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Abstract

The E astern  Branch o f the E ast A frican R ift System is well know n in E thiopia (M ain E th iop ian  Rift) and  K enya (K enya or G regory 
Rift) and  is usually considered to  fade away southw ards in the N o rth  T anzanian  Divergence, where it splits into the Eyasi, M anyara and 
Pangani segments. F urther tow ards the south, rift structures are m ore weakly expressed and this area has no t a ttracted  m uch attention  
since the m apping and  exploratory w orks o f the 1950s. In  N ovem ber 4, 2002, an earthquake of m agnitude M b =  5.5 struck D odom a, the 
capital city o f Tanzania. Analysis o f m odern  digital relief, seismological and  geological da ta  reveals th a t ongoing tectonic deform ation is 
presently affecting a b road  N -S  trending belt, extending southw ard from  the N o rth  T anzanian  Divergence to the region o f D odom a, 
form ing the proposed “ M anyara-D odom a R ift segm ent” . N o rth  of A rusha-N gorongoro  line, the rift is confined to  a narrow  belt 
(N atron  graben in Tanzania) and  south o f it, it broadens into a wide deform ation zone which includes bo th  the Eyasi and M anyara 
grabens.

The tw o-stage rifting m odel proposed for K enya and N o rth  T anzania also applies to  the M anyara-D odom a R ift segment. In  a first 
stage, large, well-expressed topographic and  volcanogenic structures were initiated in the N a tron , Eyasi and M anyara grabens during the 
Late M iocene to Pliocene. F rom  the M iddle Pleistocene onw ards, deform ations related to  the second rifting stage propagated  sou th­
w ards to  the D odom a region. These young structures have still lim ited m orphological expressions com pared to the structures form ed 
during the first stage. However, they appear to be tectonically active as shown by the high concentration  o f m oderate earthquakes into 
earthquake swarms, the d istribution  of H e-bearing therm al springs, the m orphological freshness o f the fault scarps, and  the presence of 
open surface fractures. F au lt kinem atic and paleostress analysis of geological fault da ta  in basem ent rocks along the active fault lines 
show th a t recent faults often reactivate older fault systems th a t were form ed under E -W  to  N W -S E  horizontal com pression, com patible 
w ith late Pan-A frican tectonics. The present-day stress inverted from  earthquake focal m echanism s shows th a t the M anyara-D odom a 
R ift segment is presently subjected to an extensional stress field w ith a N 080°E direction o f horizontal principal extension. U nder this 
stress field, the rift develops by: ( 1 ) reactivation o f the pre-existing tectonic planes o f weakness, and  (2) progressive developm ent o f a new 
fault system in a m ore N -S  trend  by the linkage of existing rift faults. This process started  about 1.2 M a ago and is still ongoing.
© 2008 Elsevier Ltd. All rights reserved.
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Tanzania (Fig. 1) for many years. On November 4, 2002, 
an earthquake of Mb =  5.5 struck the same area during a 
session of the Tanzanian Parliament in Dodoma, causing 
cracks to the Parliament building. It was felt in the regions 
of Dodoma, M orogoro, Singida, Iringa, Mbeya and Aru­
sha. Near Dodoma and in the Chenene M ountains in par­
ticular, several village buildings, schools and houses 
collapsed. Rock falls occurred in the mountains and small 
cracks on the ground were reported. It was the peak of a 
seismic crisis with an earthquake swarm centred along 
the NW -SE trending Chenene Mountains, at about 
80 km north of Dodoma. This area is located in a portion 
of the Eastern Branch of the East African Rift System that 
has not attracted much attention to earth scientists since 
the early explorations in the year 1950-1960, especially 
for the south part of it.

The East African Rift System or EARS (Fig. 1) is the 
most extensive, currently active zone of continental rifting 
on the globe (McConnell, 1972; Ebinger, 1989; Delvaux, 
1991; Morley, 1999a; Calais et al., 2006). It is often consid­
ered as a model for the break-up of continents and the 
onset of ocean-basin formation (Brown and Girdler, 
1980; Chorowicz, 2005). Current volcanism, seismic activ­
ity and the presence of hot springs suggest that the rift sys­
tem is still active (Walker, 1969; Shudofsky et al., 1987; 
Iranga, 1992; Ring et al., 2005). The East African Rift Sys­
tem has several segments cutting through the continent 
from the Afar region in Eritrea and Ethiopia down to 
South Africa (Fig. 1). The well-expressed Eastern Branch 
traverses Ethiopia (Main Ethiopian Rift), Kenya (Kenya 
or Gregory Rift) and reaches N orth Tanzania, where it 
forms the N orth Tanzania Divergence. In the region of

5

0

-10

Lake
Victoria

T an zan ian
^ .D iv erg en ce

y V  P a n g a n i l

^Mikumi
D e p ressio n

Kilom bero
D e p r e s s io n ^

Mweru

Lake Malawi 
(Nyasa)

30 35
Longitude °E

Lake Turkana

W estern

Branch

Lake — 
Tanganyika

/  Mbeya 
ripie Junction
(R u n g w e  V o lc a n ic  

P ro v in c e )

Eastern

Branch
("G reg o ry  Rift")

Lake Albert

L. Natron

L. Manyara 
N orth

ii-i.__ i*- r  y  Late C enozoic rift W ater
1 1 u sedim ents and volcanica bodies

Fig. 1. Schematic m ap of the central part o f  the East African Rift System (adapted from Delvaux. 1991 and Morley. 1999). Rectangle shows the location 
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Arusha, it splits in three small segments, one running to the 
southwest (Lake Eyasi), one to the southeast towards the 
Tanzanian coast (Pangani Rift) and one heading south 
(Lake Manyara). The latter continues southwards towards 
Dodoma (Fig. 2), where it is documented by modest fault 
scarps (up to 200-300 m high), moderately warm thermal 
springs and surprisingly high seismicity, in contrast with 
the Kenyan portion of the Eastern Rift, whose rift m or­
phology is much better expressed. Further to the south­
west, it finally rejoins the Western Branch in Mbeya 
region, where it forms a triple junction and gives rise to 
the Rungwe Volcanic Province (Fig. 1).

This article concentrates on that weakly expressed m or­
phologically but seismically very active, broad, N -S trend­
ing rift portion that extends southwards from the N orth 
Tanzanian Divergence down to the Dodoma region and 
makes the link with the Kilombero rift valley to the South 
(the M anyara-D odom a Rift segment, Fig. 2). It aims at 
improving the knowledge about the youngest stage of that

segment by giving new morphostructural, seismotectonic, 
fault-kinematic and tectonic-stress data in order to better 
understand the dynamics of rifting in this portion of the 
East African Rift System.

The recent availability of the 90-m-resolution Shuttle 
Radar Topography Mission -  Digital Elevation Model 
(SRTM -  DEM) data for Africa by spring 2004 changed 
considerably our view of the topographic expression of rif­
ting, allowing a finer morphological interpretation, with 
the same level of detail for the entire investigated area. 
Before the release of the STRM data, morphostructural 
investigations were based on reconnaissance geological 
maps, remote sensing imagery (mainly Landsat and Spot), 
air photography, and, for selected areas, digital elevation 
models elaborated from the available topographic maps 
or couples of remote sensing images.

The neotectonic structure of this region is analyzed on 
the basis of a detailed morphostructural interpretation of 
the SRTM -  DEM , combined with the published
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Fig. 2. Grey-coded shaded-relief topography of the M anyara-D odom a Rift segment in Central Tanzania (Location on Fig. 1). D ata are from the 90-m- 
resolution SRTM. The m ajor towns are labeled in black, and the main physiographic names in white.



166 A. S. Macheyeki et al. /  Journal o f  African Earth Sciences 51 (2008) 163-188

1:125,000 geological maps and the available thermal spring 
data in a Geographic Information System. Field checks in 
the region surrounding Dodoma supplemented the inter­
pretation. The seismotectonic nature of the M anyara-D od­
oma Rift segment is highlighted using recent earthquake 
seismic epicentre data. The available earthquake focal 
mechanism data are inverted in order to constrain the pres­
ent-day regional stress regime. Geological fault and frac­
ture data measured in the field are used to reconstruct 
the past and recent tectonic stresses. Combining the present 
regional stress field with the neotectonic fault architecture, 
slip tendency analysis is applied to further propose an 
interpretation of the fault kinematics in terms of likelihood 
of their reactivation.

This paper provides new details on the recent evolution 
of the N orth Tanzanian Divergence. It presents the first 
morphostructural interpretation of the area since the 
release of the SRTM -  DEM  data. It shows that the rift 
is currently propagating southwards of the N orth Tanza­
nian Divergence, in a different way that is generally 
accepted. Implications for seismic risk assessment are also 
discussed.

2. Geological setting

2.1. Basement structure

The Eastern Branch of the EARS in Central Tanzania 
(Fig. 1) is located within the Dodoman metamorphic-gran- 
itoid Belt. The latter is part of the granitoid Tanzanian 
shield and was formed by migmatization and then further 
stabilized by a succession of granitic intrusions (Wades 
and Oates, 1938; Fozzard, 1962; Barth, 1996).

Whole-rock radiometric dating of the Tanzanian Cra- 
ton indicates that the ages of the migmatites and granitic 
complexes of the Dodoman tectonic domain range from 
2.5 to 1.87 Ga (Wendt et al„ 1972; Gabert, 1973; Gabert 
and Wendt, 1974; Bell and Dodson, 1981). The Tanzanian 
Craton (Fig. 1) is surrounded on its southern and eastern 
sides by the Paleoproterozoic Usagara Belt (Mruma, 
1995; Fritz et al., 2005). The northeastern extension of 
the Usagara Belt is poorly defined as it was reworked into 
the Pan-African Mozambique Belt (Pinna et al., 2004). 
Recent zircon age and Sm-Nd whole rock data indicate 
that Archaean and Paleoproterozoic gneisses dominate 
in the Mozambique Belt, which were reworked during 
the Pan-African orogeny (Vogt et al., 2006). The role of 
the Usagara Belt as to whether it affected or rejuvenated 
the craton is still under debate (Fritz et al., 2005). The 
Usagara Belt is thought to have formed by accretion onto 
the Tanzanian Craton between 2.0 and 1.8 Ga during the 
collision of an unknown crustal block against the craton 
with a subduction zone dipping to the west. Deformation 
occurred in a strike-slip regime, in an island-arc context. 
The Mozambique Belt was formed by oblique collision 
between East and West Gondwana with westward thrust 
propagation during the Pan-African orogeny (650

580 Ma). Within the Usagaran Belt, the Pan-African over­
print occurred in semi-ductile to brittle facies, while east 
of it, deformation is of lower crustal level in very high 
grade facies (up to granulite). N orth of Dodoma, the 
presence of Usagaran remnants between the Tanzanian 
Craton and the Mozambique Belt is not clear. Most rift 
structures are located along the boundary between these 
two crustal blocks, in the reworked Archaean Dodoman 
tectonic domain.

Structural geology suggests that the Precambrian struc­
tural control on the recent structures associated with the 
East African Rift System is important in the area (Fairhead 
and Stuart, 1982).

