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Abstract. Since 1964 there have been six earthquakes of 
Mw _• 5.5 in east Africa whose centroid depths have been 
demonstrated to be in the range of 25-40 km. These 
depths are significantly greater than the 5- to 15-kin range 
typical of most other regions of continental extension. The 
March 10, 1989 earthquake (Mw 6.1) in Mala'tvi is the first 
such deep event to have occurred within the main 
topographic expression of the late Cenozoic east African 
rift system. Its focal mechanism and depth (32 4- 5 kin) 
allow it to be plausibly associated with slip on a deep part 
of a major normal fault zone bounding the Mala'&i rift. 
We cannot determine whether the earthquake occurred in 
the crust or mantle or whether the postulated fault zone 
exists as a continuous seismogenic surface from the upper 
crust to depths of-,,30 kin: it is possible that the fault 
zone exists as an aseismic shear zone in the lower crust. In 

the Mala'ki rift the width of the half graben (up to 
50 kin), the effective elastic thickness of the lithosphere 
(-,,35 km), and probably the largest fault segment lengths 
(>50 km) are greater than is typical in rifts outside Africa. 
We suggest that these features and the greater earthquake 
depths are all related to the likelihood that the upper part 
of the lithosphere is colder and stronger than is typical 
elsewhere. These observations are consistent with earlier 

suggestions that normal faulting and significant strength 
can exist throughout the bulk of the crustal thickness. If 
this is the case, wide half graben can form without 
requiring shear strengths on the bounding faults to be 
greater than 1-10 MPa (10-100 bars), which is the typical 
level of stress drop observed in earthquakes. 

INTRODUCTION 

Earthquake focal depths determined by teleseismic 
arrival times alone are notoriously inaccurate. An 
important advance of the 1980s, and one with major 
impact on views of lithosphere rheology, was the use of 
teieseismic waveforms to constrain the depth of the 
earthquake centroid, which is the conceptual point source 
representing the weighted center of the finite fault plane 
that radiates seismic energy. The centroid depths of most 
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continental earthquakes of tab •_ 5.5 occur in the upper 
half of the crust, typically in the depth range of 5-15 km 
[see Chen and Molnar, 1983]. This range is also typical of 
earthquake centroid depths in regions of active continental 
extension outside Africa [Jackson and White, 1989]. 
Shudofsky [1985], using a combination of Rayleigh wave 
spectra and P waveform analysis, pointed out that some 
earthquakes in east Africa had unusually deep centroids of 
25-30 km. Body waves are able to determine centtold 
depth more accurately than surface waves, and a 
combination of P and SH waveforms is superior to P 
waveforms alone as the trade-off between the far-field 

source time function and depth is reduced. Of the 
earthquakes in the depth range of 25-30 km reported by 
Shudofsky [1985], five had centroid depths that were 
constrained to some extent by his analysis of their P 
waveforms. Using both P and SH waveforms, ¾Vagner and 
Langston [1988, 1989] subsequently showed that two of 
these five were actually shallow (4 and 10 kin) but 
confirmed that another of the earthquakes really was at 
-,,28 km. Yarwood and Doser [1988] confirmed still 
another at -,,28 km. Grimison and Chen [1988] also 
reported two earthquakes at a depth of -,,40 km on the 
east coast of Africa. In this paper we show that another 
earthquake in Mala(vi had a centroid depth of-,,30 km. 
Table 1 and Figure 1 show the earthquakes in east Africa 
whose centroid depths have been determined by body 
wave analysis and contain six with depths in the range of 
25-40 km, of which five are constrained by P and SH and 
one by P waveforms alone. Those with both P and SH 
control have probable depth errors of about 4-5 km. 

The earthquakes in Table i fall into two groups: those 
shallower than 17 km and those deeper than 25 km. In 
fact, the best constrained of the shallow group all have 
centroids shallower than 14 kin. The paucity of 
earthquakes between 15 and 25 km is a pattern that is 
familiar elsewhere [e.g., Chen and Molnar, 1983] and is 
often used to support the view that seismogenic normal 
faults in the upper crust do not penetrate significantly into 
the lower crust, which deforms instead by aseismic slip on 
shear zones or by flow [e.g., Jackson and White, 1989]. 

