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ABSTRACT 

The East African seaboard has historically been considered to be a passive continental 

margin formed following rifting and continental break-up in the Middle Jurassic. Whilst 

much of the margin conforms to the standard passive margin model of pre-, syn- and post-

rift sequences and a rift-drift subsidence history, the occurrence of anticlines forming the 

core to the islands of Zanzibar and Pemba attest to a more complicated tectonic evolution. 

Regional interpretation of a grid of high fidelity 2D and 3D seismic data, including a 

subset of long-offset, deep lines provides new insights into the margin’s crustal structure 

and shows geometries not normally attributed to passive margin development. These 

comprise a gently folded seabed, bedrock subcrop, a series of angular unconformities in 

the shallow section and an underlying zone of intense deformation associated with 

contractional reactivation of a precursor normal fault. This is consistent with the margin 

having undergone a hitherto unrecognized phase of structural inversion in the Neogene. 

Likewise, inversion and transpression structures are recognised offshore along NNW-

SSE striking lineaments such as the Davie-Walu Trough, documenting additional 

contractional phases during the Cretaceous. Inboard of the zone of structural inversion, 

the Pemba Channel represents a protected remnant of extension and is still influenced by 

an E-W extensional regime, something that is substantiated by surface GPS data and 

earthquake focal mechanisms. The short-lived compressional events are envisaged to be 

related to external horizontal forces and far-field stresses associated with regional 

tectonism, particularly within the East African Rift System. However the crustal structure 

and basement fabric also play a role in the localisation of these stresses. Crustal 

identification along the margin supports lineaments set up during the initial NNW-SSE 

extension and N-S dextral southwards motion of Madagascar which may have reactivated 

under appropriately directed stress. 
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 Introduction 

 Research Rationale 

Passive continental margins are the products of continental break-up and sea-floor 

spreading. They are typically formed by initial short lived stretching (rifting) leading to 

continental breakup and the formation of oceanic crust. This is followed by an extended 

period of gentle, thermal subsidence that crates a “steer’s horn” geometry. Classic 

examples of passive margins consist of an underlying basement (pre-rift), formed before 

rifting and often assumed to be homogeneous, although in many basins this is not the 

case. This basement is segmented by tilted fault blocks formed during rifting (syn-rift) 

which display associated thickening (growth) of sedimentation in their hanging walls with 

the formation of wedge-shaped half-graben geometries. Stretching is thought to thin the 

continental crust to the point of rupture at which point a spreading ridge is formed and 

oceanic crust begins to be extruded where the crust is thinnest. A ‘break-up’ unconformity 

often separates sequences deposited during rifting and those deposited after breakup, onto 

which post-rift sediments are deposited as the basin thermally subsides and moves away 

from the spreading centre. This rift-drift stratigraphic architecture and associated burial 

history is characteristic of passive margins and is therefore assumed to be applicable to 

all (Allen & Allen, 2005).  

 

Whilst the evolution of many passive margins, such as examples from the North Atlantic 

such as the Labrador margin (Chalmers & Pulvertaft, 2001), do indeed conform to the 

expected pattern, there are other examples e.g. the Norwegian and Northwest European 

margins (Badley et al., 1989; Underhill & Stoneley, 1998; Underhill & Paterson, 1998; 

Mosar et al., 2002; Lundin & Doré, 2002) and the Falklands (Lohr & Underhill, 2015) 

which display a more complex subsidence history, punctuated by discrete phases of uplift. 

These phases often rejuvenate pre-existing structures (Lowell, 1995; Holdsworth et al., 

1997) resulting in structural reactivation and basin inversion. Differentiation between 

classic passive margins and those with more complex multi-phase histories is important 

for studying the development and evolution of stratigraphic sequences and the structural 

styles that affect them in these areas to understand their various modes of formation and 

the factors that affect them. It is also important for hydrocarbon exploration as it has an 

effect on the burial and therefore thermal evolution of the area and deformation can create, 

destroy or augment structures formed during rifting. 
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The coastal margin of East Africa is generally considered to be an example of a passive 

margin that formed following rifting in the Jurassic (Kent et al., 1971; Nicholas et al., 

2007) when Madagascar separated from East Gondwana. Later movement in the area 

occurred on the Davie Fracture Zone (also known as the Davie Transform Zone) allowing 

the southwards dextral motion of Madagascar to its current position. Early gravity and 

magnetic surveys in the area confirmed the presence of offshore basins, assumed to 

represent mainly post-rift fill. However, the presence of the large islands of Pemba, 

Zanzibar and Mafia has always been anomalous in an area considered to have been in a 

phase of passive subsidence since the Mesozoic. The existence of the islands suggests 

that the East African passive continental margin may represent one of the more complex 

margins and recent seismic acquisition, particularly of long-offset, deep profiles, has 

permitted its structure to be investigated in greater detail than was previously possible. 

This study aims to use this seismic data along with information derived from available 

boreholes and gravity/magnetic data, to understand the formation and evolution of the 

Tanzanian continental margin with particular emphasis on the islands. 

 

 Research Strategy 

In order to evaluate the Tanzanian margin, an approach was adopted that initially focused  

upon gaining a good understanding of the fundamental geological principles that underpin 

passive margin evolution on a regional scale, primarily through seismic interpretation and 

megasequence mapping (following the approach of Hubbard et al., 1985a). The 

construction of the research hypothesis and testing thereof was aided and abetted by an 

in-depth review of the literature and publicly available industrial information specific to 

the Tanzanian margin.  

 

Once the key geoscientific issues had been addressed it was then possible to stress test 

the original hypothesis, refine it and resolve the key anomalies or any areas of controversy 

identified. This data-led approach allowed the definition of the structural evolution of the 

margin and initial focus was placed on understanding the genesis of the largest identified 

anomaly, the islands to determine their mode and timing of formation. Subsequent study 

examined the structures inboard of the islands, namely the Pemba Inner Basin whose 

evolution was previously poorly documented and understood. The timing of formation 

had not been assessed with respect to the islands until this study.   In the outboard area, 

the Davie Transform Zone forms a prominent strike slip lineament and the new seismic 
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data provides the opportunity to image and interpret the structures seen along its length. 

The high fidelity long offset seismic data further allows an evolution of the crustal nature 

along the Tanzanian margin. These observations provided an opportunity to understand 

how they fit with the regional tectonic evolution.  

 

 Geological Concepts 

 Continental Drift and the Wilson Cycle 

Continental drift was a concept first independently fully developed by Alfred Wegener 

(1912), who proposed that Earth’s continents move relative to each other across the ocean 

bed. This explained the apparent geometrical fit of American and African continents 

which was first illustrated by Antonio Snider-Pellegrini (1858). However, his theory was 

not accepted for many years as it lacked a mechanism resulting in a lively debate between 

“drifters” (proponents of the theory) and “fixists” (opponents) during the 1920s to 1940s. 

Although the present day view that an important milestone was reached in the 1930s when 

Arthur Holmes suggested that plate junctions might lie beneath the sea and convection 

current might have driven the plate movements, these contributions were doubted at the 

time. It was not until the late 1950s and 60s that the concept of continental drift was 

accepted by the geoscientific community following evidence from palaeomagnetism i.e. 

the proposal of apparent polar wander by Keith Runcorn and Warren Carrey (1956) and 

seafloor spreading by Harry Hess, Frederick Vine, Drummond Matthews and Lawrence 

Morley (1963). By 1965, the concept of continental drift was clear and is now 

incorporated in the theory we know today as plate tectonics. 

 

The revolutionary theory of plate tectonics (also known as the conveyor plate principle) 

was built on the basis that the Earth is rheologically separated into the lithosphere, the 

outermost cooler and rigid body, underlain by a hotter and therefore mobile molten body 

called the asthenosphere (Vine & Matthews, 1963). Since, the lithosphere has a greater 

strength than the underlying asthenosphere, the former is able to move on top of this 

mobile substrate. The Earth’s lithosphere is commonly separated into seven major plates 

and many smaller minor plates which are actively interacting with one another. Plates 

either diverge, converge or transform depending on their relative motion resulting in 

earthquakes, orogenic events, volcanism and oceanic trench formation along these 

boundaries.  
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Along divergent boundaries, the extension between two plates leads to the thinning of 

lithosphere. When extension reaches the point where continental lithospheric thickness is 

zero, new crustal materials are generated due to decompression melting, sourced from the 

underlying asthenosphere creating new oceanic crust. This occurs at spreading ridges in 

which new oceanic lithosphere is thinner and denser than the continental lithosphere. As 

plates are constructed, they are also destroyed at convergent boundaries. Two processes 

occur when two plates move towards one another, either accommodated by subduction 

of one under the other (ocean-continent or ocean-ocean) or collision (continent-

continent). The third type of boundary known as transform boundaries are where plates 

are neither created not destroyed and move past each other. Transform boundaries are 

commonly found perpendicular to diverging mid-ocean ridges to accommodate the strain 

set up by segmentation of the main ridge. However, they can also be found along lateral 

plate boundaries such as along the California’s San Andreas Fault and the Dead Sea 

transform margin. The sequence of continental rifting, oceanic spreading, subduction, 

collision and suturing is termed the Wilson Cycle (1966) (Figure 1.1). 

 

 

Figure 1.1 Diagrammatic representation of the Wilson Cycle. Concept after Tuzo Wilson (1966), image taken 

from TES Teach online source (https://www.tes.com). 
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To drive divergence, some kind of mechanism is required to stretch and subsequently thin 

the lithosphere. The most commonly accepted theory is that all the tectonic forces on 

Earth are a result of mantle convection which is a creeping motion that arises due to 

thermal expansion of solid silicate mantle upon heating from the interior of the Earth 

towards the surface. Hotter materials are less dense resulting in buoyant force that drives 

materials upwards. As it ascends and reaches the surface, it cools and becomes denser, 

and eventually sinks back to the mantle. The frictional forces exerted on the base of 

lithosphere play also an important role in driving plate movement (Ziegler, 1992). 

However, it is unlikely that a convection cell drives all modern rift systems due to thermal 

anomalies observed before active rifting. Rifting can also be caused by hot materials from 

mantle plumes which weaken the overlying lithosphere and the upward motion (or sag 

cause by removal of this thermal buoyancy in the case of transient plumes) results in 

extensional forces. 

 

 

Figure 1.2 Schematic diagram of different plate motion driving forces. Image after Weil (2017) 

(http://www.umich.edu/). 

 

Several other secondary driving and resistive forces have been postulated to understand 

plate motions and it is still a matter of intensive study and discussion among researchers. 

Mechanisms discussed include slab pull and roll back, ridge push, trench suction, 

gravitational collapse, deviatoric tensional stresses and basal shear traction or basal drag 

(Ziegler, 1992; Ziegler, 1993; Wilson, 1993; Forsyth & Uyedat, 1975; McKenzie, 1969; 

Morgan, 1972; Bott, 1993; Bott, 1991) (Figure 1.2). An important element here is to 

separate clearly the kinematic pattern of the movement itself which can be derived from 

geophysical data such as seismic, gravity and magnetic from the dynamic mechanism that 

could possibly drive these motions. This is because some patterns can be explained by 

more than one mechanism. Although these forces have commonly been associated to 
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active margins along interpolate boundaries, it is important to comprehend that these 

dynamic forces could plausible have far-field effects affecting the intraplate setting. 

 

 Passive Continental Margins 

Passive continental margins are associated with divergent margins created upon 

continental breakup and the subsequent formation of oceanic basins (Bradley, 2008). 

They are typically formed by initial short-lived stretching (rifting) succeeded by an 

extended period of gentle thermal subsidence allowing thick sequences of post-rift 

sediments to be accumulated and a characteristic rift-drift subsidence curve results (Allen 

& Allen, 2005) (Figure 1.3). Stretching is thought to thin the continental crust to the point 

of rupture at which point a spreading ridge is formed and oceanic crust begins to be 

extruded. The post-rift sequences which accumulate during thermal subsidence as the 

spreading centre moves away are often separated from the earlier rift sequences along a 

‘breakup’ unconformity. 

 

The major breakthrough in understanding the formation and evolution of intracratonic rift 

basins (which later evolve into passive margins upon successful breakup) came with 

McKenzie's (1978) model of uniform lithospheric stretching. His model assumes 

stretching is instantaneous, causes uniform thinning with depth and is accommodated by 

large-scale normal faulting in the brittle upper crust and ductile creep in the lower crust. 

Crustal thinning is permanent and causes subsidence but lithospheric thinning 

accompanied by thermal expansion and upwelling of hot asthenosphere induces uplift. 

However this effect is transient. As it cools and returns to its equilibrium state, the density 

of lithosphere increases and drives thermal subsidence generating accommodation space 

for post-rift successions to infill the basins created which proceed at an exponentially 

decreasing rate. This model is commonly referred as the pure shear end-member of rifting. 

With the advent of McKenzie’s (1978) model, new models were subsequently proposed 

such as depth-dependent stretching, Wernicke's (1985) simple shear model based the 

Basin and Range region, USA and the “flexural cantilever model” for subsidence and 

uplift predictions in individual sites within a basin (Kusznir et al., 1991). 
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Figure 1.3 Schematic diagram of an idealised passive margin structure and evolution with Allen and Allen’s 

(2005) burial history diagram at different β-factors. Note the initial rapid subsidence during the syn-rift 

followed by a gentle thermal subsidence phase due to transient cooling of lithosphere. 

 

1.3.2.1 Rifting (Syn-Rift) and Normal Faulting  

During rifting (syn-rift), the basement is segmented by tilted fault blocks which display 

associated thickening of sedimentation in their hanging walls, commonly in half graben 

geometries, controlled by the development of large normal fault systems (Gawthorpe et 

al., 1997; Schlische, 1995; Schlische, 1991; Schlische & Anders, 1996). Initial fault 

segments are isolated and with time and continued stretching, start to link leading to 

enhanced growth in optimal fault arrays with increasing displacement as strain becomes 

localised (Gupta et al., 1998; Cowie & Shipton, 1998; McLeod et al., 2000; Schlische, 

1995). Linkage of normal fault segments is accommodated by transfer faults or zones 

(also known as accommodation zones). Examples of these can be observed in present day 

continental rift systems such as along the East African Rift System (Rosendahl, 1987; 

Morley et al., 1990), Gulf of Suez (Sharp et al., 2000), the Red Sea and Gulf of Aden 

(Bosworth et al., 2005), and past rift systems such as the North Sea (McLeod et al., 2000) 

and central eastern North America (Withjack et al., 1998) . Such features have been 

simulated using sandbox models as well (McClay et al., 2002; Corti, 2012). 

Although classic examples of passive margins often assume the underlying basement 

(pre-rift) to be homogeneous, the long-lived nature of continental crust often means that 

it comprises pre-existing lineaments and suture zones cumulated during earlier periods of 

deformation. Underlying zones of weakness can influence later structural development 

(Holdsworth et al., 1997). The kinematics and mechanisms of this process are dependent 
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upon fault-zone orientation with respect to stress and the existence of weak mylonitic 

shear zones along these zones (White et al., 1986). 

 

Normal Faulting 

Normal faults are classically categorised into two main forms, planar and listric. Planar 

faults have characteristic high dip angles and result in the formation of horst and graben, 

half-graben. If they dip consistently in the same direction they can take on a ‘domino’ 

appearance. Listric faults are curved normal faults which concave upwards and their dip 

decreases with depth. These faults commonly occur where there is a decollement or easy 

slip horizon at depth and their hanging walls may either rotate (resulting in roll-overs) or 

slide along the fault plane (slump). The determination of these fault types can be difficult 

in TWT seismic sections as velocity increases with depth and therefore what appears as 

a curving fault may well be planar. 

 

 

Figure 1.4 Examples of normal fault-related folds. Note the scale and width of these fold features – drag folds 

are relatively narrow while the latter two are larger. Image after Schlische (1995). 

 

Geometrically, a single normal fault records maximum (dip) displacement at the centre 

of the fault and this decreases toward the fault tips. Faults increase in length when 

displacement increases but are commonly segmented and instead of continuing to grow 

as a single fault, often link to other segments of the same dip (Schlische, 1995). When 

segments of faults link, their displacement length profile may alter. Fold geometries can 

occasionally be associated with normal fault systems at a wide range of scales and are 

classified as fault-parallel (longitudinal folds) and fault-normal (transverse folds). The 
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former includes: 1. Drag folds (including forced folds and fault-propagation folds) 

exhibiting hanging wall synclines and footwall anticlines as a result of fault propagation 

into monoclinal warps at fault tips; 2. Reverse drag folds, the opposite of drag fold, 

manifested by the decrease in displacement with distance from fault surface associated to 

a flexural response to faulting; and 3. Rollover folds produced by the movement along 

gravity-driven listric folds. Drag fold have a smaller wavelength (~1-2 km) than reverse-

drag or rollover (increases in width and amplitude as fault grows) and may be 

superimposed on these larger structures (Schlische, 1995) (Figure 1.4). Transverse folds 

are typically associated with segmented fault systems where hanging-wall synclines are 

manifested at the centre of fault where displacement is greatest and anticlines are found 

at segment boundaries where fault segments overlap. 

 

1.3.2.2 Post-Rift (Thermal subsidence) 

Both when successful breakup and oceanic crust generation occurs, or when rifting is 

restricted to continental crust (a failed rift) with the cases of the North Sea, UK and Benue 

Trough, Nigeria, thermal subsidence takes place with subsequent deposition. The amount 

of sediments accumulated in the basin created by this subsidence is an interplay between 

the amount of accommodation space, presence of sedimentary input and relative sea level 

changes. These are influenced by numerous factors, including, but not restricted to: the 

geographic location, climate, sea level, provenance, the length of sediment dispersal 

pathways, energy levels and tectonic events. The variety of sediment types together with 

structural components make passive margins one of the most prolific places for 

hydrocarbon exploration.  

 

1.3.2.3 Transfer zones and Transform margins 

As mentioned in Section 1.3.2.1, normal fault systems in extensional terranes are 

commonly segmented along transfer faults (Gibbs, 1984). Transfer faults form to 

accommodate the strain and differential elevation when faults with the same dip 

propagate close to one another and eventually link (Lister et al., 1986). Therefore, transfer 

faults should be expected as a general feature in passive continental margins. They are 

different from oceanic fracture zones in not being deep rooted and accommodating 

stresses via perpendicular faulting (relay ramp) rather than via strike slip motion (Trudgill 

& Cartwright, 1994). That being said, ‘transfer faults may pass laterally into oceanic 

transform faults, but it is not necessarily the case’ (Lister et al., 1986). 
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Figure 1.5 A. An illustration of the step-wise evolution of transform margin separated by oceanic fracture 

zones. Concept after Mascle and Blarez (1987), image taken from Antobreh et. al. (2009). B. An example of the 

‘ideal’ prominent expression of marginal ridges along the Cote d’Ivoire-Ghana transform margin. Image after 

(Basile et al., 1998). 

 

Oceanic fracture zones form to accommodate offset or differential spreading rates 

between segments of a mid ocean ridge. They are confined to oceanic crust in their truest 

form and are deep rooted (they are observed as often intruded). Where fracture zones 

approach a continental margin, they can segment it via a transform fault and where the 

offset of ridge segments is great, it is possible to juxtapose continental and oceanic crust 

(see Figure 1.5 for a simplified model of transform margin after Mascle and Blarex 

(1987)). However, little is understood about transform margins and especially their 

interaction with continental crust. Some authors have tried to define typical characteristics 

but  a recent worldwide compilation has noted that these are not systematic (Mericer de 

Lépinay et al., 2016). Only a third of the transform margins actually display marginal 

plateaus or marginal ridges and although the continental slopes of transform margins are 

steeper on average in contrast to divergent margins, their slopes can be quite gentle in 

some cases. 

 



11 

 

1.3.2.4 Dynamics and archetypal models of rifted margins  

A primary distinction often applied to express the dynamics affecting rift basins is 

whether they are ‘active’ or ‘passive’ (Sengör & Burke, 1978). Although mantle plumes 

are not always a primary driving force of rifting, they play an important role in weakening 

lithosphere and controlling the level of rift-related volcanic activity. (Ziegler & 

Cloetingh, 2004). Passive rifting is caused by the direct application of opposing forces to 

extend the lithosphere coupled with structural inheritance (Frizon De Lamotte et al., 

2015). This implies a lack of volcanic activity during rifting but it can be followed by 

subsequent magmatism. Active rifting occurs due to the thermal erosion of the lower 

lithosphere owing to mantle upwelling by convection or plumes indicating a thermal 

origin (Figure 1.6). This erosion creates higher gravitational potential for material above 

and drives collapse under gravity. Igneous intrusions and volcanic activities are often 

observed prior to breakup with early vertical movements and doming such as the Mid 

Jurassic thermal doming in the North Sea (Underhill & Partington, 1993a). In addition, 

the origin of new divergent boundaries along triple junctions such as the Afar triple and 

along the Central Atlantic Magmatic Province (CAMP) during the Early Mesozoic are 

associated with plume hot spots. This has been suggested by Reeves et.al. (2016) to 

explain certain anomalies in the kinematics of Gondwana breakup such as the 

emplacement of the Karoo or Bouvet plume during the Early Jurassic resulting in 

successful rifting of East and West Gondwana, and the Reunion plume leading to the 

separation of India from Mascarene plateau. However, such controls are still commonly 

debated especially along the Atlantic margin and the key observation to distinguish them 

are the timing and emplacement of magmatic flows during rifting events. 

 

Archetypal models of rifted margins 

Early workers partitioned rifted margins into two-members which are volcanic and non-

volcanic but soon realised that not a single passive margin is completely lacking in 

magmatism hence the term magma-poor is applied to avoid misnomer alongside with 

magma-rich volcanic rifted margins (Peron-Pinvidic et al., 2013; Franke, 2013). 

Therefore margins are differentiated based on volume of volcanism. Such classification 

may not always be straight forward and recent works have suggested differences appear 

to be more subtle (Peron-Pinvidic et al., 2013). 
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Figure 1.6 Schematic diagram highlighting the distinction between passive (top) and active (bottom) rifting. 

Note that the former shows possible magmatism after rifting while the latter exhibits pre-rift magmatic flows. 

Image after Frizon de Lamotte et. al. (2015). 

 

Nonetheless, magma-poor margins are commonly associated with wide domains of 

extended crust with rotated fault blocks and detachment surfaces near the base of 

continental crust with limited magmatism that appears to have been delayed to post-

breakup. One of the key characteristics of these margins is exhumation of mantle i.e. the 

brittle crust breakup prior to lithospheric mantle breakup. Examples are shown in the 

Iberia-Newfoundland margin (Péron-Pinvidic & Manatschal, 2009; Manatschal, 2004; 

Whitmarsh et al., 2001), Galicia margin (Dean et al., 2015) and the Brazil-Angola margin 

(Mohriak & Rosendahl, 2003; Zalán, 2013). Whilst mantle exhumation is an important 

distinguishing criteria, the absence of it does not strictly imply the margin is magma-rich.  

 

At the other end of the spectrum, margins are typically accompanied by extensive 

extrusive magmatism during breakup manifested as seaward dipping reflectors in 

reflection seismic data and often associated with large igneous provinces (LIP) such as 

the Parana-Etendeka LIP, South Atlantic. As the lithosphere mantle breaks before or 

coeval with the crust, large volumes of syn-rift igneous rocks are commonly formed. 

Examples of magma-rich margins can be identified along the Southern South Atlantic 

(Franke, 2013; Koopmann et al., 2014) such as the Pelotas basin (Blaich et. al., 2011; 

Zalan et. al., 2013) and Namibian margin, and the mid-Norwegian-Greenland margins 

(Geoffroy, 2005; Peron-Pinvidic et al., 2013).  
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Crustal observations and understanding of structural architecture are commonly analysed 

by seismic reflection data. As such features are associated with early breakup sequences, 

many are deeply buried. Hence, workers usually analyse and model such margins together 

with other geophysical dataset such as refraction, gravity and magnetics where available. 

Crustal architecture is most well-studied along the passive margins of the Atlantic Ocean, 

resulting in numerous rift scenarios and geometries being proposed to characterise them. 

New terms and concepts have also been introduced to separate the margins into different 

crustal and structural domains resulting in a plethora of terminologies and definition. 

 

 Post Rift compressions and Criteria to Identify 

The evolution of many passive margins, such as those examples from the Labrador 

margin (Chalmers & Pulvertaft, 2001), do indeed conform to the expected pattern. 

However, there are other examples like the Norwegian and Northwest European margins 

(Badley et al., 1989; Underhill & Paterson, 1998; Mosar et al., 2002; Doré & Lundin, 

1996; Lundin & Doré, 2002); the Falklands (Lohr & Underhill, 2015); Faroe-Shetland 

(Smallwood, 2004), SW Iberian margin (Pereira et al., 2011); West Natuna basin (Burton 

& Wood, 2010; Ginger et al., 1993; Phillips et al., 1997), the Sunda arc (Letouzey et al., 

1990) and Central Africa (Warren, 2009) which display a more complex subsidence 

history, punctuated by discrete phases of uplift. As the Earth’s crust is more likely to be 

heterogeneous, faults can reactivate (Holdsworth et al., 1997; White et al., 1986) along 

pre-existing weaknesses resulting in structural reactivation and basin inversion owing to 

a change in stress regime. It should be noted that these contractional examples are 

specifically related to horizontal tectonic forces (either directly or indirectly) and the 

reactivation of pre-existing normal faults 

 

Inversion during the post-rift stage 

In the event that basin inversion post-dates the rifting stage and there are no further active 

tectonic drivers in the region, it is likely to be a response to surrounding external changes 

in horizontal forces (Lowell, 1995). The location and style of structural inversion depends 

primarily on the type, direction and strength of horizontal force exerted, the crustal 

strength and on the pre-existing basin configuration in the initial extensional phase. 