2.2. The eastern branch o f  the E A R S in Tanzania

The rift structures in N orth and Central Tanzania 
(Fig. 1) are commonly described as the southward contin­
uation of the Kenya Rift, traditionally known as the 
“Gregory R ift”. In northern Tanzania (south of Lake 
Natron), the Eastern Branch of the EARS splits into three 
separate segments, trending southwest, south and south­
east, and forming the N orth Tanzanian Divergence, (Ebin- 
ger et al., 1997; Foster et al., 1997; Foster and Jackson, 
1998). The southwestern segment is occupied by Lake 
Eyasi, and terminates against the Tanzanian Craton. The 
southeastern segment forms the Pangani Rift and suppos­
edly continues to the Indian Ocean coast. Towards the 
south, the Gregory Rift extends into the basin of Lake 
M anyara (Ring et al., 2005) and the rift fades progressively 
towards Dodoma. Its possible continuation further south is 
unclear, as it may join the Western Branch of the EARS via 
the Usangu Depression, forming a triple junction at Mbeya 
(Delvaux and Hanon, 1993), or even propagate to the sys­
tem of the Mikumi and Kilombero Depressions superim­
posed on old Karoo rifts (Le Gall et al., 2004). As 
opposed to the Western Branch of the EARS, the Eastern 
Branch is characterized by widespread volcanism, closely 
related to tectonics (Wilkinson et al., 1986; Dawson, 
1992). The Kenyan sector of the Gregory Rift also con­
trasts strongly with the northern Tanzania sector, in which 
the tectonically affected area is considerably broader and 
dominated by basic to ultrabasic magmatism (Dawson, 
1992).

As expressed in both volcanic and tectonic activities of 
the rift faults (timing constrained by dated volcanics and 
lacustrine sediments), Late Cenozoic rifting in the area 
occurred in two different stages (legends of the published 
1:125,000 geological maps of Tanzania; Wilkinson et al., 
1986; Dawson, 1992), corresponding to changes in stress 
field (Strecker et al., 1990; Bosworth et al., 1992; Mugisha 
et al., 1997). At around Middle to Late Miocene (ca. 10- 
12 Ma) the southward-propagating Eastern Branch 
reached the craton margin (Lubala and Rafoni, 1987; 
Dawson, 1992; Nyblade and Brazier, 2002) and started to 
disturb it although the lithosphere of the Tanzanian Craton 
appears to have remained stable and rigid throughout its
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evolutionary history (Weeraratne et al., 2003). At this 
stage, wide tectonic depressions developed and large 
amounts of basic magma formed shield volcanoes. In Cen­
tral Kenya, the stratigraphy of the Miocene volcanic 
deposits has been refined by Mugisha et al. (1997), based 
on the new A r-A r dating of Deino et al. (1990). A second 
important phase of faulting is dated between 1.3-1.2 and
0.9 Ma (Fairhead et al., 1972; MacIntyre et al., 1974) and 
was followed by a period of relatively minor but predomi­
nantly explosive volcanic activity, involving nephelinite, 
phonolite and carbonatite. To our best knowledge, no 
recent radiometric ages on the rift-related volcanism in 
the N orth Tanzanian Divergence are available from the lit­
erature. Similarly, a two-stage rifting history is also 
observed in the Rungwe volcanic region of the Mbeya tri­
ple junction between the Eastern and the Western Branches 
of the EARS (Ebinger et al., 1989; Delvaux et al., 1992; 
Ring et al., 1992).

The Eastern Branch of the Cenozoic EARS in Kenya 
and N orth Tanzania developed mainly within the Mozam­
bique belt, 50-150 km east of the exposed margin of the 
Tanzanian Craton. It is characterized by a long wavelength 
Bouguer anomaly with two major components (Nyblade 
and Pollack, 1992; Tesha et al., 1997). The first component 
has a signature derived from shallow rift basins and the 
second component is a short wavelength gravity low attrib­
uted to a discrete crustal thickening (2-5 km). The latter is 
interpreted as forming a crustal root along the suture 
between the Tanzanian Craton and the Mozambique belt 
and this suture-thickened crust is proposed to have local­
ized the rifting (Tesha et al., 1997).

In Kenya, the seismic networks operating during the 
three campaigns of the KRISP project in 1985, 1989- 
1990 and 1993-1995 showed that the seismicity is higher 
than previously thought. This motivated the establish­
ment since 1990 of a permanent seismic survey covering 
the Kenya Rift in the southern half of Kenya. The first 
results (Hollnack and Stangl, 1998) show that the south­
ern portion of the Kenya Rift, including the N orth Tan­
zanian Divergence, displays a significant level of 
seismicity with more than 2 0 0 0  recorded earthquakes 
between October 1993 and August 1996 with local mag­
nitudes up to Ml =  5. A more detailed seismological 
and neotectonic structural investigation of the Lake Mag- 
adi area in South Kenya (just north of Lake Natron, 
Fig. 1), supported by a dense network of 15 seismological 
stations took place between November 1997 and June 
1998 (Ibs-von Seht et al., 2001; Atmaoui and Hollnack, 
2003). They confirm that the Lake Magadi area is seismi- 
cally active and with recent (younger than 5000 years 
old) tectonic activity related to ongoing rifting. This Qua­
ternary rift activity is mainly concentrated in the axial 
zone of the rift, as shown by seismically induced open fis­
sures and non-seismic joints. Studying neotectonic joints 
and open fractures at different scales, Atmaoui and Holl­
nack (2003) defined a N105°E (WNW-ESE) regional 
extension direction.

3. The Manyara-Dodoma Rift segment

In many syntheses on the EARS, the role of the North 
Tanzanian Divergence in the southward propagation of 
the Eastern Branch into Tanzania is highlighted (e.g. Fos­
ter et al., 1997; Chorowicz, 2005) but the neotectonic 
importance of the rift structures south of lakes Manyara 
and Balangida (Fig. 2) is often underestimated. It is known 
however that current seismic and neotectonic activity con­
tinues southwards to Dodoma and even to the M ikumi- 
Kilombero Rift (Nyblade and Brazier, 2002; Le Gall 
et al., 2004). The rift structures forming the southwards 
continuation of the Gregory Rift valley in Central Tanza­
nia have been mapped in relative detail in the published 
1:125,000 geological maps of Tanzania. James (1967a), in 
his compilation of the thermal springs of Tanzania, pre­
sents a synthetic map in which the formation of this part 
of the rift is explained by “block-faulting and tilting” in 
what would now be described in a half-graben geometry. 
James (1967a) already recognized that the major border 
fault is systematically on the western side of the basins 
(“inland drainage basins” ), globally N -S trending but in 
a zig-zag way. It defines successively the Natron, Manyara 
and Bahi asymmetric inland drainage basins, occupied by 
their respective lake or swamp (Fig. 2). On the geological 
maps, it also appears that recent faulting occurs in a broad 
zone of crustal deformation extending north-south from 
lakes Eyasi and Manyara to the Mtera dam reservoir, 
between the Tanzanian Craton on the west and the Masai 
Steppe on the east (Fig. 2). This justifies the choice of the 
study area, between the Ngorongoro and Meru volcanoes 
to the north, the Mtera dam reservoir and Rubeho M oun­
tains to the south.

The main physiographic elements of the northern part 
of the study area, near Arusha, comprise the wide rift 
depressions of lakes Eyasi and Manyara and the large vol­
canoes of Ngorongoro and Meru (Fig. 2). The relatively 
low land to the northeast is formed by the Manyara 
Depression (960 m a.s.L), the Tarangire Park and the 
Masai Steppe (1200-1400 m a.s.l.). Both are separated 
from the Bahi Depression (940 m a.s.l. ) near Dodoma by 
NW -SE trending highlands between Singida and Kondoa 
forming the Mbulu Plateau (up to 2420 m a.s.l.) and the 
Chenene M ountains (up to 2060 m a.s.l.). The 3417-m-high 
Hanang volcano, a young nephelinitic eruptive centre cor­
responds to the second rift stage and forms the southern­
most Neogene volcanic centre in the Eastern Branch 
(Thomas, 1963; Dawson, 1992). Further south, after the 
Fufu Fault, the depression in which the Great Ruaha River 
flowed is now dammed, forming the M tera reservoir 
(Fig. 2). To the extreme southeast of the study area, the 
Rubeho M ountains (up to 2300 m a.s.l.) form the rift 
shoulder of the Mikumi Depression.

Covering a large part of the Dodoman rocks in this area, 
the Kilimatinde Cement consists predominantly of silcrete 
(silicified sandstone), but locally also of calcrete or ferri- 
crete. Fozzard (1961) considers the Kilimatinde Cement
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to have formed in shallow evaporative basins developed on 
a quasi-planar land surface, between residual hills. Where 
eroded down to the weathered basement, the Kilimatinde 
Cement shows a thickness of 15-30 m. In the Bahi Depres­
sion, the Kilimatinde Cement is overlain by about 75 m of 
lacustrine sediments of possible Plio-Pleistocene age made 
of calcareous and/or siliceous or alkaline clays, rich in 
brines (Fawley, 1956). The Kilimatinde Cement may be 
as old as Miocene to Early Pliocene, but this age estimate 
needs to be confirmed. The Kilimatinde Cement is found 
in the Bahi Depression and NW  of it, but its extent is lim­
ited to the NE by the Sanzawa Scarp (Fig. 2). This suggests 
that the Chenene M ountains were already hanging over the 
depositional area of the Kilimatinde Cement, acting as the 
source of sediments and separated from it by the Sanzawa 
Fault, which was therefore active during deposition. All 
faults surrounding the Bahi Depression, except the Sanza­
wa Fault, displace the Kilimatinde Cement and are there­
fore related to a younger rift stage.

The Dodoman basement is largely outcropping in the 
Mbulu Plateau and the Chenene Mountains (Fig. 2). The 
basement of the latter is known as the Kwa-M toro block. 
Numerous dolerite dykes, consistently trending NE-SW  
are present in these two basement outcrops (1:125,000 geo­
logical maps: QDS 6 8  Lake Eyasi, 84 Hanang and 123 
Kwa-Mtoro). They are assumed by Thomas (1963) to be 
of Bukoban age (Late Neoproterozoic, Early Cambrian). 
In the Kwa-M toro block, ENE-W SW  trending cataclasites 
and brittle-ductile shear zones are also present. This trend 
is parallel to the Sanzawa Fault which probably reactivates 
a basement shear zone (Fozzard, 1961).

The region of investigation has a complex network of 
tectonic structures, most of which are Precambrian in ori­
gin. The recent structures associated with the rift system 
are locally well expressed, often reactivating Precambrian 
discontinuities (Fairhead and Stuart, 1982). Between D od­
oma, Singida and Kondoa, the dominant trend of the 
Dodoman tectonic domain is W NW -ESE with some fluc­
tuations, best expressed in quartzitic rocks. Superposed 
to it is a N E-SW  trend of brittle-ductile structures that 
are well expressed on the landscape and that could possibly 
be related to the Pan-African orogeny (by comparing with 
Fritz et al., 2005).