Opinion is divided as to whether the deeper 
earthquakes in east Africa represent faulting in the lower 
crust or uppermost mantle. Shudofsky et al. [1987] argue 
that they occur in the lowest part of the crust in 
lithosphere that is old, cold, and unusually strong. 
Nyblade et al. [1992] support this view, clainfing that the 
uncertainties in measured surface heat flow and probable 
crustal temperature profiles allow this interpretation. On 
the other hand, Yarwood and Doser [1988] emphasize the 
possibility that the earthquakes occur in the uppermost 
mantle. Our own opinion is that the crustal thickness in 
these regions is not known with sufficient accuracy to be 
sure whether centroid depths in the range of 25-35 km lie 
in the crust or in the mantle. Nor do we claim to know 

whether the 1989 Mala'Cvi earthquake, the subject of this 
paper, with its centroid at ~30 km, occurred in the crust 
or mantle. We are concerned here with the probable 
consequences of these unusually deep centroids and their 
association with other phenomena. The following points 
are relevant to this issue: 

1. Most earthquakes that occur in the continental upper 
mantle elsewhere are in regions of shortening and low 
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Fig. 1. Epicenters of earthquakes in east Africa whose 
centroid depths are constrained by body waveforms (Table 
1). Circles represent earthquakes with depths of < 18 km 
and triangles, those with depths of > 24 km. The main 
faults of the eastern and western rift systems are shown. 
The Tanzanian strike-slip event of May 7, 1964, is marked 
A. The March 10, 1989, earthquake in Mala•i is marked 
B. 

indicate that the uppermost lithosphere is likely to be 
colder and stronger than elsewhere. Here we are interested 
in the possible consequences and manifestations of this 
strength, such as the effective elastic thickness of the 
lithosphere and the size of the geological structures 
observed at the surface. In cold, strong crust we can 
envisage fault zones extending from the surface into the 
uppermost mantle, although they might exist as aseismic 
shear zones in the lower crust. Is there any evidence for 
such throughgoing faults? Shudofsky et al. [1987] 
observed that the deeper events shown in Figure i (except 
for the 1989 Malaivi earthquake reported here) all 
occurred outside the part of the rift system that is best 
expressed geologically and topographically. It is therefore 
difficult to associate them with particular surface faults, 
although all except the May 7, 1964 event (marked A in 
Figure 1), which was strike-slip, involved normal faulting 
with the strike of one nodal plane similar to that of the 
known Cenozoic faults in their epicentral regions. The 
1989 Mala•i earthquake (marked B in Figure 1) occurred 
within the riff occupied by Lake Mala•i (Nyasa) itself, 
the shallow structure of which has been investigated by 
seismic reflection profiling [Ebinger et al., 1984, 1987; 
Scholz, 1987; Specht and Rosendahl, 1989; Flannery and 
Rosendahl, 1990]. It therefore offers an opportunity to 
compare the seismogenic faulting at depth with the known 
surface geology and structure. 

THE 1989 MALA•VI EARTHQUAKE 

expected geothermal gradient [Chen and Molnar, 1983]. 
2. Simple mechanical arguments and the probable 

relative strengths of crustal and mantle rocks suggest not 
only that earthquakes in the continental mantle should be 
more likely where the mantle is colder but also that if the 
lowermost crust is cold enough to deform in earthquakes, 
then the uppermost mantle beneath it will also be cold 
enough to do the same [e.g., Brace and Kohlstedt, 1980; 
Chen and Molnar, 1983]. 

3. Thus the earthquakes at 25- to 40-km depth in east 
Africa probably occur in rocks that are colder and 
stronger than those at similar depths in other rifts, where 
earthquakes typically occur no deeper than ,-,15 km. 

