39 ø N 125.40 ø E 91.7 ø 078 ø 6.0 24 X 

converted phase and the Moho PpPms phase ( r,,,0,,ms - r,0s ) by 
solving 

Vp 1 p2 -2 t ps - t p 2 _ - t•per • (2) 

Although this method requires that Vs be assumed in order to 
obtain Moho depth and Poisson's ratio for the crust, the estimate 
of Poisson's ratio is only slightly dependent upon the value 
chosen tbr V, (i.e., it changes at most by 0.01 over a 0.3 km/s 

-- 

change in Vs ). 
The results of applying the above method to our data using a 

range of plausible V, (3.56 to 3.85 km/s) are given in Table 2. 
The range of Vs was chosen by dividing a plausible V•, range of 
6.2 to 6.7 km/s by a V/,/%, ratio of 1.74. Over all the stations, 
the resulting range of Moho depths is between 33 and 45 km 
and Poisson's ratio ranges between 0.24 and 0.27. Two of the 
stations (HALE and KIBA), however, do not exhibit an 
impulsive Moho PpPms phase on the receiver function stack 
(Figure 2b), and thus Moho depths at these stations were 
calculated using a V•, based on the mean Poisson's ratio from 
the other Mozambique Belt stations. 

The uncertainties in the estimates given in Table 2 are ___6 km 
for crustal thickness and ___0.03 for Poisson's ratio. These 

uncertainties come from three factors: a possible error of ___0.2 s 
in determining the arrival times of the various phases, the 
variation of ray parameter between individual receiver functions 
within each stack, and the assumed range in Vs. The first 
factor leads to an uncertainty in Moho depth of ___2 km and an 
uncertainty in Poisson's ratio of _0.01. Stacking of receiver 

functions over a distance range of +30 ø causes an arrival time 
variation of +0.4 s for PpPms and +0.1 s for the Moho Ps 
converted phase, which translates to an uncertainty of _1 km in 
crustal thickness and _0.01 in Poisson's ratio. The third factor 

produces an additional uncertainty of ___3 km in Moho depth and 
_0.01 in Poisson's ratio. 

At eight stations, radial receiver functions show a phase 
which arrives between the direct P wave and the Moho Ps 

conversion (Figure 2). This phase is likely a Ps conversion 
from an intracrustal velocity contrast. In order to extract 
additional information about crustal structure, we recomputed 
the receiver functions using a narrower Gaussian smoothing 
pulse to produce a more detailed waveform and then attempted 
to invert for velocity structure using the algorithm of Langston 
[1994]. But, since the suspected intracrustal Ps phase 
commonly displayed variation in amplitude and relative arrival 
time as a function of event back azimuth, the receiver function 
stacks were first separated into subsets based on event back 
azimuth. However, when this was done the high signal to noise 
ratio of the stack was lost, and the background noise level 
became comparable to the amplitude of the suspected 
intracrustal Ps conversion, thus making the inversion of these 
waveforms impractical. Further modeling of a range of 
broadband data from these stations may provide constraints on 
the depths and orientations of the possible intracrustal velocity 
contrasts. 

Next we examine the data from the five stations where 

complications in either the radial or tangential receiver function 
prevented the direct application of the method described above 
to determine crustal structure. At station TUND, postulated 
Moho Ps converted phases on radial receiver functions varied 
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Figure 2. Receiver function stacks arranged by geographical position: (a) Southwest-northeast array; (b) 
West-east array. Waveforms marked with an asterisk have a Moho Ps converted phase which is consistent 
between the receiver functions of events from different back azimuths. Bars on the waveforms represent 
picked arrival times of the phases indicated on the left vertical axis. 

unsystematically as a function of event back azimuth and also 
the tangential receiver functions often had corresponding phases 
of comparable amplitude [Last, 1996]. Because of these two 
observations, one dimensional interpretation of structure at 
station TUND is probably not justified, and therefore crustal 
parameters for this station were not computed. 