4. Analysis of tectonic stress

The key task in tectonic stress field analysis of geological 
fault-slip data or earthquake focal mechanisms entails 
reconstruction of a reduced stress tensor which best models 
the state of stress of the given volume of rock sampled at 
outcrop scale for fault-slip data or at regional scale for 
focal mechanisms (Angelier, 1989, 1994; Delvaux and 
Sperner, 2003 ).

Out of the six independent variables from the complete 
stress tensor, four can be determined by inverting fault-slip 
or earthquake focal mechanism data alone and constitute 
the “reduced stress tensor” (Angelier, 1989, 1994): the ori­

entation of the three orthogonal principal stress axes: cri, cr2  

and <r3, where cri ^  <r2  ^  cr3  and the “Stress R atio” 
R  — cr2  — <t3 /<Ti — <t3, which expresses the magnitude of cr2  

relative to the magnitudes of cri and <r3. The basis of the 
stress inversion techniques has been described elsewhere 
(Wallace, 1951; Bott, 1959; Angelier, 1989).

The tectonic regime is expressed by a “Stress Regime 
Index” (Rr) defined from a combination of the Stress 
Ratio (R) and the nature of the most vertical stress axis 
(as in Delvaux et al., 1997; Delvaux and Sperner, 2003). 
R' is defined in order to express the stress regime on a 
continuous scale from 0 (radial extension) to 3 (constric­
tion) and ranges from 0  to 1  for normal faulting regimes 
(cri sub-vertical), from 1  to 2  for strike-slip regimes (cr2  

sub-vertical) and from 2 to 3 for thrust faulting regimes 
(<t3  sub-vertical).

4.1. Fault-slip data

From  each site, brittle structural data (fault-slip data) 
are measured along exposed fault scarps and on faults 
and fractures in rock outcrops. They include fault planes 
with slip lines (slickensides) and indication of slip sense 
(e.g. Petit, 1987; Angelier, 1989), and also other small-scale 
brittle microstructures, such as shear or tension joints (e.g. 
Dunne and Hancock, 1994; Delvaux and Sperner, 2003). In 
the field, the quality of slip sense or joint type determina­
tion is evaluated as Certain, Probable, Supposed or 
Unknown.

In order to separate the slip data into different subsets, 
other important observations are made in the field: (a) type 
and degree of mineralization or material found on the fault 
planes, (b) the presence or absence of fault gauges, (c) 
cross-cutting relationships... The significance of the stress 
tensors determined on these subsets is interpreted in terms 
of tectonic stages and assigned preliminary relative age 
estimation.

4.2. Qualitative classification o f  fault surfaces

According to the type of fault rock within a fault zone 
(fault gauge development, cataclastic/mylonitic fabric, type 
of mineralization...), it is possible to estimate on a relative 
basis the paleo-depth at which faulting occurred. Faults 
that occur deep in the crust (including shear zones) are usu­
ally associated with mineralization or at least with alter­
ation minerals, such are chlorite, and epidote (McClay, 
1987). Faults associated with Fe-oxides such as haematite 
on their surfaces are formed closer to the surface in an oxi­
dizing environment. Barren fault surfaces are also common 
in this environment. The presence of clay gauges indicates 
that faulting occurred in subsurface conditions with clay 
percolating from the superficial soil into the voids left in 
the fault plane during movement(s). This variation with 
depth of the type of fault rock in a fault zone can be in a 
simple approximation used as a proxy for the relative tim­
ing of faulting, taking into account the time needed to
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exhume the fault rock from the depth of formation to the 
subsurface where it has been observed. Within this logic, 
the fault rock as seen at outcrop can be considered on a rel­
ative time scale as the youngest when characterized by fault 
gouge, older with slip surfaces coated by Fe-oxides and the 
oldest when it consists of cataclasite affected by chlorite- 
epidote metasomatism.

4.3. Paleostress inversion and quality ranking

D ata processing for paleostress inversion was done 
using the new Win-Tensor program, the Windows version 
of the TENSOR program developed by D. Delvaux, 
according to the procedure described in Delvaux and 
Sperner (2003) and using Quality Ranking scheme as in 
the World Stress M ap project (Sperner et al., 2003). The 
data were processed interactively, first using the “Right 
Dihedron M ethod”, a graphical method for determination 
of the range of possible orientations of cri and cr3, and then 
using the “Rotation Optimization M ethod”, using the mis­
fit function F5 of Delvaux and Sperner (2003). This func­
tion takes into account not only the angular deviation 
between the observed slip lines and the modeled shear on 
every plane using the stress tensor that is being tested, 
but also the normal and shear stress magnitudess. The 
quality ranking of the stress tensor obtained (A: excellent, 
B: good, C: medium, D: poor, E: to be rejected) is based on 
a series of parameters including: ( 1 ) the number of fault 
data used in the stress determination (n); (2 ) the proportion 
of data used relative to the total data set (n/nt); (3) the con­
fidence level in determination of the slip sense for faults (or 
fracture type for fractures) and (4) the type of fault data 
used.

5. Neotectonic structure

5.1. Analysis o f  the S R T M  -  D EM  and neotectonic map

The recent availability of the SRTM digital topographic 
data at 90 m resolution (released in spring 2004 for Africa) 
gives new insights with unprecedented detail in the m or­
phology associated with rifting. Before the release of the 
SRTM data, it was difficult to obtain relief data with an 
appropriate resolution for evidencing neotectonic fault 
scarps of a few meters to a few tens of meters high. One 
solution was to digitize the contour levels of the 1:50,000 
topographic maps, as was done for the Rukwa-Tanganyi- 
ka link in the Western Branch (Fernandez-Alonso et al., 
2001). However, this technique was not applicable for the 
Eastern Branch of the EARS as the coverage of topo­
graphic maps is heterogeneous in quality and some of them 
are quite old. Neotectonic fault scarps were already indi­
cated on the 1:125,000 geological maps, but the map cover­
age is restricted to the axial part of the rift and is far from 
complete. Other techniques for producing detailed DEM 
for small areas involve the processing of couples of remote 
sensing images.

Traditional remote-sensing images are often used to 
obtain a more detailed and homogenous image of the rift 
morphostructures, but their resolution does not allow deci­
phering the active fault scarps a few meters to tens of meter 
high. This partly explains why the recent rift structures in 
the region of Dodoma have been under evaluated.

The new STRM-derived DEM  was taken as a basis for 
the interpretation of the recent tectonic structures of the 
Eastern Branch of the EARS in Central Tanzania. The 
SRTM -  DEM  data were processed in order to produce 
colour-coded elevation maps with artificial shading. Fol­
lowing a preliminary interpretation, a field campaign was 
organized to examine in situ the tectonic morphostructure, 
to detail the major and minor fault scarps, to perform a 
structural analysis at the outcrop scale, to dig preliminary 
paleoseismic trenches and to record the location and set­
ting of thermal springs. After the fieldwork, the DEM  data 
were re-interpreted and morphostructural data compiled 
with support of the existing geological maps.

The data on recent faults, thermal springs and the major 
volcanic centres are compiled on a neotectonic map 
(Fig. 3). Faults that display a fresh morphology of their 
associated scarp are considered to have been active in the 
Quaternary and are consequently interpreted as recent. 
The major volcanic centres, with the nephelinitic Hanang 
volcano, the explosive Meru volcano and other centres in 
the area of lakes M anyara and Eyasi, generally belong to 
the second rift stage, which started at around 1.2 Ma. 
The data on thermal springs come from the compilation 
of James (1967a), Walker (1969), additional descriptions 
of Höchstem et al. (2000), the available 1:125,000 geologi­
cal maps and our own observations in the Gonga spring 
field near the Bubu Fault and the Manyeghi helium spring 
field along the Mponde Fault. They are detailed hereafter.

5.2. Thermal spring data

Thermal springs are known to be frequent in the EARS. 
They are also known since long times by local people. The 
most important ones are reported on the geological maps 
and even on the topographic maps, sometimes reflected 
in the local names. They have attracted a particular atten­
tion as they can be the source for commercial salt deposits 
and noble gases. In Tanzania in general and in the study 
area in particular, a large number of thermal springs are 
known and some of them have been studied in relative 
detail between 1950 and 1962 by the Geological Survey 
of Tanganyika. After the discovery in 1947 of helium, 
argon and nitrogen in the gas emitted by the Nyanza cold 
brine spring at Uvinza (W-Tanzania), intensive investiga­
tions were carried out by the East African Office of the 
U K  Atomic Energy Authority in 1957 and 1958 for evalu­
ating the potential of some spring as a source of helium. 
The main localities explored were the Maji Moto field (near 
Musuma, Lake Victoria in N-Tanzania) and the Manyeghi 
helium springs along the Mponde fault within the study 
area (James, 1967a). They belong to a group of thermal
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Fig. 3. Neotectonic structure o f the M anyara-D odom a Rift segment in Central Tanzania shown on the SRTM topography as in Fig. 2. In addition to  the 
m ajor towns (in black) and the main physiographic names (in white), the name of the major faults discussed in the text are also shown. All features 
displayed (faults, volcanic centres and thermal springs) belong to the most recent rift stage that initiated 1.2-1.3 M a ago and that is still active. The 
physical and chemical data from the thermal springs numbered 1-13 are reported in Table 1.

springs with Na, K dominated salts in brines and helium- 
argon-nitrogen bearing gases.

Table 1 gives a synthesis of the available physical and 
chemical data compiled from the work of James, Harris 
and Walker. Since the 1957-1958 campaign, no major 
additional analytical work has been done on these springs. 
No isotopic data are available for the Manyeghi helium 
springs, but some are reported by M organ (in James, 
1967b) for the Maji Moto springs near Musoma, outside 
the study area. At the Maji M oto site, the 4 0 Ar:36Ar isoto­
pic ratio amounts to about 800:1 in the spring gases while it 
is about 300:1 in the air. Conversely, the measured 1 4 N :15N

ratio in the spring gas (270:1) is similar as for atmospheric 
nitrogen. Morgan concluded that nitrogen in the spring 
gases is of atmospheric origin, and that the argon and 
helium have been added in a substantial way from a juve­
nile source, probably of radiogenic origin. He suggests that 
argon and helium have their source deep in the crust, chan­
neled to the surface by old shear zones. Similarly, Arad and 
M orton (1969) also consider that in the thermal springs of 
the Western rift Branch in Uganda, most of the solutes are 
from juvenile source while the water is probably meteoric.