4. The deeper earthquakes in Table 1 are of a size (up 
to Mw 6.2-6.5) such that the fault surfaces which slipped 
have dimensions of at least 10-15 km (we estimate the 
fault size in the 1989 Mala'&i earthquake later). Faulting 
is therefore likely to extend ,-,5 km vertically above and 
below the centroid depth. 

5. It is quite possible that rupture in these deeper 
earthquakes involves slip in both the lowermost crust and 
uppermost mantle. Just as the high strain rate during 
seismic slip in the upper crust is thought to allow the 
rupture in large earthquakes to propagate downward into 
the uppermost part of the normally aseismic lower crust 
[e.g., Scholz, 1988], there is no reason why rupture in the 
uppermost mantle should not also propagate upward into 
the lower crust, particularly if the lower crust is colder 
and stronger than normal. 

We emphasize that it is not our intention in this paper 
to enter the debate about whether the centroids of these 

deeper earthquakes are located in the crust or in the 
mantle. For our purposes, their significance is that they 

We studied the source parameters of the 1989 Mala/vi 
earthquake using the algorithm of McCaffrey and Abers 
[1988], which inverts P and $H waveform data to obtain 
the strike, dip, rake, centroid depth, seismic moment, and 
source time function. The method and approach are 
described in detail elsewhere [e.g., N•b•lek, 1984; 
McCaffrey and N/rb•lek, 1987; Taymaz et al., 1991] and 
are now too routine to justify repetition tiere. Both 
observed and synthetic long-period P and SH seismograms 
for the final inversion result are shown in Figure 2. The 
source parameters we obtain are compared with those of 
the Harvard centroid moment tensor (CMT) solution 
[Dziewonski et al., 1990] in Table 2. Our centroid depth of 
32 km is greater than that of the Harvard CMT solution 
(fixed at 15 km) and is confirmed by tests shown in 
Figure 3: when constrained to a shallow depth, the 
inversion routine is unable to reproduce the broad, 
long-period pulses (characteristic of a deeper earthquake), 
which it attempts to fit with a longer and more jagged 
source time function. The resulting fit of observed and 
synthetic waveforms is noticeably worse at shallow depths 
than at a depth of 32 km. The fit is inferior to that at 
32 km if the depth is changed by more than -1-5 km, which 
is a reasonable estimate of the error. The mechanism of 

the earthquake was almost pure normal faulting, with 
both nodal planes striking roughly NNW-SSE. The dip of 
the nodal plane dipping west is well constrained to 34 q- 5 ø 
(Figure 3). 

The inversion for source parameters in Figure 3 
assumed that the P velocity in the earthquake source 
region was a typical lower crustal value of 6.8 km s -• (see 
Figure 3). The fit of observed and synthetic waveforms is 
not significantly different if the velocity in the source 
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TABLE 1. Earthquakes Whose Centroid Depths Are Constrained by Body Wave Modelling 

Date Time Latitude, Longitude, Depth, Mw Rake, Reference 
deg deg km deg 

May 7, 1964 0545 
March 20, 1966 0142 
May 6, 1966 0236 
May 17, 1966 0703 
May 15, 1968 0751 
Dec. 2, 1968 0233 
March 29, 1969 0915 
March 29, 1969 1104 
April 5, 1969 0218 
April 6, 1969 1651 
Sept. 29, 1969 2003 
April 4, 1975 1741 
July 1, 1976 1124 
Sept. 19, 1976 1459 
July 6, 1977 0848 
Dec. 15, 1977 2320 
May 14, 1985 1324 
May 14, 1985 1811 
March 10, 1989 2149 
Aug. 20, 1989 1116 
Aug. 20, 1989 1117 
Aug. 20, 1989 1925 
Aug. 21, 1989 0109 
Aug. 21, 1989 0503 
May 20, 1990 0222 
May 24, 1990 1934 
July 9, 1990 0122 