Reactivation is focused within basins in which underlying faults provide zones of 

weakness and are of the correct orientation. The rheology should also be dominantly 

brittle as a mobile substrate can act to take up stress and deformation may be thin-skinned 
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and not basement-involved (West, 2017). The rheology of the post-rift infill is also 

important as very young, relatively uncompacted sediments can simply ‘bulge’ upwards 

under compressional stress rather than inversion occurring along the basin margin faults 

(e.g Weald Basin, Southern England, Butler and Pullan, 1990)  

 

The direction of maximum principle stress does not have to be exactly opposite to the 

original dip thus a wide range of obliquities may result in reactivation of the same fault 

plane along its original trace. In this way, the underlying structural trends can shape the 

geometries seen in later deformational periods (structural inheritance) and can often cause 

confusion about the true direction and source of the subsequent stress regime.  

 

Although there is no clear value to depict the angle at which stress has to act upon a fault 

to reactivate in a dip-slip or strike-slip manner, it can be presumed that a perpendicular 

direction of maximum stress would invoke a pure dip-slip inversion while a parallel one 

would lead to pure strike-slip. Any spectrum in between may exhibit some components 

of obliquity. Based on Andersonian principles, no new strike slip faults are likely to be 

formed unless the compressional component exceeds 60° from the normal plane. As this 

project is based mainly on reflection seismic data, it is crucial to understand the 

geometries and criteria in distinguishing reactivation via inversion with dominant dip-slip 

or is it strike-slip related.  

 

Many inversion structures are caused by the direct reactivation of pre-existing extensional 

faults. In some cases only the deeper parts of the fault are reactivated and the shortening 

is accommodated over a much broader area in the shallow part of the section. The existing 

fault block still generally acts as a boundary to the uplift and the process is sometimes 

known as buttressing. 

 

In addition, compressive forces can be transmitted backward from the lead edge of 

underthrusted foreland plate to invert remote basins or regions as seen in Northwest 

Europe (Coward, 1995) and the Southern North Sea (Badley et al., 1989) as the foreland 

region underthrust along the Alpine system. Lowell (1995) envisaged that it is easier to 

understand inversion deformation by conceiving stresses accumulation in an underthrust 

plate as it encounters resistance at its lead edge rather than resultant transmission of 

stresses for great distances. For instance compressive blocks in the Indian Ocean 

(Beekman et al., 1996; Bull & Scrutton, 1990) lie more than 3000 km from Himalayas 



15 

 

yet are caused by resistance of the Indian Ocean plate as it underthrusts Asia. Though 

qualitatively it appears as a plausible explanation, the quantitative aspect is somewhat 

laborious. 

 

Inversion during the late stages of rifting 

Another type of structural inversion that is commonly documented at rift margins occurs 

during the late stages of rifting. This is observed in Central East North America (Withjack 

et al., 1998) and present day EARS (Morley, Harper, et al., 1999). This is attributed to 

the change of tectonic regime during the rift-drift transition or early stages of seafloor 

spreading resulting from incipient ridge-push forces and the initial continental resistance 

to plate motion (Dewey, 1988; Bott, 1992; see Figure 9, Withjack et al., 1998). There are 

also other drivers of basin inversion either related to isostatic rebound, diapiric action of 

salt, lithospheric heating and extensional faulting (Thomas & Coward, 1995) that need to 

be considered.  

 

1.3.3.1 Structural Inversion (dominantly dip-slip)  

Cooper et. al. (1989) defined basin inversion as ‘a basin controlled by fault system that 

has been subsequently compressed-transpressed producing uplift and partial extrusion of 

the basin fill’. Therefore inversion is the full or partial expulsion of syn-extensional fill 

of a fault above regional. From seismic data, the geometric criteria to recognise inversion 

structures (Figure 1.7a) in cross section view are: 

 

1. A recognisable syn-rift (or passive infill) sequence; 

2. Marker bed is elevated above regional in hanging wall and has shortened; 

3. Manifested by the null point which separates net contraction from net extension 

that migrates further down a fault as inversion continues; 

4. Hanging wall deformation as asymmetric (fault-related) monocline above the syn-

rift verging towards the footwall and depending on the competency of syn-rift 

infill, they may exhibit internal folding. Occasionally hangingwall backthrusts 

and hangingwall bypass thrusts are observed too; 

5. Footwall shortcut thrusts development as they are more favourably oriented for 

compressional stress compensation (illustrated by trishear models, Erslev, 1991) 
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Figure 1.7 Inset to Left: Structural geometries associated with inversion and the development of footwall 

shortcuts. In the latter case, as the angle between initial normal fault and the direction of compressive stress is 

much larger than that of the incipient footwall shortcut, it will eventually preferentially fail. After Cooper and 

Warren (2010). Inset to Right: Figure showing the different severities of inversion derived from clay models. 

Original concept after Eisenstadt and Withjack (1995), image taken from Schlische and Withjack (2014). 

 

Such geometries has been recreated with sand box model analogues (McClay, 1989; 

Yamada & McClay, 2004). Several other features are also observed in plan view such as 

syn-inversion growth strata preserved in footwall syncline (West Natuna basin), local 

depocentres switching as faults invert like the Wessex basin (Underhill & Stoneley, 1998) 

and mode switching from normal to reverse faults along strike of a fault (Turner & 

Williams, 2004). Since faults grow by co-seismic slip along strike with segment linkages, 

inversion is therefore segmented with largest displacements at fault centres. However it 

still remains enigmatic that in nature some older normal faults reactivate but others do 

not. 

 

There is a range of inversion severity and many inverted basins are still essentially in net 

extension (Figure 1.7b). In addition, inversion can be ‘blind’ i.e. only deeper parts of the 

fault are reactivated with shortening accommodated over a much broader area in the 

shallow part or facilitated by detachment surfaces such as salt and shale. The relative 

magnitudes and durations of extensional and compressional stresses significantly 

influence the degree and type of motion. If the compressional stress is at a low angle to 

the strike of the extension then strike slip motion will dominate and the degree of 

inversion due to dip slip will be limited. However, as the angle of compressional stress 

moves towards the perpendicular direction of extensional fault, the proportion of dip-slip 
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motion increases and as previously stated, even very oblique stress directions result in 

pure dip slip inversion (Cooper & Warren, 2010) 

 

1.3.3.2 Strike-slip Deformation 

Strike slip deformation, which is a result of transform margins, can also be associated 

with both extension and compression and compressional features. It is essential to 

recognise that the term transform margin involves lateral motion down to the intracrustal 

ductile layer and if movements are only restricted to the brittle crust, they are termed as 

transcurrent faults (Basile, 2015; Christie-blick & Biddle, 1985; Sylvester, 1988). 

Characteristics of strike-slip faults are best documented from the present day San Andreas 

Fault System, Western US (Sylvester, 1988). Other natural examples can be observed in 

the Andaman sea (Harding, 1985), the Dead Sea (Christie-blick & Biddle, 1985), North 

Aegean trough (Dooley & McClay, 1997) and the Great Glen fault (Underhill et al., 

2008). It is important to understand the criteria in identifying wrench faults in subsurface 

structural data as they are commonly misidentified due to the structural diversity of strike-

slip faults (Harding, 1990). 

 

According to Harding’s criteria (1990), a credible identification would require a 

combination of both profile and map evidence. In cross section view, wrench faults 

exhibit a straight, through-going and solitary Principle Development Zone or master fault 

with a steep to moderate dip at depth; offset at the top basement with a separation sense, 

narrow fault slices that steepen and joined at depth, flower structures and coeval, en-

echelon flanking structures (Figure 1.8a). In map view, they show features such as 

(transpressional) restraining bends, (transtensional) releasing bends, pull apart basins, 

narrow push-up ridges, horsestail splay structures and many others as illustrated in Figure 

1.8b) (Cunningham & Mann, 2007). Other elements such as R and R’ shear fractures, 

extension fractures, thrust faults and en-echelon folds were also structures associated to 

strike slip faulting. These shear-related structures and their angular relations have been 

compiled by earlier workers (Wilcox et al., 1973; Christie-Blick and Biddle, 1985) using 

clay-cake models and can be expressed in a strain ellipse (Figure 1.8c). Strike-slip faults 

are also segmented in nature followed by sequential development and coalescence of 

several strike-slip segments. The main pitfall in the reliable identification of strike slip 

faults are not considering other alternative structural styles and the misinterpretation of 

geometries resembling wrench systems. 
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Figure 1.8 Structural geometries associated with strike-slip faults in cross section and plan view. Image after 

Christie-blick and Biddle (1985) and Cunningham and Mann (2007) respectively. Strain ellipse modified after 

Wilcox et. al. (1973) and Christie-blick and Biddle (1985). 
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1.3.3.3 Misidentification of Positive Structural Inversion and Flower Structures 

Often times, there is a tendency to infer wrench faulting in areas with structural 

complexities due to its structural diversity (Harding, 1985). Partial inversion at depths 

associated to dip-slip reversal may produce characteristics highly resembling a positive 

flower structure leading to misinterpretation. This can already be exemplified in central 

Africa in Logone Birni basin, Cameroon where previously interpreted ‘flower structures’ 

are revealed as partly inverted syn-extensional growth sections (see Figure 13, Cooper 

and Warren, 2010).  

 

As the Tanzanian margin contains anomalous island anticlines in a passive margin setting 

influenced by the lateral motion of Davie Transform zone, both inversion and strike slip 

are viable hypotheses. Thus the aforementioned criteria are crucial to interpret and 

understand the geometries observed using the seismic dataset available in this study. 

 

 Driving Forces for Compressional Stresses along Passive Margin 

During rifting and early post rift stages, passive margins are affected by compressional 

stresses due to asthenosphere upwelling, post-breakup compressional and compactional 

stresses (Withjack et al., 1998; Doré et al., 2008). Later potential mechanisms include 

plate driving forces such as ridge-push (Bott, 1991; Bott, 1993), slab-pull and shear 

traction; far-field transmission of orogenic stresses; flank enhancement by sedimentary 

loading; gravity loading; and body forces (gravitational potential energy, GPE) (Doré et 

al., 2008). Reactivation of basement structure and a passive mode of origin featuring 

drape or flanks by sedimentary loading could emphasise deformation but not initiate it. 

Cloetingh et al. (2008) have also noted that deformation styles are controlled by the 

rheological structure of lithosphere, structural inheritance and regional intraplate stress 

field such that their interaction with plumes can lead to temporal transitions from basin 

inversion to lithospheric folding.  

 

The effects of differential spreading rates and asymmetric seafloor spreading have been 

implicated in the Norwegian shelf as well (Mosar et al., 2002). Upper plate margins like 

Vøring and Faeroe have lower compressional strength due to less oceanic accretion, and 

are therefore more prone to inversion compared to Møre basin. Increase in spreading rates 

and plate reorganisation concepts have also been suggested by numerous workers to 

explain punctuated periods of compression such as Aptian inversion in Falklands (Lohr 

& Underhill, 2015) and Miocene inversion in Southern coastal Tanzania (Nicholas et al., 
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2007) respectively. Compressional forces do initiate in many forms but the key is phases 

of punctuated contraction as observed in many passive margins around the world that 

explain the periods of shortening 
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 Regional Tectonic Setting 

Previous work has shown that the Tanzanian coastal margin of East Africa is a passive 

margin, formed after rifting of Madagascar from Western Gondwana in the Jurassic. It 

then lay in a post-rift setting but was affected again in the Late Jurassic to Early 

Cretaceous by deformation along the Davie Fracture Zone which initiated in order to 

allow the southwards translation of Madagascar leaving behind a curvilinear transform 

margin (Segoufin & Patriat, 1980; Rabinowitz et al., 1983). Madagascar is thought to 

have migrated southwards for around 900-1000 km along this transform margin (i.e. a 

cumulative transect of transform margin up to 2000 km including the margin in 

Mozambique).  

 

The timing of cessation of this dextral translation is still being debated and hypotheses 

range from as early as M10 (~134 Ma – Coffin and Rabinowitz, 1987; Eagles and König, 

2008), M3 (~123 Ma – Gaina et al., 2013, 2015) or M0 (120 Ma in the Aptian – Segoufin 

and Patriat, 1980; Cochran, 1988; Marks and Tikku, 2001; Müller et al., 2008; Seton et 

al., 2012; Davis et al., 2016; Sauter et al., 2016). This disparity in timing is due to the 

difficulty in finding robust absolute dating techniques in this part of the world and 

contributing to this debate is not within the bounds of the current study so this remains a 

key unknown which may influence interpretation some of the structural geometries found. 

The Tanzanian margin was actually not fully ‘passive’ until this transform motion had 

ceased as it may therefore have experienced some transmitted stresses from this motion. 

In the Mid Cretaceous and certainly by the Late Cretaceous, the driving force behind the 

translation, the opening of the West Somali Basin terminated and the Tanzanian margin 

began to truly develop passively. This phase of quiescence may have been interrupted by 

the opening of the Anza Graben onshore in the Cretaceous but the next major tectonic 

event to affect the region was the Neogene development of the East African Rift Zone 

(EARS) (Figure 2.1).  
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Figure 2.1 A schematic map showing the location and cross-cutting relationships of the four major rift systems developed in eastern Africa since the end of Carboniferous to present day 

(Modified from Frizon De Lamotte et. al., 2015). Outlines of the major onshore basins in Tanzania such as Tanga-Duruma, Selous and Ruhuhu are shown derived from Wopfner (2002). 
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The Tanzanian margin is interesting as its only true phase of direct tectonic deformation 

was the initial rifting in the Mesozoic. However, it has lain adjacent to and may have been 

affected by, subsequent phases of tectonism. It also shows evidence of unusual features 

such as the islands of Pemba and Zanzibar and seabed bowing which attest to it having 

been affected by these far field stresses. Several other passive margins have been found 

to also deviate from the standard model and Tanzania may fall into the same category. 

Previously, it was difficult to interpret the unusual structures as most of the evidence was 

in the subsurface and the onshore had been affected by erosion due to uplift and was 

therefore not a direct analogue. Recent hydrocarbon discoveries in the area have prompted 

exploration interest in the region and led to the acquisition of subsurface data in the form 

of seismic data, some of which has been made available in this study which allows us to 

investigate the margin.  

 

This chapter provides a regional overview of the current state of knowledge of the 

Tanzanian margin, with in-depth focus on the Northern Tanzanian and Southernmost 

Kenyan offshore regions which are central to this thesis. It will introduce first the main 

tectonic structures along the Tanzanian margin which were identified from bathymetry 

and geophysical datasets, followed by an overview of the plate reconstruction model 

developed by different workers based on recognition of these structural elements. The 

tectonic history and stratigraphy are then described to provide an appreciation of the 

geological evolution and stratigraphic development of the area of interest.  

 

This information is crucial as conducting such an appraisal of the existing literature, helps 

to identify gaps in the knowledge and any areas of controversy. It also helps to identify 

features which may be of interest or anomalies within the East African continental margin 

that support the hypothesis that it does conform to our standard model of passive margin 

evolution (as described in Chapter 1). Any inconsistencies identified can then be explored 

in the subsequent thesis 

 

 Main Tectonic Elements 

The initial studies of the tectonic reconstruction of East Africa since the Mesozoic were 

built upon recognition of several major tectonic elements (Figure 2.2). More recent 

models use these same identified structures along with other more subtle ones that can be 

identified on geophysical data such as gravity and magnetic surveys. These major tectonic 
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features are described below as they form the building blocks of our understanding of the 

margin. 

 

 Davie Fracture Zone (DFZ) 

The Davie Fracture Zone runs from north to south from offshore southern Kenya along 

Tanzania, Mozambique and Madagascar. It is considered to have experienced dextral 

offset probably as early as the Late Jurassic to Early Cretaceous when it accommodated 

the southwards translation of Madagascar (Mougenot et. al. 1986; Mascle et. al., 1987; 

Bird, 2001, Coffin and Rabinowitz, 1987; Kent et. al. 1971). It was first identified as a N-

S transcurrent morphological expression by Heirtzler & Burrough (1971) due to a 

prominent bathymetric elevation along the Eastern margin of Mozambique Channel. This 

led to the proposal of an underlying ridge termed as the Davie Ridge (Segoufin et al., 

1978; Scrutton, 1978) which is particularly prominent between 9°S to 20°S and is also 

identified by a gravity high. Based on gravity data, the basement ridge was then extended 

further northwards but conversely as a gravity minimum to 5°S and then as a gravity high 

cutting into the Kenyan margin along the Davie Walu Ridge (DWR) around 2.5°S 

(Rabinowitz, 1971). This interpreted path is a curvilinear feature that has often been 

thought of as a fossil or relic transform zone (Mougenot et al., 1986; Coffin & 

Rabinowitz, 1987) termed the ‘Davie Fracture Zone’ (DFZ). 

 

The DFZ is variable along its length and its structural features were first described in 

detail along the segment between Mozambique and Madagascar. On morphological 

grounds, the area is divided into three regions: (1) northern segment (9-13°S) with a 

strong crustal change across it indicated by gravity data; (2) central segment (13-17°S) 

with east-dipping horst blocks believed to be related to Late Cretaceous rifting and 

northwards drift of India and (3) southern segment with disconnected ridges of NW-SE 

trending peaks (Mascle et. al., 1987). Although the extent of DFZ has been projected 

northwards towards Kenya as a gravity minimum (Rabinowitz, 1971), its presence 

offshore Tanzania has been debated (Klimke & Franke, 2016). With modern seismic data, 

some structures have been identified in the vicinity of the proposed DFZ such as the 

Cretaceous Davie-Walu inversion structures (Pancontinental Oil and Gas, 2012; Osicki 

et al., 2015; Palmer et al., 2016). However, extensional geometries in the Kerimbas 

Graben (Mougenot et al., 1986; Danforth et al., 2012; Franke et al., 2015) also indicate 

that parts of the DFZ are probably still active at present and that these pre-existing zones 

of crustal weaknesses are being exploited to accommodate new stress regimes. 
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Figure 2.2 An auxiliary diagram showing river profiles and the location of offshore basins along the East 

African margin. The main tectonic components observed offshore Tanzania are annotated as well i.e. Seagap 

Fault, Davie Fracture Zone, Davie-Walu ridge and the offshore islands. Annotations are overlain against free 

air gravity anomaly map (Sandwell and Smith, 2009) offshore and NASA Shuttle Radar Topography Mission 

(SRTM) topography (Becker et. al., 2009). 
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The DFZ has been considered by many to mark the position of the continent-ocean 

boundary (COB) along the margin but the difficulties in identifying its trend in Northern 

Tanzania make this open to interpretation in that area and whether it actually defines the 

COB in all areas is still poorly understood and subject to debate (Mascle et al., 1987; 

Franke et al., 2015; Klimke et al., 2015; Baetzel et al., 2015). Tyrrell et al., (2015) 

described the ridge at the Madagascan-Mozambican margin as being developed on 

continental crust and its core was thought to contain Gondwana remnant material based 

on an observed asymmetric gravity anomaly. The nature of the transition zone along the 

transform margin has also been described as having a thick crust (>25 km) but unusually 

remaining relatively cold even with interpreted volcanism (Danforth et al., 2010).  

 

Identification of the continent-ocean boundary (COB) is not only of great interest to 

structural geologists for plate reconstruction but is vital for hydrocarbon explorers too as 

different crustal types have different heat flows. Danforth et. al. (2012) describes the 

continent-ocean transition here as a zone up to 25 km wide but little is mentioned about 

the criteria to distinguish the types of crust seismically. Gilardi et al. (2014) used 

gravimetric/ magnetic modelling to define the Rovuma basin architecture in offshore 

Mozambique and suggested that it is qualitatively possible to discriminate the continental, 

oceanic and transitional crust (Figure 2.3). These authors concluded that in the Rovuma, 

there is a zone of transitional crust up to 45 km wide, widening even more towards 

Tanzanian waters. Having said that there is no definition what the authors meant by 

transitional crust here. In offshore Tanzania, crustal types and thicknesses have been 

estimated using several different methods with variable and often conflicting results. The 

results from gravity and magnetic data have historically been interpreted to show that the 

DFZ is coincident with and forms the COB along its length. However, more recent work 

suggests that the continent ocean-transition is located at least ~150 km east of the Davie 

Ridge in the Western Somali Basin because seismic profiles reveal a sequence of half-

grabens bounded by listric normal faults believed to be of continental origin (Klimke et 

al., 2015).  

 

Many workers have focussed on the DFZ in the Mozambique area (for e.g. Mascle et. al., 

1987; Mahanjane et. al, 2014; Franke et. al., 2015) but little is known about the Tanzanian 

segment, partly owing to the diffusive nature of the fracture zone in this region which is 

not easily identified from gravity data. This represents a significant gap in the knowledge 
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and it is possible to investigate this further in this study using available long offset 2D 

seismic data.  

 

 

Figure 2.3 The Davie Fracture Zone offshore Southern Tanzania and Northern Mozambique. Left diagram 

shows the major depocentres and structural elements in the region such as the Davie Ridge and Kerimbas 

Graben. Right diagram is the author’s attempt to place the continent-ocean boundary. Image after Gilardi et. 

al. (2014). 

 

 Seagap Fault Zone 

Alongside the DFZ, a parallel strike-slip fault, up to 300 km long, is observed known as 

the Seagap Fault Zone. It has been interpreted that the lateral movement along the Seagap 

began transtensionally in the Bajocian-Bathonian (Gray & Sansom, 2016). This appears 

to coincide with the period of strike-slip off Rovuma during 165-151.4 Ma when East 

Gondwana and Western Gondwana started to move with slightly different poles (Reeves, 

2016b). The structure is definitively shown to have begun sinistral motion by the Albian 

and continued into the Tertiary (Figure 2.4). It is probably still active today as it has a 

seabed expression. The sinistral movement has resulted in the generation of associated 

anticline structures which create traps for huge volumes of (biogenic?) gas. 

 

Details of this fault zone are often unpublished due to a historical lack of availability of 

subsurface data to academia in the area. However, industrial investor presentations have 

shown evidence of recent strike-slip transpression and transtension along this fault zone 

affecting depositional architectures and sedimentary facies distribution in the surrounding 

basins (Figure 2.4). The fault zone terminates abruptly south of Mafia Island and the 
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nature of its northern extent is unusual and poorly defined. It is suggested that the northern 

limit of Seagap terminates against an ancient diffuse lineament, the Aswa Shear Zone, 

but no gravity or magnetic data has brought out this feature offshore (França et al., 2012; 

Nicholson, 2015). However, the Aswa Shear Zone is observed onshore (Rosendahl, 1987; 

Saalmann et al., 2016) and industrial presentations have suggested its expression can be 

seen on the seabed although this is unsubstantiated. 

 

 

Figure 2.4 Seagap Fault geometries. The fault zone recorded sinistral motion evidenced by lateral 

displacement of Early Palaeocene channel with additional strike-slip geometries such as releasing and 

restraining bands in plan view. It appears to be a brittle strike-slip zone rather than an intracrustal ductile 

strike-slip zone. Image taken after Higgins et. al. (2011) and Franca et. al. (2012). 
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 Davie-Walu Ridge (DWR) and Davie-Walu Trough (DWT) 

A conspicuous NNW-SSE trending gravity feature offshore Kenya (Figure 2.2) is known 

as the Davie-Walu Ridge (DWR) and lies adjacent to the Davie-Walu Trough (DWT). 

Recent seismic in this area shows the trough to be associated with a Late Jurassic to Early 

Cretaceous syn-depositional basin which was later uplifted and inverted (Osicki et al., 

2015). (Jeans et al., 2012; Palmer et al., 2016). It exists today as a bathymetric high.  

 

The relationship between the Davie Fracture Zone and this structure has never been 

satisfactorily explained. There was not enough data available to the study to investigate 

this structure in detail but it is considered an area worthy of further study and is therefore 

included in the literature review. The Davie-Walu trend has previously been considered 

to be a continuation of the DFZ before its termination against the Kenyan coast 

(Rabinowitz, 1971). Coffin and Rabinowitz (1987, 1988) later also indicated the location 

DFZ across the Tanzanian margin based on R/V Vema Cruises-LDEOv3618 MCS 

profiles but later studies using more modern data have argued that the evidence to imply 

the presence of a major transform fault in the area is absent (Klimke and Franke, 2016). 

This is because there is no reliable deep structural seismic evidence here when compared 

to the prominent Davie Ridge in Southern Tanzania and Mozambique. 

 

One hypothesis which assumes the DWT and DFZ to be linked is that ‘the post-breakup 

transform motion c. 160 Ma is taken up by the dextral N-S oriented Davie Transform fault 

which underlies the Davie-Walu Trough and the interaction between this transform fault 

with a divergent plate margin generates pull-apart basins and accommodation space’. This 

implies that the DWT is an ‘associated’ feature to the DFZ. However, there are arguments 

that the DWR and DWT could instead be correlated with Late Cretaceous volcanism and 

inversion in Kenya and the syn-depositional growth may represent a prolongation of the 

Anza Rift (Klimke and Franke, 2016). The latter theory suggests that the structures in the 

DWT are unrelated to the southward drift of Madagascar.  

 

 Coastal Basins and Islands 

Large offshore islands like Pemba, Zanzibar and Mafia are observed along the Tanzanian 

margin as well. They are situated 25-50 kilometres away from the mainland coast 

covering an area of 2461 km2 (approximately the size of Luxembourg), 988 km2 and 432 

km2. These islands are covered by Neogene sediments cored by Middle Miocene 

sediments with Quaternary reefs forming at their periphery respectively. Two of the 
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islands, Pemba and Zanzibar are shown from surface mapping to have asymmetrical 

anticlinal geometries. (Kent et. al., 1971). As previously mentioned, the presence of such 

large islands is unusual along a passive margin which would be expected to be in a phase 

of prolonged subsidence and over years this has instigated interest of different researchers 

in terms of their origin and formation but no conclusion has been reached. The availability 

of seismic data in the region and importantly, both inboard and outboard of the islands 

means that their subsurface structure and temporal evolution can be studied and the 

various theories put forward for their formation, tested. 