In the M anyara-D odom a area, many of the springs 
with nitrogen/helium occur in an arid environment and



Table 1
Physical param eters and  chemical composition o f gas and  w ater from  the m ajor therm al sites

Springs
Spring nam e Eyasi Eyasi Kinyoo Itebu Isanza Golai K ondoa Manyeghi Sum baru Takwa M ponde Gonga Hika
Spring num ber 1 2 3 4 5 6 7 8 9 10 11 12 13
F ault structure Eyasi Eyasi M anyara Balangida K ondoa M ponde M ponde M ponde M ponde Bubu Saranda

Location
Latitude (°) -3.654 -3.4637 -3.812 -4.333 -5.133 -4.312 -4.883 -5.100 -5.282 -5.152 -5.300 -5.333 -5.583
Longitude (°) 35.255 35.361 35.845 34.200 34.067 35.372 35.800 35.064 35.103 35.134 35.083 35.467 35.000

Physical properties
Tem perature (°C) - 35 25 22 30 31 33.1 ± 4.9 38 42 47 28
W ater flow (1/h) - Small Small 3300 110 90,800 227,000 6800 8200
G as flow (1/h) - Small Small Small 100 3650 100 200 15 5

Gas analysis (vol%)
c o 2 0.2 8.2 0.7 4.2 3.8 3.9 1.1 ± 0 .4 1.6 0.2 1.4 0.6
h 2s <0.1 1.0 0.2 0.4 0.8 0.1 ± 0 .2 0.9 Trace 0.5 Trace
CO <0.1 0.2 1.1 0.1 0.4 0.2
0 2 0.8 0.3 0.4 0.4 0.4 2.7 0.1 ±0.1 0.1 0.2 n.d. n.d.
H 2 0.2 0.2 ±  0.3 0.5 n.d. n.d.
CH 4 <0.1 80.3 88.5 1.6 0.2 ±0.1 1.1 0.4 1.4 2.9
He 5.7 0.07 0.74 3.7 0.3 5.4 ±  0.7 7.0 10.2 7.7 7.1
Ar 1.02 1.0 1.5 ±0.1 1.3 1.5
n 2 93.1 10.0 9.0 91.6 91.3 91.6 91.5 ±  1.2 87.5 87.5 88.8 89.2

Water analysis (ppm)
N aC l 8490 2965 26 643 4320 193 1434 ±  152 1250 1010 1,189 211 89
N a2C 0 3 1730 8510 1900 76 ±  50 27 48
N a H C 0 3 4630 396 215 2450 764 ± 7 9 328 277 264 160 150
N a2S 0 4 1000 30 231 1690 58 643 ±  151 544 649 530 220 49
N aF 150 2 17 78 2 24 ± 3 19 9 24 11 11
KC1 142 18 ±  2 15 11
C a(H C 0 3)2 89 32 248 39 ± 8 24 88 20 218 52
M g(H C 03)2 151 30 183 14 ±  6 24 24 5
S i0 2 110 60 50 50
PH 9.5 7.5 8.5 7.5 8.5 ± 0 .3 8 8.5 9.5 6.9 8.1

Com pilation from  James (1957, 1958, 1967a), H arris (1958, 1959) and  W alker (1969). T he springs are located on  Fig. 3 using their spring num ber.
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are situated in crystalline basement rocks with little or no 
sedimentary cover. They are also relatively far from cen­
tres of volcanic activity. Most of them are connected with 
major fault lines, inferred to penetrate deeply in the crust. 
Sometimes, they are indirectly related to major rift faults 
by means of antithetical faults as in the Manyeghi helium 
spring field (geology detailed by Fozzard, 1959). In con­
clusion of his review, James (1967a ) favours a mixed mete­
oric and juvenile source for the thermal springs. He 
further suggests that the juvenile could be volatile compo­
nents emanating from the mantle, rather than from mag- 
matic bodies.

5.3. Morphostructural interpretation

On the SRTM -  DEM  (Fig. 3), a persistent NW -SE 
basement tectonic grain is well expressed in the morphol­
ogy of the uplifted basement blocks. This trend does not 
correspond to the mapped ductile structures of the D odo­
man basement, but rather to a series of dolerite dykes 
and associated brittle to semi-brittle dislocations that affect 
the pre-existing ductile structures. These structures are not 
constrained in age, but they could represent the late stages 
of the Pan-African orogeny. They obviously control the 
trend of most neotectonic rift faults.

The largest tectonic scarps bordering lakes Manyara 
and Eyasi on their western or northwestern side are likely 
inherited from the Late Miocene to Pliocene rifting stage 
(Dawson, 1992). They trend NNE for the Manyara fault 
scarp and NE for the Eyasi fault scarp. In contrast, the 
NW-trending Sanzawa fault scarp that separates the Bahi 
Depression (Bahi Swamp on Fig. 3) from the Chenene 
M ountains does not seem to have been reactivated in 
recent times. It appears much degraded (less morphologi­
cally fresh) than the other scarps.

Recent faults guided by the basement tectonic grain cut 
across the exposed basement blocks (Chenene Mountains 
and Mbulu Plateau). They seem to propagate from the ear­
liest fault scarp, inherited from the first rifting stage, link­
ing together different segments that probably developed 
independently. Together, they form a zig-zag network with 
two dominant trends: NE to ENE, NNW , and an appar­
ently new N -S trend, still weakly expressed and incom­
pletely developed.

Connected to the M anyara fault scarp, a set of discrete 
but morphologically fresh fault scarps cross-cut the Mbulu 
Plateau in a NE direction, roughly parallel to the trend of 
the diabase dyke swarm. They displace the superficial 
Pio-Quaternary deposits and are associated with recent 
volcanic explosive craters (i.e., the Hanang volcano and 
satellites) and hot springs. They all have the downthrown 
block on their south eastern side. The most important of 
these faults is the Balangida Fault, determining the extent 
of Lake Balangida and the presence of warm, salty springs 
with gas at the foot of the rift scarp. In particular, Lake 
Balangida develops in the relay zone between two segments 
of the Balangida fault system (Fig. 3).

More to the south, SW-trending faults also exist in the 
Bahi Depression and surroundings, the most prominent 
being the Saranda, Bubu, Dodoma, Hombolo and Fufu 
Faults. Except for the antithetic Hombolo Fault, they all 
have their southeastern block down-thrown. Inside the 
Bahi Depression, there are also some minor faults. Some 
of the faults, like the Bubu and the Hombolo Faults, 
cross-cut the Sanzawa line and partly affect the Chenene 
Mountains, in a direction parallel to the N E-SW  tectonic 
grain of the basement. He-bearing, moderately warm 
springs are known along the Bubu Fault, in particular 
where it crosses the Chenene M ountains (i.e., at the Gonga 
thermal spring field).

At a high angle to the preceding trend, NNW-trending 
faults are less abundant, but equally well developed. The 
Mponde Fault, linking the NE-trending Balangida South 
and Saranda Faults, controls the formation of a small gra­
ben. The main Monde Fault dips to the east and a minor 
antithetic fault controls the location of He-bearing, moder­
ately warm springs. Another east-dipping, NNW-trending 
fault system limits the Bahi Depression from the flat m or­
phology of the Tanzanian Craton and possibly continues 
towards Singida, up to the western part of the Eyasi Rift 
valley.

In addition to the two preceding fault trends that define 
lozenge-shaped blocks in a zig-zag pattern, a system of N- 
to slightly NNE-trending and relatively weakly expressed 
faults is also present. It extends from north of Arusha 
and the Tarangire Park, down to Kondoa and it is also 
present in the Bahi Depression near Dodoma. The north­
ern extremity of the Bubu Fault also rotates from a general 
NE-trend into a NNE-trend, in the same alignment as for 
the Kondoa Fault. Both faults have hot springs along 
them.

The presence of recent volcanic centres of the second rif­
ting stage and thermal springs along the three fault systems 
(NE-, NNW - and N-trending) suggest that these faults 
belong to the recent rifting stage and are tectonically active.

6. Seismotectonic pattern

6.1. Seismic catalogues

The distribution of seismic epicentres is examined on the 
basis of two different sources of data: (i) an international 
seismic catalogue recorded during the instrumental period 
(for Africa) between early 1921 and late 2006, and (ii) the 
catalogue of earthquakes recorded during 1994-1995 by 
the Tanzania Broadband Seismic Experiment. The interna­
tional seismic catalogue is compiled from USGS data and 
contains 122 teleseismic earthquakes with magnitudes Mb 
ranging from 3.5 to 6.2. The strongest of these events 
occurred in April 16, 1922 but is poorly located.

In October 1997, R.A. Brazier compiled a regional cat­
alogue using data from the 1994-1995 Tanzania Broad­
band Seismic Experiment Project (Nyblade et al., 1996). 
For the region between 3-7°S and 34-37°E, this catalogue
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contains 1395 earthquakes with epicentre locations and 
magnitudes Mb (when determined) ranging from 0.8 to 
5.9. These were recorded between May 1994 and May 
1995, with the strongest earthquake in December 23, 1994.

6.2. Distribution o f  seismic epicentres

The M anyara-D odom a Rift segment is shown to be 
seismically active on the maps compiled by Fairhead and 
Girdler (1972) and Morley (1999b). However, its high level 
of microseismicity was only revealed after the establish­
ment of local and temporary dense seismic network 
(Nyblade et al., 1996; Hollnack and Stangl, 1998).

The compiled international catalogue from teleseismic 
earthquakes (1921-2006) contains less numerous data 
(112) but with relatively higher magnitudes (Mb: 3.5-6.2) 
compared to those from the Tanzania Broadband Seismic 
Experiment catalogue. The former are mainly teleseismic 
earthquakes recorded by the world regional seismic net­
work. These earthquakes are distributed along a broad 
N -S belt, mainly between 35°E and 36°E, between the 
Ngorongoro crater, Arusha, Singida and Dodoma. This 
seismically active zone corresponds to the region character­
ized by the highest concentration of young fault scarps as 
seen on the SRTM -  DEM  (Fig. 4). An alignment of earth­
quake epicentres is noticed along the NW -SE trending
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Fig. 4. Seismic epicentre m ap o f the M anyara-D odom a Rift segment in Central Tanzania shown on the SRTM topography as in Fig. 2. D ata are from the 
Tanzania Broadband Seismic Experiment (Courtesy to A. Nyblade. white circles) and from the USGS (teleseismic earthquakes, black circles). Large black 
stars show the location o f the m ajor earthquakes. The Tanzania Broadband Seismic Experiment data are clustered around several earthquake swarms, one 
at the southern extremity o f the M anyara graben and one in the Chenene Mountains.
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Sanzawa Fault and a marked concentration of epicentres 
occurs in the Chenene Mountains, in relation to the after­
shocks of the November 4, 2002 M b 5.5 earthquake 
(Fig. 5). It is also close to the poorly located April 16, 
1922 M b 6.2 event, at the junction between the Hombolo 
fault and the Sanzawa scarp.

The Tanzania Broadband Seismic Experiment catalogue 
is limited to about one year of measurement (1994-1995) 
and contains a large number of data (1395 for the study 
area) of relatively small magnitude (Mb: 0.8-5.9), many 
of which cannot be detected by the international network 
(Fig. 4). The configuration of the temporary network cen­
tred on the Tanzanian Craton ensures a homogeneous spa­
tial coverage within the studied region. The distribution of 
epicentres from this catalogue reinforces the trend shown 
by the data of the international catalogue. Epicentres clus­
ter in several nodes of high epicentre concentration. One of 
them is located immediately south of the Manyara Depres­

sion, in an area of fault interaction between Lake Manyara 
and the Hanang Volcano. Another node with a high con­
centration of earthquakes forms an elongated N -S swarm 
in the Chenene Mountains, in the same area where the 
2002-2003 earthquake swarm later developed. The Decem­
ber 23, 1994 Mb 5.9 event was the strongest of the 1994- 
1995 swarm.