At station INZA, the relative arrival time of the Moho Ps 

converted phase varied systematically with the back azimuth of 
the event used to generate the receiver function. Events from 
the northeast and east produced receiver functions in which the 
Moho Ps phase arrived --0.5 s later than the same phase on 
receiver functions of events from the southwest. This azimuthal 

dependence of the Moho Ps phase produces the relatively long 
duration (--1.5 s width) Moho Ps phase seen on the stacked 
receiver function in Figure 2. By interpreting the arrival time 
difference in the Moho Ps phase on the individual receiver 

functions as a change in crustal thickness, it is possible to 
estimate the depth of the Moho relative to the elevation of 
station INZA at a series of locations around the station. This 

interpretation, assuming a Vs of 3.7 km/s, suggests that crustal 
thickness varies from --46 km at a point --20 km northeast of the 
station to --37 km at a point -10 km to the west-southwest of 
the station. Thus the Moho may be dipping to the northeast at 
-10". If this interpretation is correct, then the Moho depth 
beneath station INZA is 41_+3 km. A Moho dipping to the 
northeast should produce a Ps converted phase on the tangential 
receiver functions. The amplitude of this phase would be 
greatest for events with a southeasterly or northwesterly back 
azimuth, but since events from these directions were not 

recorded, this hypothesis cannot be fully tested. An alternative 
explanation for the arrival time difference in the Moho Ps phase 
could be a change in mean crustal shear wave velocity; 
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however, this appears to be a less feasible interpretation 
because a large shear wave velocity change (-0.9 km/s) would 
be required over a short lateral distance (-20 km) to account tbr 
the -0.5 s arrival time difference. 

Station GOMA is situated -10 km east of the Lake 

Tanganyika Rift, and events arriving at this station from the 
east and the northeast have radial receiver functions with a 

phase exhibiting an amplitude and expected arrival time for a 
Moho Ps conversion. In contrast, the radial receiver functions 

for events arriving from the west show no recognizable Moho 
phases. Moho depth at station GOMA is interpreted to be 
-44 km using radial receiver thnctions from the east and 
northeast. The lack of recognizable Moho phases on radial 
receiver functions of westerly arriving events may be due to 
lateral changes in velocity structure associated with the faults 
bounding the Lake Tanganyika Rift. 

Radial receiver function waveforms at station BASO display 
variation with event back azimuth which may be due to lateral 
velocity changes associated with nearby Cenozoic volcanism 
and faulting (Figures la and lb). The interpretation of crustal 
thickness of-4i km at station BASO is made using receiver 
functions for events arriving from the northeast only. These 
receiver functions show clear radial Moho Ps converted phases 
without corresponding phases on the tangential receiver 
functions. However, radial receiver functions of events arriving 
from other directions show wide variation in phases arriving 
around the expected arrival time for the Moho Ps conversion, 
and, in addition, the tangential receiver functions from these 

events often have corresponding phases of comparable 
amplitude. 

Individual as well as stacked radial receiver functions from 

station URAM have a significantly different wave shape 
compared to the radial receiver functions from the other 
stations. A negative polarity phase is observed around the 
expected arrival time of the Moho Ps converted phase (4 to 5 s), 
with two positive polarity phases arriving about 2 s before and 
after (Figure 2b). This wave shape is consistent between 
individual receiver functions arriving at URAM from different 
back azimuths, although there is variation in the amplitudes of 
these phases. 

The simplest way of interpreting the radial receiver function 
waveform from URAM is to assume that one of the two positive 
polarity phases is the Moho Ps converted phase. Using a mean 
crustal shear wave velocity of 3.74 km/s from the final crustal 
model for the craton (see below), the Moho depth is calculated 
to be 27 km if the earlier positive polarity phase is chosen to be 
the Moho Ps converted phase or 55 km if the later positive 
polarity phase is chosen. The presence of the negative polarity 
phase suggests that there is a low-velocity zone in either the 
crust or the upper mantle. Tangential receiver functions show a 
phase arriving at approximately the same time as the negative 
polarity phase on the radial receiver functions. The polarity and 
amplitude of this phase are azimuth dependent, perhaps 
suggesting a dipping low velocity zone or scattered energy from 
a nearby structural feature. Clearly, a number of crustal models 
could explain the receiver functions at station URAM, and 
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Figure 3. Map showing the paths over which Rayleigh wave phase velocities were measured. The solid 
lines are paths over the craton, and the dashed lines are paths over the mobile belts. The number of 
measurements over each path is indicated. 
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further study of the broadband data from this station is in 
progress to discriminate among the various possible 
interpretations. 