-3.90 

0.81 

-15.72 

0.76 

-15.91 

-14.01 

11.91 

11.92 

12.00 

11.99 

-33.09 

-21.24 

-29.51 

-11.08 

-6.26 

-4 80 

-10 59 

-10 49 

-13 74 

11 77 

11 92 

11.90 

11.87 

11.94 

5.12 

5.28 

5.40 

34.92 28 6.5 -5 

29.90 10 6.6 -82 

34.59 17' 5.1 -90 

29.95 7 5.6 -133 

26.16 28 5.6 -97 

23.82 6 5.7 -95 

41.21 6 6.2 -16 

41.36 5 5.8 +5 
41.35 4 6.1 -45 

41.40 5 5.7 +30 
19.52 4 6.3 -1 

45.13 11 5.6 +40 
25.17 6 6.6 -39 

32.84 25 5.5 -52 

29.59 14' 5.3 -77 

34.92 12' 5.4 -129 

41.37 401 6.2 -90 
41.43 401 6.4 -90 
34.41 33 6.1 -81 

41.94 5 6.4 -76 

41.96 4 6.2 -73 

41.82 6 6.1 -85 

41.87 6 6.4 -95 

41.77 7 6.0 -87 

32.15 13 7.2 14 

31.83 14 6.3 -59 

31.65 11 6.5 -62 

Yarwood and Doser [1988] 
Wagner and Langston [1988] 
Shudofsky [1985] (P) 
Shudofsky [1985] (P) 
Wagner and Langston [1988] 
Wagner and Langston [1988] 
Kebede et al. [1989] 
Kebede et al. [1989] 
Wagner and Langston [1988] 
Kebede et al. [1989] 
Wagner and Langston [1988] 
Shudofsky [1985] (P) 
Shudofsky [1985] (P) 
Shudofsky [1985] (P) 
Shudofsky [1985] (P) 
Shudofsky [1985] (P) 
Grimison and Chen [1988] 
Grimison and Chen [1988] 
This paper 
Braunmiller and Nabalek [1990] 
Braunmiller and Nabalek [1990] 
Braunmiller and Nabalek [1990] 
Braunmiller and Nabalek [1990] 
Braunmiller and Nabalek [1990] 
Gaulon et al. [1992] 
GanIon et al. [1992] 
GanIon et al. [1992] 

The (P) after Shudofsky's citation emphasizes that these events were constrained by P waves only; 
both P and SH were used for the others. 

*The solution is of poor quality. 
•Double shocks at ~40 km and ~20 km [Grimison and Chen, 1988]. 

region is changed to a mantle velocity of 8.1 km s -•, nor 
is the solution itself significantly changed: the strike, dip, 
and rake all change by less than 2ø; the depth changes to 
35 km; and the moment changes to 3.0 x 1018 N m. The 
orientation and depth of the earthquake source determined 
by the inversion routine are therefore not sensitive to 
whether the centroid is located in the crust or the mantle. 

The earthquake occurred at the southern end of Lake 
Mala•i (Nyasa), in a region whose geological structure is 
that of a large homocline dipping east toward a system of 
major west dipping normal faults that bound the eastern 
edge of the lake (see Figure 4) [Ebinger et al., 1987; 
Scholz, 1987; Chapola and Kaphwiyo, 1992]. In the region 
of the epicentre the homocline is disturbed by a monocline 
downthrown to the east. The closest seismic station used 

in the epicentral determination by the International 
Seismological Centre (ISC), Edinburgh, is 300 km away, 
and only two stations were closer than 900 km. This 
epicenter (13.74øS, 34.41øE) could be wrong by up to 
~20 km [see, e.g., Taymaz et al., 1991], but it is 
nonetheless consistent with the damage effects [Gupta, 
1992], which were quite localized, as expected for an 
earthquake of this moderate size. If we adopt the ISC 
epicenter and project a nodal plane dipping 34øW (from 
the focal mechanism in Figure 2) upward from the 
centroid depth of 32 kin, it intersects the Earth's surface 
approximately at the major fault bounding the eastern 