A smaller earthquake swarm, also N -S elongated, is 
seen a few km west of the Mponde Fault, in a block 
bounded by N -S faults, south of Singida.

6.3. Macro seismic evidence

Earthquake shaking has regularly been reported by local 
people, sometimes with significant macroseismic effect. In 
addition to the November 4, 2002 Mb 5.5 earthquake in 
the Chenene Mountains, the May 7, 1964 Mb 6.1 earth­
quake which occurred along the southern border of the
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Fig. 5. Detail o f the neotectonic structure with the seismic epicentres for the Chenene Mountains. It shows that the Chenene M ountains are actively 
deforming between Kondoa and Dodoma. The N -S  faults near Dodom a and Kondoa apparently tend to propagate towards each other, initiating a new 
N -S  fault across the Chenene M ountains that is not yet expressed at the surface except by some few possible seismic dislocations.
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Eyasi basin was also strongly felt (Fig. 4). No other details 
are available so far. An “earthquake fountain” (mud vol­
cano) in the Surea district (north of Kondoa) was reported 
to be associated with that event (Selby and Mudd, 1965). In 
the field, at Gonga village along the Bubu Fault, an old 
man reported to have felt a strong earthquake in 1964. 
That earthquake has been reported to have killed four 
and injured 500 persons.

Surface dislocations in the form of open aseismic frac­
tures are reported by local villagers in their fields, in the 
Chenene M ountains close to the Great N orth Road and near 
Chenene village (Fig. 5). Following the villagers report, the 
fractures appeared in February 2004. If  they are correct 
about the year of appearance, these fractures are not associ­
ated with known earthquakes, as no earthquakes are 
reported in the international catalogue for 2005 in the D od­
oma region. Within a window of 2-3 years, the strongest 
events were recorded in November 4, 2002 (Mb 5.5; the 
one that hit the Parliament), June 14, 2003 (Mb 5.1) and 
December 07, 2003 (Mb 4.9). All of them are of relatively 
moderate intensity. The fractures are a few meters long 
and of various orientation, but they occur along a NNE- 
trending line. This system of cracks occur in an area where 
no neotectonic fault scarps have been mapped, but they lie 
in the alignment between the NNE-trending Dodoma N orth 
fault, and the N -S trending Kondoa fault system (Fig. 5). It 
is also located close to the epicentre of the November 4,2002 
Mb 5.5 earthquake, and at the southern extremity of the 
1994-1995 earthquake swarm recorded by the Tanzania 
Broadband Seismic Experiment. More detailed work on 
these dislocations is under way.

7. Present stress from earthquake focal mechanisms

The most commonly used stress indicators employed to 
image present-day tectonic stress in the World Stress Map 
are earthquake focal mechanisms (Zoback, 1992; Sperner 
et al., 2003). From the N orth Tanzanian Divergence to

Dodoma, only 12 earthquake focal mechanisms are avail­
able. They come from different sources: seven from the 
Harvard Centroid Moment Tensor catalogue, two from 
Kebede and Kulhanek (1991) and four from smaller earth­
quakes recorded by the Tanzania Broadband Seismic 
Experiment (Brazier et al., 2005). Two different solutions 
of the same event (i.e., December 15, 1977) are included 
in the database used in stress inversion (one from the H ar­
vard catalogue and one from Kebede and Kulhanek, 1991) 
as it was not possible to determine a priori the solution to 
be favoured (Table 2a).

For the focal mechanisms in the World Stress Map, the 
kinematic p-, b- and r-axes are used to infer the orientations 
of the horizontal principal stress axes, SHmax and Shmin 
(Zoback, 1992). Strictly speaking, the kinematic p-, b- 
and r-axes represent strain axes, and not stress directions. 
However, statistically, by averaging a great number of data 
(e.g., focal mechanism data, that can represent 2/3 of the 
data in the World Stress Map), the stress trajectories are 
considered to be accurately determined by the kinematic 
axes. Here, as the small number of data does not allow this 
approach, a full stress inversion has been performed on the 
13 available focal mechanisms (indexed 1-13 in Table 2a), 
representing 12 different earthquakes. These are plotted on 
Fig. 6  as beach balls and with their Shmin direction and 
stress regime on the map.

The inversion is performed using the new WinTensor 
program with the procedure developed for the inversion 
of focal mechanism data described in Delvaux and Sperner 
(2003) and briefly highlighted above for geological fault 
slip data. In the course of the interactive tensor inversion 
and data separation, 10 data out of the initial 13 were 
selected (i.e., nr. 1, 2, 3, 4, 5, 7, 8 , 9, 12, 13), on which a 
pure normal faulting stress tensor was obtained with a 
ENE-W SW  horizontal principal extension (Shmin =  
N80°E), a stress ratio R  — 0.5 and a C (medium) quality 
(Table 2b, Fig. 7a and b). The limiting factor for the 
quality estimation is the number of data retained in the

Table 2a
Focal mechanism data displayed on Fig. 6 and used in the stress inversion as displayed in Fig. 7a

Date Time Lat (°) Long (°) Mb Source Strike Dip Slip SHmax Shmin Reg.

1 19720213 10:02:00 -4 .50 34.10 5.0 Kebede 340 62 -061 146 56 NF
2 19771215 23:20:04 -4 .80 34.92 5.6 Flarvard 151 31 -0 6 4 128 38 NF
3 19771215 23:20:04 -4 .80 34.90 12.0 Kebede 348 56 -129 12 102 NF
4 19900405 19:20:48 -3 .05 36.05 5.1 Flarvard 352 45 -0 9 0 172 82 NF
5 19900515 15:21:28 -3.43 35.77 4.7 Flarvard 332 29 -1 0 6 166 76 NF
6 19900515 16:24:25 -3 .12 35.40 5.2 Flarvard 059 43 -1 3 6 96 6 NF
7 19910222 22:06:01 -3 .94 35.94 4.4 Flarvard 182 45 -1 0 4 12 102 NF
8 19940129 00:23:33 -5.03 35.92 4.1 Brazier 162 43 -7 1 148 58 NF
9 19940212 16:37:33 -3 .88 35.67 4.5 Brazier 316 68 -7 7 131 41 NF
10 19940720 11:32:03 -4 .25 35.58 4.5 Brazier 301 64 -1 1 76 166 SS
11 19941127 04:20:53 -4 .08 35.83 4.0 Brazier 93 69 -2 2 52 142 ss
12 19961220 03:53:02 -5 .18 35.96 4.6 Flarvard 229 57 -0 1 0 2 92 SS
13 20030614 03:10:02 -5.71 35.97 4.6 Flarvard 340 26 -1 1 2 180 90 NF

(Mb): magnitude. (Strike. Dip. Slip): parameters o f one of the focal plane, the second one being orthogonal. (SFImax. Shm¡n): respectively, maximum and 
minimum horizontal principal stress directions. (Reg): stress regime according to the W orld Stress Map. The SFImax. Shmin and Regime (Reg) are obtained 
according to the W orld Stress M ap standard. Kebede: Kebede and Kulhanek (1991); Flarvard: Flarvard Centroid M oment Tensor catalogue (CMT); 
Brazier: Brazier et al. (2005).
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Fig. 6. Earthquake focal mechanisms map of the M anyara-D odom a Rift segment in Central Tanzania shown on the SRTM topography as in Fig. 2. D ata 
are from Table 2a. The horizontal principal extension direction and the stress regimes are shown according to the principle o f the W orld Stress M ap 
(Sperner et al.. 2003). The dom inant regime is notmal faulting under E -W  extension, but strike-slip faulting also exists.

Table 2b
Parameters o f the present-day stress tensor inverted from the focal mechanism data o f Table 2a

n nt (7i CX2 <T3 R SD F5 Q.R. R' Reg SE[max Shmin

10 13 83/248 02/352 06/083 0.50 7.15 7.89 C 0.50 N F 172 82

(n): number o f  data used in the inversion. (n t): total number o f data in the database, (oy, <j 2. cr3): orientation of the three principal stress axes in plunge/ 
azimuth foimat. (R): stress ratio. (SD): average slip deviation in degrees. (F5): misfit function. (QR): quality rank. (R'): stress regime index. (Reg): stress 
regime according to the W orld Stress M ap. (SHmax. Shmin): respectively, maximum and minimum horizontal principal stress directions.
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inversion (15 data is the minimum data needed for a B 
quality).

In spite of the rather medium quality rank of the tensor, 
the stress axes appear to be stable (see 1 for the explanation 
of this concept). This is seen on the stability diagrams for 
the rotation of the tensor successively around the three 
principal stress axes ( —10.8/+11.7° rotation around cri, 
—9.91+9.9° rotation around cr2  and —18/+13.5“ rotation 
around cr3, Fig. 7c-e). Similarly, the Stress Ratio R  has also 
a great stability, within a range of — 0.11/+0.12 (Fig. 7f).

8. Paleostress analysis from geological fault-slip data

The stress inversion of brittle geological structures is per­
formed on both slickenside data (i.e., fault planes with slip 
lines, with or without slip sense) and fracture data (i.e., 
shear and tension fractures) using the Win-Tensor program.

The brittle structural data sets used for paleostress anal­
ysis were collected along some of the major active faults 
surrounding the Bahi Depression: i.e., the Hombolo, Bubu 
and Fufu Faults (Table 3a and Fig. 8 ). They were measured 
in the footwall of the faults, in the basement rocks exposed 
in the fault scarps. On this basis, no relative timing control 
could be obtained. Only the type of fault rock might give 
some indications on the paleo-depth of faulting, by differ­
entiating deep brittle (older) from shallow brittle (younger) 
faults. Unfortunately, no minor faults could be observed in 
the Quaternary sediments where a stratigraphie age control 
could be produced.

The reduced paleostress tensors obtained are given in 
Table 3b and illustrated in Fig. 8 . The upper part of the 
Table gives the number of data used in the stress inversion 
(«), the total number of data measured in the outcrop (nt). 
the principal stress axes (oq, cr2  and <r3), the stress ratios (R) 
and the average slip deviation (SD). The lower part of Table 
3b shows the value of the misfit function (F5), the quality 
rank (QR), the stress regime (Reg), the maximum horizon­
tal principal stress direction (SHmax), the minimum horizon­
tal principal stress direction (Shmin) and the stress regime 
index (Rr), in accordance with Delvaux and Sperner (2003).