4. Crustal Structure From Rayleigh Wave Phase 
Velocity Dispersion 

In section 3 a range of Vs between 3.56 and 3.85 km/s was 
assumed in order to estimate crustal structure beneath the East 

African Plateau. To obtain additional estimates of crustal 

structure across the plateau, in this section Rayleigh wave phase 
velocities are modeled. 

Rayleigh waves from 15 teleseismic events and one regional 
event (Table 1) were utilized for phase velocity measurements 
for 15 paths over the Tanzania Craton, 18 paths over the 
Mozambique Belt, and 8 paths over the Ubendian Belt (Figure 
3). Rayleigh wave phase velocities across these paths were 
measured using a method similar to the multiple filter technique 
of Dziewonski et al. [1969], in which the vertical component of 
the Rayleigh wave is successively narrow band filtered (Figure 
4). For paths containing only two stations, phase velocities 
were obtained by direct travel time measurement of a single 
peak or trough in the filtered Rayleigh wave. For paths 
containing more than two stations, velocity slant stacks were 
employed to determine phase velocity. Path lengths inbetween 
stations were determined by the difference in radial distance of 
the stations from the event. The uncertainty in the phase 
velocity measurements is at all periods no greater than 
_+0.05 km/s. 

Phase velocity dispersion curves for the major Precambrian 
terrains were obtained by averaging the suite of measurements 

ovei' paths within the individual terrains (Figure 5). At all 
periods, the observed phase velocities from the craton are on 
average slightly faster (-0.1 km/s) than those for the mobile 
belts, suggesting perhaps a slightly faster Vs for the craton. 
One possible explanation for slower phase velocities in the 
Mozambique Belt is the presence of Cenozoic volcanics 
tbrming a low-velocity zone at the surface (Figure lb). 
Division of the measurement paths within the Mozambique Belt 
into paths that cross volcanic areas and paths that do not cross 
volcanic areas shows that at a period of 10 s, the paths crossing 
the volcanics have on average 0.07 km/s slower phase 
velocities. However, there is little difference in phase velocities 
at periods above 10 s, and it is therefore concluded that the 
volcanic areas have little influence on the overall dispersion 
curves. The Ubendian Belt has slower phase velocities at 
periods of 25, 30 and 35 seconds when compared to the other 
two terrains. 

The standard deviations about the mean phase velocity for 
the various terrains ranges from 0.06 to 0.16 km/s and are 
shown as error bars in Figure 5. The standard deviation is 
partly due to geological variations between measurement paths 
and partly due to the uncertainty in the individual measurements 
(+0.05 km/s). The largest standard deviations are found on the 
part of the dispersion curve most sensitive to the depth of the 
Moho (i.e., at periods of 25 and 30 s). This sensitivity is also 
seen in synthetic dispersion curves where model crustal 
thickness variations as small as 1 km are detectable. 

To model the observed dispersion curves a grid search 
procedure was followed, where synthetic dispersion curves for 
264 velocity-depth models were computed using the method of 
Harkrider [e.g., Press et al., 1961' Harkrider et al., 1963] and 
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Figure 4. The vertical ground velocity of an earthquake in Iran on June 20, 1994, recorded at station 
RUNG. The top trace is unfiltered, and the lower traces are filtered at the periods indicated. 
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Figure 5. Rayleigh wave phase velocity dispersion curves for the Tanzania Craton, the Mozambique Belt, 
and the Ubendian Belt. The error bars give +1 standard deviation of the mean value. 