 

Many hypotheses have been suggested including, coral islands, mainland relicts or 

structural highs with a shallow anticline crystalline core (Stockley, 1942) Pepper and 

Everhart (1963). Later work by Kent et. al. (1971) based on careful onshore mapping 

suggested that Pemba Island was an eastwardly tilted fault block with an anticlinal warp 

structure. A different author attributed Mafia Island’s formation to sill intrusions in 

Campanian deltaic sandstones (Mpanda, 1997) which later developed into a horst in the 

Upper Eocene associated with a tectonic uplift event on Zanzibar Island during Early-

Middle Eocene. Recent work has provided a new hypothesis which is that the Pemba high 

initiated due to Late Cretaceous inversion with further inboard compression of Pemba, 

Zanzibar, Mafia, Songo Songo and inboard Central Kenya in the Tertiary (Clark et al., 

2005). 

 

Other theories from non-peer-reviewed sources suggest that the Mafia basin that lies 

beneath the continental shelf offshore Dar-es-Salaam consists of a Neogene infill that has 

experienced some probable late stage inversion (Mbendi Information - online source). A 

strike slip zone has also been proposed to separate the two islands Pemba and Zanzibar 

(Figure 2.6;Antrim Energy, 2010) which may have led to their uplift. 

 

Although it is not standard to assess suggested hypotheses in a literature review, some of 

the relevant material from this area is in the form of well reports and other data types 

which provide further insights into some of the knowledge gaps and controversies and 

are therefore included here. Stratigraphic accounts from wells Pemba-5 and Zanzibar-1 

(Kent et. al., 1971) show deposition occurred mainly in a deltaic environment with 

sporadic marine incursions in the Early and Middle Miocene, despite the presence of 

Quaternary reefal limestone, challenging the likelihood of the coral island theory. The 

fringing reefs along the coast of Mombasa, Pemba and Zanzibar have also been studied 
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in detail and their present data morphology are attributed to sea-level variation (Arthurton, 

2003). These wells also have total depths in excess of 3800 m but reach only the Upper 

Cretaceous. This challenges the mainland relict or crystalline core theories as these areas 

existed as high features since the Mesozoic, they would have been expected to have 

encountered severe erosion rather than accumulate the relatively complete and thick 

stratigraphic sequence found in the wells. The asymmetry of the anticlinal structures on 

Pemba and Zanzibar were not convincingly explained by previous authors either. Graphic 

representations of the basins or subsidence curve diagrams done by Kent et. al. (1971) on 

Zanzibar Island shows an anomalous uplift event in the Oligo-Miocene and the 

subsequent subsidence appears to be significant with a hint of uplift again in the Plio-

Pleistocene (Figure 2.5A). 

 

Pemba and Zanzibar Troughs 

The synclines inboard of Zanzibar and Pemba, are thought to be of Neogene to 

Pleistocene age reflecting a post-Miocene reestablishment of the Tanzania Passive 

continental margin (Nicholas et al., 2012). However, there are few constraints on the age 

of sediments contained within them to verify this. These basins have been attributed to 

the gradual encroachment of the eastern arm of the East African Rift System southwards 

into the northern regions of Tanzania during the Miocene resulting in subsidence related 

to the north-west to south-east trending Pangani Rift (Kent et al., 1971; Mougenot et al., 

1986; Chorowicz, 2005). The shallow channel between Zanzibar and the mainland is 

thought to have been filled with sediments derived from the Ruvu River which may also 

extend into the Pemba Channel. Towards the coastal region, the relatively abrupt change 

to Cretaceous and Jurassic sediments, and in the case of the Kenyan coastal margin, to 

Karoo rocks, suggest that the western margin of the trough is controlled by coastal parallel 

fault movements (Figure 4.1). 

 

Topographical highs and coast parallel channels are not only found in Tanzanian waters 

as shown by the previous example of the Davie-Walu Ridge. These structures extend into 

the Kenyan Lamu basin in the form of submarine highs such as Pemba-Simba High and 

channel troughs identified as the Tembo and Maridadi Troughs.  However, the present 

study does not cover these areas so they are not discussed here in detail. 
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Figure 2.5 Top: Regional cross section across Pemba and Zanzibar Islands. Burial history diagram appears to 

shows periods of erosion or uplift which have not been explained. See text for more information. Image 

modified after Kent et. al. (1971). Bottom: A geoseismic sketch of Zanzibar Island. The generation of island 

high is not explained. Image after Kejato (2013). 

 

 Onshore Geology 

The immediate onshore coast of Tanzania comprises Tertiary sequences which are often 

found to be in contact with Jurassic and Karoo rocks especially in the northern region 

(Figure 4.1). Basins are found onshore as well and the onshore and offshore coastal 

sedimentary basins, spanning from North to South, are generally separated into the Tanga 
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Basin, Ruvu Basin, Dar-es-Salaam Platform, Rufiji Trough, Mandawa Basin and Ruvuma 

Basin (TPDC, 1989) (Figure 2.7). Further inland, the surface geology comprises 

Precambrian basement complexes. 

 

Two major fault trends are dominant along the Southern Kenyan and Tanzanian margins: 

a NNE-SSW ‘Tanga’ trend and NNW-SSE ‘Lindi’ Trend, both dipping eastwards (Kent 

et. al., 1971; Kapilima, 2002). The Tanga fault trend formed in a NNE-SSW orientation 

along zone of weakness inherited from the Karoo deformation. The Tanga and Ruvu 

Basins are of this orientation. The NNW-SSE Lindi faults are associated with an eastward 

jump of rifting from the Selous area and extension along them which opened the Rovuma 

and Morondova Basins. 

 

 

Figure 2.6 Strike-slip zone proposed to separate Pemba and Zanzibar Island. Image after Antrim Energy 

presentation (2010). 
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Extensive surface sampling and shallow coring in the Lindi and Kilwa areas (Nicholas et 

al., 2006; Pearson et al., 2004a; Pearson et al., 2004b) identified recent fault reactivation 

and movement. The present day topography in these regions is thought to be controlled 

by relatively recent (last 6 Ma) movement in the form of ‘pop-up’ structures associated 

with compressional and strike-slip deformation based on evidence from new onshore 

seismic interpretation work (Nicholas et. al., 2007). 

 

 

Figure 2.7 Coastal framework of the Tanzanian passive continental margin. Note the structural highs 

documented along Pemba, Zanzibar and Mafia Island, and the structural lows illustrated along Pemba-

Zanzibar Channel and Mafia channel. Image after TPDC (1989). 
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 East African Rift System (EARS) 

The Cenozoic East African Rift System (EARS) is often described as the most extensive, 

presently active intracontinental ridge system, and comprises an axial rift with a series of 

basins linked and/or segmented by intracontinental transform, transfer and 

accommodation zones. The active rift is accompanied by seismicity, crustal thinning and 

in some sectors, magmatism.  

 

The EARS is thought to have initiated due to weakening of the lithosphere caused by the 

African superplume event. In this scenario, upper mantle thinning leads to asthenospheric 

intrusion and thermal uplift of rift shoulders (Ebinger & Sleep, 1998; Chorowicz, 2005; 

Roberts et al., 2012). The EARS is separated into two main branches which have 

undergone different tectonic histories (Figure 2.1). The eastern branch runs NNW-SSE 

over a distance of 2200 km from the Afar triple junction in the north, through the main 

Ethiopian rift, Omo-Turkana lows, Kenyan (Gregory) rifts and ends in the basins of North 

Tanzania (Chorowicz, 2005; Dawson, 2008). It is perceived by some to represent a 

“failed” mature continental rift system which is rich in volcanic activity (Morley, 

Bosworth, et al., 1999). In contrast, NNE-SSW striking western branch, also known as 

the Albertine rift, is a younger system initiating during the Late Miocene which is less 

volcanic-rich but more seismically active with deep earthquakes down to 40 km. This 

branch spans over 2100 km, separated over several segments hosting the large lake system 

comprising Lakes Albert, Edward and Kivu to the North; the central Lakes Tanganyika 

and Rukwa and Lake Malawi to the south. A third southeastern branch of EARS has 

recently been postulated comprising a N-S striking undersea basin located west of the 

Davie Ridge in the Mozambique channel (Chorowicz, 2005; Franke et. al., 2015). 

 

Deformation style in the EARS is mainly divergent with localised extensional strains in 

continental lithosphere. However, the heterogeneous crust means that interaction with 

pre-existing lineaments can produce strike-slip related rifting such as along the 

Tanganyika-Rukwa-Malawi transform, Zambezi transform and diffuse Aswa transform 

zones (Rosendahl, 1987; Chorowicz, 2005; Macgregor, 2015). The majority of tectonic 

features are therefore normal faults but structural inheritance leads to strike-slip, oblique-

slip and reverse faults in some areas. Tectonic inversion was observed by Morley et. al. 

(1999) in the Rukwa and Turkana rifts, possibly associated with rotation of extension 

direction occurring at least twice in the Plio-Pleistocene with the latest phase ending 

within the last 100,000 years. The timing of rift opening along the EARS has been studied 
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by different workers and most have arrived at different conclusions, implying that the 

EARS stretched quasi-continuously rather than an easy unzipping theory of the rift from 

north to south. It is important to investigate these timings as far as possible as it have 

possible control on the offshore area through transmission of far field stresses. The EARS 

specific to Tanzanian region will be described in Section 2.3.5. 

 

 Kerimbas and Lacerda Basins 

As mentioned, a third southeastern branch is proposed to lie west of the Davie Ridge. 

This is interpreted as having initiated through reactivation along an old structural feature 

in the Mozambique Channel (Chorowicz, 2005; Franke et. al., 2015). The Kerimbas 

graben is proposed to have initiated as a half-graben in the Late Miocene and as extension 

accelerated in the Pliocene its present day configuration of a symmetrical rift basin was 

formed. Overall the rift appears to be propagating southwards towards the Lacerda basin 

about 650 km (Figure 2.8). The tectonism is recorded by present day neotectonics (Figure 

4.1).  

 

 

Figure 2.8 An interpretation of the Kerimbas Graben thought to represent present day neo-tectonics occurring 

along the DFZ around 11.5°S. The Kerimbas Graben is thought to have initiated in the Late Miocene and still 

active at present day. The diagram also illustrates the large deepwater fold and thrust belts in the Rovuma 

basin known as the Mocimboa thrust belt (see Mahanjane and Franke, 2014 for more details). Approximate 

location of Kerimbas Basin is shown in Figure 2.1.  Image after Franke et. al. (2015) (see Figure 1, Franke et. 

al. 2015 for exact seismic line location). 
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 Plate Configuration 

The structural features described in the previous section have been used to assess the 

evolution of the margin as all models must be consistent with the features observed today. 

Plate tectonic reconstructions attempt to model the evolution of an area and also fit it into 

its global context. Attempts to do this in East Africa and Madagascar were first fully 

described by Coffin and Rabinowitz (1987) substantiated with the discoveries of east-

west trending Mesozoic seafloor spreading magnetic anomalies in the Western Somali 

Basin. Since then, different models with slight variations have been proposed by different 

authors using finite rotation poles generated by visual fitting of coastal zones, iterative 

joint inversion of magnetic isochrones and fitting of gravity-derived fracture zones. This 

is sometimes coupled with seismic data where available but often these models are not 

calibrated by direct subsurface data and this leads to some major inconsistencies between 

the models and the geology observed from seismic data. This section aims to explore the 

current status and understanding of plate tectonic models and this can then be compared 

and contrasted with data obtained from assessment of seismic data in this study. 

 

It should be noted that these models are still being constantly updated and are still a matter 

of debate so most workers acknowledge that they are imperfect (Coffin & Rabinowitz, 

1987; Coffin & Rabinowitz, 1992; Cochran, 1988; Reeves et al., 2002; Reeves et al., 

2016; Seton et al., 2012; Müller et al., 2008; Eagles & Vaughan, 2009; Leinweber & 

Jokat, 2012; Eagles & König, 2008; Davis et al., 2016; Gaina et al., 2013).  

 

The general plate scale understanding of the opening of the East African coastal basins is 

unanimously agreed upon but no agreement has been reached with regards to the timing 

and duration of these events and the initial geometrical fit. Firstly, the early fit of 

Gondwana is still not well understood. Secondly, there is a disagreement among authors 

in identifying the oldest and youngest magnetic isochrones, relying on scarce ship tracks 

data, in the WSB and made more complex by the fact that the period of deformation falls 

within the Jurassic Magnetic Quiet Zone (JQZ) and Cretaceous Magnetic Quiet Zone 

(KQZ) respectively. 

 

 Palaeo-position of Madagascar 

One of the reason that no common agreement is reached on the plate reconstruction is the 

pre-break up fit of Gondwana. These are dependent on how the basement Neoproterozoic 

and Palaeozoic rock assemblages along the East African Orogen are linked (Collins et al., 
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2012; Collins & Windley, 2002; Fritz et al., 2013; Boger et al., 2015; Reeves, 2014) which 

is heavily debated with two main views.  

 

Fritz et. al. (2013) and Collins et. al. (2012) reviewed the Neoproterozoic and Palaeozoic 

rock assemblages along the East African Orogen comprising Mozambique, Madagascar, 

Tanzania, Kenya and Somalia with an appreciation of basement rocks in India, Sri Lanka 

and Antarctica to define the pre-breakup connections using comparisons of shear zones, 

lineaments and suture zones. The similarity of the juvenile mafic granulites and 

metasediments in the Vohibory domain in Madagascar dated at between 910 Ma and 760 

Ma,  and the Eastern Granulites in Tanzania (Fritz et al., 2013; Collins et al., 2012) which 

reached peaked metamorphism in the Neoproterozoic c. 620 Ma, led to the suggestion 

that the Vohibory belt is a southward continuation of the Arabian Nubian Shield (Figure 

2.9A). The adjacent Androyen and Anosyen domains which are separated by N-trending 

shear zones have a different assemblage as these domains are Pre-Neoproterozoic 

consisting of Paleoproterozoic to Neoproterozoic sedimentary rocks intruded by 

Mesoproterozoic and Neoproterozoic igneous rocks (Tucker et al., 2011). These two 

domains together with the central Madagascan Antananarivo Craton are proposed to be 

part of Africa/Azania (Collins et al., 2012; Fritz et al., 2013) or part of India (Tucker et 

al., 2011).  

 

In addition, the sinistral Ranotsara zone that separates the Vohibory, Androyen and 

Anosyen from the Central Madagascan Antananarivo Craton interpreted to occur between 

550 Ma and 530 Ma are concluded that they are not a megascale intracrustal ductile strike-

slip zone (Schreurs et al., 2010). Instead the lithologies and tectonic foliations can be 

followed N-S across most of Ranotsara (shear) zone which is more of a composite 

structure with NW-SE trending brittle faults and its effect has been extended towards the 

Aswa and Nyangere (shear) zones in East Africa. Based on these rock assemblages the 

paleo-position of Madagascar is relatively emplaced with the present day South Eastern 

domain of Madagascar adjacent to Tanzania and the Northern domain adjacent to Somalia 

(Figure 2.9B). 

 

However, other models have been proposed. Reeves (2014) model adopts a tighter 

Gondwana reassembly and refines earlier works (Smith & Hallam, 1970; Lawver et al., 

1997) using both global satellite gravity observations (Sandwell & Smith, 2009) to 

identify flowlines within oceanic domain, and a USGS dataset of faults and basin depth 
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contours which represents the overlapping area of Madagascar with its putative 

neighbours where the original Precambrian crust would have been stretched. This 

reassembly made use of palinspastic restorations and restricted overlap to regions of 

thinned continental crust along present-day plate margins with an appreciation of earlier 

rock domains and shear zones (Figure 2.9C).  

 

The two main models therefore propose either a N-S loose fit alignment (see Figure 11, 

Coffin and Rabinowitz, 1987; Gaina et al., 2013, 2015; Torsvik and Cocks, 2013; see 

Figure 7a, Klimke and Franke, 2016) or a tighter fit close to African continent (Norton & 

Sclater, 1979; Lawver et al., 1997; Reeves, 2014). This results in three possible palaeo-

positions of Madagascar prior to break up that is with (1) Madagascar’s Southern tip close 

to Southern Tanzania with counter clockwise rotation up to ~20 degrees following 

breakup (Eagles & König, 2008; Reeves, 2014); (2) Madagascar was in a general N-S 

alignment with Madagascar’s southern tip close to northern Mozambique and small 

rotation angles (Gaina et al., 2013; Gaina et al., 2015; Torsvik & Cocks, 2013); and (3) a 

similar N-S oriented alignment but a more southerly break-up position with Madagascar’s 

southern tip close to central Mozambique around present day 16°S (Klimke and Franke, 

2016).  

 

Nonetheless, it is generally accepted or close to all reconstructions suggested that the 

palaeoposition of Madagascar indeed lies close to shorelines of Tanzania, Kenya and 

Madagascar where the SW Madagascan Morondava basin is the conjugate of Tanzania 

coastal basins.  
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Figure 2.9 The Precambrian history of East Africa and palaeo position of Madagascar. A. Structural and 

metamorphic map of the southern East African Orogenic Belt. Abbreviations are: AB: Alto Benfica Group; 

AC: Antogil Craton; AN: Antananarivo Block; ANS: Arabian–Nubian Shield; ASZ: Angavo Shear Zone; I: 

Itremo Group; IK: Ikalamavony Domain; ISZ: Itremo Shear Zone; MB: Mecubúri Group; MC: Masora 

Craton; T: Tsaratanana Sheet. Image after Fritz et. al. (2013). 
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Figure 2.9 B. A reconstruction model indicating that central Madagascar existed as Azanian microcontinent 

prior to Gondwana assembly taken from Boger et. al. (2015). Abbreviations for diagram B: A: Antongil; AN: 

Androyen; AS: Anosyen; B: Bemarivo; I: Ikalamavony; M: Masora; TANA: Antananarivo; V: Vohibory; 

ANS: Arabian-Nubian Shield. C. Reeves (2014) reassembly of Gondwana prior to break-up at 167.20 Ma. 

Abbreviations specific to this diagram: AT: Achankovil and Tenemalai shear zones; DSM: deep-seated 

magnetic feature; MC: Moyar-Cauvery shear zone; RA: Ranotsara ‘shear zone’; RV: coastal faults of the 

Rovuma basin in coastal Tanzania and Mozambique. 

 

 Plate Kinematics for Western Somali Basin 

Similarly to the post-breakup configuration, the generality of the early history of 

Gondwana break-up is agreed but the details, particularly timing, debated. The break up 

is correlated to an Early Jurassic rifting event following the eruption of Karoo-Ferrar 

Large Igneous Province around 185 -180 Ma (Jourdan et. al., 2008; Reeves, 2000; Cox 

1992; Seton et. al. 2012; Frizon et. al., 2015) along an earlier incipient Permo-Triassic 

Karoo Rift. Seafloor spreading started following the subsequent breakup in the Mid 

Jurassic which ceased in the Cretaceous (Norton and Sclater, 1979; Segoufin and Patriat, 

1980) forming the oldest oceanic crust in the Western Indian Ocean comprising the 

Mozambique Basin, Western Somali Basin and Northern Somali Basin. Although most 

authors are in agreement with the overall breakup history, the exact timing of ridge 

extinction and the identification of oldest and earliest magnetic isochrones are still being 

debated.  
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Magnetic anomaly interpretations based on 1970s and 1980s Somali basin ship track 

magnetic tracks, identified M25 (~ 154 Ma – Coffin and Rabinowitz, 1987; Eagles and 

Konig, 2008), M24 (152.43 Ma – Davis et. al., 2016) or M21-22 (147-145 Ma – Cochran 

1988, Segoufin and Patriat, 1980) as the oldest definitive markers in the basin. However, 

it was inferred by Gaina et. al. (2013, 2015) that magnetic anomalies could be as early as 

M41 (167.5 Ma) into the Jurassic Quiet zone crust (Coffin and Rabinowitz, 1987) towards 

the continental slope of Kenya. 

 

Based on these data, spreading ceased as early as M10 (~134 Ma – Coffin and 

Rabinowitz, 1987; Eagles and Konig 2008), M3 (~123 Ma – Gaina et. al., 2013,2015) or 

M0 (120 Ma in the Aptian – Segoufin and Patriat, 1980; Cochran 1988; Seton et. al., 

2012; Muller et. al., 2008; Sauter et. al., 2016; Davis et. al., 2016). However, it should be 

noted that cessation of seafloor spreading may be younger than Aptian as the youngest 

magnetic anomalies fall in the Cretaceous magnetic quiet zone and the extinction of 

spreading is likely to be  gradual and diachronous rather than abrupt (Sauter et. al., 2016). 

 

The disparity in the identification of magnetic anomalies is due to the way that synthetic 

magnetic profiles were generated to compare and interpret with ship track data, and the 

magnetic time-scale (e.g. Sager et al., 1998; Gee et al., 2007; Gradstein et al., 2012). 

Segoufin and Patriat (1980), Cochran (1988) and Davis et. al. (2016) suggested that the 

remnant magnetic anomaly profile is anti-symmetric along the young ends of normally 

magnetised ocean crust thus generating magnetic anomaly peaks on the south side of the 

ridge and magnetic anomaly troughs on the conjugate northern site. This anti-symmetric 

nature is due to dominance of the horizontal magnetic field component at low latitude 

with N-S oriented seafloor spreading (Davis et. al., 2016). However, there is some debate 

about this as Coffin and Rabinowitz (1987) and Eagles and Konig (2008) identified the 

anomalies symmetrically which were claimed erroneous by Davis et. al. (2016) (Figure 

2.10). These workers also attempt to compare their magnetic picks with satellite-derived 

gravity data as the vertical gravity gradient derivation are capable of bringing out potential 

extinct ridges and fracture zone flowlines -  extinct and even present day spreading ridges 

are typically supported by low gravity anomalies (Matthews et al., 2011). Whilst most 

authors have clearly identified their corresponding spreading axes east, the lack of clear 

gravity anomalies and ship track magnetic profiles hindered axis determination towards 

the coastal region of Tanzania, west of 43°E. Sauter et. al. (2016) suggested that thicker 

sediment cover towards the continent may have obscured gravity signals as an 
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explanation for the gravity minimum expression of the DFZ north of 5°S (Rabinowitz, 

1971). Further discussion is outlined in Chapter 6. 

 

There is additional difficulty in understanding the holistic picture of the spreading 

histories between the Mozambique/Riiser-Larson Sea and the West Somali Basin which 

have been identified to diverge at about M15n (~135 Ma – Davis et. al., 2016), M11n 

(~135Ma – Konig and Jokat, 2009) and M10 (~130–132 Ma – Seton et. al. 2012). This 

difference in opinion by workers is because reconstruction of an integrated regional plate 

model would need to honour geophysical observations from surrounding regions too and 

these are difficult to conclusively prove and require deep, long-offset seismic data, 

something historically lacking in the region. Despite the majority of  plate reconstructions 

including the N-S DFZ translation of Madagascar from offshore Tanzania, there are other 

workers (Klimke & Franke, 2016) who suggest that there is little to no geological 

evidence to support the extension of DFZ from the prominent bathymetric ridges in 

northern Mozambique towards the DWR offshore Kenya. 

 

 

(Figure continued on next page) 
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Figure 2.10 The two different ways of interpreting magnetic isochrones within the Western Somali Basin. The 

first is interpreted in an anti-symmetric way adopted by Segoufin and Patriat (1980), Cochran (1988) and 

Davis et. al. (2016), and the second is interpreted in a symmetric way as adopted by Coffin and Rabinowitz 

(1987) and Eagles and Konig (2008). 

 

 Plate Reconstruction Exemplars 

Although the plate kinematics between West Gondwana (Africa) and East Gondwana 

(Madagascar, India, Seychelles, Antarctica and Australia) is still a matter of debate, 

several broad timeframes can be identified regarding the timing of WSB spreading and 

extinction. 

 

The break-up of Gondwana is generally associated with the Early Jurassic rifting event 

following the eruption of Karoo-Ferrar Large Igneous Province around 185 -180 Ma 

(Jourdan et al., 2006; Reeves & De Wit, 2000; Cox, 1992; Seton et al., 2012; Frizon De 

Lamotte et al., 2015) possibly along the earlier incipient Permo-Triassic Karoo Rift. It 

has also been stated that the initial extension could also be a response to compression at 

the northern and southern margin of Gondwana localising around the East African Orogen 

(Stollhofen, 1999; Jacobs et al., 1998; Geiger & Schweigert, 2006) (Figure 2.11A). 

 

Continental breakup occurred in the Bajocian (see Figure 2.9C or 2.11B for the pre-

breakup configuration) and then slowly transition into a transform motion during the Late 

Jurassic to Early Cretaceous (c. 153 Ma to 140 Ma). By Mid Cretaceous times, most often 
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suggested as Aptian (c. 120 Ma), spreading in WSB ceased. Figure 2.12 shows a series 

of plate reconstructions compiled by Reeves et. al. (2016). These include some of the 

most recent updates available from the webpage (http://reeves.nl/gondwana). Reeves’ 

model fulfils the initial NW-SE extension (Geiger et. al., 2004), has attempted to create a 

simple baseline model due to recognition of the many unknowns and local intricacies in 

the area and the model is built upon a regional framework of Gondwanan motions, 

including the opening Indian margin and present day EARS. This makes the Reeves 

model more regional in scale while other workers typically focus specifically on Eastern 

Gondwana (Gibbons et al., 2013; Davis et al., 2016) or only within the Mozambique basin 

(Leinweber & Jokat, 2012). 

 

 

Figure 2.11 A: An illustration of the breakup of Gondwana as a response to compression at the northern and 

southern margin of Gondwana localising along former East African Orogen. B: Gondwanan reassembly 

similar to Figure 2.9C. Image after Geiger and Schweigert (2006). 