1 The stability for the four parameters o f the stress tensor is estimated in 
the following way; for each stress axis, the stress tensor is rotated 
successively by intervals o f 5°: anticlockwise (—5°) until —45° and 
clockwise (+5°) until +45°. A t each step, the stress tensor is applied on 
the data selected and the value o f the optimization function (F5 in this case ) 
is calculated. A regression curve is then fitted to the data. The results are 
plotted graphically with the rotation angle on the horizontal axis and the 
value o f the function on the vertical axis (Fig. 7c-e). For stability o f the R  
value, the whole range of possible values (0-1) is checked (Fig. 7d). The 
total range of function variability is defined as the difference between the 
minimum and maximum values o f the function F5 in the stability plots, 
expressed in percent o f the total range of function values (from 0 to the 
maximum). The rotation stability corresponds to the amount o f  rotation 
needed to be performed in both clockwise and anticlockwise senses along 
the regression curve in order that the function F5 reaches a value which is 
5% higher than its minimum value. W hen computed this way. the clockwise 
and anticlockwise values for the axes stability are not necessarily identical. 
The same principle has been adapted for the stability o f the stress ratio R.

8.1. Hombolo fault

Near the Hombolo dam, along the overflow channel, 
well-exposed basement rocks display different types of 
ductile and brittle structures. The deformation phase 
responsible for the formation of the ductile fabric in the 
biotite-rich granitic rocks is considered to be the oldest 
phase in the area. It is most likely Precambrian in age 
and attributed to a high-pressure/temperature (ductile) 
environment, whereas the faults and fractures formed in 
lower grade attributed to less confined (brittle) 
environments.

In a first outcrop (Fig. 8 a), two types of brittle structures 
are observed: ( 1 ) low-angle compressional faulting, associ­
ated with Riedel shears and lunate fractures, (2) high-angle 
extensional faulting, associated with Fe-oxide coatings and 
dipping about 75°NW with a general strike around N20°E. 
Both types could not easily be separated in the field solely 
based on the presence, degree and type of mineralization. A 
reduced stress tensor modeled for the fault-slip data of 
these first two types of brittle data together gives a com­
pressional strike-slip stress tensor with a N127°E horizon­
tal principal compression (SHmax) and a R' value of 1.95 
(transition between strike-slip and compressional regimes) 
(Table 3b).

At a different outcrop along the Hombolo dam over­
flow channel, where the superficial layers have been 
removed, some rocks appear with calcrete cement filling 
high-angle fractures (Fig. 8 b). These are interpreted as 
fractures that formed close to the subsurface with alternat­
ing periods of flooding and drying, in a geographically 
low-relief environment. They are affecting the Plio-Quater- 
nary sediments forming the floor of the Bahi Depression. 
They appear in two different families with a conjugated 
relationship. Slip lines could hardly be observed, but, 
using the law of conjugated fractures, the slip direction 
and sense can be reconstructed. When measuring the ori­
entation of the two conjugated planes, special attention 
was paid to the proper selection of pairs of conjugated 
planes. Only intersecting fractures with a dihedral angle 
close to 60° were considered to be associated in pairs of 
conjugated planes. The corresponding stress inversion 
gives a C-quality stress tensor with an E -W  sub-horizontal 
extension (Shmin =  N104°E). The relatively low C quality 
is imposed by the type of data used (mainly conjugated 
shear fractures), which is here the limiting factor for the 
quality of the tensor (Table 3b).

From  the structural analysis and paleostress recon­
struction, it can be concluded that the Hombolo Fault 
recorded at least two brittle tectonic events: an earlier 
(deeper) compressional event and a later (superficial) 
extensional event.

8.2. Bubu fault

Like in the Hombolo area, low-angle and high-angle 
faults were documented along the M akutupora segment



178 A. S. Macheyeki et al. /  Journal o f  African Earth Sciences 51 (2008) 163-188

Function F5

— I- 1— I— '— I— '— — 1— I— *— ï— r  

-45.0 -22.5 0.0 22.5
R o ta t io n  a n g le  ( ° )

45.0

0 W eighted num ber of d a t a i s

Stability around Sigm a2 
Fct. Variability: 0.98%  Rot: -9 .9 ° , + 1 0 .8̂

d
2201

l io -

-45.0 -22.5 0.0 22.5 45,0
R o ta t io n  a n g le  ( ° )

b Shear stress m agnitude Stability around Sigm a3

A \
60 Area o f fa u lt activa tion

40

20

o 20 40 60 80 100

Fct, Variability: 0.83%  Rot: -18°, +13.5 '
45.21

22.1

-45.0 -22.5 0.0 22.5
R o ta t io n  a n g le  ( ° )

45,0

21 .2

10,6

Normal stress m agnitude ~r T
0 .00

i 1 . 1 r

0.25 0.5 0.75
R ( S 2 - S 3 ) / ( S 1 - S 3 )

1.00
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of the Bubu Fault (Fig. 8 c). Stress inversion reveals a com­
pressional regime with a marked strike-slip component 
(R' =  2.11), an E-W  horizontal compression (SHmax =  
N096°E) and an average medium C quality (Table 3b). 
The fault planes that correspond to this regime are covered 
by epidote, chlorite and Fe-oxides. No recent related tec­
tonic activity was documented at this site.

Further northeast along the Bubu Fault, at the Gonga 
hot spring field area, the Bubu River exposes fractured 
granite outcrops along its banks. Most fractures are high- 
angle features and display no visible slip lines. Only a few 
fault planes with slip lines are seen to reactivate some of 
the sub-vertical fractures or were neoformed. The sub-ver­
tical fractures (55 in total) were grouped into a first subset,

21 .5 -
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Table 3a
Location and description o f the sites for fault kinematic and paleostress analysis

Site ID  Latitude Longitude UTM_X UTM_Y Location Age relations Fault type

DD824 -5.9467 35.9711 828.936 9.341.981 Hombolo (Dam) Old event, chlorite-epidote on planes 
Related to Late Cz normal faulting

Low angle +  Riedel shears 
Conjugated fractures

DD830 -5.3082 35.5514 782.793 9.412.743 Bubu (M akutupora segment) Old event, chlorite-epidote on planes Shear fractures +  faults
DD833 -5.4092 35.4647 773.243 9.401.619 Bubu (Gonga segment) M ajor (older) jointing

M inor (younger) slip reactivations
Fractures 
Slickensided faults

DD864a -6.6810 35.9590 827.190 9.260.599 Fufu fault, (main segment) Old fractures
Related to Late Cz normal faulting

Shear fractures only 
Shear fractures +  faults

DD864b -6.6440 35.9610 827.436 9.264.693 Fufu fault (northern segment) Related to Late Cz normal faulting Recent faults +  fractures

Coordinates in WGS84. UTM  zone 36.

and considered as shear fractures (Fig. 8 d). They were 
inverted in order to minimize the normal stress and maxi­
mize the shear stress on them. As the stress ratio cannot 
be constrained by fractures alone, it was fixed to 0.5 prior 
to the inversion. A strike-slip tensor was obtained with a 
NW -SE horizontal compression (SHmax =  N142°E) and a 
NE-SW horizontal extension (Shmin =  N052°E). The ten­
sor is stable around its vertical axis ( cr2), which means that 
the SHmax and Shmin directions are well constrained, but it 
is less stable around the 0 - 3  axis. As this tensor is based 
solely on the inversion of shear joints, the overall rank is 
limited to a D quality (Table 3b).

The second subset, which contains the few fault planes 
with slip lines (Fig. 8 e), is characterized by an E -W  com­
pression, also in a strike-slip regime with relatively oblique 
a i and a2 axes (R' — 1.26, SHmax =  N088°E, Table 3b). The 
tensor has a D quality due to the small number of data 
available (10) and data used (8 ). It likely represents a minor 
and later tectonic event relative to the generation of the 
sub-vertical joints.

While we attribute both paleostress tensors to pre-rift 
tectonic regimes, we conclude that the strike-slip regime 
with NW -SE horizontal principal compressional is older 
than the paleostress regime with E-W  principal 
compressions.

8.3. Fitfit fault

Along the main NE-trending segment of the Fufu Fault 
(Fufu Main), the total measured data set contains 103 fault 
and fracture data. According to their orientations, charac­
teristics and interactive separation during processing, the 
data were separated into two subsets: i.e., one subset con­
taining 56 sub-vertical and apparently conjugated fractures 
without observed slip lines (Fig. 8 f) and another subset 
with 34 faults and fractures of a wider variety of orienta­
tions (Fig. 8 g). Paleostress inversion of the first set was per­
formed in a similar way as for the older subset of the 
Bubu-Gonga site, by considering the fractures as shear 
joints and fixing the R  value to 0.5 before the inversion. 
Again, a strike-slip stress tensor with E -W  horizontal com­
pression (SHmax =  N079°E) and a D quality (limited by the 
data type) is obtained (Fig. 8 f, Table 3b).

The second set along the same segment of the Fufu 
Fault gives a well-constrained normal faulting regime with

a N040°E horizontal extension (Shmin). The quality is lim­
ited to D as the proportion of the data used (« =  34) is rel­
atively small compared to the total fault population 
[nt =  103) (Fig. 8 g, Table 3b).

At the northern end of the Fufu Fault (Fufu North), 
where it trends nearly N-S, a normal faulting regime was 
again found on a set of normal to oblique faults of various 
orientations (Fig. 8 h, Table 3b). Its low R  value (0.13), 
implies that the position of the sub-vertical or-axis is well 
constrained, but that both the horizontal stress axes (<t 2 
and <t3) are not well constrained. Nevertheless, an E N E - 
WSW direction of horizontal extension (Shmin =  N067°E) 
is well established. The quality of this last tensor is esti­
mated at a C rank, owing to the number of data used 
(7 7  =  17), their high proportion relative to the measured 
data (17/19), the good spatial distribution of the fault 
planes and slip lines, and the low average slip deviation 
(SD =  3.4). Only the data type which is a combination of 
faults and fractures prevents it from being ranked as a B 
quality. These brittle structures are often associated with 
traces of kaolinization, but they consist to a large extent 
of non-mineralized joints and barren fracture planes.

9. Discussion

Investigation of the southward prolongation of the East­
ern Branch of the EARS south of Lake M anyara shows 
that the current rift-related tectonic activity continues to 
the region of Dodoma. Until recently, the Eastern Branch, 
which is well expressed in Kenya and described there as the 
“Gregory R ift”, is often considered to split in the North 
Tanzanian Divergence into three segments: the SW-trend- 
ing Eyasi graben, the S-trending N atron basin and the 
SE-trending Pangani Rift. South of the Eyasi and Manyara 
grabens, the morphostructural expression of rifting 
becomes more discrete. The main structures are apparent 
on the 1:125,000 geological maps. The compilation of 
James (1967a) showed the Gregory rift to continue south­
wards to at least the Bahi Depression in the Dodoma area.