compared to the observed phase velocities. The velocity-depth 
models consisted of a crust above an upper mantle half-space 
with Pn (8.30 km/s) and Sn (4.75 km/s) velocities determined 
from a study of regional wave propagation across the East 
African Plateau [Langston et al., 1995]. Moho depth was varied 
between 30 and 52 km in 1 km increments for these models, 

and the mean crustal shear wave velocity (Vs) was varied 

between 3.56 and 3.86 km/s in six equal steps. The crust was 
parameterized in two ways, as a single layer with constant 
velocity (Vs = Vs ) and as two layers of equal thickness whose 
velocities averaged by slowness equaled the nominal value of 
Vs. The two layer crustal models were used so that the 
likelihood of shear wave velocities increasing with depth would 
be accounted for. The top crustal layer in these models had a 
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Figure 6. Plots of Moho depth versus V, for (a) Tanzania Craton, (b) Mozambique Belt, and (c) 
Ubendian Belt_ Solid circles show the range of crustal thicknesses obtained from the receiver functions 
for a given V,. Shaded boxes represent single layer crustal models which passed the grid test for 
Rayleigh wave dispersion. Hatched boxes represent two-layer crustal models which also passed the grid 
test (see text for explanation). 
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shear wave velocity of 3.56 km/s, and the shear wave velocity 
in the bottom crustal layer was varied to produce the nominal 
Vs. In all the models, Poisson's ratio in the crust was assumed 

to be 0.25, and crustal P wave velocities were set accordingly. 
Only phase velocities at periods of < 25 s were considered in 
the grid test, because phase velocities at longer periods are 
affected by variations in upper mantle velocities at depths 
greater than those to which Sn penetrates [Langston et al., 
1995]. Phase velocities at 30 and 35 s are also strongly 
influenced by crustal structure, but trial grid searches showed 
that excluding these periods had little effect on the final grid 
search results. 

Figure 6 displays the Vs- Moho depth combinations of the 
crustal models which yielded synthetic dispersion curves lying 
within the standard deviation of the observed phase velocities. 
As expected, successful models with constant shear wave 
velocity in the crust yielded lower V• than the successful two 
layer models. Thus the range of possible V•- Moho depths is 
given by the two sets of models and all V•- Moho depth 
combinations in between the two sets. Modeled Moho depths 
fall in the range 30 to 42 km for the Tanzania Craton and 
between 30 and 48 km for the Mozambique Belt. For the 
Ubendian Belt, a thicker crust is found than for either the 

Tanzania Craton or the Mozambique Belt, as models which 
passed the grid test for the Ubendian Belt have Moho depths 
between 35 and 52 km. 

5. Final Crustal Models 

By modeling the dispersion curves and receiver functions 
independently, we obtained two sets of crustal models in which 
there are trade-offs between V• and Moho depths. However, 
successful crustal models must be able to account for both the 

receiver function and surface wave dispersion observations. 
Therefore, by taking the intersection of the two sets of crustal 
models, a more tightly constrained estimate of crustal structure 

beneath each station can be obtained. Table 2 and Figure 6 
indicate the crustal models which satisfy both the receiver 
function and Rayleigh wave dispersion observations, and the 
final crustal models are listed in Table 3. 

The intersection of the two sets of models yields a Vs of 
3.79 _+ 0.09 km/s for the Tanzania Craton and Moho depths 
ranging from 36 to 42 km. Because the grid search selected 
only models falling within the standard deviation of the 
observed phase velocities, a slightly larger uncertainty in V• of 
_+0.10 km/s may reflect more accurately the range of V• within 
the Tanzania Craton. As noted in section 3, for a given V• the 
uncertainty in the Moho depth estimate from receiver function 
analysis is _+3 km. An uncertainty in V• of _+0.1 km/s adds an 
additional _+1 km uncertainty to the Moho depth estimates, 
putting the total uncertainty in the Moho depth estimates at _+4 
km. Hence, by combining the results of the receiver functions 
and Rayleigh wave dispersion analyses, the uncertainty in M9ho 
depth is reduced by _+2 km from the _+6 km uncertainty obtained 
from just the analysis of the receiver functions. The range of 
Poisson's ratios from stations on the craton is 0.24-0.26 (with an 
uncertainty of _+0.02 at individual stations), resulting in a range 
of mean crustal compression wave velocities of 6.4 to 6.6 km/s 
(with an uncertainty of _+0.25 km/s at individual stations). 