side of the Mala•vi rift (Figure 5d). Thus the available 
evidence is consistent with this major fault zone extending 
to ~30-km depth and being responsible for the 1989 
earthquake. We emphasize that in the absence of 
associated surface faulting and without a precisely 
determined hypocenter we cannot be certain that this 
hypothesis is correct, but it seems to us to be plausible. 
Nor can we distinguish between a seismogenic fault 
extending from the surface to 30 km and a fault zone that 
is seismogenic only in the upper crust and at 30 km but 
exists as a ductile shear zone in between. It could be 

argued that uncertainty in the epicenter also allows the 
earthquake to have occurred on a buried fault beneath the 
monocline, but the macroseismic epicenter is west of the 
expected epicenter if a fault in this position is projected to 
a depth of 30 km with a dip of 55 ø corresponding to that 
of the nodal plane dipping east in Figure 2 [Gupta, 1992]. 

No surface faulting was reported from the 1989 
earthquake [Gupta, 1992]. This is not surprising given the 
depth of the earthquake and its likely source dimensions. 
We can estimate the dimensions of the fault that slipped 
in the earthquake from the seismic moment (M0) of 
1.8 x 1018 N m, since M0 = •uAa, where 
/u: 3 x 1010 N m -2 is the rigidity modulus, A is the fault 
area, and • is the average slip. If we assume an 
approximately equidimensional fault surface of length and 
width, L, and also that •/L is ~5 x 10 -5, which is typical 
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Fig. 2. Observed (solid) and synthetic (dashed) 
waveforms for the 1•8• Mala•i earthquake. Station 
positions on focal spheres are identified by capital letters, 
starting clockwise kom north. STF is the source time 
function. The •sumed source crustal structure was a 

layer 10 km thick with Vp 0.0 km s -• above a halSspace 
of Vp 0.8 km s -•. Source parameters are given in Table 2. 

for continental earthquakes [Scholz, 1982], then 
L • 10 km. This is also consistent with the 4-s duration 

of the source time function, which suggests a fault length 
of ~12 km for a typical rupture velocity of 3 km s -1 
assuming a unilateral rupture. If rupture was bilateral 
(spreading out from the center of the fault plane), the time 
function would allow a larger fault. These are simplistic 
calculations but show that the source dimensions of the 

earthquake were smaller than the centroid depth. 
The mainshock of March 10 was preceded by a 

foreshock of rnb 5.8 (Mw 5.7) on March 9 with virtually 
the same instrumentally determined epicenter as the 
mainshock. Fewer teleseismic waveforms are available for 

the foreshock than for the mainshock a day later, and 
these have a poor azimuthal distribution. Our attempts to 
analyze the long period P and SH waveforms of the 
foreshock were not satisfactory. The waveforms are 
consistent with the Harvard CMT solution (strike 128 ø, 
dip 23 ø, and rake-118 ø) [Dziewonski et al., 1990], which is 

similar to that of the mainshock, and with the reported 
ISC depth of 30 km. However, they do not allow the 
trade-off between the source time function and the 

centroid depth to be decreased to a useful level. 

OTHER POSSIBLE MANIFESTATIONS 

OF LITHOSPHERE STRENGTH 

We conclude that the strike, dip, location, and depth of 
the faulting in the March 10, 1989 earthquake are all 
consistent with slip at ,-030-km depth on part of a major 
west dipping fault zone bounding the east side of Lake 
Mala,&i, although we emphasize that this cannot be 
proved. We believe that such deeply penetrating faults 
could reasonably be expected in lithosphere that is colder 
and stronger than normal. Are there any other 
manifestations of such strength? There are three features 
of the rifting in east Africa that may be related to a 
stronger upper part of the lithosphere. 