 

Using some of the models outline above and particularly Reeves’s it is possible to 

generally outline a sequence of events which led to the configuration of East Africa that 

we know today. Following the early break-up and cessation c. 120 Ma, an Aptian sidestep 

took place with the continual opening of the conjugate Mozambique Basin and Riiser-

Larsen Sea in a more easterly motion. Contemporaneously, minor rifting and dextral 

transtension occurred between Madagascar and India (c. 120 Ma to 88 Ma).  
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Figure 2.12 Plate tectonic reconstruction of East Africa – red dot indicates the relative position of 

northern offshore Tanzania or Pemba Island. Diagrams A to C shows the initial NW-SE rifting 

following the outbreak of Karoo-Ferrar LIP c. 180 Ma. Breakup is achieved during the Bajocian and 

the margin continues to drift in a NW-SE direction. Diagrams C to D show the transition period 

towards a N-S dextral translation the took place during the Early Jurassic to Late Cretaceous (c. 150 – 

140 Ma). Diagram E marks the period of N-S opening of Western Somali Basin in the Aptian and the 

cessation of Madagascan translatory motion. Madagascar has remained in the same position relative 

to Africa ever since. Following the Aptian side-step, drifting continues in the Mozambique Basin with 

minor rifting and dextral transtension now focussed between Madagascar and India as illustrated in 

Diagrams F and G. By the Turonian (c. 88 Ma), the onset of separation between Madagascar and 

India took place creating the Mascarene Basin. It was punctuated around 68-60 Ma by the Reunion 

plume resulting in the abandonment of the Mascarene Basin followed by the rapid movement of India 

towards Eurasia up till present day. The configuration of Tanzania within Africa relative to 

Madagascar has remained fairly similar since the Aptian up till present as observed in Figure 2.1 and 

2.2 and has since thought to have developed passively. Diagrams adapted from Reeves et. al. (2016) 

and Reeves (2016b). 
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At a relatively similar timescale, propagation of spreading encroached from Australia in 

the east resulting in the creation of Enderby Ocean between Antarctica and India. By the 

Turonian (~88 Ma), the impingement of the Marion Plume resulted in the onset of 

separation between Madagascar and India creating the Mascarene Basin. The rifting in 

this basin ceased around 68-60 Ma possibly linked to the mantle upwelling and 

subsequent extrusive volcanism linked to the Reunion Plume (Deccan Traps) whose 

thermal influence led to the rapid movement of India towards Eurasia along the Central 

Indian Ridge. Continental collision when this encountered the Eurasian landmass resulted 

in the Himalayan orogeny.  

 

The EARS initiated in the Oligocene (c. 30Ma) and propagated south into the Tanzanian 

region as early as 8 Ma ago) noted by the Essimingor volcanic tuffs dated near Lake 

Manyara (Foster et al., 1997). This rift continues to be active up to the present day. 

 

 Geological History 

The geological evolution of the basins which span the East African margin is genetically 

linked to the regional tectonic events but much more variable with local influences 

differentiating each basin. Spanning from north to south, the East African coastal basin 

at present sits along Somalia, Kenya, Tanzania and Mozambique and is currently 

developing as a passive margin. It is split into basins with similar origins and tectonic 

styles such as the Lamu in Kenya; Ruvu, Mandawa and Selous in Tanzania; Rovuma in 

Tanzania and Mozambique; and Morondova in Madagascar (Figure 2.2, 2.7). 

 

The formation of the Tanzanian coastal basins started with the break-up of Gondwana 

followed by drifting of Madagascar from Africa in the Late Jurassic to Early Cretaceous 

developing as a sheared-type continental margin (Mascle et al., 1987; Bird, 2001). This 

resulted in the opening of the numerous coastal basins.  

 

Although each basin is different, the understanding of the main tectonic elements and the 

current knowledge of plate reconstruction means that the general geological evolution can 

be described and subdivided into several phases: 

 

1. A pre-rift phase (Neoproterozoic to Mesozoic) in which important basement 

lineaments were formed. 

2. A Jurassic rifting phase and early drift (Jurassic-Early Cretaceous) 
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3. A dextral translational phase (Early-Middle Cretaceous) 

4. True Post-rift subsidence (Middle Cretaceous-Paleogene) 

5. Far-field stresses (Neogene)  

 

 Pre-Rift 

Neoproterozoic and Early Palaeozoic (Gondwana stage) 

In the Early Paleozoic (Cambrian-Devonian), the East African region lay within the 

Gondwanan landmass and formed a constituent part of the N-S East Africa-Antarctica 

Orogenic Belt, the world’s largest Neoproterozoic to Cambrian orogenic complex 

extending up to 6000 km N-S (Fritz et al., 2013). It is widely known as one of the domains 

in the Pan-African orogeny, a term now widely used to describe crustal tectonic, 

magmatic and metamorphic activity that occurred in Gondwana from the Neoproterozoic 

to Earliest Palaeozoic (Kröner & Stern, 2005) (Figure 2.9, Figure 4.1). 

 

Late Carboniferous – Triassic (Karoo Rifting) 

In the Mid to Late Carboniferous, Gondwana began colliding with Laurasia to form the 

Pangaean supercontinent resulting in the massive Variscan suture zone (Veevers, 2004). 

However, Pangaea was inherently unstable and began to break up almost immediately 

after its formation in the Permian with incipient rifting started occurring in Gondwana. In 

addition, the collision of Patagonia (present day Southernmost America) with Gondwana 

along the Cape Fold belt (South Africa) in the Late Palaeozoic initiated strike-slip 

movement creating the NE-SW to NNE-SSW Southern Trans Africa Shear System 

(STASS) and generating a series of deep pull-apart basins in Northern Zambia and 

Tanzania as well as transpressional basins in Botswana to Southern Zambia (Pankhurst et 

al., 2006; Reeves et al., 2016) (Figure 2.13).  

 

In the East African region, the earliest notable phase of rifting is known as the Karoo, 

with initial rift extension occurring at the Artinkisian/ Kungarian boundary (Early 

Permian) (Kreuser, 1995). However, some authors suggested that crustal extension could 

have commenced as early as the end of the Carboniferous (Geiger et al., 2004). The Late 

Permian Sakamena rifts in Madagascar and Rukwa rifts in Tanzania are examples of later 

stages evolution into transtensional basins that formed oblique to STASS. By the Triassic, 

the stress systems had gradually developed towards purely tensional strains and the basins 

are dominated by normal faulting with the formation of half-graben systems, 

characterised by E-W or NW-SE orthogonal extensional strains Schandelmeier et al. 
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(2004). Within the Tanzanian margin, Karoo rifting was identified as the opening of 

Selous Basin in the southwest and Ruvu/Tanga Basin in the northeast (Nilsen et al., 1999). 

It was envisaged that the resulting Karoo rifts (Figure 2.1) are confined to pre-existing 

line of weaknesses following the former Pan-African mobile belts in Gondwana 

separating the main Precambrian cratons of eastern and southern Africa (Reeves et al., 

2016). 

 

 

Figure 2.13 The break-up of Gondwana in the Jurassic likely occurred along the earlier Karoo rift and basin 

systems which are highlighted in orange. The bottom left dextral motion off the Argentine coast represents the 

reactivation of a suture zone created during the collision of Patagonia (present day Southernmost America) 

with Gondwana believed to initiate the strike-slip movement along the STASS. Image after Reeves et. al. 

(2016). 

 

 Rift-Early Drift 

Early Jurassic to Late Jurassic? – Early Cretaceous (East African Margin Rifting) 

In the Early Jurassic (~ 182 Ma), a NW-SE rifting event occurred in East Africa preceding 

the complete break up of Gondwana. This rifting resulted in thinning of the crust to the 

point where magmatic upwelling led to extrusion of igneous material forming the Karoo-
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Ferrar/ Bouvet large igneous province around 185 – 180 Ma in southern Africa. The 

province consists of extensive basalt sheets and dyke swarms (Jourdan et al., 2006; 

Reeves & De Wit, 2000; Cox, 1992; Seton et al., 2012; Frizon De Lamotte et al., 2015).  

 

Some basins created along the STASS during Karoo rifting were reactivated and two 

major fault trends were dominant along the Southern Kenyan and Tanzanian margins: the 

Tanga trend and Lindi Trend, both dipping eastwards (Kent et. al., 1971; Kapilima, 2002). 

The Tanga fault trend formed in a NNE-SSW orientation and led to the opening of the 

Tanga-Duruma and Ruvu Basins. The NNW-SSE Lindi faults are associated with an 

eastward jump of rifting from the Selous area and extension along them opened the 

Rovuma and Morondova Basins (Nicholas et. al., 2007). Basins continued to form along 

these lineaments and eventually rifting led to the separation of East and Western 

Gondwana and subsequently the opening of West Somali Basin.  

 

It is suggested that the Early Jurassic Gondwana break-up was a reactivation of Karoo 

tectonic events due to their similarity in geometries (Figure 2.13). However, not all of the 

known Karoo rift systems were reactivated. This phenomenon has only been recorded 

along the present coastline of Tanzania, Madagascar and Mozambique (Reeves, 2014; 

Hankel, 1994; Kreuser, 1995; Geiger et al., 2004). However, lack of data in the offshore 

area has always limited interpretation of this area as this interpretation implies that older, 

inherited structures could form pre-existing zones of weaknesses in the offshore region 

too. Generally, rifting took place between the Pliensbachian and Aalenian but the exact 

timing of the earliest seafloor spreading is still debated. It is inferred by backward 

extrapolation of M-series magnetic anomalies which constrain the latest possible age of 

seafloor spreading. König (2005) placed an estimated start of movement at 167.2 Ma 

(Bathonian) that simultaneously developed three separate oceanic basins: the Somali, 

Mozambique and Weddell Sea Basins, during early break-up. A less exact Bajocian to 

Bathonian break-up age was first postulated by earlier workers (Coster et al., 1989; 

Kreuser, 1995; Salman & Abdula, 1995; Geiger et al., 2004) and has since been applied 

by later authors and the hydrocarbon industries.  

 

However, the transition from NW-SE rifting is still under constant discussion and recently 

Reeves et. al. (2016) suggested that it lasted into the Kimmeridgian. However, in another 

recent update the same author (Reeves, 2016a) modelled the transition to N-S translation 

as Early Cretaceous (c. 140 Ma). 
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 N-S Dextral Translation 

Early Cretaceous to Aptian 

In the Early Cretaceous, a period of N-S drift occurred resulting in the present day 

expression of the Davie Fracture Zone. This led to the southwards translation of 

Madagascar and the opening of the West Somali and Mozambique Basins. The Davie 

Fracture Zone (DFZ) represents a transform margin joining the mid-ocean ridges between 

Madagascar and Somalia and between Antarctica and North Mozambique. The demise of 

the spreading in WSB is believed to be have occurred before or during the Aptian (c. 120 

Ma) but prior to the Aptian side-step event (see below for explanation of this term). It 

should be noted that there are authors (Klimke & Franke, 2016) who disagree with the 

presence of this N-S lateral motion in Tanzania suggesting that it is only present in the 

Mozambican region. Further discussion can be found in Chapter 6 based on seismic 

evidence. 

 

 Post-Rift Subsidence  

Aptian to Santonian (Cretaceous Quiet Zone, KQZ) 

By Aptian times, Madagascar became part of the African plate with the cessation of DFZ 

movement. The shift of tectonic activity away from East Africa resulted in a period of 

tectonic stability and the coastal margin began truly developing as a ‘passive margin’. 

This period of stability had been recognised by previous authors as persisting until the 

Oligocene or Early Miocene (Kent et. al., 1971, Salman and Abdulla, 1995; Nicholas et. 

al., 2007).  

 

Within the periphery of the East African margin, East Gondwana experienced continued 

tectonism and break-up following the emplacement of the Kerguelen hot spot and 

subsequent oceanic spreading in Australia (~ 136 Ma). This rifting propagated westwards 

separating first Sri Lanka from India and then Sri Lanka from Antarctica at about 110 Ma 

(Reeves, 2009). Plate reconstructions then show that Antarctica adopted a more easterly 

motion known as the Aptian ‘sidestep’ and rifting jumped immediately east of 

Madagascar accompanied by prolonged dextral transtension between Madagascar and 

India with about 600 km of displacement from 120 to 88 Ma (Figure 2.12). This ceased 

with the emplacement of the Marion hotspot that triggered the northeasterly movement 

of India. 
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Santonian to Early Oligocene (The most stable period of Tanzanian Passive Margin?) 

During the Santonian to Early Oligocene, the area was not directly affected by tectonic 

activities. This period has been highlighted by Nicholas et. al. (2006) as the most stable 

period across the Tanzanian passive margin. Lateral facies continuity is observed along 

palaeo-strike with uniform subsidence across the shelf. Stratigraphically the sequences 

deposited during this period are clay dominated and belong to the Kilwa Group. Two 

major bounding surfaces within the Group are attributed to a fall in base level coinciding 

with intervals of global regression at the Cretaceous-Palaeocene and Early-Late 

Oligocene boundaries (Nicholas, 2006).  

 

 

Figure 2.14 The continuation of Mesozoic and Tertiary rift systems within central Africa were punctuated by a 

widespread ‘Santonian’ squeeze event. See text for details. Abbreviations are: T-LC = Termit/ Lake Chad; LB 

= Logone Birni; BN = Benue Trough; BG = Bongor; DB = Doba; DS = Doseo; SL = Salamat; MG = Muglad; 

ML = Melut. CASZ = Central African Shear Zone (bold solid line). Bold dashed lines = inferred subsidiary 

shear zones. Image after Warren (2009). 

 

Away from the margin, rifting events continued within the African interior. Cretaceous 

to Paleogene rifting in Kenya resulted in the initiation or possibly rejuvenation of the 

Anza Graben (Morley, Bosworth, et al., 1999) in the Late Jurassic- Cretacous (Bosworth 

& Morley, 1994). Within Central Africa, Late Cretaceous localised inversion is seen in 

Niger, Nigeria, Chad and Sudan as well as along the northern continental margin (Genik, 

1993; Guiraud, 1998; Guiraud & Bosworth, 1997; Warren, 2009). This is known as the 

widespread Santonian ‘squeeze’ event that took place throughout Africa linked to the 
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change in poles of rotation for the opening of the Atlantic at ~83-85 Ma, at the end of the 

KQZ (Guiraud & Bosworth, 1997) and the convergence between the African-Arabian 

plate and Europe (Guiraud, 1998). This led to the initiation of folding, compression and 

inversion in most sedimentary basins along the northern margin of Africa-Arabia as well 

as some rifts created in the Central African fold belt. It was noted by Warren (2009) that 

the Santonian compressional stress was nearly orthogonal to the Early Cretaceous dextral 

transtension along the Central African Shear Zone (CASZ) (Figure 2.14). 

 

 Far-field Stresses (EARS) 

Early Oligocene to Early Miocene (Onset of East African Rift System)  

The onset of East African Rift System (EARS) neo-tectonic rifting was initiated around 

Early Oligocene (30 Ma) following the emplacement of the African superplume and 

associated uplift event (Chorowicz, 2005; Roberts et al., 2012; Ebinger & Sleep, 1998). 

The plume was first formed in the Ethiopian region near Lake Tana creating a 1000 km 

wide uplift weakening the lithosphere (Figure 2.15). Widespread rifting and extrusion of 

large volumes of basalt followed in the Afar region, the site of the present day Afar triple 

junction. Rifting opened the Gulf of Aden, the Red Sea and the Ethiopian rift which later 

propagated southwards along pre-existing zones of weakness. However, it is suggested 

that continental rifting had already been preceded by earlier magmatism recorded in the 

Turkana region along the Southern main Ethiopian rift and in northern Kenya (45-35 Ma) 

(Ebinger et al., 1993; Furman et al., 2006).  

 

The mantle plume has been observed seismically where it is seen as a through-going 

mantle structure extending from the lower mantle beneath southern Africa, rising across 

the mid-mantle beneath Northern Zambia and Tanzania, and connecting with an 

anomalous upper mantle structure that extends across eastern Africa (Nyblade & 

Durrheim, 2015; Mulibo & Nyblade, 2013). It is thought that the asthenospheric intrusion 

in the lithosphere and fault geometry in the crust controlled the EARS architecture and 

led to the variations seen along the rift system (Chorowicz, 2005). Small rift basins (such 

as the petroliferous South Lokichar basin) were dated in the northern Kenyan rift zone as 

forming as early as the Oligocene and certainly by Early Miocene (~20 Ma) the eastern 

branch (Gregory Rift) of EARS was well established. The western branch (Albertine Rift) 

commenced much later, beginning in the Middle Miocene (~12 Ma) (Ebinger et al., 1993; 

Cohen et al., 1993). 
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Mid Miocene to Present (2nd phase of the EARS development) 

The Mid Miocene age for division of EARS into a western and eastern branch was 

introduced by Macgregor (2015) as it loosely marks the onset of widespread rifting in the 

Western Branch. Rifting is thought to have initiated in Uganda and propagated south 

through to Lakes Kivu, Tanganyika, Rukwa and Malawi before finally opening the 

youngest southernmost Dombe and Urema half grabens. This bifurcation of the rift has 

been associated with the Eastern Branch reaching the rigid Tanzanian craton which 

formed a buttress to fault propagation. It has been discussed whether rifting in the western 

and eastern branches was coeval. Some authors argued that initiation of rifting is coeval 

in both branches using analyses of detrital zircon geochronology, tephro- and 

magnetostratigraphy, and past river flow in the Rukwa rift (Roberts et al., 2012).  

 

Due to the rigidity of the Tanzanian craton, the EARS propagated into Tanzania along a 

wider area of faulting termed as the North Tanzania Divergence zone (Baker et al., 1972) 

Modern rifts and associated volcanics are believed to have initiated over the past 5 Ma 

(Early Pliocene) (Dawson, 2008; Nicholas et al., 2007). However, these rifting events 

could have begun as early as 8 Ma (Late Miocene) noted by the Essimingor volcanic tuffs 

dated near Lake Manyara (Foster et al., 1997). The fault which lies east of the Serengeti 

plains, known as the Sonjo-Eyasi fault, is correlated with the Nguruman Fault north of 

Lake Natron bounding a half graben known to have formed at approximately 7 Ma 

(Baker, 1986; Dawson, 2008) suggesting an incipient rifting starting in Late Miocene. 

 

Offshore area 

In the offshore area, tectonic quiescence along the Tanzanian passive margins was 

arrested in the Late Oligocene when a period of Miocene extension, parallel to the present 

day coastline opened a series of localised, shallow coastal basins (Mougenot et. al., 1986). 

These N-S striking basins, including the Kerimbas and Lacerda Basins are more than 20 

km wide and controlled by eastward dipping faults parallel to the coast (Figure 2.2, 2.15). 

The half-graben depocentres are either fault bounded or controlled by Miocene tilting to 

the west and are limited to the east by the Davie Ridge. This has been referred to by some 

authors as an offshore extension of the East African rift system (EARS) (Franke et al., 

2015; Mulibo & Nyblade, 2016) and by others as being related reactivation of the Davie 

Ridge (Chorowicz, 2005). However, Macgregor (2015) was doubtful that the offshore 

events were part of the EARS. Although the timing of offshore branch events coincides 

with the onshore EARS, they lack kilometre scale relief, and are more symmetrical in 



55 

 

form than the typical EARS half grabens. The author argues that the rift basins 

commenced much earlier than geographically closest part of the Eastern branch i.e. 

Pliocene-Pangani Rift and concluded their formation likely to be related to wrench 

tectonics of the DFZ. 

 

 

Figure 2.15 Structural elements along the East African Rift systems initiating from the Afar triple junction. 

Enlarged region depicts the EARS in Tanzania which reaches the area possibly as early as the Late Miocene 

and also the so-called south-eastern offshore branch. Image after Chorowicz (2005). 
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In a different area, the Cenozoic Pemba and Zanzibar Channel Basins are documented as 

being formed contemporaneously with the aforementioned offshore basins by reactivated 

faults forming the horsts of Pemba, Zanzibar and Mafia Islands (Mougenot et al., 1986; 

Mpanda, 1997). However, there is little evidence to support the horst hypothesis as 

surface geology from the islands shows evidence of asymmetric anticlines calling into 

question this interpretation of the channels as well.  

 

What is known about these coast-parallel channels, offshore Tanzania is that they have 

accumulated up to 9 km of sedimentary section, much of it Neogene in age. The similarity 

in age with the southeastern branch of EARS has been mentioned but there is relatively 

little evidence to support the link (Chorowicz, 2005; Mascle et al., 1987) 

 

 Stratigraphy 

The stratigraphic framework of the Tanzanian coastal basins was first explained in detail 

by Kent et. al. (1971) based on surface geology, geophysical surveys (magnetic, gravity 

and refraction) and 52 exploration boreholes. These description are very accurate for the 

areas with a lot of data such as the onshore and the large coastal islands but the subsurface 

of the deep offshore area was not studied in detail and still relatively poorly understood 

due to the lack of historic deep seismic data and good borehole data. This section attempts 

to synthesise the aforementioned regional stratigraphic framework derived from the 

onshore and boreholes with more recent works (Mpanda, 1997; Kreuser, 1995; Hudson 

& Nicholas, 2014; Nicholas et al., 2006; Nicholas et al., 2007; Wopfner, 2002) and also 

to compare the sedimentary successions seen offshore and onshore Tanzania with its 

neighbouring margin and associated conjugate margin (Geiger & Schweigert, 2006; 

Geiger et al., 2004; Coffin & Rabinowitz, 1988; Coffin & Rabinowitz, 1992; Key et al., 

2008; Nyaberi & Rop, 2014; Nyagah, 1995). 

 

Data bias is still an issue in the area as some sareas are far more densly covered than 

others. For example, many recent stratigraphic frameworks focused on the Southern 

margin for example the Tanzanian Drilling Project (TDP) studies, with 41 boreholes 

drilled, along the eastern Mandawa basin – Kilwa area to Lindi in Rovuma basin 

(Nicholas et al., 2006; Nicholas et al., 2007; Pearson et al., 2004a; Pearson et al., 2004b). 
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 Stratigraphy of the Coastal basin of Tanzania 

As the area of interest lies mainly along the Northern margin, additional focus will be 

placed within this region to understand how the onshore sedimentary deposition can (or 

cannot) be correlated offshore. The stratigraphic framework of the basin is described in 

terms of pre-rift, Karoo-rift, Jurassic syn-rift and post-rift section. A Jurassic syn-rift 

succession is assigned rather than merging with the Karoo supergroup because the Karoo 

rift is a long period of intracratonic rifting while it is the former that evolves into ocean 

spreading. The description of the post-rift is divided into numerous sequences due to their 

variations in seismic character which can be tentatively linked to the evolution of the 

continental margin. The names of cities and wells mentioned can be identified in Figure 

4.1. 

 

Basement 

The pre-rift of the Tanzanian coastal margin includes basement rocks of the East Africa-

Antarctica Orogenic Belt consisting of crystalline and high grade metamorphic gneisses. 

They comprise mainly the Palaeoproterozoic metamorphic complex of the Ubendian 

system in the Ruhuhu basin and the Neo-Proterozoic Usambara complex which covers 

most part of the Western side of Tanga fault (Figure 4.1) (Wopfner, 2002; Kent et al., 

1971).  

 

Late Carboniferous to Triassic Karoo Supergroup  

Prior to the onset of Jurassic rifting event, the first sedimentary cover deposited on 

mainland Tanzania was the Karoo supergroup. Clastic sediments were already starting to 

be deposited during maximum extension periods in the Late Carboniferous through to 

Late Triassic in numerous basins across Tanzania and its neighbouring countries, derived 

from the complex basement. The oldest type section for Tanzanian Karoo is found inland 

in the Ruhuhu Basin (Figure 2.1) comprising up to 3000 m of Late Carboniferous to Mid 

Triassic age successions known as the Songea Group (Geiger et. al. 2004; Wopfner, 

2002). This Group consists of five distinctive sequences commencing from coarse-

grained units to finer grain sizes towards the top. The subsequent Middle Triassic to Late 

Triassic sequence of deposition is identified in the Selous Basin with rudaceous sediments 

formed in an alluvial fan setting, grading into braid-plain sandstones and grey, lacustrine 

muds (see Figure 3 and 4, Wopfner, 2002).  
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The oldest sedimentary successions definitively identified in the offshore come from 

Mandawa-7 borehole which penetrated approximately 4,000 m of Upper Triassic to 

Lower Jurassic Mbuo Formation and Nondwa evaporites. The Upper Triassic Mbuo 

Formation consists of sandstone beds alternating with siltstones grading into thick beds 

of claystones deposited in an alluvial, fluvial and lacustrine environment. These 

formations together with the Toarcian-Aalenian Mihambia Formation are collectively 

known as the Pindiro Group (Coffin and Rabinowitz, 1992; Hudson and Nicholas, 2014). 

The presence of marine facies within the Karoo occurs in the Mandawa Basin but was not 

encountered in the outcrops or in borehole data in other areas. It is explained as a local 

marine incursion into a subsiding basin while the Karoo in nearby regions is purely 

continental consisting of conglomeratic feldspar rich sandstones, argillaceous siltstones 

and sandstones (Mpanda 1997). The overall trends of Karoo deposition suggests that 

rifting progressively jumped eastwards, initiating first in the Ruhuhu to Selous Basin and 

then moving into the present day Rovuma and Mandawa Basins.  

 

Focussing in on the northern region, the Karoo successions in the Tanga and Durumu 

Basins are known as Tanga beds. The deposition of these beds occurred along a coast-

parallel fault known as the Tanga fault. They commence with basal conglomerate resting 

on top of a metamorphic rock basement complex which is subsequently followed by 

coarse-grained sandstones and siltstones that generally grade upwards into thinly bedded 

sandstones and mudstones up to 2240 m thick. The oldest deposition is equated with the 

Mbuyara Formation in the Ruhuhu Basin therefore dated as Lower Permian (Wopfner, 

2002 and Kent et. al. 1971). The whole sequence was later overlain unconformably by 

fluviatile Kilulu sandstone of unknown age and elsewhere surrounding the township of 

Tanga being overlain by marine carbonates of Early to Middle Jurassic age (Wopfner, 

2002).  

 

Early to Mid Jurassic Syn-Rift (Pliensbachian to Aalenian) 

The Liassic stratigraphy marks the onset of Early Jurassic rifting (~182 Ma). In the Selous 

Basin, it consists of fluviatile sandstones of the Nandanga Formation where it 

unconformably overlies the fluvio-deltaic Karoo sequences (Wopfner, 2002). This 

Formation is interspersed with volcanics with ages ranging from 186 to 164 Ma (Hankel, 

1994).  Locally within the Mandawa Basin, the Lower Jurassic sediments are represented 

as continued deposition of the Late Triassic Nondwa evaporites in a restricted marine 

environment and prior to break-up, a sequence of clastic sediments known as the 
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Mihambia Formation were deposited in a shallow, marginal marine depositional 

environment (Hudson and Nicholas, 2014). 