The final model for the Mozambique Belt has a Vs of 
3.74 km/s, with Moho depths beneath the stations ranging from 
36 to 39 km. The range of Poisson's ratio for stations in the 
Mozambique Belt is 0.24 to 0.27, and the range of P wave 
velocities for this terrain is 6.3 to 6.6 km/s. By following the 
same reasoning as given above for the Tanzania Craton, the 
uncertainties in V•, V•,, Moho depth, and Poisson's ratio at 
individual stations within the Mozambique Belt are estimated to 
be _+0.10 km/s, +0.25 km/s, +4 km, and +0.02, respectively. 

The small number of stations (three) in the Ubendian Belt for 
which crustal structure was determined, as well as the 

geological variation between these stations, make the 
characterization of crustal parameters for the Ubendian Belt 

Table 3. Final Crustal Models 

Vs, Station Moho Depth, Poisson's Ratio 
km/s km 

Vp, Elevation, 
km/s km (4-0.1) 

3.79 

(4.0.10) 

3.74 

(+0.10) 

3.74 

Tanzania Craton 

BASO 41 (4.4) 
MBWE 37 (4.4) 0.25 (4-0.02) 
MITU 38 (4.4) 0.26 (+0.02) 
MTAN 37 (4.4) 0.26 (4.0.02) 
MTOR 38 (4.4) 0.24 (4.0.02) 
PUGE 37 (4.4) 0.26 (4.0.02) 
RUNG 42 (4-4) 0.26 (4.0.02) 
SING 37 (4-4) 0.26 (4-0.02) 

URAM 

Mozambique Belt 
HALE 39 (4.4) 
KIBA 36 (4.4) 
KIBE 37 (4-4) 0.25 (+0.02) 

KOMO 36 (+4) 0.24 (4-0.02) 
KOND 37 (4-4) 0.27 (4-0.02) 
LONG 37 (4-4) 0.27 (4-0.02) 
TARA 37 (4-4) 0.25 (4-0.02) 

Ubendian Belt 

GOMA 44 O.25 

INZA 42 

PAND 35 0.24 

TUND 

1.7 

6.6 (4-0.25) 1.1 
6.6 (4.0.25) 1.6 
6.7 (4.0.25) 1.4 
6.5 (4.0.25) 1.1 
6.7 (4.0.25) 1.4 
6.7 (4.0.25) 1.2 
6.6 (4.0.25) 1.5 

1.1 

0.2 

1.5 

6.5 (4.0.25) 1.0 
6.4 (4.0.25) 1.1 
6.4 (4.0.25) 1.4 
6.6 (4.0.25) 1.4 
6.5 (4.0.25) 1.3 

6.5 0.9 

1.0 

6.4 1.3 

1.7 
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more difficult. Stations with models fitting both the receiver 
function and the phase velocity observations have Moho depths 
(GOMA, 44 kin; INZA, 41 km) greater than those obtained for 
the Mozambique Belt (36 to 39 km). At station PAND, receiver 
functions suggest a Moho depth of-35 km, a depth that is not 
in agreement with the phase velocity observations. The phase 
velocity observations between the four stations in the Ubendian 
Belt and receiver functions from GOMA and INZA suggest that 
over most of the Ubendian Belt crustal thickness is in the range 
of 39 to 48 km, with a Vs of -3.74 km/s. The estimate of Moho 

depth for station PAND from the receiver function analysis 
suggests thinning of 4-6 km relative to crustal thickness 
estimates for the Ubendian Belt, which is consistent with the 
location of this station within the southeastern end of the Lake 

Rukwa rift (Figure lb). An alternative interpretation of the 
phase velocity dispersion curve for the Ubendian Belt is that 
low phase velocities at 25, 30, and 35 s are due to low P and S 
wave velocities in the uppermost mantle. In this scenario, little 
information can be obtained on average crustal thickness in the 
Ubendian Belt. Further work on regional wave propagation 
should help to resolve uppermost mantle P and S wave 
velocities beneath this terrain. 