Using modern digital relief, seismological and geologi­
cal data, coupled with the pre-existing knowledge, we con­
firm and illustrate that rift faulting and deformation 
extends southwards down to the region of Dodoma. In 
addition, we highlight the recent and present-day tectonic 
activity of that area and show that this current tectonic
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a: Hombolo Dam (old) b: Hombolo Dam (recent)

0 W eighted num ber of d a ta 44

c: Bubu - M akutupora

g: Fufu M ain (Recent)

0 Weighted num ber of da ta  60

d: Bubu -  Gonga (Old)

e: Bubu -  Gonga (Younger)

0 Weighted num ber of da ta  149

f: Fufu Main (Old)

Weighted num ber of da ta  12 Weighted num ber of da ta  57

h: Fufu North (Recent)

0 Weighted num ber of da ta  11Ó Weighted num ber of data 16

Fig. 8. Paleostress inversion of geological fault-slip data from the sites o f Table 3a. Results are given in Table 3b. For each tensor, the results are displayed 
as in Fig. 7a. Stress symbols show the horizontal stress axes (SHmax and Shm¡n). in function of the stress ratio R. Their length and colour symbolize the 
horizontal deviatoric stress magnitude, relative to the isotropic stress (cri). White outward arrows: extensional deviatoric stress (<<x¡). Black inwards arrows: 
compressional deviatoric stress (><x¡). The vertical stress (crv) is symbolized by a solid circle for extensional regimes (d! =  crv), a dot for strike-slip regimes 
( ° 2  =  crv) or an open circle for compressional regimes (<r3 =  <xv).
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Table 3b
Parameters o f the paleostress stress tensors inverted from fault-slip data on the sites located on Table 3a

Site name Stage n nt tii (J2 R SD F5

Hombolo Old 18 80 00/126 89/216 01/037 0.05 4.3 3.65
Hombolo Recent 52 80 59/185 30/014 03/282 0.49 6 .6 3.26
B ubu-M akutopora Old 37 43 06/096 28/190 62/354 0 .11 7.8 8.79
Bubu-Gonga Old 48 55 03/321 86/098 04/232 Fixed to 0.5 3.62
Bubu-Gonga Y ounger 8 10 32/084 57/282 06/178 0.74 4.4 12.87
Fufu (Main) Old 56 103 04/260 84/030 05/169 Fixed to 0.5 3.37
Fufu (Main) Recent 34 103 71/291 18/130 05/039 0.35 1.2 3.29
Fufu (North) Recent 17 19 73/251 02/157 18/068 0.16 3.4 4.76

Site name Stage QR Reg SFImax Shmin R' Limiting factor

Hombolo Old D TS 127 037 1.95 Slip lines dispersion
Hombolo Recent C N F 014 104 0.49 D ata type
B ubu-M akutopora Old C TF 096 006 2.11 Slip deviation
Bubu-Gonga Old D SS 142 052 1.50 D ata type
Bubu-Gonga Younger D SS 088 178 1.26 Num ber o f data
Fufu (Main) Old D SS 079 169 1.50 D ata type
Fufu (Main) Recent D N F 130 040 0.35 Ratio o f  used data
Fufu (North) Recent C N F 157 067 0.16 D ata type

Description o f the parameters as in Table 2b. Upper part; (n): number o f data used in the stress inversion, (nt): total number o f data measured in the 
outcrop. ( cri. (j2. 03): orientation of the principal stress axes in plunge/azimuth format. (K ): stress ratios. (SD): average slip deviation. (F5): misfit function. 
Lower part; (QR): quality rank. (Reg) stress regime according to the W orld Stress M ap. (SHmax. Shmin): respectively, maximum and minimum horizontal 
principal stress directions. (R'): stress regime index, (limiting factor): the factor that is limiting the quality o f the result. These parameters are described in 
more details in Delvaux and Sperner (2003).

deformation forms a broad zone of crustal deformation 
extending north-south from lakes Eyasi and M anyara to 
the Mtera dam reservoir, between the Tanzanian Craton 
on the west and the Masai Steppe on the east (Fig. 2). 
This zone is hereby called “M anyara-Dodom a Rift seg­
m ent” and runs across Central Tanzania, along the east­
ern margin of the Tanzanian Craton, at its contact with 
the Mozambique Belt.

9.1. The Manyara-Dodoma Rift segment in Central 
Tanzania

Located between the North Tanzanian Divergence and 
the Kilombero Rift valley that has attracted attention 
recently (Ebinger et al., 1997; Foster et al., 1997; Tesha 
et al., 1997; Ring et al., 2005 for the N orth Tanzanian 
Divergence; Le Gall et al., 2004 for the Kilombero Rift val­
ley), the M anyara-D odom a Rift segment in Central Tan­
zania remained somehow neglected. Similarly, in the 
kinematic models and synthetic maps of the EARS (Tierc- 
elin et al., 1988; Morley, 1999a; Chorowicz, 2005 and many 
others), the role of the M anyara-D odom a segment within 
the dynamics of the EARS is sometimes under represented. 
This is probably due to the fact that these syntheses were 
based on the interpretation of large-scale remote-sensing 
images and the ETOPO30 digital database that did not 
show clearly the features associated with this segment. 
However, the existence of tectonic dislocations, thermal 
springs and earthquake activities were noticed by geolo­
gists that mapped the area in the years 1950-1960, and 
are well documented in the subsequently published geolog­
ical maps. The M anyara-Dodom a Rift segment is shown

to be macro-seismically active on the maps compiled by 
Fairhead and Girdler (1972) and Morley (1999b), but its 
high level of microseismicity was only revealed by the 
establishment of local and temporary dense seismic net­
work (Nyblade et al., 1996).

The present work details the structural expression of rif­
ting south of the N orth Tanzanian Divergence. It shows in 
addition that this M anyara-D odom a segment is particu­
larly active as regards the presence of seismicity, fresh mor- 
photectonic scarps displacing the Plio-Quaternary cover, 
warm thermal springs and open surface fractures.

In terms of rift architecture, it is difficult to consider the 
Eyasi and M anyara basins as two separated segments of 
the N orth Tanzanian Divergence. Instead, they both par­
ticipate to the marked broadening of the territory affected 
by rift tectonics south of Lake Natron.

The evolution of the Dodom a-M anyara Rift segment 
can also be explained in terms of the two-phase rifting 
model formulated by Dawson (1992). The geological 
archives preserved as rift-related sediments, volcanics 
and tectonic structures all show that the rifting process 
was discontinuous and changed with time. The first phase 
of rifting, which is the longest in time and the best 
expressed morphologically, did not substantially affect 
the portion of the rift located south of the N orth Tanza­
nian Divergence (south of 4°S). The second stage, which 
has been proposed by Fairhead et al. (1972) and M acIn­
tyre et al. (1974) to have started 1.2-1.3 Ma ago and is 
still ongoing, has extended the pre-existing fault network 
by a large number of new discrete faults, which have until 
now vertical offsets that do not exceed 200-300 m (M ach­
eyeki et al., in press). This stage is also associated with
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explosive nephelinitic volcanism in the north (e.g. the 
Hanang volcano), helium-bearing moderately warm ther­
mal springs, and rather intense seismic activity of weak 
to moderate magnitude.

9.2. Present-day stress field and fault kinematics

The stress inversion of the available earthquake focal 
mechanism data shows that the present-day stress field 
is characterized by a pure normal faulting regime 
(R' — 0.50) and a horizontal direction of extension (Shmin) 
at N082°E, close to E-W . This represents the average 
stress direction for the M anyara-D odom a Rift segment 
as the available data allow calculating it. Most of the 
focal mechanisms included in the inversion are classified 
according to the Word Stress M ap standard as normal 
faulting (NF) regime, but one of them is of strike-slip 
(SS) regime. Two other strike-slip mechanisms have been 
excluded from the database during the interactive inver- 
sion-selection procedure. Faults that are activated under 
a purely extensional stress regime, do not always have 
pure dip-slip movements. They may have a strike-slip 
component that can be significant depending on their ori­
entation with respect to the three principal axes of the 
stress ellipsoid. In certain conditions, even sub-horizontal 
movements can be generated on suitably oriented sub-ver­
tical faults. Considering the reactivation of existing planes 
of weakness, Bott (1959 ) showed that the induced slip on 
a fault under a particular stress field depends on the ori­
entation of this fault plane and on the four parameters of 
the reduced stress tensor. As recalled above, this is the 
basic principle of the tectonic stress reconstruction from 
a data set of known fault plane and slip directions. Using 
the same principle, it is also possible to apply a known 
reduced stress tensor to a set of weak planes, and model 
the theoretical slip on them. In the present case, the 
known stress tensor would be the one inverted from the 
focal mechanisms that represents the modern stress field 
of the M anyara-D odom a Rift segment. The planes of 
weakness are selected in order to represent the most fre­
quently observed active structural trends, to which a 
dip-angle of 60° is imposed (reflecting the dominant nor­
mal faulting mechanism of the region). As a result 
(Fig. 9a, Table 4), all the computed slip directions show 
a dominant normal dip-slip component of movement, 
but a strike-slip component is also present, the impor­
tance of which depends on the orientation of the given 
faults with respect to the horizontal direction of principal 
extension (Shmin). If  the dip angles of some faults, which 
are highly oblique to Shmin (e.g. Bahi Fault and northern 
part of Bubu Fault in the Bahi Depression, ...), are set at 
angles higher than 60°, the resulting slip on them would 
tend to be even more strike-slip. In the shear stress t  ver­
sus normal stress an M ohr diagram (Fig. 9b), all data plot 
above the line of initial friction corresponding to the ini­
tial friction angle of 16.7° (Byerlee, 1978) and are thus 
likely to be reactivated.

9.3. Slip-tendency analysis

The potential activity of these faults can be further esti­
mated using the principle of slip-tendency analysis which 
permits to rapidly assess the stress state on a fault (Morris 
et al., 1996). The likelihood that slip will occur on a given 
surface under a given stress field depends on its frictional 
characteristics and the ratio of shear to normal stress acting 
on this surface. Slip will occur if the resolved shear stress 
exceeds the frictional resistance to sliding, which is propor­
tional to the normal stress acting across that surface. In 
other words, slip will be favored on those faults that have 
an orientation resulting in the highest shear stress t  and the 
lowest normal stress an on the fault plane. The magnitude 
of these resolved stresses depends solely on the stress field 
and the orientation of the faulted surface. In Table 4, the 
relative magnitudes of the normal stress (<t„) and shear 
stress (t), the friction angle Q =  arctan t/<t„ and the slip ten­
dency Ts — t  ¡a,, are given for each fault under the modeled 
stress tenors. The relative magnitudes are computed for 
given arbitrary magnitudes of a\ — 100 and 0 - 3  =  0 . The 
parameter Ts of Morris et al. (1996) is equivalent to the 
classical coefficient of internal friction p. The estimated 
reactivation likelihood is proportional to Ts.

The slip tendency analysis considers implicitly that the 
slip movements occur along faults that are reactivating 
existing planes of weakness and, consequently, are not 
newly formed in a mechanically homogeneous intact med­
ium. In the present case, the lozenge-shaped fault pattern 
defined by the orientation of the basement shear zones, dol- 
erite dikes and associated fractures (NE- and NW-trends) 
present the lowest reactivation likelihood (e.g. the main 
segment of the Fufu Fault) whereas the newly formed N - 
S and still weakly expressed N -S faults, the highest likeli­
hood. The main conclusions drawn from the slip-tendency 
analysis are:

1. the faults reactivating the NE-trend of basement dolerite 
dikes and associated fractures represent the lowest reac­
tivation likelihood (Balangida South and Bubu North 
faults);

2. medium reactivation likelihood is obtained for the NW- 
trending faults, like the Bahi and Sanzawa faults, and 
the NNE-trending Balangida North, Saranda, Bubu 
South and Central faults (Fig. 10);

3. high slip tendency is given to the almost N-trending 
northern extremity of the Fufu Fault, and the NNW- 
trending Kondoa, Dodoma South, Dodoma-Kigwe 
and Hombolo faults. The NNW -trending Mponde Fault 
has the highest slip tendency of all faults analyzed as it 
trends almost orthogonal to the Shmin direction.