Effective Elastic Thickness 

Several people [e.g., Bechtel et al., 1987; Ebinger et al., 
1989a] have used the coherence between gravity anomalies 
and topography in east Africa to demonstrate that the 
effective elastic thickness (T•) of the east African 
lithosphere is as high as 20-40 kin, even within rifted 
areas. These high values of T• in east Akica, where rifting 
often cuts through metamorphic rocks of 
Archean-Proterozoic age, contrast with much lower values 
(typically less than 10-15 km) in rifted areas that have 
undergone Paleozoic or Mesozoic orogeny [e.g., Barton 
and Wood, 1984; Fowler and McKenzie, 1989; Bechtel et 
al., 1990]. We do not know whether all or part of this 
increase in effective elastic thickness is due to the 

increased strength of the mantle rather than that of the 
lower crust. Nor do we know whether the earthquakes at 
~30 km signify a seismogenic thickness of 30 km for the 
crust or simply localized seismic activity beneath an 
aseismic lower crust, so we cannot compare the thickness 
of the seismogenic crust with the effective elastic thickness 
(there is, in any case, no reason why they should have the 
same value). However, since both the maximum depth of 
earthquakes and the effective elastic thickness are 
probably related to thermal structure [e.g., Wiens and 
Stein, 1983], we might expect them both to increase or 
decrease together. We therefore attribute the anomalously 
high values for both in east Africa to the old, cold 
material in which the rifts are forming. 

Width of Half Graben 

A notable feature of some east African half graben 
(including those in the Mala•i rift) is their width across 

TABLE 2. Source Parameters Determined for the March 10, 1989, Earthquake 
in This Study versus Those of the Harvard 

Centroid Moment Tensor Solution 

Strike Dip Rake Depth, km Moment, N m 
This paper 154 + 25 34 + 5 -92 + 25 32 + 5 1.9 x 1018 
Harvard CMT 142 17 -102 15 3.1 x 1018 
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Fig. 3. Examples of tests to resolve source parameters. The top row shows selected P and $H 
waveforms for the final inversion result. The numbers above the focal spheres are, in order, the 
strike, dip, rake, depth (kilometers), and M0 (x10 •s N m). Parameters in bold numbers were 
fixed during the inversion. The waveforms in the second row are at the same stations for an 
inversion where the depth is fixed at 25 km but other parameters are free. Those marked with 
crosses have an inferior match between observed and synthetic waveforms compared to the 
waveforms in the first row. The third row is for a fixed depth of 10 km. The fourth row is for an 
inversion in which the strike, dip, and rake are fixed to values of the Harvard CMT solution, but 
the other parameters are left free. 

strike, which may be 40-50 km or more (Figure 5) 
[Rosendahl et al., 1986; Specht and Rosendahl, 1989; 
Ebinger, 1989; Flannery and Rosendahl, 1990]. Such 
widths are much larger than the maximum of about 
25 km that is typical elsewhere on the continents [see 
Jackson and White, 1989]. All topography and lateral 
density contrasts are maintained by shear stresses, which 
in half graben are concentrated near faults. These shear 
stresses increase with the width of the half graben and, for 
a given width, decrease as effective elastic thickness of the 
lithosphere increases [McKenzie, 1967; Jackson and 
White, 1989]. Wide half graben require smaller shear 
stresses to support them if they form in thick elastic 
sheets rather than in thin ones. Jackson and White [1989] 
speculated that the maximum width of continental half 
graben is controlled by the effective elastic thickness and 
the maximum shear strength of faults: for a maximum 
shear strength on faults of ~10 MPa (100 bars) and an 
elastic thickness of ~15 km, half graben up to ~25 km in 
width are to be expected. A rough estimate of the 
necessary stresses can be obtained from the expressions of 
Jackson and White [1989]. Consider a half graben similar 
to that on the profiles in Figure 5a with a width of 40 km 
and a vertical amplitude (depth) of 3 km in basement of 

density 2.85 Mg m -• but filled to a depth of 2.5 km with 
sediment of density 2.0 Mg m -3. For an elastic thickness 
of 10 km the maximum shear stresses required are 
~18.6 MPa (186 bars). For an elastic thickness of 30 kin, 
closer to that estimated at the northern end of the Mala/•i 

rift by Ebinger et al. [1991], the maximum required shear 
stresses reduce to ~5.6 MPa. This lower value of stress is 