6. Discussion 

A summary of the final crustal models for the Tanzania 
Craton, the Mozambique Belt and the Ubendian Belt is given in 
Table 4 and illustrated in Figure 7. Also shown in Table 4, for 
comparison purposes, are results of several global studies of 
Precambrian crustal structure which will be used here to address 

the questions raised in the introduction concerning crustal 
structure. The final crustal models for the Tanzania Craton and 

the Mozambique Belt are consistent with the results for these 
terrains found by the KRISP consortium from their refraction 
profiles (Figure lb) in Kenya (Table 4). The final crustal 
models for the Ubendian Belt are similar to those reported for 
that terrain by Camelbeeck and Iranga [1996] from modeling 
PmP and Pn phases from local earthquakes. 

The first question raised in the introduction was whether or 
not there is crustal thickening under parts or all of the East 
African Plateau that may have led to isostatic uplift. Assuming 
Airy isostacy, the thickness of crustal underplating (H) beneath 
an uplifted region is given by 
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Figure 7. Cross sections summarizing crustal structure across the East African Plateau. (a) Southwest- 
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Table 4. Comparison of Crustal Models From East Africa to Global Averages 

Source Region Terrain Moho Depth, Vs, Vp, 
km km/s km/s 

Poisson's Ratio 

This paper East Tanzania Craton 36 - 42 (+4) 3.79 + 0.10 6.5 - 6.7 (+0.25) 
Africa Mozambique Belt 36- 39 (+4) 3.74 + 0.10 6.4- 6.6 (q-0.25) 

Ubendian Belt 40- 45 3.74 

KRISP]' East Tanzania Craton•: 34- 40 6.5 
Africa Mozambique Belt:• 35- 42 6.5 

Zandt and Ammon global Shields 
[1995] Platforms 

Christensen and global Precambrian 
Mooney [1995] 

Durrheim and global Archean 
Mooney [1994] Proterozoic 

Rudnick and global Archean 
Fountain [1995] Proterozoic 

41.5 + 5.8 (s.d.) 

27- 40 

40- 55 

43.0 + 6.3 (s.d.) 
43.6 ,4- 4.6 (s.d.) 

6.45 ,4- 0.03 (s.d.) 

0.24- 0.26 (+0.02) 
0.24- 0.27 (-4-0.02) 

0.29 -4- 0.02 (s.d.) 
0.27 ,4- 0.03 (s.d.) 

t Prodehl et a/.,[1994] and Birtet al., [1997] 
:• Unrifted areas only. 

Using values of 1 km for the uplift (h), 3.0 g/cm 3 for the 
density of the underplating layer (p,,), and 3.2g/cm 3 for 
uppermost mantle density (p,,) leads to 16 km of underplating. 
Therefore, if the present-day crust has been underplated, it must 
have been only -22 km thick prior to uplift, which does not 
seem likely given that average crustal thickness for 
Precambrian terrains worldwide is much greater than 22 km 
(Table 4). Additionally, there is no obvious correlation between 
crustal thickness and elevation (Table 3), as would be expected 
if uplift was caused by crustal thickening. Thus there appears 
to be little support for the crustal thickening mechanism for 
uplift, at least on a regional basis. 

The second question posed in the introduction addressed the 
issue of rift localization within the mobile belts. From our 

results, one could argue that there are no obvious differences in 
crustal structure between the craton and the mobile belts that 

could have influenced rift development. However, as discussed 
in section 2, previous investigators [e.g., Nyblade and Pollack, 
1992; Prodehl et al., 1994; Tesha et al., 1997] have found 
evidence from seismic refraction data and Bouguer gravity 
anomalies to suggest crustal thickening of-2 to 5 km beneath 
the suture between the Tanzania Craton and the Mozambique 
Belt. It is possible that a few kilometers of crustal thickening 
along the suture could create a rheologically "weak" zone 
within the lithosphere where the rifting would localize. But, 
since the uncertainty in our Moho depth estimates is _+4 km, the 
results from this study cannot be used easily to comment on the 
presence or absence of a few kilometers of crustal thickening 
under the Tanzania Craton-Mozambique Belt suture, and thus 
the question of whether or not there are variations in crustal 
thickness between the craton and mobile belts that may have 
influenced the location of rifting must remain open. 