 

The best evidence of Early Jurassic syn-rift sediments are found in the northern margin 

known as the Ngerengere beds or sandstones comprising cross-bedded feldspathic 

calcareous sandstone with occasional limestone beds and shales. The coarseness and large 

boulders in this sequence indicate an active boundary fault, possibly the Tanga fault, 

during deposition in the Early Jurassic which degrades by the end of Middle Jurassic 

(Kent et. al. 1971). The Mkulazi beds are up to 300 m thick south of Ngerengere and are 

of a similar series. The presence of Karoo sandstone pebbles within this bed suggests an 

unconformable relationship with the underlying Karoo sequences. 

 

 

Upper and Middle Jurassic Post-Rift sediments  

From the Bajocian onwards, rifting events were terminated and subsequent deposition 

follows the history of normal continental shelf region with transgression and regression 

related to the Indian Ocean margin. It was suggested that a marine environment egressed 

from the northeast along the coast of Kenya into the coastal basins of Tanzania and their 

onshore deposition were delimited by the Karoo down-faulted belts of Tanga and Lindi. 

Middle Jurassic transgressive rocks are seen overlapping the continental Karoo or 

Jurassic rift successions but there are instances where thick pebbly coral-bearing 

limestones lies uncomformably over basement complex in the Msata-Lugoba area.  

 

The Bajocian to Bathonian successions are mostly carbonate rocks such as the oolitic-

pisolitic Amboni limestone in Tanga area, Kidugalo oolitic limestone and the Bathonian 

Mtumbei limestone in the South. The age of these limestones could be as late as 

Callovian. Sporadic Posidonia shales were also identified along the margin depositing in 

local depressions of coeval age and is observed to overlap basement complexes. Marine 

deposition continued upwards into the Kimmeridgian along the Northern margin with no 

apparent unconformity depositing clays, limestones and sandstones varying between 

1000 – 1400 m above the Jurassic limestones. In the South, there was localised deposition 

of buff sandstones and red clays of deltaic and estuarine origin known as the Kipatimu 

beds on the Matumbi hills. The Songo-Songo-1 and Mandawa-7 wells encountered 

respectively, contemporaneous marine deltaic sediments to those represented by the 
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Kipatimu shales laid down in deltaic alluvial plain environment and shales intercalated 

with Callovian evaporites. 

 

Neocomian Post- Rift sediments (Berriasian to Mid Aptian) 

There are no Cretaceous outcrops between the Jurassic and overlapping Tertiary in the 

Northern margin from Mombasa to Wami River. Therefore the knowledge of deposition 

relies mainly on successions derived from the Chalinze borehole. They are composed of 

laminated silty shales and silts with subordinate lenses of hard calcareous siltstones and 

sandstones bottomed by argillaceous limestones. The boundary between the Neocomian 

and Jurassic sediments is often discordant indicating that the beds may have suffered 

contemporaneous movement prior to deposition. At Chalinze outcrops, rare interbeds of 

fine grained, crossbedded, white sandstones were found and were correlated to the 

Songosongo sandstones which were deposited in a prograding regressive barrier bar 

environment (Mpanda, 1997).  

 

In general, the Lower Cretaceous sequences are mainly regressive, accompanied by 

deposition of fluvial sediments which are predominantly argillaceous sandstones with 

siltstones and shales along the shoreline deposited in a deltaic to outer neritic continental 

slope environment. Similar sedimentary successions are found in the Kisarawe-1 and 

Wingayongo-1 borehole where 760 m of bituminous stained sandstones intercalated with 

silty clays were penetrated in the latter. 

 

In the central region, west of Chole, the Neocomian sediments are known as Kipatimu 

beds consisting of slightly calcareous shales and sills with occasional cross-bedded friable 

fine sandstones. However, it is not clear if the Kipatimu beds here are part of the same 

Formation as the ones on Matumbi hills. The only exception is within Mandawa Basin 

where transgressive conglomerates, sandstones and siltstones grading into shales were 

found and noted as representing a local transgression in the area. 

 

Aptian-Albian sediments 

A second major depositional cycle was indicated from the Albian through to the Upper 

Cretaceous. A widespread transgression initiated in the Aptian uncomformably overlies 

the regressive Lower Cretaceous sediments and the boundary is often known as the Mid-

Cretaceous unconformity. This relationship between Albian sediments and Jurassic is 

suggested to be one of overlap where the former onlaps against the inner edge of the basin 
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and once again the depositional pattern is controlled by the major old fault belts i.e. NNE-

SSW Tanga fault and NNW-SSE Lindi fault.  

 

In the south, sedimentary successions are mainly siltstones, marls and black shales locally 

overlapped by thin sandy limestones. In in the north between Wami River and Bagamoyo, 

discontinuous exposures of sandy limestones, calcareous sandstone and Orbitolina 

limestones are found. These successions are also found in the Chalinze borehole. These 

depositional sequences suggest that following the uplift and erosion of Lower Cretaceous 

sequence, the renewed transgression led to widespread deposition of marine sediments 

along the coastal margin. These rocks are also encountered in wells such as the 

Kizimbani-1 borehole where they are represented by the Kihuluhulu and Kingongo marls. 

 

Cenomanian-Turonian sediments 

The transgression cycle that initiated from Aptian-Albian continued into the Cenomanian-

Turonian and this period is again dominated by argillaceous facies associated with deep 

marine deposition. Representative outcrops have been noted along the Wami River and 

consist of up to 900m of primarily sandstones and limestones of Cenomanian, Coniacian 

and Maastrichtian age. Marls, shales, calcareous silty clays and calcareous sandstones 

typical of marine environments were encountered in many wells such as Kimbiji-main, 

Msanga and Kisarawe-1. Transgressive Cenomanian-Turonian shales were penetrated by 

Songo-songo-1 wells and form the seal for the Neocomian sandstone reservoir lying 

unconformably below.  

 

Coniacian – Maastrichtian sediments 

A third cycle of transgression took place during the Upper Cretaceous period and is 

represented by deep to shallow marine argillaceous sediments. In the northern outcrops, 

they are observed as sandstones and limestones along the Wami River. Other successions 

were identified from borehole data from Pemba and Zanzibar where the Maastrichtian is 

composed of interbedded mudstone with claystones, occasional bands of limestones and 

black shales. The exception is that calcareous sandstones were encountered in the 

Zanzibar well suggesting a clastic source that reaches Zanzibar but not into Pemba. 

Deposition of aranaceous materials was also observed in the Wingayongo-1 well with 

sandstones and clayey silts and in the Mafia-1 well where hard quartz sandstones of 

deltaic origin were observed. These sandier sequences are believed to be sourced by an 

earlier palaeo-Ruvu river. In the deeper water, there are few wells but in Kenyan well 
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Simba-1, rocks of this age consist of mainly shale with limestones and sandstone 

interbeds . 

 

Elsewhere, the Upper Cretaceous consists of shales, silty clay, marls and claystones with 

minor bands of sandstone. The sandstone bands encountered are interpreted to have been 

sourced by gravity flows as turbidites. Complete outcrops of Senonian age can be 

observed in the Kilwa area and are represented by a thick claystone unit underlain 

disconformably by Albian to Turonian claystones. Together these form part of the clay-

dominated Kilwa Group that spans from the Cretaceous into the Oligocene (Nicholas et. 

al. 2006). In subsurface and offshore wells, these Senonian claystones, together with 

earlier Cenomanian-Turonian shales are commonly referred to as the Ruaruke Claystone 

or Ruaruke Shale Formation and it is not clear exactly how this links stratigraphically and 

chronologically to the Kilwa Group. 

 

Palaeocene 

Heterogeneous, clay-dominated sequences deposited during fluctuating transgressions in 

the Albian to Upper Cretaceous were followed by deposition of thick Tertiary beds, best 

exposed in southern mainland. No significant stratigraphic break has been identified in 

outcrops or deep boreholes (Kent et. al. 1971) suggesting a conformable sequence across 

the Cretaceous/Tertiary boundary. However, it was argued that this boundary could 

represent a disconformity or even an unconformity as no Danian stage sediments were 

positively identified and the boundary has an abrupt lithological change from Upper 

Cretaceous limestone to Lower Tertiary claystone and the bounding surface also 

coincides with a major global regression (Mpanda, 1997; Nicholas et. al. 2006).  

 

Palaeocene rocks are exposed at outcrop in the Kilwa area as claystones to siltstones with 

fine quartz sandy partings. They think the thinner successions southwards towards the 

Lindi area are due to erosion resulting from later tectonic movements (Mpanda, 1997; 

Nicholas et. al. 2006). No Palaeocene outcrops were encountered on the northern margin 

but successions of this age were identified in the Zanzibar – 1 well and comprised 

argillaceous siltstones, black shales and claystones with calcareous sandstone bands. In 

Pemba – 5 they were also present as a sequence of intercalated marly limestones. The 

presence of clastic materials and thicker successions in the Zanzibar well indicates a 

proximal source, probably the palaeo-Ruvu River, since abundant organic matter 

preservation suggests that they were laid down rapidly. 
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Eocene 

The deposition of Lower Eocene sediments appears to have been highly variable and 

governed by localised tectonic activities. A series of unconformities of similar age occur 

variably within Palaeocene and Eocene sequences in different areas. It is not known how 

easy it is to date Tertiary sequences in this area or how robust the biostratigraphic and 

sequence stratigraphic calibration is though so it is not known if there is any definitive 

link between periods of unconformity development.  

 

Lower Eocene sequences are present in Songo-songo – 1, Kimbiji-main and TanCan -1 

as dominantly claystones and shales with minor bands of sandstones, siltstones, 

argillaceous limestones and dolomite. Conversely, no Lower Eocene sequences were 

encountered in Kimbiji-1, Pemba-5, Zanzibar-1 and Mafia-1. The dominant deposition of 

neritic marine facies indicates that the Lower Eocene could still be part of the earlier 

transgression but that some areas may have been affected by localised uplift, subsidence 

and erosion. 

 

A major regression period took place in the Middle Eocene, evidenced by the appearances 

of nummulitic limestones in Songo-songo-1 well and associated reef limestone masses in 

marginal areas in Lindi indicating shallowing water conditions. This is further 

substantiated by the presence of Palaeocene transgressive claystones which were found 

as far inland as Pugu while no Middle Eocene sediments are known in this part. 

 

However, on top of this relative sea level background control, the Middle Eocene to 

Upper Eocene sediment deposition appears to have been influenced by localised tectonic 

activities. Where present, rocks of this age can comprise of basal clastic deposits from 

eroded high relief due to faulting and the subsequent subsidence and drowning process 

created a shallow water setting for carbonate platform deposition. The Eocene carbonate 

platform covers from Pemba to Mozambique (Mpanda 1997) as evidenced by cavernous 

dolomites, detrital limestones interbedded with marlstone and siltstone in Mafia – 1 well. 

Carbonate materials were observed in Zanzibar – 1 with sandy limestones, calcareous 

siltstones and glauconitic algal limestone indicating a shallow water neritic inner shelf 

depositional environment. Considerably thicker Middle Eocene sediments were 

encountered in Pemba – 5 with interbedded mudstones and siltstones intercalated with 

argillaceous limestones topped by thick deltaic sediments consisting of sandstones, 

siltstones with an increase in fine-grained sediments with depth. Pemba therefore possibly 
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had an independent clastic source at this time as elsewhere there is a distinct lack of 

arenaceous inputs. 

 

Oligocene 

A maximum regression period occurred in the Early Oligocene, possibly linked to the 

global eustatic sea level fall known around this time. In East Africa this led to a significant 

fall in base level at the top of Lower Oligocene with subaerial exposure and erosion 

observed in the Kilwa area (Nicholas et. al. 2006). This major unconformity surface is 

noted in many areas and unconformable deposition occurs between the Early and Late 

Oligocene across the shelf. The sediments deposited during the regression are poorly 

developed near the coast as they are more likely to be associated with development of 

lowstand fans in deeper waters. Subsequent Lower Miocene faulting which occurred 

contemporaneously with the Lower Miocene transgression led to extensive erosion of the 

Oligocene successions.  

 

Rare sedimentation to the south was limited to shallow marine carbonates as encountered 

by Mafia – 1 with sandy limestones, dolomites and coral bearing algal limestones, and in 

the outcrops around Lindi with 90 m of rubbly silty limestones and some silts and clays. 

Thick Oligocene successions are encountered in TanCan -1 and Pemba-5, up to 420 m 

and 425 m thick respectively. They are shallow marine dominated again with sandstones 

intercalated with clays, shale, calcareous sandstones and thin detrital limestones. 

However, the Upper Eocene and Oligocene were absent in Zanzibar suggesting that the 

coastline lies east of the region but a small westward embayment was formed along 

Pemba and TanCan – 1.  

 

Miocene 

By the Neogene, a major phase of faulting took place coincident with the onset of marine 

transgression. Older fault belts were reactivated leading to general subsidence to the east 

with enormous amounts of deposition due to denudation from the high relief inland areas. 

Maximum subsidence occurred in the Pemba, Zanzibar and Mafia Channel leading to 

deposition of thick Neogene sediments. This transgressive period overlaps onshore and 

lies unconformably on top of older successions.  

 

There are few wells in the nearshore area but extrapolating from nearby areas, sediment 

deposition in the channels is likely to have been mostly marine and composed of 
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sandstones and limestone interbedded with argillaceous materials. However, in the region 

of the Dar-es-Salaam embayment and Zanzibar, the initial marine phase was followed by 

deltaic outbuilding at least 90 km beyond the shoreline giving a (up to 2500m) Lower – 

Middle Miocene sequence of deltaic claybound sands in the Zanzibar – 1 well.  

 

On the northern margin, at Pemba, the Lower Miocene sediments are thinner (382 m) and 

made of alternating deltaic claybound sands and marine beds topped by marine limestones 

which persist into the Middle Miocene. This led to the suggestion of an additional source 

of sediments from the west or northwest into Pemba that persisted from the Oligocene 

and became weaker by the Lower Miocene and arrested by Middle Miocene allowing 

carbonates to develop. To the south, reefal limestones make up a large part of the Miocene 

as shown in Mafia while in other wells like Songo-songo, they are made up of shallow 

marine sands and clays.  

 

Upper Miocene and younger sediments are missing in Pemba, Zanzibar and Mafia, and 

rare across the coastal basin of Tanzania. The only evidence of Late Miocene sediments 

was collected from TanCan – 1 with up to 235 m of poorly sorted unconsolidated 

quartzose sandstones (Shell Internal Report, 1991). The lack of Late Miocene, Pliocene 

and Pleistocene sediments is hypothesised to have been related to a change in drainage 

conditions whereby there was a diversion of the NE palaeo-Rufiji or present day Ruvu 

Ruver to an easterly exit at the modern day Rufiji. However, this is debated as Kent et. 

al. (1971) recognised the Late-Miocene as a regression period established by the absence 

of post-Langhian deposits and the fact that subsequent Pliocene sediments onlapped 

around the islands.  

 

Pliocene to recent 

Another transgressive period took place in the Pliocene and exposures are almost entirely 

limited to the modern extent of the islands. Marine Pliocene rocks have been observed on 

the islands e.g. the limestones and soft sandstones of Zanzibar. The Weti beds on Pemba 

Island could be Pliocene in age as well but dating has been inconclusive and Kent et. al. 

(1971) argue that they could be Miocene in age. The positive features of these islands 

were created by localised tectonism and the resultant uplift led to erosion. Sediments were 

most likely redistributed into low relief subsiding areas such as Mafia Channel, Pemba 

Channel, Ruvu Trough and the Rufiji depression.  
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Marine Pliocene exposures were encountered north of Tanga towards Pangani with sandy 

clays, marls, limestones and sandstones. Neogene terrestrial deposits are often overlain 

by Quaternary red-weathered sands in this area while elsewhere along the present strip of 

coastline they are capped by Pleistocene to Recent reefal limestones. These Quatenary 

fringing reefs are found on the islands as well.  

 

 Regional lithostratigraphy and tectono-stratigraphy 

A regional lithostratigaphy diagram has been summarised by TPDC (Figure 2.16) to 

which it can be compared with the descriptions mentioned above. The compilation is 

generally a good overview but lacks an attempt to correlate with regional tectonics and is 

not specific to any locality. Therefore, a simple tectono-stratigraphy based on literature 

is outlined in Figure 2.17. One of the objectives is also to create a chrono- /tectono-

stratigraphy chart specifically focussing on Northern Tanzania together with the results 

obtained from seismic data investigation.  

 

A representative section has also been documented by the USGS (Brownfield et al., 2012) 

(Figure 2.18) to show a simplified stratigraphy of the conjugate margins illustrating the 

pre-rift successions of Madagascar with East Africa.  
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Figure 2.16 A regional lithostratigraphy diagram. Image after TPDC 4th licensing round online brochures (2013).  
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Figure 2.17 A simplified tectono-stratigraphic evolution of coastal Tanzania based on literature studies. 
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Figure 2.18 Summary of stratigraphic columns for coastal Mozambique, the Mozambique Channel and coastal 

Tanzania, Morondava Basin and the Seychelles. Image after Brownfield et. al. (2012). 

 

 Neotectonics 

Present day Surface Kinematics and dynamics of EARS 

Despite being an archetype continental rift which has been studied by numerous workers, 

the forces that drive the evolution of EARS from rifting to break-up are still highly 

debated. In order to evaluate the surface kinematics and dynamics of this continental rift 

system, a detailed understanding of the continuous strain rate distribution and velocity 

fields across and along the EARS is important. 
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Numerous authors have provided a comprehensive study of the current kinematics and 

dynamics of EARS  by using: (1) continuous measurements of geodetically derived plate 

angular velocities (GPS velocities) at the Antarctic, Nubian and Somalia plates; (2) 

earthquake data from the National Earthquake Information Catalogue (NEIC); (3) 

earthquake moment tensors and slip vectors from the Global Centroid Moment Tensors 

(GCMT); (4) spreading rates and transform fault azimuths along the South-West Indian 

ridge (SWIR) (DeMets et al., 2010); and (5) geological indicators along the SWIR (Saria 

et al., 2014; Stamps et al., 2014). These datasets provide quantitative constraints to 

mechanically model the rifting process and resolve the rates of plate extension, Euler 

poles for plate motions and derivation of body and boundary forces. 

 

The current best-fit model splits the African continent into several largely aseismic 

domains, separated by localised narrow active belts containing fault-bounded basins and 

experiencing earthquakes, active faulting and volcanism. This builds upon the 

hypothesised existence of the Victoria, Rovuma and Lwandle microplates embedded 

within the main Nubian and Somalian plates which splits the continent into western and 

eastern tectonic blocks (Hartnady, 2002).  

 

The Davie Ridge appears to follow a well-defined belt of seismicity confined to the 

southern side of offshore Tanzania into Mozambique defining the boundary of the 

Rovuma and Somalian plates (Mougenot et al., 1986; Stamps et al., 2008) and the south 

eastern extension of EARS. The Rovuma plate is rotating clockwise with respect to Nubia 

while Victoria is undergoing a counter-clockwise rotation explaining the lack of active 

faults along the boundary (Calais et al., 2006). The most up to date present-day predicted 

extension rates along the EARS were up to 5.2 ± 0.9 mm/yr at the Afar triple junction and 

as low as < 1mm/yr in the southernmost part of EARS (Saria et al., 2014). 

 

The general extension direction is east-west along the EARS regardless of the trend of 

the rift basins implying that small components of sinistral motion would be experienced 

in the northern segment of Western branch and dextral motion in Rukwa (Delvaux & 

Barth, 2010; Craig et al., 2011; Saria et al., 2014). More precisely, two dominant normal 

fault stress regimes are revealed for the EARS with a WNW-ESE minimum stress 

orientation along the north-western and south-western high plateau region of EARS and 

an ENE-WSW minimum stress orientation along the southernmost rift and continental 

margin including the Tanzanian coast, Davie Ridge and Madagascar, and South 
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Tanganyika. These stress studies agree with resolved earthquake focal mechanisms 

within onshore and offshore Tanzania indicating an extensional regime (Craig et al., 

2011; Mulibo & Nyblade, 2016).  

 

However, when comparing the modelled GPS velocities with observations, most 

predictions show good fit with the exception of significant residuals, opposing the 

direction of extension, identified around the southern region of the Eastern Rift in 

Tanzania (Figure 2.19). The authors could not accurately define whether it represents a 

true tectonic signal or noise.  

 

Following the Miocene rifting in Tanzania, post-Miocene compressive and transpressive 

inversion structures have been observed in the field and on seismic profiles along the 

Southern region of Tanzania (Nicholas et al., 2007). It was suggested this is caused by 

the anti-clockwise movement of the Rovuma plate compressing and shearing the southern 

coast of Tanzania against a backstop of thickened crust of the Davie Ridge which also 

provides an explanation for the Pleistocene to Recent periodic marine terrace uplifts along 

the southern coast. Although, it is clear from focal mechanisms that the present 

deformation regime is indeed extensional, the highly unstable Rovuma and Somalian 

plates could be experiencing episodic compression and extension periods (Delvaux and 

Barth, 2010). In the absence of gravitational potential energy (GPE) within the African 

continent, the entire African plate would be expected to be in a state of compression due 

to surrounding ridge push forces and an orogenic boundary to the north (Zoback, 1992; 

Delvaux and Barth, 2010).  

 

It can be summarised that the generalised stress regime is indeed extensional but field and 

seismic observations do present evidences of localised compression. The overall 

kinematic state has been widely understood from the perspective of EARS but little is 

mentioned on the impact of far field stresses from the collision of Indian Ocean into the 

Eurasian plate. Compressional features have been seismically observed in the Central 

Indian Ocean driven by regional intraplate stresses originating from Indo-Eurasian 

collision reactivating pre-existing crustal faults (Bull & Scrutton, 1990; Beekman et al., 

1996).  Aside from the Seagap Fracture Zone being termed as an inverted strike-slip 

structure, no offshore structural and tectonic features were documented to substantiate the 

compression features observed in Southern Tanzania. 
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Figure 2.19 Present day kinematics of EARS. Significant anomalies are noted in the coastal region of northern 

Tanzania where the residuals show a direction opposing that generated by the EARS opening, something that 

has the potential to set up a counter posed contractional regime. Image after Saria et. al. (2014). 

 

Kinematic studies by Chrowicz (2005) using structural analysis, volcanic chains, tension 

fractures and neo-formed normal faults suggest that a dual movement affected the same 

faults alternating through time and space. This is again seen in terms of the effect of and 

on EARS and it was suggested that the regional continental drifting motion of the EARS 

is NW-SE implying that rift opening is oblique to rift trend except for segments striking 

NE, and locally triggered by high relief body forces inducing gravity gliding effects along 

major border faults. This is perpendicular to the fault strike found along coastal Tanzania 

with E-W local extension in the eastern branch creating the N-striking Kenyan rift.  

 

As with the forces that drive the evolution of EARS, it is generally agreed that boundary 

forces alone acting at the sides of and base of lithospheric plates is insufficient to 

reproduce the surface GPS observations (Forte et al., 2010; Ghosh et al., 2013; Stamps et 

al., 2014). The results by Stamps et. al. (2014) indicate that lithospheric deformation 

could be maintained by GPE gradient forces (buoyancy forces) alone with consideration 

of epeirogenic effects from Africa Superplume while additional horizontal mantle traction 

forces would overpredict surface kinematics. However, the combination of forces are still 

incapable of rupturing the initially thick and cold lithosphere thus requiring other 

processes which could decrease rupture yield stress. The intrusion of magmatic dykes 



73 

 

may be required to initiate continental break-up or since the EARS is rupturing along pre-

existing orogenic belts, lithospheric strength may be much less than an unaltered 

lithosphere.  

 

Overall, there are many variables and significant uncertainties in the analysis of the 

stresses, their direction and their origin that currently affect the EARS and Tanzanian 

margin. General agreement has not been reached and more observations are required. 

 

 Gaps in Literature 

The above lack of coherent understanding of the neotectonic regime in the region 

highlights one significant area in which further work is required. This section summarises 

the comprehensive literature assessment in terms of the areas highlighted as having 

incomplete data, controversy between workers or peculiarities and discrepancies from the 

promoted model. The aim of this thesis is to investigate some of these areas using unique 

geophysical observations from regional seismic data alongside well and field data and 

gravity and magnetics. The following outline the anomalies that have been identified as 

being areas which could be investigated in this thesis. 

 

1. Although several theories have been proposed, the presence of large offshore 

islands offshore Tanzania are anomalous in a subsiding passive continental 

margin. The previous hypotheses for their formation are variable and none 

explains all of the geological data or makes use of all data including seismic. 

 

2. The troughs adjacent to the islands are poorly understood and their evolution are  

not described in detail. They have been attributed to an offshore extension of 

EARS (Chorowicz, 2005; Mougenot et al., 1986) or associated with the Pemba 

and Zanzibar highs as compressional? synclinal pairs (Clark et al., 2005). 

Similarly, they lack support from seismic data. 

 

3. A regional lithostratigraphic diagram (Figure 2.16) has been produced but it is not 

area specific and may impact the tectono-stratigraphic understanding over the 

coastal margin of Tanzania.  

 

4. Inversion has been documented along the Davie-Walu region offshore Kenya and 

the origin of its early growth history is still under debate. Pop-up structures have 
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also been documented along the Southern coastal basin in Kilwa and Lindi area 

(Nicholas et al., 2007) all of which are unusual in a supposedly passive margin. 

 

5. In addition to the above, the present day state of stress and kinematics are poorly 

defined but are considered to be extensional which is unusual given the suggested 

compressional features (Stamps et al., 2014; Saria et al., 2014). 

 

6. Plate reconstructions are still being reconciled with new data owing to 

disagreement with the palaeo-positioning of Madagascar and the magnetic 

isochrone picks in Western Somali basin. Whilst it is not intended to carry out a 

reconstruction in this research, there is an attempt to test the different models with 

the results in this study. 