comparable with typical stress drops in continental 
earthquakes (usually in the range 1-10 MPa [e.g., Scholz, 
1982]). We can estimate the stress drop in the 1989 
earthquake as follows: if we take L = 12 km from the 
duration of the source time function, then from the 
seismic moment, • • 0.4 m, and the stress drop, which is 
approximately y•/L, is ~0.8 MPa (8 bars). The 
calculations in this paragraph are all approximate, but 
they illustrate the important point that the wide half 
graben can be maintained dynamically without requiring 
shear stresses on the faults that are significantly greater 
than the stress drops typically seen in earthquakes, 
particularly if the elastic thickness is as large as other 
authors suggest. 

There is no reason why the stress drop in earthquakes 
should necessarily equal the total shear stress on faults. 
Our inference that the topography does not require 
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Fig. 4. (a) Tectonic map of the southern part of Lake Mala•vi, based on Ebinger et al. [1987] and 
Scholz [1987]. The large star is the epicenter of the March 10, 1989 earthquake. The positions of 
seismic reflection profiles 948 and 858 from Flannery and Rosendahl [1990] and 864 from Specht 
and Rosendahl [1989] are shown as dotted lines. (b) Summary map of Lake Mala•i, based on 
Specht and Rosendahl [1989], showing (schematically) the polarity of the major fault systems 
bounding the rift. The inset shows the region in Figure 4a. 
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stresses much greater than those released in earthquakes 
is, however, consistent with the growing view that major 
continental faults are weak zones in the crust [e.g., Sleep 
and Blandpied, 1992; Rice, 1992] and that the stress drops 
in large earthquakes are close to the total shear stress on 
faults. Thus the wider half graben in east Africa may 
simply be a consequence of the greater elastic thickness, 
which can support structures of such width without 
requiring the shear stresses on the faults to increase 
beyond those that are typical elsewhere. 

Fault Segment Lengths 

The fault systems bounding continental rifts are 
commonly segmented, stepping en echelon or changing the 
polarity of half graben along strike [e.g., Rosendahl et al., 
1986; Crone and Hailer, 1991; Roberts and Jackson, 1991]. 
This segmentation potentially limits the extent of rupture 
and hence the size of earthquakes [e.g., Schwartz and 
Sibson, 1989]. Jackson and White [1989] and Wallace 
[1989] point out the similarity between the maximum 
segment length of ~20-25 km common in many rifts and 
the usual thickness (or downdip fault width) of the 

seismogenic upper crust. They suggest that the thickness 
of the relatively strong upper part of the lithosphere, 
which they associate with the thickness of the seismogenic 
crust, in some way influences the lateral continuity of the 
normal faults that form within it. In most regions of 
continental extension the thickness of the seismogenic 
layer varies little from 10 to 15 kin, and so this hypothesis 
is untestable, as these places are all likely to have a strong 
upper layer of comparable thickness. However, we have 
argued above that the presence of deeper earthquakes in 
east Africa suggests that the upper part of the lithosphere 
is colder and hence stronger to greater depths than 
elsewhere. We can reasonably ask: Are the fault segments 
within this thicker, stronger upper layer longer than 
elsewhere? 

Individual half graben longer than 100 km are common 
in east Africa [see Rosendahl et al., 1986; Specht and 
Rosendahl, 1989], but whether the faults bounding them 
are continuous or step en echelon is not clear. Some are 
certainly segmented at a scale much smaller than 100 km, 
but segment lengths of up to 50 km are common in several 
detailed studies of fault structure and geomorphology 
[Crossley, 1984; Ebinger et al., 1989b; Wheeler and 
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Fig. •. (a)-(c) Interpreted cross sections from Flannery 
and Rosendahl [1990] and Specht and Rosendahl [1989] 
along the lines shown in Figure 4, vertically exaggerated 
by x ~3. Shading identifies distinguishable seismic 
sequences. The vertical scale is in seconds, two-way travel 
time. (d) The projected depth and dip of the inferred 
fault plane of the 1989 earthquake shown on profile 864 
with no vertical exaggeration. A line joining the inferred 
hypocenter to the surface outcrop of the fault bounding 
the half graben dips at 32 ø, which is within the dip range 
of 34 :l: 5 ø estimated for the west dipping nodal plane in 
the earthquake. 