The third question raised in the introduction concerned the 
pattern of crustal thinning beneath rifted portions of the plateau. 
The pattern of crustal thinning beneath the Kenya Rift, which 
has been discussed at length elsewhere [see Prodehl et al., 1994 
and references therein], is consistent with estimates of 

extension determined from surface structures. Is this the case in 

other parts of East Africa? As described previously, the rifted 
areas in northeastern Tanzania extend west to east over a 200 to 

300 km wide zone (Figure lb). The locus of rifting within this 
zone, as determined by seismicity patterns using data from the 
Tanzania broadband seismic experiment, lies to the south and 
southwest of the Kenya Rift [Nyblade et al., 1996]. To 
ascertain the amount of crustal thinning in this region, an 
average of the crustal thickness beneath stations within the 
locus of rifting (i.e., BASO, KOND, MTOR, SING, and TARA) 
was compared to the average crustal thickness of all other 
stations in the Tanzania Craton and Mozambique Belt. For 
stations within the locus of rifting, the average crustal thickness 
is 37_+2 (s.d.)km, identical to the value outside the rift of 
37_+2 (s.d.) km. Consequently, there cannot be more than a few 
kilometers of crustal thinning beneath the locus of rifting in 
northeastern Tanzania given the uncertainty in our estimates of 
crustal thickness. This finding is consistent with the KRISP 
refraction line just north of the Kenya-Tanzania border which 
only shows about 2 km of crustal thinning below the rift axis 
[Birt et al., 1997], and it is also consistent with the small 
(<10 km) amount of crustal extension inferred from fault 
studies in the region. 

Turning to the Western Branch of the rift system, only one 
station, PAND, lies clearly within a rift basin (Figure lb). As 
noted in section 5, receiver functions from stations INZA and 
GOMA, in addition to the Rayleigh wave phase velocity 
observations, suggest that over most of the Ubendian Belt 
crustal thickness is in the range of 39 to 48 km. At station 
PAND, analysis of the receiver functions suggests a Moho 
depth of-35 km, which is inconsistent with phase velocity 
observations for the whole of the Ubendian Belt, and perhaps 
indicates a few kilometers of crustal thinning at this location. A 
few kilometers of crustal thinning beneath station PAND would 
not be inconsistent with estimates of crustal extension for the 

Western Branch of the rift system [Ebinger, 1989]. 
Finally, does crustal structure beneath the East African 
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Plateau help resolve questions regarding differences between 
Archean and Proterozoic crustal structure? The debate about 

Precambrian crustal structure concerns both crustal thickness 

and composition. For example, using results from 29 seismic 
refraction investigations, Rudnick and Fountain [1995] found 
no significant difference between the thickness of Archean 
(43.0_+6.3 (s.d.) km) and Proterozoic (43.6_+ 4.6 (s.d.) km) crust. 
In contrast, Durrheim and Mooney [ 1991, 1994], who compiled 
results from 18 studies using a variety of seismic methods, 
found Proterozoic crustal thickness (40 - 55 km) to be greater 
than Archean crustal thickness (27-40 km) and attributed the 
additional thickness of the Proterozoic crust to a basal high 
velocity (Vp > 7.0 km/s) layer formed by basaltic magma 
underplating the crust. 

The results from this study are in better agreement with the 
findings of Rudnick and Fountain [1994] than with those of 
Durrheim and Mooney [1991, 1994]. From our results (Table 
4), there is little evidence to indicate significant differences in 
crustal thickness between the Tanzania Craton and the 

Mozambique Belt, although it appears that the crust of the 
Ubendian Belt may be somewhat thicker than the crust of either 
of the Mozambique Belt or the Tanzania Craton. In addition, 
there is little direct evidence in the receiver functions from the 

mobile belts for the source of the proposed difference in crustal 
thickness between the Archean and Proterozoic terrains (i.e., 
there are no obvious converted phases that might come from the 
top of a mafic, high velocity layer near the base of the crust). 