 

7. The existence of DFZ offshore Tanzania has been challenged by Klimke and 

Franke (2016) as the authors suggest a lack of seismic evidence based on vintage 

seismic data in the 1980s while majority of other workers supports the existence 

here. Furthermore, the role of the DFZ as the continent-ocean boundary is still 

poorly understood. 

 

8. Despite the offshore grabens of Kerimbas and Lacerda have commonly been 

associated as a third South-Eastern branch of EARS, their northern limitation 

offshore Tanzania are not assessed. Some workers have suggested that there may 

well be an indirect link of the EARS in the sense of the regional plate deformation 

but the genetic fault linkage remains poorly understood (Macgregor, 2015). 

 

Therefore, this study will attempt to evaluate these anomalies such that a spatial and 

temporal evolution of the Northern Tanzanian margin can be proposed. In addition, the 

analyses of these peculiarities with the available seismic dataset will test concepts 

proposed by other workers and provide a holistic overview of the East African margin 

evolution.  

 

 Hydrocarbon Exploration History 

The final section of this overview of the Tanzanian margin’s history focuses on the last 

50 years as it is the hydrocarbon interest and exploration which have  driven the 

acquisition of new data and allowed this project to be undertaken. 
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East Africa is currently a frontier hydrocarbon province with recent discoveries of up to 

4 billion barrels of oil and > 200 Tcf of gas. Within Tanzania, the exploration history can 

be separated into several phases: 

 

Phase I (1952-1964) marks the onset of offshore exploration with wells such as Mandawa-

7, Pemba-5, Mafia-1 and Zanzibar-1 drilled focussing along coastal basins and islands by 

BP and Shell companies but with no significant hydrocarbon discoveries. This 

exploration may have been based upon recognition of onshore oil seeps on Mafia Island. 

 

The second phase started in 1969 and lasted a decade with many large regional seismic 

surveys conducted. This led to the significant discovery of the Songo-Songo gas field by 

Amoco in 1974, followed by the Mnazi Bay gas discovery in 1982. 

 

During the third phase (1980-1990), more wells were drilled with no major discoveries. 

Between the years 1992 and 1999, exploration activities slowed down with only few wells 

drilled such as Tan Can-1 and Dira-1 in Mafia Channel (see Appendix B for the full list 

of wells).  

 

Finally, in the 2000’s (phase four), with the advent of better seismic imaging and deeper 

water drilling, exploration activities were revitalised in the region leading to massive 

(biogenic?) gas discoveries such as the Mzia, Jodari, Chewa and Zafarani gas fields in the 

southern Tanzanian offshore blocks by Statoil, Exxon Mobil, BG Group and Ophir 

Energy which cumulated to about 47 Tcf gas initial in place. Discoveries were in 

Cretaceous and Tertiary deep-marine turbiditic, slope canyon complexes and submarine 

channel sand bodies structurally affected by the Seagap Fault Zone. As of October 2015, 

approximately 90 wells have been drilled (both onshore and offshore) with Tanzania’s 

current natural gas reserves estimated at 55 Tc (Komba et al., 2015). 

 

In comparison to the south, exploration in northernmost Tanzania and southern Kenya in 

the Lamu basin has been disappointing. Up to the year 2015, 33 wells had been drilled 

offshore Kenya but not a single commercial field had been discovered. Exploration in 

Kenya followed a similar pattern to Tanzania and was minimal till the late 1970s with the 

first wells Simba-1, Maridadi-1 and Kofia-1 drilled in 1979, 1982 and 1985 respectively. 

The latest exploration campaign in 2003, led to acquisition of new 2D seismic data and 
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the drilling of the Pomboo-1 well in 2006 by Woodside Petroleum which was abandoned 

as dry. However, hydrocarbon discoveries in the region were subsequently made with 

well Mbawa-1 (2012) identifying gas and Sunbird-1 (2014) identifying oil proving that 

the basin does host oil and gas and that some other element of the petroleum system was 

not understood fully in the older campaigns. 

 

Hydrocarbon exploration activities are also present in the deep offshore region close to 

the DFZ with wells Mlinzi Mbali-1 (Jan 2014) and Mkuki-1 (Nov 2014) drilled on a 

structural crest within a Lower Cretaceous channel complex and in Tertiary clastic 

prospects respectively. However, both wells did not encounter any live hydrocarbons and 

limited information is available about whether they found evidence of shows which might 

indicate a petroleum system. Nonetheless, these wells provide the first ever deepest 

stratigraphic test offshore Tanzania and are extremely important for calibration of future 

seismic interpretation work. 

 

 



77 

 

 Data and Methodology 

The aim of this study is to map and characterise the structures seen in the offshore 

subsurface Tanzanian margin and determine their timing and mode of formation. These 

can then be linked to the onshore geology using field mapping derived from literature and 

maps. Field work in the region was considered as part of the project but accessibility, time 

constraints, the good quality of the previous onshore mapping work and more especially, 

the unique provision of a new, high fidelity seismic dataset led to the seismic 

interpretation being given primacy. The study was mainly conducted using seismic data 

calibrated by boreholes in the area and linked with publicly available and literature-

derived gravity and magnetic databases. The present day stress regime was defined using 

earthquake focal mechanisms available from the Global Centroid Moment-Tensor 

(GCMT) catalogue and International Seismological Centre (ISC) bulletin and GPS 

velocities from literature. 

 

 Seismic Dataset 

Seismic data coverage was extensive comprising several 2D surveys supplied by ION 

Geophysical and Schlumberger WesternGeco and provided via Shell, and a 3D seismic 

cube by Afren (Figure 3.2). Their respective surveys name, vintages, depth of penetration, 

migration status and size are as shown below (Figure 3.1). 

 

 

Figure 3.1 Seismic dataset available in this study. 

 

 Seismic Volume 

The 2D seismic arrays acquired are of various vintages up to a total length of 22800 km 

covering the offshore region of Tanzania with several transects in Northern Mozambique 
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and two lines offshore Kenya. However, the spacing of seismic lines is variable. The 

highest spatial resolution is within the Pemba Channel at approximately 2 km apart, 

Western Geco lines are spaced at approximately 12.5 km apart and ION data covering the 

deeper basins at a regional scale has the widest spacing (Figure 3.2). The Tanga 3D covers 

up to 1775 sq. km of the Pemba Channel crossing into Kenyan waters (also known as the 

Tembo Trough). This 3D seismic volume has maximum vertical recording values of 8 s 

with inline intervals at 25 m and crossline intervals at 12.5 m. 

 

 Seismic Acquisition  

Although the seismic data provided for this study was used in the migrated high fidelity 

form in which it was provided, it is still important to understand the process of seismic 

acquisition and processing so as to be aware of any potential interpretation pitfalls caused 

by artefacts inherent to the data. 

 

Seismic reflection imaging is a geophysical technique that records sound waves or energy 

pulses reflected from subsurface interfaces. Seismic sources such as explosives, seismic 

vibrators (onshore) or geophones (offshore) generate seismic waves that transmit through 

the earth reflecting signals when they hit geological layers with different acoustic 

properties. The travel time for waves from the sources to the receivers is measured and 

recorded using a series of geophones. The amount of energy reflected depends on the 

differing physical properties of the individual layers known as the acoustic impedance (a 

product of seismic velocity and density) which is later represented as the amplitude of the 

signal. These data are digitally recorded and computer processing is then used to enhance 

the signal by applying amplitude gains, noise filters, migration algorithms and multiple 

suppressions such that a zero-offset image of the subsurface is constructed for geological 

interpretation. The travel times can be converted into estimates of depths to the interfaces 

using seismic velocities calibrated with well data. However, velocity conversion to depth 

can represent a major uncertainty as velocities vary laterally as well as vertically but this 

is often complicated to model especially in area with limited well calibration (Kearey et 

al., 2002) in which case reliance is solely on velocities picked during data processing 

rather than direct well calibration. 
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Figure 3.2 Geographic setting of the Tanzanian continental margin overlain against NASA Shuttle Radar 

Topography Mission (SRTM) bathymetry gridded at 15 arc-seconds which is about 500 m (Becker et al., 

2009). Blue lines represent ION long offset 2D dataset, red lines represent WesternGeco 2D dataset, black lines 

represent Pemba Channel 2D data and yellow box represents Afren 3D dataset. Red dots are keys wells used 

in this study while black dots are wells that have been mentioned in this study. 

 

In this project, the dataset consisted of offshore seismic reflection surveys (Figure 3.3). 

Marine surveys are recorded using seismic vessels towing airguns which release 

pressurised air which acts as a seismic source. The subsequent reflection is recorded via 

a suite of hydrophone receivers on a cable. The depth of these reflected signals is recorded 

as Two Way Travel Time (TWTT). In 3D surveying, the principal difference is that the 
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Common Mid Point (CMP) gather involves an aerial distribution rather than a linear 

distribution of shot points and receivers. Each seismic trace has peaks and troughs at 

interfaces representing changes in acoustic impedance with a common midpoint spacing 

at 12.5 m with various depths of recording (between 7 s to 18 s – refer Figure 3.1 for 

penetration depths). The data obtained for interpretation in this study was stacked and 

migrated with various different processing algorithms, the details of which can be found 

in Appendix A. 

 

 

Figure 3.3 Illustration of marine seismic data acquisition. Image after TES Teach online source 

(https://www.tes.com). 

 

 Seismic Resolution 

Generally, the minimum vertical resolution of seismic data is around a quarter wavelength 

of the seismic wavelet (Kearey et al., 2002; Badley et al., 1989). Intervals at a quarter 

wavelength or less are subject to interference as illustrated in Figure 3.4a. Considering 

the seismic response of a wedge pinchout for which the physical properties above and 

below the wedge are the same (e.g. a sand body embedded in shale), reflections on the 

top and base are clear when the wedge is thick. However, as it gets thinner the side lobes 

of seismic wavelet begin to interfere and amplitude begins to change and minor timing 

error results. When the wedge thickness approaches one-fourth of a wavelength, the upper 

and lower reflectors converge constructively producing an amplitude buildup known as 

the tuning effect or the tuning thickness. At this stage, the time separation becomes 

constant and is no longer depicting the wedge thickness due to the finite frequency of the 
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wavelet (Sheriff, 1993). For instance, shallow beds having a velocity of about 2000 m/s 

for a wavelet of 50-Hz dominant frequency, one fourth wavelength represents about 10 

m (wavelength equals velocity divided by frequency). For deeper intervals, assuming a 

velocity of 4000 m/s and a 10-Hz wavelet, the tuning thickness would be about 100 m. 

Therefore, resolution decreases with depth as velocity increases and frequency decreases. 

Likewise, this is crucial in the case of an erosional truncation or baselap where two 

reflectors are converging which can adversely affect or reduce the certainty for reflector 

termination picks.  

 

Since acquisition frequency is not known for the dataset in this study, the approximate 

wavelength of the seismic wavelet is estimated from the time duration of interference-

free reflections from reflectors over a range of travel times (Figure 3.4b). The estimated 

range of resolution varies from 5 m or 5 ms at shallow intervals to 65 m or 35 ms at depth  

 

 

 

Figure 3.4 A Top diagram shows seismic response of a wedge pinchout. Image after Sheriff (1993). B. 

Summary of vertical resolution based on estimated wavelength from seismic reflection data. 
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Horizontal resolution is typically taken as the first Fresnel zone diameter for unmigrated 

data. However, for 2D data, migration collapses the Fresnel zone along the line of 

shooting giving a resolution at half wavelength. Given the minimum line spacing at 2 km, 

the horizontal resolution is insignificant. 

 

Since the objective of this project focuses on the interpretation of major tectonic 

packages, the error in resolution can generally be neglected even at depth. The only 

exception is the possible presence of sills which makes it hard to identify thickness. The 

uncertainty that needs to be considered during interpretation is more focussed towards the 

reliability of data at depths as to whether events represent true reflectors or seismic 

artefacts. 

 

 Seismic Quality 

In general the quality of seismic data made available for this study was high. The ION 

GXT and SPAN regional data has deep penetration, allowing identification of acoustic 

basement and crustal types. However, in areas where the geology is complicated, the 

quality of imaging was poorer, especially where complex faults lie underneath a thick 

overburden. Interpretation work was difficult as it approached the edge of seismic data 

where uncertainty in processing is increased. No major multiples were identified and the 

dataset was rotated to zero phase during processing thus recorded peaks represent a 

positive reflection coefficient and recorded troughs represent negative reflection 

coefficient. The polarity was confirmed using the seabed which has a strong acoustic 

impedance contrast between water and ocean bottom sediments (velocity increase) and 

gives a peak signal. 

 

The availability of both 2D and 3D data especially within the Pemba Channel allows 

contrasting of different dataset and seismic quality. The Tanga 3D dataset allows for more 

robust structural interpretation due to the close spacing and ability to trace faults through 

the dataset (Figure 3.5). In the 2D, even when closely spaced, it can be difficult to connect 

faults across lines and aliasing can be a problem. Stratigraphically, the 3D data also allows 

higher confidence of seismic reflector picking across faults and allows deeper 

stratigraphy to be interpreted more confidently. In areas where it is hard to see, the 3D 

data simply provides more lines and therefore deeper reflectors have been well defined 

(note that the definition and image quality of the deep stratigraphy is also related to the 

complexity, facies and thickness of the overburden). 
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 Seismic Interpretation Methodology 

The methodology used to interpret the seismic dataset was seismic sequence stratigraphy 

which involves the recognition of seismic reflector terminations (e.g. erosional 

truncation, onlaps and downlaps) to define major tectono-megasequences (Mitchum, Vail 

& Thompson, 1977; Mitchum, Vail & Sangree, 1977). These mega-sequences can be 

related to major periods of tectonic deformation and this technique is particularly helpful 

in establishing the tectonic and stratigraphic framework in this area owing to the sparse 

well control (Hubbard et al., 1985b; Hubbard et al., 1985a). The confidence of seismic 

packages can be further defined and sub-divided by the geometries and nature of internal 

reflectors and also by seismic facies.  

 

The initial work focused on identifying horizons, interpreting depositional sequences 

(conformable subsets within mega-sequences), and picking out faults and their strikes and 

throws. The identification of depositional sequences allowed a more detailed 

understanding of the basin through identification of regional unconformity surfaces which 

represented regional chronostratigraphic stratal surfaces (Hubbard et al., 1985a). The top 

of these seismic sequences was picked using an identifiable feature on the zero phase of 

the wavelet integrated with reflector terminations and the geometries and seismic facies 

of the underlying and overlying packages.  

 

Faults were identified where seismic horizons are discontinuous across the footwall and 

hangingwall. In areas where the line spacing was tight, individual faults could be 

correlated to form a fault plane, allowing the character of the faults such as dip and strike 

to be identified. The fault mapping was then integrated with the sequence stratigraphic 

mapping in order to understand the structural controls within the area. In areas where 

seismic lines were shot too far apart or at a regional scale (the outboard region) to 

recognise individual faults, large ones were marked and connected where possible with 

the help of gravity data. Fault polygons were created for each horizon based on the cut-

offs positions prior to horizon surface interpolations/ gridding.  
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Figure 3.5 Contrasting quality between 3D data and 2D data enabling better interpretation of faults in the 

former. 

 

TWT surface horizon maps were created by the convergent interpolation method in Petrel. 

As the spatial resolution of this dataset is variable, such a method is useful since it is a 

control point oriented algorithm. This means general trends are retained in areas with little 

data while detail is honoured in areas where the data exists. Isopach maps were then 

created between specific gridded horizons to obtain thickness maps in TWT. Although 
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the thickness map generated measure the vertical difference in TWT between two 

horizons and not the true sequence thickness, the differences between these thickness 

maps are negligible. This is due to nature of the dips of the horizons being relatively small 

and the main objective of this study focusses on major tectonic phases and packages. The 

analyses of these maps allows identification of subcropping horizons, thickness variation 

of specific chronostratigraphic packages across the area and fault horizons, and 

subsequently the timing of fault movements. 

 

 Age Correlation  

Due to the lack of good, high resolution well data within the region, the age constrains of 

horizons were necessarily extrapolated long distances and therefore have only a moderate 

level of confidence. A better control was obtained on the post-Cretaceous sequences than 

the pre-Cretaceous as no wells penetrated deeper than the Cretaceous and therefore dating 

of these horizons remains conjectural. Not all horizons picked were applicable to all 

basins due to being localised or simply limited by seismic data quality in some areas. The 

ages placed on the horizons were later compared with published sections to ensure 

consistency but it is noted that most public sections are also poorly constrained.  

 

Seismic interpretation picks in this study were also compared to Coffin and Rabinowitz’s 

(1988) work based on R/V Vema Cruises-LDEOv3618 MCS seismic profiles which were 

correlated with the DSDP 241 well (2°22'14" S, 44°40'46" E), offshore Kenya. This well 

was drilled in a water depth of 4054 m penetrating Turonian rocks at 1174 m TD (Schlich 

et al., 1974). However, the high fidelity dataset available in this study did not cover the 

DSDP well and much of Kenya and extrapolations could only be made visually from this 

published work.  

 

Although well data was available for the study, none coincided directly with the seismic 

lines. Therefore there is a certain amount of uncertainty with the ages even close to the 

wells. Three wells were key, Pemba-5, Simba-1 and Zeta-1. Various limited information 

was available for these wells and different migrations of seismic data was provided within 

their vicinity. Slightly different approaches to calibration were carried out in each case 

due to differences in the availability of depth migrated seismic, well TD age and publicly 

available seismic data to enable age estimation. The correlation to these wells is illustrated 

individually in Section 4.5. As there are no wells within the Pemba Channel, ages there 

were correlated to the offshore basins via seismic line TZ1-4000. 
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The wells reached total depth in Albian (Zeta-1) and Upper Cretaceous (Pemba-5 and 

Simba-1) so the confidence of dating only extends to this level. Below this the confidence 

level is low and reliant upon matching the known regional geology to the tectonic 

packages observed.  

 

 Well Summary 

There are about 46 offshore wells and 93 onshore wells in Tanzania but unfortunately 

most have been drilled outwith the immediate area of this study. Appendix B shows a 

compilation of all the wells along coastal Tanzania, coastal Kenya and coastal Northern 

Mozambique compiled from Tanzania Petroleum Development Corporation (TPDC), 

National Oil Corporation of Kenya (NOCK) website and others courtesy of Spectrum. 

The data available from these wells mostly documents water and bottom hole depths with 

occasional indication of bottom hole age and formation. In addition, more than half of the 

offshore wells are only recently drilled following the successful gas discoveries in 

Southern Tanzania. Whilst the information is limited, it  still provides some sense check 

on age interpretation along the margin. 

 

Brief descriptions and reports from selected wells were also collated and made available 

from a Shell Internal Report (1991). These include wells Dira-1, Kofia-1, Maridadi-1, 

Mnazi Bay-1, Pemba-5, TanCan-1, Makarawe-1, Simba-1, Songo-Songo-1 and Zanzibar-

1. The well descriptions, especially Pemba-5, Zanzibar-1 and Simba-1 were of most use, 

together (in the case of the former two), with publicly available data described in detail 

in Kent et. al. (1971). Sedimentological information and depositional environment 

interpretation were provided and are particularly important in the assessment and 

investigation of the evolution of the offshore islands (Chapter 4). The summary of well 

Pemba-5 and Zanzibar-1 from a Petrodel presentation was also made use of and can be 

viewed in Appendix C. 

 

The check-shot data from wells Pemba-5 and Zanzibar-1 was evaluated to understand the 

time-depth relationship (Appendix D). This relationship was used to tie the well to the 

same domain as the seismic data and allow projection of stratigraphic information from 

Pemba-5 towards the offshore margin. However the projection is too far for Zanzibar -1 

to correlate with offshore seismic data hence it could not be used. Figure 3.2 shows the 

collection of wells mentioned in this study and the key wells are highlighted in red. 
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 Onshore Geology  

The best example of a coastal geological map of Tanzania is the 1:2M Geology and 

Mineral Map of Tanzania (2008). Although there is a unified geological map of the East 

African region compiled by CGG, such a dataset is not available publicly. 

 

As geology is without borders, this study involves parts of Southern Kenya. In the case 

of its onshore geology, a 1:2M SEAMIC MGD Geology (2004) of Kenya was found to 

be available publicly but adapted a slightly different rock nomenclature and labelling to 

the Tanzanian map. An attempt was made to combine these two datasets following the 

Tanzanian geological map as illustrated in Figure 4.1. The onshore geological 

information is crucial as it indicates older stratigraphy and distribution along the coastal 

region which may provide information that aids in understanding the margin’s early 

evolution. 

 

 Gravity and Magnetic Data 

Gravity Data 

Gravity measurements provide information about subsurface features which can be 

utilised regionally to resolve crustal natures, major structural boundaries, undersea 

volcanoes and the presence of sedimentary basins or basement highs. These data can be 

collected using gravimeters (by ship or air) or derived from satellite. 

 

In this study, satellite-derived free air gravity anomaly data (Sandwell & Smith, 2009) 

was utilised to substantiate observations from the seismic reflection dataset (corrected 

with a free-air correction and latitude correction, Equation 1). Generally, these anomalies 

are used for assessing gravity variations in the marine subsurface and are comparable to 

the Bouguer anomaly over continents since measurements are usually corrected to the sea 

level datum (approximately the equipotential surface) (Fowler, 2005). However, it is 

noted that free-air anomaly is strongly influenced by bathymetry which becomes 

significant around continental margins (Williams et al., 2010). 

 

Therefore, Bouguer-corrected gravity anomalies were calculated from satellite-derived 

free air gravity data (Sandwell & Smith, 2009) and NASA Shuttle Radar Topography 

Mission (SRTM) bathymetry (Becker et al., 2009) to compensate for bathymetric effects. 

This correction basically replaces seawater with an average crustal density in the sea 
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while on land, the correction removes gravitational attraction for materials above sea 

level. Normally a terrain correction would be applied but this was not deemed necessary 

in this study as there are no areas of exceptional topography (Equation 2). 

 

�� = ���� − ��	
 + ���	[where	��� 	= 0.3086h]  Equation 1 

�� = ���� − ��	
 + ��� − ��� + ��� 

						= �� − ��� + ���	[where	��� 	= 2����� − � 
h	&	δg$	is	negligible]	 

�� = �� − 2����� − � 
h 

						= �� − 0.04193��� − � 
h    Equation 2 

 

gF is free air gravity anomaly, gB is Bouguer corrected gravity anomaly, δgB is Bouguer 

correction, δgF is free air correction, δgT is terrain correction, g(λ) is latitude correction, 

G is gravitational constant 6.67408 × 10-11 m3 kg-1 s-2, ρc is average crustal density (2.67 

g cm-3), ρw is sea water density (1.027 g cm-3) and h is topography (positive if above sea 

level, negative if below sea level). 

 

Vertical gravity gradient (VGG) data were also utilised and proved to be useful in this 

study to understand plate motions in regions of oceanic spreading. Globally, VGG 

identifies extinct and even present day spreading ridges which are characterised by low 

gravity anomalies (Matthews et al., 2011). The data from the Tanzanian area used in this 

study was obtained from Sandwell and Smith’s (2009) open source data. 

 

Magnetic Data 

Two forms of regionally gridded magnetic data were available in this study: the Earth 

Magnetic Anomaly Grid (EMAG2_V3) with 2-arc-minute resolution (Meyer et al., 2016) 

and the directionally gridded World Digital Magnetic Anomaly Map (WDMAM v2.0) 

(Dyment et al., 2016). The former is best used to identify probable localised magnetic 

signatures such as seamounts and volcanic centres while the latter provides a probable 

illustration of past spreading geometries. Although ship-borne magnetic tracks were also 

available, interpretation of magnetic isochrones was not within the scope of this study. 

Thus an evaluation was made on previous interpretations of such data as documented in 

Section 2.2 and Chapter 6. 
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 Neotectonic Deformations 

GPS velocities and earthquake focal mechanisms provide a method for understanding the 

present day stress and seismicity in a region. Section 2.6 shows a summarisation of 

present day kinematics along the East African region while derived earthquake focal 

mechanisms along coastal East African margin are illustrated in Figure 4.1. The 

compilation of focal mechanisms was obtained from Global Centroid Moment-Tensor 

(GCMT) catalogue and International Seismological Centre (ISC) bulletin. This study 

adopts the centroid depths given by GCMT, which is slightly different from those 

recalculated by Craig et al. (2011). The minor differences do not alter the regional picture 

in terms of understanding the present day kinematics hence is not an issue in this study. 

 

Figure 3.6 Schematic diagram of focal mechanism. Image after USGS (1996) 

(http://earthquake.usgs.gov/learn/topics/beachball.php.) 
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Generally, focal mechanisms are attempts to find the best fit direction of P-wave first 

motions illustrated in the form of a ‘beach ball’ symbol. It is a projection on a horizontal 

plane of the lower half of an imaginary focal sphere surrounding an earthquake source. 

The stress-field orientation during rupture dictates the direction of slip on the fault plane 

scribed as a line where the fault plane intersects the sphere. Coloured quadrants  represent 

dilatational regimes containing the tensional (T) axis while white quadrants are 

compressional regimes containing the pressure (P) axis reflecting the maximum 

compressive stress direction (Figure 3.6a). However it should be noted that, mechanisms 

calculated from first-motion directions contain some uncertainty in recognising the fault 

plane on which slip occurred from the mathematically equivalent, orthogonal, auxiliary 

plane as illustrated in Figure 3.6b. This means, a focal mechanism diagram may present 

two probable solutions and the likelihood of each needs to be assessed with and 

substantiated by regional geology including field, well or seismic evidence (for more 

information on how these stresses are computed and derived  see Barth et al., 2008). 

 

 Thematic Approach towards Data Evaluation 

Following literature studies along the Tanzanian margin in Chapter 2, several 

inconsistencies and areas of controversy were noted along with a marked reliance on 

gravity and magnetic data over subsurface seismic. This forms a good research rationale 

and shows that the margin is under-studied in terms of its tectonic evolution, structural 

fabric, stratigraphy and sedimentology. The area is also interesting from a hydrocarbon 

perspective with several recent large gas discoveries along the margin. However, the key 

to understanding the prospectivity is to first understand the geology and this study aims 

to do that. 