Karson, 1989; Kileinbe and Rosendahl, 1992]. We 
conclude that these long fault segments may well be a 
consequence of the thicker, stronger upper part of the 
deforming east African lithosphere. 

These relatively long segment lengths have implications 
for seismic risk in east Africa, as they have the potential 
for generating earthquakes of Mw 7.2 or greater. The 
largest known normal faulting earthquakes in the region 
are the Ms 6.9 earthquake of 1928 in Kenya, which moved 
an apparently continuous fault segment at least 38 kin 
long [Ambraseys, 1991a], and the Mw 7.1 earthquake of 
May 24, 1990 in Sudan (Table 1), about which no field 
information is known. The 1910 Rukwa earthquake was 
larger still (Ms~7.4), but there is no clear evidence that it 
involved normal faulting [Ambraseys, 1991b]. 

DISCUSSION 

The east African rift system, often regarded as the 
archetype of continental rifts, is unusual in several 
respects: it has deeper earthquakes, wider half graben, 
greater effective elastic thickness, and probably longer 
fault segment lengths (and thus potentially larger normal 
faulting earthquakes) than are common in other regions of 
continental extension. The purpose of this paper is to 
point out that these observations may all be connected 
and related to the probability that the upper lithosphere 
is colder (and hence is strong to greater depths) than is 
typical elsewhere. The significance of the 1989 Mala'&i 
earthquake is that its location, mechanism, and depth are 
all consistent with slip on a fault zone that does indeed 
extend throughout the upper 30 km of crust, even though 
we do not know whether it exists as a seismogenic fault 
throughout this depth range. It is the first of the 
unusually deep earthquakes in east Africa that can 
plausibly be related to a structure at the surface, although 
it involved slip on only a part of the postulated fault zone 
at depth. The Mala'&i rift system is relatively young and 
little extended and is forming in old, cold lithosphere 
[Bloomfield, 1968; Crossley and Crow, 1980; Vetsfelt and 
Rosendahl, 1989]. We expect that the reason most. of the 
deeper earthquakes in east Akica are outside the most 
extended part of the late Cenozoic rift system is that the 
thermal structure in their epicentral regions is still 
relatively shieldlike and cold (see also Shudofsky et al. 
[1987]). In all these anomalous respects, the east Afi'ican 
rift system may have similarities with the Lake Baikal rift 
system, which may also have a large elastic thickness 
[Diament and Kogan, 1990] and earthquakes as deep as 
~40 km [D•verch•re et al., 1991]. 

CONCLUSIONS 

The purpose of this paper was to point out that the 
deeper earthquakes, greater effective elastic thickness, 
wider half graben, and longer normal fault segments that 
characterize parts of the east African rift system relative 
to rifts elsewhere may all be connected. We suggest that 
they are all related to the old, cold lithosphere in which 
parts of the east African rift system are forming and that 
they are consistent with earlier suggestions [e.g., Weissel 
and Karner, 1989] that under some circumstances, normal 
faulting and significant strength exist throughout the bulk 
of the crustal thickness during rifting. With the available 
data we are unable to say whether the deeper earthquakes 
have centroids in the lowermost crust or uppermost 
mantle, nor do we know whether seismogenic faulting is 
continuous from those depths to the surface. For the 
purpose of this paper that uncertainty does not matter: 
the very fact that such deeper earthquakes occur at all 
suggests to us that the strong upper layer of the 
lithosphere is thicker than normal, and the association of 
the deep earthquakes with unusually wide half graben and 
unusually long fault segments is consistent with the 
suggestion that the thickness of this strong upper layer is 
the main factor influencing the scale of the geological 
structures that form within it. 
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