Interestingly, the thermal springs are all located along 
faults that have a medium to high slip probability, with a 
high concentration in the Mponde graben (except for the 
Gonga springs along the Bubu Fault in the Chenene 
block). Although the Sanzawa Fault, separating the Chen-
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ene Mountains from the Bahi Depression, has been active 
in the past, no clear signs of recent reactivation are seen 
in the field in spite of its modeled medium slip tendency.

9.4. Tectonic stress from  geological data

All fault-slip data were measured in basement rocks and 
therefore their relative age determination is difficult. Some 
of the stress tensors obtained are associated with fractures 
and faults that appear to have the same trend as the dom­
inant, brittle to brittle-ductile basement discontinuities. 
This is a common situation, when working in basement 
rocks affected by pre-existing tectonic deformations that 
were subsequently reactivated by more superficial faulting. 
The younger fault structures were generated when the

faulted rocks were in a more superficial position than when 
they were deformed in brittle to semi-brittle conditions for 
the first time. The brittle microstructures associated with 
the older (and deeper) stage of faulting are generally better 
expressed and much more numerous than the ones associ­
ated with active (and superficial) faulting. Therefore, when 
investigating the fault kinematics for paleostress recon­
struction of Late Cenozoic-Quaternary deformation in 
basement rocks, it is not possible to ignore the older stages 
of faulting. It is even more important to well constrain the 
older deformation stages in order to isolate and separate 
them from the effects of the more recent deformation.

The present results show that the current extensional 
stress regime was preceded by a period characterized by 
thrusting and strike-slip, or both. Thrusting is most likely
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Table 4
Resolved stress on the regional faults by the application of the present-day regional stress tensor determined from the inversion of earthquake focal 
mechanisms

Given fault Computed shear stress Slip tendency

Name Orientation Shear direction Shear sense Ama g Tmag FA Ts Likelihood

Balangida South 60/154 56/122 NS 60.1 25.6 23.1 0.43 Low
Bubu N orth 60/150 54/112 NS 59 27.6 25.1 0.47 Low
Balangida N orth 60/144 51/096 NS 55.3 33 30.8 0.6 Medium
Bubu Centre 60/136 51/091 NS 53.5 35.1 33.3 0.66 Medium
Fufu M ain 60/134 51/089 NS 52.5 36.1 34.5 0.69 Medium
Saranda 60/129 51/085 NS 50.1 38.4 37.5 0.77 Medium
Bahi 60/038 51/083 N D 51.8 40.2 37.8 0.78 Medium
Bubu South 60/125 52/082 NS 48.1 40.1 39.8 0.83 Medium
Dodom a N orth 60/120 53/080 NS 45.6 41.9 42.6 0.92 Medium
Sanzawa 60/215 39/277 N D 38.6 35.9 43 0.93 Medium
Dodom a South 60/110 55/077 NS 40.9 44.7 47.5 1.09 High
Flombolo 60/304 41/244 NS 34.9 38.8 48 1.11 High
Fufu N orth 60/105 57/077 NS 39 45.7 49.5 1.17 High
Kondoa 60/104 57/077 NS 38.7 45.8 49.9 1.18 Highest
Dodoma-Kigwe 60/096 59/079 NS 36.4 46.9 52.2 1.29 Highest
Mponde 60/087 60/083 NS 35.2 47.6 53.5 1.35 Highest

Parameters o f the regional stress tensor are from Table 2b. The orientations o f the fault planes are in dip/dip direction format, and those o f the shear 
direction in plunge I azimuth format. Shear sense: NS -  normal with a sinistral component. N D  -  normal with a dextral component. (Amag and Tmag): 
normal and shear stress magnitudes within an arbitrary scale where the magnitude of <r¡ =  100 and the magnitude of <r3 =  0. (FA): friction angle. ( Ts): slip 
tendency according to M orris et al. (1996). The reactivation likelihood is proportional to Ts.

the oldest tectonic regime. The strike-slip regimes described 
above are attributed to the Neoproterozoic (800-650 Ma) 
Pan-African collisional events (Mozambique Belt) that 
involved West and East Gondwana (e.g. Stern, 1994; Fritz 
et al., 2005). The Mozambique Belt is a N -S striking oro- 
gen, which thrusted against the Archaean Tanzanian Cra­
ton. Structural investigations give a clear picture of 
westward thrusting of the entire orogen onto the craton 
as a nape pile with foliation patterns showing a predomi­
nantly W -E lineation and an eastward dip direction (Fritz 
et al., 2005). This means that although the craton was 
already stable at that time (e.g., Condie, 1994), it subse­
quently suffered some degree of deformation.

For the recent rifting stage, although our data set is lim­
ited, we already observe a certain correlation between the 
youngest fault kinematics and stress tensors derived from 
geological observations and those derived from earthquake 
focal mechanism data. The convergence of the results 
obtained from two independent data sources, sampling 
very different volumes of rock and covering different peri­
ods of time is a good indication that the present-day kine­
matics in the Dodoma area is dominated by normal 
faulting under N80°E horizontal principal extension, with 
a strong influence of the pre-existing basement discontinu­
ities that are reactivated obliquely to the direction of prin­
cipal extension.

9.5. R ift architecture and fault kinematics

For the first stage of rifting (Late Miocene to Early 
Pleistocene), the state of stress is not illustrated by our data 
as this stage is not well expressed in the investigated region. 
This first stage was responsible for the formation of the

Eyasi and M anyara grabens and associated fault scarp on 
their western side.

The second rifting stage (Mid Pleistocene -  Holocene) 
is marked by the appearance of a new stress system, 
owing to further development of the rift by: (i) reactiva­
tion of the pre-existing tectonic planes of weakness of 
possible late Pan-African origin, and (if) the progressive 
(still ongoing) development of a new fault system in a 
more N -S trend. This embryonic fault system develops 
through the appearance of new faults (near Kondoa, in 
the Tarangire park, and surrounding Dodoma), or by 
the linkage of existing rift faults (inherited from the first 
rift stage?) into a long chain of zig-zag faults (the Lake 
M anyara-Balangida-M ponde-Saranda-Bubu-Bahi fault 
system), mainly dipping to the East (NE, E or SE). The 
newly formed NNW -trending faults also tend to merge 
together across the Chenene blocks. The strong tectonic 
activity in the Chenene M ountains is likely to reflect this 
mechanism (e.g., the possible occurrence of recent surface 
dislocations observed by local farmers around Chenene 
village).

The current rifting process is causing a structural reor­
ganization of the rift architecture by the progressive align­
ment of the pre-existing faults towards parallelism with 
the N -S rift axis (e.g. as discussed in McClay and White, 
1995).

In terms of rift architecture, Le Gall et al. (2004) suggest 
that the link between the Eastern Branch of the EARS in 
N orth Tanzania and the M ikumi-Kilombero reactivated 
Karoo Rift is expressed by the SW-trending basement high 
formed by the Chenene M ountains (so-called M aminzi- 
Tagalala fault zone), running between the Balangida fault 
in the N orth and trough the Rubeho M ountains and join-
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Fig. 10. Reactivation likelihood of selected regional faults as a result o f  the slip tendency analysis, displayed on the SRTM topography as in Fig. 2. Only 
faults considered in this analysis are displayed.

ing the Mikumi depression in the South (Figs. 1, 2). This 
might be true for the first rift stage, but our data suggest 
that it is no more the case during the second and still active 
rift stage. The Sanzawa scarp separating the Chenene 
M ountains from the Bahi Depression (Fig. 3) shows no 
morphological evidence for recent activation and there 
was even a debate about the existence of the Sanzawa Fault 
under the recent alluviums (Fozzard, 1961). Instead, we 
have shown that the Chenene M ountains are cut across 
at high angle to its trend by recent faults and open frac­
tures, still weakly expressed morphologically but high­
lighted by elongated seismic swarms (Fig. 5).

9.6. Implications for seismic risk assessment in the Dodoma 
region

An important practical outcome of this work is the con­
firmation that the Dodoma area is not a tectonically quiet 
place. It is located within the still incipient, but seismically 
very active M anyara-D odom a Rift segment, which forms 
the southward continuation of the Eastern Branch of the 
EARS, better expressed in northern Tanzania and in Kenya. 
When looking at the population density map of Tanzania 
(Tanzanian 2002 Population and Housing Census), it 
appears that generally -  and in the M anyara-D odom a
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region in particular -  the population is concentrated on the 
territories of both the Western and the Eastern Branches of 
the EARS surrounding the Tanzanian Craton. For different 
reasons, the physical environment in those regions seems 
more attractive, but it has obvious drawbacks in terms of 
risks related to natural hazards. The conjunction of a rela­
tively high population density and increased seismic hazard 
makes the M anyara-D odom a region at risk for strong 
earthquakes. In spite of the scientific knowledge, that this 
region is seismically active, the 2002 Dodoma earthquake 
sequence came as a surprise to the Tanzanian government 
and population. This region requires therefore further work 
to evaluate the occurrence of past strong earthquakes (pale- 
oseismic investigations), seismic hazard assessment and site 
effect evaluation. It requires also the elaboration of policies 
for public awareness rising and of seismic risk mitigation.

10. Conclusion

The Eastern Branch of the East African Rift System 
continues southwards after the N orth Tanzanian Diver­
gence in a broad N -S trending and active deformation 
zone. This zone, which includes both the Eyasi and Many­
ara grabens, forms the so-called “M anyara-D odom a” rift 
segment. In a two-stage rifting model, most part of these 
rift structures represent the southward expansion of the 
Eastern Branch during the second rift stage, which is 
thought to have started in the Middle Pleistocene (at about 
1.3-1.2 Ma ago).

Reconstruction of tectonic stress from geological fault 
and fracture data gives mainly stress tensors that are likely 
related to the late tectonic stages of the Pan-African 
Mozambique orogeny. The present-day stress field deter­
mined from earthquake focal mechanisms is of typical nor­
mal faulting regime, with a nearly E-W  direction of 
horizontal extension. Slip-tendency analysis shows that 
the newly developing N -S to NNE-trending faults have 
the highest slip tendency. The current rifting stage is 
responsible for the structural reorganization of the rift 
architecture by progressive alignment of the pre-existing 
faults towards parallelism with the N -S rift axis and link­
ing the once isolated rift faults into long chains of zig-zag 
faults. Those are marked by the distribution of earthquakes 
swarms, hot springs, fresh morphotectonic scarps and open 
fractures.

The ongoing tectonic process in the M anyara-D odoma 
Rift segment makes this region at risk for moderate to 
strong earthquakes. This requires policies to be developed 
for the mitigation of the seismic risk, particularly for the 
growing capital of Dodoma.
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