 

The first major anomaly noted is the existence of large islands along the offshore 

Tanzanian margin as they do not conform to the standard model which would have seen 

this area undergoing passive thermal subsidence since the Mesozoic. Evaluation of the 

fundamental principles and geological concepts important in passive margin settings 

illustrated that some continental margins actually exhibit a more complicated subsidence 

history with discrete phases of uplift and the Tanzanian margin may form one of these. 

 

A regional overview of this continental margin shows that this zone comprises both a 

classic rifted margin (Jurassic rifting) and an ancient transform margin/ sheared margin 
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(Cretaceous translation of Madagascar). Therefore, it is crucial to understand the historic 

evolution of this basin and how tectonic forces have impacted it. 

 

Once the research questions were identified, the study was set out under three major 

themes each related to some of the areas of poor understanding or controversy found 

during the literature search. These include: the origin of the islands; the origin of the 

extensional inner basins; the crustal structure and role of the Davie Fracture Zone. 
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 Structural Evolution of Northern 

Tanzanian Passive Continental Margin 

 Introduction 

The current understanding of the geological development of the Tanzanian continental 

margin is that it is consistent with a passive continental margin that formed during a rifting 

event in the Jurassic which was then closely followed by a period of North-South dextral 

translation as Madagascar moved away from East Africa in the Cretaceous along the 

Davie Transform Zone and (possibly) the Seagap Fault Zone. Since then, it has been 

considered as a passive margin undergoing thermal subsidence. However, there is an 

observable difference in the north and south of the margin with studies carried out in the 

south identifying recent strike-slip movements along the offshore Seagap Fault which 

initiated as early as the Early-Mid Jurassic (Gray & Sansom, 2016). Nicholas et. al. (2007) 

had also described the presence of onshore post-Miocene inversion and sinistral strike-

slip movement developing ‘flower’ structures attributed to clockwise rotation of the 

‘Rovuma Plate’ compressing and shearing the Southern coastal zone against the Davie 

Ridge. This indicates a tectonically complicated Southern margin evolution and is 

different when compared with the northern margin where such recent strike slip 

movements are not observed along the coastal margin or offshore basins. It is for this 

reason that the margin has been subdivided into a northern and southern sector and this 

study has focused upon the northern sector. 

 

Relatively few studies have been undertaken on the Northern continental margin of 

Tanzania, especially for the Cretaceous-Recent sequences. This is likely due to several 

factors, one of which is the historic lack of subsurface data available to the scientific 

community, perhaps due to the disappointing results of the initial hydrocarbon 

exploration ventures in the 1980’s and 90’s. Another factor which has led to a lack of 

high resolution study of the region, is the predominant hypothesis that the margin has 

been undergoing thermal subsidence since the Cretaceous and is therefore following a 

‘standard’ rift to drift model. Passive margins which follow this model are typified by 

deep basins, passive subsidence and submarine burial.  
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Although the continental margin of Tanzania does contain both inner (Pemba Inner Basin) 

and outer offshore basins, it also has a series of large coastal parallel islands.  Positive 

topographic or bathymetric features such as islands or seabed arches are difficult to fit 

into the standard passive margin model as they should have been buried as the margin 

subsided. Hence, these structures imply a possible inherent complexity in the northern 

margin evolution.  

 

The recent surge of exploration activities in the region, sparked by the move into deep 

water and large gas discoveries in the southern region, has opened up the opportunity to 

analyse the deformation history of the margin through the acquisition of deep 2D seismic 

surveys shot along the margin of Tanzania. The results in this chapter mainly focus on 

the development of the area to the west of the Davie Transform Zone with the features 

along the Transform Zone itself discussed in detail in Chapter 6 and the integral part with 

the Pemba Inner Basin will be discussed in Chapter 5. The following chapter will 

investigate the information that can be derived about the margin evolution from the 

interpretation of seismic data which can be partially calibrated by existing well data in 

the region and combined with other geophysical data such as gravity and magnetics as 

well as materials from industrial presentations. 

 

 Geology of the Spice Islands 

As described earlier, the presence of large islands like Pemba, Zanzibar and Mafia 

offshore Tanzania is unusual in a passive continental margin setting. Previous works have  

been done on these islands describing the surface geology and borehole geology (Kent et. 

al. 1971) that later leads to several hypotheses for these islands’ formation.  

 

 Surface geology 

The present day surface geology on the islands is stratigraphically Neogene and 

Quaternary in age. In contrast, rocks observed on the mainland coastal margin include a 

full suite of Cenozoic sequences which onlap onto older rocks (Figure 4.1). This shows 

that the islands may have had a different origin than the rest of Tanzania and may be 

young features.  
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Figure 4.1 Map shows offshore 2D seismic dataset and key important wells utilised within the study (Red lines – ION dataset, Blue lines – Western Geco dataset; Yellow box – Afren 3D dataset; Black lines – Pemba Channel 2D data) with the coastal geological map of 

Tanzania (1:2M Geology and Mineral Map of Tanzania 2008) and Kenya (adapting the former’s rock nomenclatures onto 1:2M SEAMIC MGD Geology 2004). The focal mechanisms along coastal Tanzania and Kenya have been compiled from the Global CMT 

Catalog and ISC Bulletin with respect to their centroid depths – note that the centroid depths are following those given by GCMT which is slightly different from those recalculated in Craig et al. (2011). The coastal region is essentially Karoo and younger juxtaposed 

against Neoproterozoic Mozambique Belt followed by the Paleoproterozoic Ubendian – Usagaran Belts and the Tanzanian Craton. Note the Precambrian Shear Zones of Aswa and Galana (Fritz et al., 2013). The seismic transect examples used in this study are shown 

as thicker lines.
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An important observation which links the onshore and offshore subsurface observations 

is that the onshore geology of both Pemba Island and Zanzibar Island (Figure 4.2) shows 

a central N-S striking anticline cored with Middle and Lower Miocene sediments 

surrounded by younger sediments fringed by uplifted Pleistocene coral rag limestone 

platforms. This stratigraphic configuration is a common characteristic of a surface 

anticline and means that the seabed and deep anticlines observed in the subsurface may 

also core the two islands.  

 

The oldest exposed surface rocks on Pemba Island are the Chake Chake beds comprised 

of marine clays interbedded with sandy limestones and calcareous sandstones of Lower 

Miocene and Middle Miocene age, which are confidently dated using marine invertebrate 

faunas in the area. The age of the beds are further substantiated by the presence of Middle 

Miocene terrestrial and marine vertebrates on Pemba Island (Pickford, 2008) typical of 

African continental faunas of basal Middle Miocene age (16.5 Ma). The early Miocene 

soft marly limestones and sandy marls are rich in Operculina, resembling facies seen in 

Zanzibar. It is this coincidence of fauna that led to the postulation that the island was 

separated from Africa by a graben fault during the Pliocene (Kent et. al. 1971) or even 

earlier in the Late Miocene (Stockley, 1942). They are overlain by unfossiliferous clays 

and crossbedded sands known as Weti beds interpreted to be deposited in fluvial and 

deltaic environment. Although the beds appear to be conformable over the Chake Chake 

beds, their deposition tends be highly diachronous and an angular unconformity has been 

interpreted to exist between the two beds. The age of Weti beds is somewhat confusingly 

noted as both Miocene and Pliocene by Kent et. al. (1971). Owing to the fact that similar 

beds were encountered by the Pemba-5 well (Figure 4.3) and the aforementioned 

uncomformable relationship with the Chake Chake beds, it is therefore postulated that the 

Weti Beds are likely to be Pliocene or as early as Late Miocene in age indicating a hiatus 

between early Middle Miocene to Pliocene. The anticline observed on the surface geology 

is also consistent with data from gravity surveys (Figure 4.26) and four stratigraphic 

shallow boreholes (Figure 4.4). 
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Figure 4.2 Surface Geology for Pemba Island and Zanzibar Island. Both islands have N-S trending anticlines cored by Lower Miocene sediments and surrounded by younger Pliocene and Quaternary deposits typical of a folding geometry. Modified after Kent et. al. 

(1971). .
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On Zanzibar Island, the surface geology is similarly dominated by a North-South striking 

anticline with Lower Miocene beds locally known as the Masingini beds flanked by later 

reefs and alluvium. The identification of older beds was based on clear foram evidence at 

Masingini ridge within a predominantly marly sand succession with subordinate 

limestone. These beds essentially dip eastwards at an angle of 2-5° but consist of western 

dips as well suggesting a turnover postulated as anticlinal folding. Drag associated to 

bounding faults (Kent et. al. 1971) is another possible interpretation and has led to the 

hypothesis that the islands are fault-bounded. This hypothesis along with others for the 

island formation will be discussed Section 4.7. The authors mention that the broad 

topography of the island was exposed and eroded since pre-Pliocene times on the basis 

that only few small outcrops of fossiliferous Pliocene were found resting on the Lower 

Miocene beds identified near the west coast and on Tumbatu Island. This implies the 

topographical high of Zanzibar Island was probably there since pre-Pliocene times. 

 

It was noted that an erosion surface separate the Pliocene from Miocene beds although 

their identification in the field are somewhat difficult due to similar lithologies. Lower 

Miocene sediments were found to the NE of Masingini ridge as well at Donge with soft 

bedded sands with rare limestones similar to the Masingini beds but the eastern side has 

a predominant reefal limestone succession indicating a horizontal gradation from area of 

clastic sedimentation in the west to open water in the east. These Miocene limestones 

appear as inliers at Potoa, Uwemba and Upenja which appeared to be fault-controlled and 

often aligned with the long reef terraces edges. In parts, the terraces are depositional and 

reflect uplift of Pleistocene coral reefs to heights of 50 m but their straightness and 

coincidence with fault cut-offs of Miocene outcrops leaves little doubt that faulting is a 

major element in their distribution.  

 

The similarity of the two islands suggest they may have been formed by the same 

mechanism and presence of two anticline cores observed both onshore and on seismic 

data suggests that these features are related. 
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Figure 4.3 Simplified borehole geology of offshore islands and bathymetry highs correlated with periods of 

unconformities and correlative conformities. Correlation shows great thickness variations between wells and 

multiple chronological gaps. Data from Kent et al. (1971); Shell Internal Report (1991) and Nelson (2006). 

 

 Borehole geology 

In addition to surface geology of Pemba and Zanzibar, stratigraphic data from boreholes 

drilled on the islands provides subsurface stratigraphic calibration and aids our 

understanding of the subsurface structure. Both of the boreholes Pemba-5 and Zanzibar-

1 (Figure 4.1, 4.3) drilled down to the Upper Cretaceous. Cretaceous, Palaeocene and 

Middle Eocene rocks were found to have been mainly deposited in a marine outer shelf 

environment while the younger sequences are interpreted as having been deposited in a 

shallow water near deltaic environment. However, the considerably thicker Middle 

Eocene section in Pemba which consisted of mainly mudstone, siltstone and shales 

intercalated with unconsolidated course sands and rare thin detrital limestones was 

different from Zanzibar which instead had limestones underlain by black shales and 
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mudstones and was lacking arenaceous materials. It was explained by a probable 

additional sediment source towards Pemba during this period (Shell Internal Report, 

1991). The presence of Oligocene and Upper Eocene sediments in the Pemba well and 

their absence from the well on Zanzibar suggests that a minor embayment may have 

extended over Pemba while Zanzibar remained emergent. An additional source of 

sediment from the west or North West that persisted into the Miocene at Pemba was also 

inferred from the borehole data. By the Aquitanian, the additional sources may have 

become weaker, allowing thick limestone to be deposited around Pemba. However, 

Zanzibar has the ancestral Ruvu River that supplies the thick deltaic lower and middle 

Miocene sequences (Kent et. al. 1971). Large difference in thickness within the Lower 

Miocene in Zanzibar suggests that Zanzibar was subsiding throughout the lower Miocene 

while the lack of these in Pemba suggests it was more stable. The lack of late Miocene, 

Pliocene and Pleistocene sediments on Zanzibar Islands was considered by the interpreter 

as due to a change in drainage conditions whereby the original Ruvu River NE course 

was diverted to the modern day Rufiji giving an easterly exit across the modern Rufiji 

delta (Figure 4.1).  

 

It is important to note that most of these changes in stratigraphy has been explained solely 

based on borehole data and described in a sedimentological point of view (Shell Internal 

Report, 1991). A different assessment could be made when a larger suite of data i.e. new 

seismic, gravity and surface geology evidences were included and incorporating tectonic 

changes into the evaluation. 

 

Wells stratigraphy from Pemba-5 and Zanzibar-1 was compared to one drilled in a similar 

offshore position on a bathymetric high offshore Kenya, Simba-1 (Figure 4.1, 4.3). There 

is evidence of different thickness variations between the southern wells and the northern 

offshore well, which also appears more marine (although the fact that this well was drilled 

on a bathymetric high not an island means that the latter would be expected). However, 

chronological gaps are apparent in all of the wells and appear to have occurred during 

similar periods. When displayed in a chronostratigraphic diagram (Figure 4.5), it is 

evident that both Zanzibar-1 and Pemba-1 are missing Lower Eocene rocks. Similarly the 

Upper Eocene seems to be missing or very thin in all wells. Importantly, all of the wells 

show a significant amount of missing section in the Neogene to Recent section with 

Zanzibar-1 and Pemba-1 having Middle Miocene rocks at or near the surface which 



100 

 

suggests that the islands may have become sub-aerial sometime during or after the Late 

Miocene and are now being actively eroded. 

 

Evidence from the seismic image of the Simba-1 well seems to show some unconformity 

development at the crest of the anticline on which it was drilled making its position and 

subsurface structure similar to Zanzibar-1 and Pemba-5 (Figure 4.22). The fact that the 

well records similar unconformities suggests that they may have shared a common causal 

mechanism and timing related to folding and associated uplift and erosion. It is difficult 

to determine from an image of the seismic section at Simba-1 but it does appear to fit with 

the observations made to the south. 

 

 Previous hypotheses for Islands Formation 

The area has been the subject of previous studies using mainly data from onshore mapping 

and historic boreholes leading to several theories being proposed for the formation of the 

offshore islands. These range from interpretations of coral islands, mainland relicts, 

structural highs with shallow anticlinal cores and tilted faults blocks (Stockley 1942, Kent 

et. al. 1971). Boreholes on a neighbouring island, Mafia Island, found evidence of sill 

intrusions which led to the hypothesis that large igneous intrusive complexes cored the 

islands and may have led to or augmented their formation (Mpanda, 1997). However, 

other boreholes have shown a lack of these intrusive igneous rocks suggesting they may 

be more localised than previously thought. Some authors have even proposed that the area 

may be related to the SE branch of the EARS (Chorowicz 2005). 

 

However, much of these research was hampered by a lack of good subsurface data. The 

bounding fault that forms the island of Pemba identified from subsurface data is dipping 

eastward challenging the initial contending theory where Pemba Island is an anticlinally 

warped feature on an eastwardly tilted fault block i.e. westward dipping fault. Borehole 

data and seismic data shows thick underlying sediments discount the possibility for a 

shallow core. Although Quaternary reefs are found fringing the islands, well data have 

shown that most Cenozoic sediments are clastic depositions in a marine and deltaic setting 

discounting the coral island origin. Our dataset had managed to identify the lateral 

continuity of the islands’ anticline offshore showing thick sedimentary successions 

underlying the islands which have  been uplifted. These islands were identified to be 

formed by structural inversion fulfilling characteristics described by Cooper and Warren 

(2010) in which initial extensional fault geometry had been compressed and reactivated 
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similar to Bally’s (1984) model with the exception that here the basin is essentially still 

in net extension. On the basis of these evidences, the initial theories have been considered 

and discounted.  

 

 

Figure 4.4 Shallow borehole stratigraphy of wells Pemba-1,2,3 and 4. See Figure 4.2 for well locations on 

Pemba Island. Note that Pemba wells mostly encounter Lower Miocene overlain by Pliocene Weti Beds 

indicating an unconformity. The slight discrepancy between borehole geology and surface geology of the 

Pemba-1 and Pemba-2 well are probably due to thin successions of Weti above these boreholes. After Shell 

Internal Report, 1991. 
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Figure 4.5 Chronostratigraphic diagram of the islands and structural high based on well data as shown in 

Figure 4.3. 

 

 Dataset  

This chapter focusses mainly on the deep offshore basin (Figure 4.1). The Pemba Inner  

Basin is discussed separately where the correlation with the deeper basin is also shown 

and explained (see Chapter 5). The study of the deep outer basin area utilised multiclient 

2D seismic data acquired by Western Geco and ION with maximum recording times of 9 

– 10 s and 16 – 18 s respectively (see Chapter 3).  

 

The Western Geco dataset was recorded to a standard protocol (focussing on definition 

of the hypothesised source and reservoir units) and is in the time domain. Approximately 

half of the lines were reprocessed in 2012. The ION East Africa SPAN dataset was shot 

to target basement structure, total sediment thickness and source kitchens hence the much 

deeper penetration of these lines. The data is mainly in time but selected lines were 

available as depth migrated data, giving maximum depths of 30 – 40 km. Multiple 

versions of processing were available for each seismic profile, therefore the version with 

better clarity was typically used for interpretation. In areas of uncertainty, a comparison 

was made between different versions to aid evaluation. In general, there were no major 

problems in correlating between the two datasets although due to the nature of different 

surveys shot by different companies, there was a displacement difference up to 28 ms 
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along the seabed reference. This was corrected by bulk shifting the seismic wherever 

possible. Such an error margin can be considered within acceptable limits in a regional 

evaluation but should be more carefully considered if finer resolution interpretation is 

being undertaken. However, the majority of the interpretation could be considered as 

regional scale and therefore the time shift identified did not prove a problem. 

 

Well data was available in the area providing some new important constraint on 

interpretations. There were three wells which lay in strategic areas of interest and were 

therefore most useful in calibrating the seismic data. They are Pemba-5, Zanzibar-1 and 

Simba-1. Since no wells exactly intersect the seismic lines, their use for age correlation 

still holds a level of uncertainty and is reliant on projection and extrapolation of dip 

angles. No attempt has been made to quantify this uncertainty, but age dates are not given 

as absolute unless they have been directly tied to a well which has biostratigraphic dating. 

In spite of this, for the regional work shown, it is considered that the dates described are 

fairly accurate down to epoch level. Having said that, few other offshore wells such as 

Sunbird-1, Ras-Maschuisi-1 and Mlinzi-Mbali-1 (see Figure 4.1 for well location) would 

definitely provide additional constraints but unfortunately they are not available to this 

study. 

 

 Tectonostratigraphic mega-sequences in North Tanzanian Basin 

Due to the lack of good well-seismic ties and the high quality of the seismic data itself, 

the majority of the interpretation of the structural configuration of the area was undertaken 

using a seismic sequence stratigraphic methodology (Mitchum, 1977; Mitchum, Vail & 

Sangree, 1977; Mitchum, Vail & Thompson, 1977; Hubbard et al., 1985b; Hubbard et al., 

1985a). In this method, periods of deformation are recognised from patterns of reflector 

terminations and changes in seismic character. Seismic packages have been subdivided 

using this technique into sequences and mega-sequences that form the basis of a tectonic 

and stratigraphic framework.  

 

Tracing of the reflections generally proceeded in the thinning direction of the stratigraphic 

units. In the few areas where the reflection character has poor or doubtful continuity, 

attempts were made to extend the interpretation from the areas of high confidence to the 

farthest possible limit, though it was virtually impossible in all cases to press the 

interpretation of base syn-rift farther seaward. Seismic correlation tests were frequently 

applied to correct for any mis-ties in the interpretations. Interpretation of the reflector 
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terminations led to a consistent framework being constructed comprising four main 

tectono-stratigraphic mega-sequences; Basement and Syn-Rift; Late Syn-Rift to Early 

Post-Rift; Post-Rift I and Post-Rift II (Figure 4.6). The inferred ages of the seismic 

sequences were constrained from nearby wells via the projection method which is 

discussed in section 4.5. Regional E-W and N-S transects were made on ION long offset 

data and are as shown as Figure 4.7 and Figure 4.8 respectively. 

 

 

Figure 4.6 Nomenclature of seismic markers used in this chapter and corresponding age correlation estimated 

from extrapolation of well data and literature focussing on horizons in deep offshore Tanzania. Horizons older 

than Upper Cretaceous are estimated based on geometries and understanding of regional tectonic evolution. 

 

As mentioned, this chapter will focus on the outer basin, but will not go into detail about 

the connection to the inner basin, the expression of the Davie Transform Zone or crustal 

geometries in details. Instead these are discussed in detail in Chapters 6 and 7 

respectively. The following section describes the seismic character and areal extent of 

each sequence and mega-sequence interpreted in this outer basin region. TWT thickness 

maps were generated to understand the present day structure of the basin and determine 

its tectonic evolution. Occasionally, the facies association of the sequence was assessed 

using seismic amplitude, facies and architecture as a proxy although it is understood that 

this is difficult to prove without corresponding well evidence.
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Figure 4.7 Regional Down-dip Cross-section (TWT in s) illustrating the mega-sequences of the North Tanzanian offshore margin and its major tectonic features. Seismic transect cuts in between Pemba Island and Zanzibar Island (for location see Figure 4.1). Blowout 

image shows transpressional reactivation along the NNW-SSE trending high during the Turonian and Intra-Campanian resulting in uplift and erosion. The corrugated nature and minor folding features on the seabed suggest that it may still be active at present day 

or in recent times. However, uplift may have been as early as the early post-rift. An enlarged seismic transect near both islands is shown in Figure 4.25. Refer Foldout A for a larger image. 
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Figure 4.8 Regional Strike line (TWT in s) illustrating the mega-sequences of the North Tanzanian offshore margin and major tectonic features. Seismic transect cuts from the Davie-Walu ridge in Kenya towards the offshore Northern Tanzanian passive continental 

margin (for location see Figure 4.1). Note that the Neocomian and Late Jurassic divergent (syn-rfit?) packages underlying Davie-Walu trough have been uplifted in a major inversion phase and well Simba-1 provides a date for this within the Campanian (see Figure 

4.22). The Davie-Walu features are explained in detail in Chapter 6. Box A shows the onlap of subsequent sediments against the Intra-Campanian unconformity event and the bowing of the seabed which suggest that compression is ongoing or was very recent. Box B 

shows some potential lava flows on top of the Albian U/C or PR-2 surface noted by high amplitude disconnected reflectors typical of volcanic features. Box C shows large submarine fan conduit complex probably sourced from mainland in the West. Channel incision 

geometries suggest initiation in the Eocene. Refer Foldout B for a larger image. 
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 Basement and Syn-Rift 

The reflector defined as top_basement is a strong positive seismic reflector which can be 

traced laterally across the basin with relatively good confidence. In certain areas where it 

is overlain by thick overburden or seismic lines which were not reprocessed, the 

confidence of the pick is reduced such as the dip lines around the area immediately 

offshore Pemba Island where we must rely on strike lines to infer their position. Even 

outside of this area, the nature of this reflector can be highly variable, especially within 

the northern area while to the south it is much more uniform. This may be due to a 

difference in underlying facies or even crustal type (the latter is discussed in more detail 

in Chapter 6). In order to assess the possible contribution of the underlying facies, this 

was characterised and found to fall under one of four seismic facies types: 

1. Continuous to semi-continuous, semi-parallel to chaotic reflectors with moderate 

amplitudes and wedging geometries (Figure 4.7, 4.9, 4.10, 4.11); 

2. Semi-continuous, semi-parallel to chaotic reflectors with transparent to faint 

amplitudes; 

3. Localised continuous, semi-parallel high amplitude reflections up to 50 km wide 

(Figure 4.11); 

4. Several high amplitude reflectors followed by transparent facies (Figure 4.9). 

 

Due to lack of deep well penetrations, it was not possible to truly determine what these 

seismic facies represented. However, there were obvious areal patterns which could be 

observed when these seismic facies were mapped out. The main controlling structure 

appears to be a NNW-SSE trending structural high which transects the top_basement, the 

geometry of which will be discussed in Section 4.6. To the West of the high, the facies 

associations are mainly, but not exclusively, Types 1 and 2, while to the East of the high 

they are more typically Types 3 and 4. Due to the wedging geometries, seismic facies 

Type 1 is interpreted to represent syn-rift deposition; Type 2 may represent 

hyperextended syn-rift or pre-rift sequences sitting in transitional crust or; Type 3 is 

suggested to represent volcanics on oceanic crust due to the continuous high amplitudes 

and Type 4 representing the top oceanic crust. 
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Figure 4.9 Geological interpretation of seismic line TZ00-222 which is a profile close to the seismic transect TZ1-4000 (Figure 4.7). Evidence of both pre- and syn-rift is clear here substantiating observation made in the outboard on the ION regional 2D data in which 

deep parallel reflectors were interpreted as pre-rift. The EPR growth East of NNW-SSE trending high is probably related to transtension? reactivation of the structural high structure rather than associated to the early rift phase. Turonian and Intra Campanian 

compressional reactivation close to the structural high trend are also observed here. Note the Early Post-Rift uplift close to the West with subsequent successions onlap against it. 
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Figure 4.10 Geological interpretation of seismic line TZ00-220 which lies approximately 15 km South of TZ00-222 (Figure 4.9). Note the few examples of a clear syn-rift geometry against faults A and B correlatable to Figure 4.7 and Figure 4.9. The early post-rift 

successions have been uplifted as they are thinner across the NNW-SSE trending high and subsequent Cretaceous packages onlap against it. Small offset extensional faults are also observed along the western edge dipping into the Zanzibar depression and truncation 

near the seabed indicates recent activity.   
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Figure 4.11 Geological interpretation of seismic line TZ00-216. Saucer-shaped geometries indicative of sills are seen within the area (yellow reflectors). Offshore in the Zanzibar depression, large growth in post Palaeocene successions is seen, especially within the 

Neogene, possibly related to advancement of delta. This is also a suggested interpretation for the thick Lower Miocene successions in the Zanzibar-1 well (Figure 4.3). Similar small offset westward dipping normal faults (as seen in Figure 4.10) are still evident. 