There is also little evidence to indicate significant 
differences in crustal composition between the Tanzania Craton 
and the Mozambique Belt, as predicted in the Durrheim and 
Mooney [1991, 1994] model. If there were significant 
differences in crustal composition, then one would expect to 
find higher Poisson's ratio and velocities in the mobile belt 
crust than in the cratonic crust. This is not the case. The 

estimates of Poisson's ratio and V•, for the Tanzania Craton and 

the Mozambique Belt are comparable (see Table 4), indicating 
similar crustal composition. 

Interestingly, in addition to having similar compositions, 
both the Archean and Proterozoic crust in East Africa probably 
contain some mafic lithologies but at the same time may be 
slightly more felsic than global average Precambrian crust. 
Evidence for the presence of some mafic lithologies within the 
crust comes from the range of V•, obtained for the craton and 
mobile belt crusts. For instance, given an observed heat flow of 
-40 mW/m 2, which is the mean heat flow in the Tanzania 
Craton and the Mozambique Belt in the proximity of our 
stations [Nyblade, 1997' Nyblade et al., 1990], a crust 
composed of only felsic material would have a V• of-6.4 km/s, 
and a totally mafic crust would have a V• of - 7.0 km/s, while 
a crust containing 30 km of felsic material (e.g., Vp =6.4 km/s) 
underlain by 8 km of mafic material (e.g., Vl, =7.1 km/s) would 
have a V• of 6.54 km/s [Rudnick and Fountain, 1995, Figure 1 ]. 
Evidence for the overall felsic nature of the cratonic and mobile 

belt crusts, on the other hand, comes from the estimates of 
Poisson's ratio for these terrains, which lie at or somewhat 
below the lower end of the range for Precambrian terrains 
worldwide (0.29_+0.02 [Zandt and Ammon, 1995]). 

7. Summary and Conclusions 

Within the resolution of the results of this study, there is 
little evidence to suggest that major differences exist in crustal 
structure between the Archean Tanzania Craton and the 

Proterozoic Mozambique Belt. Crustal thickness lies in the 
range of 37 to 42 km for the Tanzania Craton and between 36 
and 39 km for the Mozambique Belt. Mean crustal shear wave 
velocity is similar for both terrains: 3.79 km/s for the craton and 
3.74 km/s for the Mozambique Belt. The range of Poisson's 
ratio obtained for both terrains is also similar: 0.24 to 0.26 for 

the Tanzania Craton and 0.24 to 0.27 for the Mozambique Belt. 
Parameter uncertainties for Moho depth, Vs, and Poisson's 
ratio are _+4 km, +0.10 km/s, and _+0.02, respectively. The mean 
crustal compression wave velocity and the range of Moho 
depths obtained for these two terrains in Tanzania are consistent 
with the crustal models obtained by the KRISP consortium in 
Kenya for nonrifted areas of the Mozambique Belt and the 
Tanzania Craton. In contrast to the similarity between these 
two terrains, the results of this study suggest that the crust of 
the Proterozoic Ubendian Belt may be 40 to 45 km thick, about 
5 km thicker on average than the crust of either the Tanzania 
Craton or the Mozambique Belt. Vs for the Ubendian belt is 
-3.74 km/s; Poisson's ratio is not well constrained. 

Based on a comparison of these results to global average 
values for Precambrian crust, it can be concluded that there are 

no regional scale anomalies in the crustal structure of the area 
surveyed by the Tanzania broadband seismic experiment that 
can easily explain the origin of the East African Plateau in 
terms of isostatic uplift and that Archean and Proterozoic crust 
in East Africa may be slightly more felsic than Precambrian 
crust elsewhere. In addition, from our results it can be 

concluded that patterns of crustal thinning beneath rifted areas 
in East Africa are consistent with amounts of extension 

determined from studies of surface structures. Our results do 

not have sufficient resolution to determine if there are small 

amounts of crustal thickening along the Archean-Proterozoic 
sutures that could have led to rift localization within the mobile 

belts. 
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