Bowing of the seabed folds underlying successions down to Upper Cretaceous levels. However, successions PR-3 (Turonian U/C) and older does not appear to be affected suggesting a possible decollement within these older successions. 
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Figure 4.12 Geological interpretation of seismic line TZ00-212. This profile shows evidence of prograding clinoforms offshore Zanzibar within the PR-10 successions (Upper and Middle Miocene?). The thick Lower Miocene successions correspond to the thick 

successions identified in well Zanzibar-1 (Figure 4.3). The NNW-SSE trending high is now expressed as a structural high since early break-up where the base post-rift is uplifted prior to the deposition of early post rift. Note the abundance of sills within the PR-3 

Turonian successions similar to those observed in Figure 4.11.
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The evaluation of these crustal domains will be discussed separately in Chapter 6. Where 

it is possible to identify a potential syn-rift package from its wedging geometry and 

overlying unconformity, the top_syn-rift actually coincides with the top_basement 

horizon and a base_syn-rift was picked. The base syn-rift package is segregated by the 

first indication of parallel seismic reflectors with onlaps by overlying syn-rift packages. 

In these cases where the top_basement horizon overlies the syn-rift packages it represents 

a break-up unconformity which may be dated through understanding of the regional 

margin evolution to the Jurassic. 

 

Essentially, the top_basement horizon is not a time line but more of a composite 

unconformity surface being the break-up unconformity i.e. top syn-rift where underlying 

syn-rift packages are present, a non-conformity when not underlain by syn-rift packages 

and top of oceanic crust. Although this reflector does not reflect a consistent 

chronostratigraphic marker throughout the basin, it is important to pick as the lowest 

commonly consistent seismic reflector. It separates regionally correlatable reflectors in 

the overlying section from laterally inconsistent underlying packages. The former allows 

it to be used to create isochron plots of the overlying sections while the latter allows 

possible deep structural zones to be defined. Alternatively, it can essentially be known as 

a base post-rift horizon. 

 

In some areas the section below the ‘basement’ sequence another reflector could be 

recognised and was defined as the acoustic_basement on the basis of an observed high 

amplitude. However, these reflectors tend not to be regionally correlatable compared to 

the top_basement. They can typically be identified in the long offset ION dataset lines 

and occasionally in the Western Geco data where the penetration is greater than 8 s. The 

possible nature of these features are likely related to either continental, transitional or 

oceanic Moho, or underlying metamorphic basement which will be discussed in detail in 

Chapter 6.  

 

 Early Post-Rift/ Transition (EPR) 

The seismic package immediately above the top_basement is a series of parallel 

continuous to semi-continuous reflectors. The package tends to be semi-transparent near 

the coast becoming more reflective further offshore. It is picked as a positive kick and 

can be seen to be onlapped by overlying reflectors, especially near Pemba Island (Figure 

4.9). Confidence in picking the top_EPR was occasionally hampered, typically when it 
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reaches the NNW-SSE basement trending structural high where it can be seen to onlap 

against it (Figure 4.12). There is a specific locality where it is observed to be deformed 

around the NNW-SSE trending high (Figure 4.7, 4.10, 4.13, TWT Figure 4.19B). To the 

east of the structural high, the EPR package thickens in a wedging geometry especially 

towards the Northeast. 

 

An isopach map between this reflector and top_basement shows that the thickness of the 

horizon usually ranges between 200 – 1000 ms with the exception in the furthermost 

North-East where it thickens (Figure 4.14, 4.15 and 4.20A). The growth package is 

bounded to the West by an Eastward dipping normal fault and the seismic facies here is 

rather transparent. Elsewhere, the variation in thickness appears to be due to passive 

infilling on the corrugated top_basement surface, creating areas of thick and thin 

successions from which no true depositional trend can be accurately inferred. Near the 

coast, between the islands, this unit is thin.  

 

Nonetheless, the characteristics of which top_EPR reflector is onlapped by overlying 

reflectors and erosional truncation observed along the NNW-SSE high indicates that this 

horizon is an angular unconformity but elsewhere where there is no discernible erosion, 

it is likely a conformable horizon.  
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Figure 4.13 Geological interpretation of seismic line TZ00-224. Structural high shows the NNW-SSE trending high uplifted by the end of early post-rift with subsequent onlap of sediments. A localised folding feature bounded by faults is noted on the western edge of 

the seismic profile and is interpreted as localised toe-thrust geometry formed by gravity sliding similar to those observed in Figure 4.9. A thick post-Palaeocene sequence is found near the island of Pemba. Box A: Example of the transparent chaotic seismic facies 

interpreted as debris flows within the Eocene succession. Box B: Channel geometries within the Upper Cretaceous. Mild bowing of seabed is also observed to the west of the NNW-SSE trending high with possible earlier folding as observed by the Intra-Eocene and 

Intra-Campanian horizons.  
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Figure 4.14 Geological interpretation of seismic line TZ00-230. On this section there is clear indication of Neogene subcrop to the west indicating that Pemba Island has been uplifted recently resulting in either erosion or non-deposition of younger successions. Note 

the Lower Cretaceous growth and inversion during PR-4 (Intra Campanian unconformity) with subsequent onlap at the eastern edge of the seismic line. Inversion appears to have continued into recent times as shown by seabed folding and erosion. This is a slightly 

oblique view of the Davie-Walu inversion from the one observed in Figure 4.8. An enlarged image of this inversion section is available at Figure 6.27B. The channel that created the morphology seen in this section is believed to have been sourced from Kenya in the 

north. The widespread high amplitude discontinuous reflectors are typical of volcanic features which are also observed in Figure 4.8 where they are interpreted as potential lava flows on top of the Albian U/C or PR-2. 
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Figure 4.15 Geological interpretation of seismic line TZ00-234. Neogene channel incision is well expressed in the distal basin and is still active at present day. Palaeogene sequences are also characterised by channel systems. Divergence of reflectors indicating syn-

deformational deposition (or infill of pre-existing fault-related topography) in the Jurassic and Lower Cretaceous is noted and this appears to have undergone structural inversion during Campanian times (dated by onlaps of subsequent successions). Underlying the 

PR-2 unconformity, chaotic and reflective seismic facies near the structural high is interpreted as lava flows. Acoustic basement is evident and interpreted to be related to the crustal Moho. The western margin and Pemba Island were uplifted in recent times tilting 

the basin eastwards and creating a Neogene subcrop. 
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 Post-Rift I 

The Post-Rift mega-sequence is thickest within the area and accounts for most of the 

basin fill within the deep offshore basin. It is normally underlain by the EPR sequence 

but in places is observed to be directly overlying the top_basement surface. This mega-

sequence has been separated into 2 subdivisions known as Post-Rift I and Post-Rift II 

with at least 12 sequences defined using seismic character to understand the complex 

basin evolution. Post-Rift I may be representative of the period post-dating cessation of 

rifting when the basin would be expected to have undergone thermal subsidence. The 

package does show the expected general thickening into the basin which would be 

expected of packages deposited during this tectonic phase. Post-Rift II represents a period 

where the locus of deposition appears to shift towards the present day coast and islands 

beginning around the time of deposition of PR-7. 

 

As there are no wells encountered by the seismic profiles, age correlation remains 

interpretive and relies on projection methods to tie these sequences as described in section 

4.5. In addition, no wells penetrated deeper than the Albian and therefore ages older than 

this are much more uncertain and dependant on literature and association with events of 

regional significance such as rifting. In order to segregate observation from interpreted 

age, each sequence will be named as their respective seismic marker and ages will only 

be applied when understanding and interpreting the basin evolution. 

 

4.4.3.1 PR-1 (Intra Lower Cretaceous Horizon) 

The top_PR-1 horizon is defined as a strong positive reflector separating a series of 

parallel, high to moderate amplitude, continuous reflectors overlain by semi-transparent 

successions. The lowermost reflectors are seen to onlap against the EPR and to the North 

East of Pemba Island the top_PR-1 itself onlaps against EPR (Figure 4.19C). When the 

horizon is flattened, it shows a basinwards thickening ‘steers-head’ geometry indicative 

of a typical post-rift succession in a gently subsiding basin. Where the EPR appears to 

have been uplifted along the NNE-SSW trending high, PR-1 onlaps against it, while in 

other areas it is observed to drape across the high although it is generally thinner, 

indicating that the high existed during deposition (although differential compaction may 

also account for some of the thickness variation). Successions to the East also appears to 

be much thinner when compared to the West. 



118 

 

This sequence is also anomalously thin in the northern margin and is not observed at all 

on the NW margin of the basin. The onlapping geometry by the PR-1 successions suggests 

that deposition is probably still passively filling up against the EPR high (Figure 4.15, 

4.16, 4.17, 4.20B). However towards the NE margin, the succession is experiencing 

growth which has probably started since the EPR successions bounded against an East-

ward dipping normal fault (Figure4.14, 4.15). Elsewhere not much faulting was noted 

within the succession except close to the structural high trend.  

 

4.4.3.2 PR-2 (Albian U/C) 

This sequence was picked on the basis of top_PR-2 which separates a semi-transparent 

package with occasional bright discontinuous reflectors from an overlying sequence of 

parallel, moderately bright sequence of reflectors. The top reflector appears to be a 

conformable contact. However the continuity is hampered where it is obscured by saucer-

shaped high amplitude reflectors in the overlying succession. These features are 

interpreted as igneous intrusions (sills) on the basis of their morphology and high 

amplitude on seismic (Figure 4.11, 4.12, 4.18). Such seismic facies is common for 

intrusions which have been drilled in other areas such as the West of Shetlands (Schofield 

et al., 2012; Schofield et al., 2015).and therefore this interpretation is considered robust. 

There is also evidence from the Mafia-1 well that sills are found in the region. Towards 

the North Eastern edge, the reflectors within this package are very chaotic, discontinuous 

and reflective (Figure 4.15). Such seismic facies resemble igneous influence such as lava 

flows. Here, the top of this facies is correlative to the top_PR-2.  

 

This package generally thickens basinwards indicating that the basin was still subsiding 

during deposition (Figure 4.20C). Deposition appears to be thinner East of the NNW-SSE 

trending high. There does not seem to be much deformation except in the eastern region 

of the trending high at the North-Eastern edge (Figure 4.15) where it appears to be faulted. 

Extrapolation into Kenyan waters shows the succession is heavily faulted (Figure 4.8). 

The top_PR2 surface here is corrugated in nature and appears unconformable, indicating 

a possible period of uplift and erosion. This is probably similar to the Albian 

unconformity described by Palmer et al. (2016) in the study within the Davie-Walu 

Trough (discussed in more detail in Chapter 6). The successions are generally not faulted 

except near the islands where they are affected by post-depositional normal faults that 

sole out either on top_PR-1 or within the PR-1 sequence.  
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4.4.3.3 PR-3 (Turonian U/C) 

This sequence was initially picked from near offshore Mafia Island as a surface onto 

which there obvious onlap occurs. When traced to the north, the sequence represents more 

of a conformable sequence which separates a semi-transparent package from an 

underlying sequence of moderately bright reflectors. The top_PR-3 reflector is picked as 

a positive reflector but across the basin the resolution is inconsistent and consistency of 

interpretation was difficult and occasionally based on picking the change in seismic facies 

rather than a specific reflector. The resulting TWT surface map is shown on Figure 4.19E. 

As mentioned in the description of PR-2, this sequence is intruded with saucer shaped, 

high amplitude features, interpreted as sills (Figure 4.11, 4.12, 4.18). There is seismic 

evidence showing that the succession was uplifted along the NNW-SSE trending high 

noted by truncation and subsequent onlaps (Figure 4.7). East of the trending high, this 

sequence is downcut by the overlying sequence top_PR-4 (Figure 4.7). Similarly, 

sediments are still thickening basinward with greatest accumulation offshore and it is 

clear that distribution was affected by the NNW-SSW trending high (Figure 4.20D).  

 

4.4.3.4 PR-4 (Intra-Campanian U/C) 

Across the basin, this surface can be mapped as an unconformity surface especially in the 

deep offshore area along the NNW-SSE trending high. It is most obviously shown close 

to the Kenyan margin where overlying successions are clearly onlapping against this 

horizon (Figure 4.8, 4.12, 4.15) Evidence of erosional truncation of underlying packages 

with subsequent successions showing onlap and downlap patterns are observed on this 

angular unconformity surface (Figure 4.7). In the North, it tends to be characterised by a 

series of semi-transparent, parallel and continuous reflectors with occasional 

discontinuous bright reflectors bounded at the top by a bright top_PR-4 reflector. 

 

In areas where the package seems to have been uplifted, sediments appear to be thinner, 

possibly due to erosion or non-deposition and this can be observed by the thinner isopachs 

especially along the NNW-SSE trending high. The thickness map also shows that the 

locus of deposition at this time appears to have been separated into two, one in the North 

and one in the South (Figure 4.20E). However, the general succession is still thickening 

basinwards with its distribution controlled by the NNW-SSE trending high. In addition, 

this sequence, together with its underlying successions, appears to be folded along a N-S 
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trending eastward dipping fault (Figure 4.18; additional example see Chapter 6 Figure 

6.30a).  

 

4.4.3.5  PR-5 (Near Top Cretaceous) 

This megasequence sits unconformably above the PR-4 package. PR-5 succession is 

observed to incise into older successions as deep as PR-3 in some places (Figure 4.7) and 

within the succession itself channels are identified (Figure 4.13). This succession is highly 

reflective compared to its predecessor and is thus easily discernible. The bounding top 

horizon is picked on the basis of a change in seismic facies where the overlying package 

is slightly less reflective. Top_PR-5 is conformable with the overlying successions 

(Figure 4.19G). TWT thickness map shows that deposition is fairly uniform across the 

basin with no major depocentre (Figure 4.20F). Faults penetrate into this succession but 

they appear to be post-depositional.  

 

4.4.3.6  PR-6 (Near Top Palaeocene) 

The Top_PR-6 was initially picked as the top of a package of folded reflectors near 

offshore Pemba and Zanzibar (Figure4.9, 4.13). The folded area appears to be bounded 

by small, localised thrust faults which are interpreted to be forming as toe thrusts. Owing 

to the localised folding and listric nature of the faults which sole out at a shallow level, it 

is believed that this feature could be a sedimentary driven geometry rather than regional 

tectonics. This reflector is then recognised as a corrugated surface and subsequent 

succession either onlap or downlap against it. 

 

There is no consistency in the amplitudes within the package but it tends to be semi-

transparent and interbedded with reflective, continuous sequences. Channels geometries 

were also identified (Figure 4.15). Sedimentation is  focussed near the islands’ coast and 

thins offshore (Figure 4.13). This succession is only picked in the Northern margin as it 

appears to separate an overlying growth geometry near the islands (Figure 4.7). Towards 

the South it is difficult to pick as there is no obvious tectonic, sedimentary or deformation 

structures (Southern edge of Figure 4.8) with the overlying and underlying successions. 

Therefore, no regional TWT map or isopach map is created for this horizon. 
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Figure 4.16 Geological interpretation of seismic line TZ00-203. Strike line to the east of Pemba and Zanzibar Islands showing a possible Cretaceous volcanic event to the SE of Zanzibar Island and localised Palaeocene folding. The latter also observed in Figures 4.9 

and 4.13). The top EPR (Blue horizon) records a large unconformity event with subsequent horizons onlapping against it. PR-8 and PR-7 sequences are thick offshore Zanzibar Island. 
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Figure 4.17 Geological interpretation of seismic line TZ00-205. Strike line shows the syn-rift package correlated 

with the down-dip cross-sections of Figures 4.9 and 4.10. The seismic profile also shows evidence of Neogene deep 

water channel systems downslope from west to east which are still active up to present day. Subsequent onlap of 

PR-1 is clear against the EPR horizon and to the north, a possible volcanic conduit is observed. 
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Figure 4.18 Geological interpretation of seismic line TZ00-206. A deep seated normal fault that penetrates into the basement appears to have been reactivated and inverted during the intra-Campanian. Large sills are mapped within the Cretaceous package. 
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 Post-Rift II 

4.4.4.1 PR-7 (Intra-Eocene) 

Overlying the top_PR-6, successions are commonly identified as semi- transparent with 

complex internal architecture. The PR-7 sequence also consists of incisional features 

interpreted as channel complexes within a large submarine fan conduit complex (Figure 

4.8). Occasionally downslope chaotic facies can also be recognised resembling debris 

flow deposits (Figure 4.13). The top_PR-7 reflector is picked as a strong reflector that 

separates with an overlying more reflective seismic package (Figure 4.19H). Such 

characteristics are obvious near the islands to the west and can also be interpreted 

regionally. The package is much more faulted compared to its predecessor and these faults 

appear to be post-depositional. The TWT isopach map shows that deposition was greatest 

offshore and very likely within Pemba as well as while elsewhere there are only subtle 

variations in thicknesses (Figure 4.20G). 

 

4.4.4.2 PR-8 (Near Base Miocene) 

This megasequence is distinguishable from the underlying succession due to its more 

reflective seismic facies. The internal seismic reflectors are continuous and parallel with 

minor bedform geometries. Top_PR-8 can be regionally mapped (TWT Map Figure 

4.19I) and offshore it is commonly traced as the base of overlying channel complexes 

incision (Figure 4.8, 4.9, 4.15). This horizon cuts deep into the PR-7 succession, 

especially in the offshore area where the packages are thinner. The isopach map shows 

that deposition is largest immediately offshore Zanzibar and the Dar-es-Salaam platform 

and thins basinwards (Figure 4.20H). However, there are areas where PR-8 is completely 

eroded away due to overlying incision (Figure 4.14, 4.15).  

 

4.4.4.3 PR-9 and PR-10 (Near Top Miocene) 

Directly above the PR-8 package, sedimentation is thickest offshore Zanzibar where it is 

subdivided into a few minor sequences indicating a continual deposition since PR-8. This 

sequence marks a period of progradation especially near the islands where an additional 

reflector was picked in a restricted area offshore Zanzibar (Figure 4.20I) to highlight this 

package, top_PR-9 which marks the base progradational package and top_PR-10 

bounding the top (Figure 4.12). Offshore Pemba Island, the top_PR-10 reflector subcrops 

onto the seabed indicating that the most recent sequences are absent (Figure 4.14, 4.13, 

4.15, 4.19J) possibly due to a period of uplift in recent times. Overall, the internal 
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geometries of the entire shallow succession are mainly continuous with bedform 

architectures indicating deepwater processes.  

 

4.4.4.4 Seabed 

The bathymetry of the seabed is commonly bowed and it is clear along the seismic line 

that transects between the island of Pemba and Zanzibar (Figure 4.7), offshore Dar-es-

Salaam (Figure 4.18), a broad zone of elevation offshore Zanzibar (Figure 4.8, 4.11, 4.12) 

and towards the NE close to Kenyan margin along the Davie-Walu high (Figure 4.15). 

An area of large anomalous depression is also observed SE of Zanzibar island which 

appears to be underlain by some large volcanic features (Figure 4.16, 4.19K). The 

underlying succession represents the youngest sediments offshore Tanzania and is not 

observed offshore Pemba Island as it is subcropped (Figure 4.20J). This package is thicker 

offshore Zanzibar indicating a continuation of deposition probably because sedimentation 

supply is still sustained since PR-9 and PR-10. 

 

It should be noted that the TWT surface maps and isopach maps generated are reliable 

west of 42°E (i.e. where Western Geco 2D dataset are available). While to the east, the 

results are highly extrapolated as they are only covered by ION GXT 2D lines which are 

sparsely apart (see Figure 4.1 for relative spacing).  
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 Age Correlation  

Although well data was available for the study, they do not generally coincide directly 

with the seismic lines. Therefore one of the greatest uncertainties is the age correlation of 

each horizon. In addition, the well data does not penetrate rocks older than Albian age so 

deeper horizons are even more difficult to definitively date. Different inputs were 

available to correlate the ages to seismic and essentially three wells were used to assess 

the ages, Pemba-5, Simba-1 and Zeta-1 (Figure 4.1, 4.3). Different information was 

available for these wells and different types of seismic data was located within the vicinity 

of the wells. Therefore, slightly different approaches were taken for age correlation in 

each respective case with respect to the available seismic dataset (i.e. depth and/ or time 

migrated), well logs and publicly available seismic data. 

 

The well Zeta-1 penetrated down to the Albian, while Pemba-5 and Simba-1 reached only 

the Upper Cretaceous, Maastrichtian and Campanian respectively. This indicates that 

estimated ages can at least be assigned to reflectors down to the Albian but any older 

successions will be highly reliant on literature and correlation with the known regional 

geology. The presence of multiple unconformities within the Cenozoic successions also 

makes it difficult to assign ages as one moves away from the wells. 

 

 Pemba – 5  

Pemba-5 has well documented stratigraphic information and tops dated using 

biostratigraphic data (Figure 4.3). In addition, a well velocity profile is available allowing 

a time-depth relationship to be established and subsequently interval velocities between 

different packages could be calculated (Appendix D). Surface geology maps shows that 

dips vary between 1°-7° and evidence from photogeology shows a dominance of dips at 

1-3° towards the East. A horizon of depth approximately 600 m contoured using 1959 

seismic reflection surveys was described to fall from 600 to 1500 m in 16 km (Kent et. 

al., 1971) giving a dip at 3.2°. Using these dip data, well tops can then be projected 

Eastwards offshore across a distance of approximately 14600 m towards the closest 

seismic profile to predict where these horizons would correspond with the seismic picks 

in this study (Figure 4.21).  
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Figure 4.21 An illustration of well tops projected from the Pemba-5 well towards seismic line TZ00-226 which 

is approximately 14,600 m away assuming a dip of 2 to 3 degrees. See Appendix D for the checkshot data from 

well Pemba-5. 

 

Use of such methodology is based on the assumption that there are no major changes in 

thickness horizon dips and throw due to faulting within the sequences. Nonetheless, this 

technique can be used to show that PR-10 is close to Top Miocene which appears to have 

been subcropped, PR-8 is between the Oligocene-Miocene, PR-7 is near the top Mid-

Eocene, PR-6 is between the Palaeocene-Eocene and PR-5 is near the Top Cretaceous. 

 

 

Reflector MD (m) Z (m) Z (m) TWT (ms) Z (m) TWT (ms) TWT (ms)

Pliocene 0 -34 727 982 727 982 Seabed 982

Top Miocene 27 -7 503 796 758 1008

Top Oligocene 475 441 951 1120 1206 1332 PR-8 1258

Top Upper Eocene 900 866 1376 1377 1631 1589

Top Mid Eocene 1032 998 1508 1480 1763 1692 PR-7 1783

Top Palaeocene 2935 2901 3411 2709 3666 2921 PR-6 2858

Top Cretaceous 3070 3036 3546 2779 3801 2991 PR-5 3208

2° 3°

Dip
Pemba 5

Corresponding 

Nearest 

Reflector
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 Simba – 1  

Although well information is available (Figure 4.3), no seismic profiles near this well 

were provided. However, seismic data do exist in the area and a publicly available image 

of this line from PanContinental November 2012 Investor presentation (Pancontinental 

Oil and Gas, 2012) was overlain with the Simba-1 well tops. This transect, essentially a 

portion of the KE-2000 ION GXT data, is imported into the Petrel project as an image 

file. The scaled image transects line KE-1000 line and seismic facies were matched 

between both lines to enable correlation (Figure 4.22). This allowed the well to be used 

to constrain PR-8 as Top Eocene and PR-4 as Intra-Campanian Unconformity. 

 

 Zeta – 1  

Orthogonal projection of Zeta-1 onto the next available depth-migrated seismic line 

(PoDM) TZ1-3000 approximately 6400 m away allows an approximation of age. 

However, surrounding time migrated data shows that seismic horizons are actually 

showing along strike and dip variation. This is due to the subsiding nature of the basin, 

the presence of internal faulting and has sedimentary processes affecting the successions. 

Hence, two additional methods are done to consider these dipping effects.  

 

The first method identifies similar reflectors on the adjacent time-migrated seismic line 

TZ99-142. These reflectors are converted to depth using the velocity profile derived from 

the time- and depth-migrated data of seismic line TZ1-3000. Then, these horizons are 

projected towards well Zeta-1 using the northerly trend calculated between TZ1-3000 and 

TZ99-142, and compared with the ages on well top picks. Essentially this method captures 

the changes in depths along strike. The second method is similar but consider the changes 

down dip in the E-W direction. Similar reflectors along the down dip position of projected 

Zeta-1 on TZ99-107 were depth converted and then projected up-slope using dipping 

trends calculated along the line TZ99-142 over the same distance (see Figure 4.23 for an 

illustration of the these methods). As the margin is generally dipping basin-wards, this 

method is probably giving the most appropriate approximation. The calculation for these 

profiles is available in Appendix D. 
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Figure 4.23 An illustration of the different methods applied to correlate ages from well Zeta-1 to seismic 

transects. Method A – Direct comparison between time and depth data along seismic line TZ1-3000. Method B 

– Extrapolation using strike angle from seismic transects towards well Zeta-1. Method C – Extrapolation using 

down-dip angle towards well Zeta-1.  

 

Nonetheless, it should be made aware that the time-depth relationship assumes that the 

velocity profile used to depth-migrate TZ1-3000 is reliable. This projection method is 

probably much less constrained in contrast with the ones applied for Pemba-5 due to the 

lack of sonic data and it is evident from seismic data that there is more internal faulting, 

Reflector
Direct projection onto TZ1-

3000 PoDM (6430 m away)

Method 1 - 

Backprojection along 

Strike

Method 2 - 

Backprojection along dip
Interpreted Age

PR-8 Younger than Rupelian Younger than Rupelian Younger than Rupelian Near Oligo-Miocene?

PR-7 Near Top Lutetian Lutetian Lutetian Near Mid Eocene

PR-6 Mid Ypressian Lutetian Upper Palaeocene Palaeocene-Eocene

PR-5 Near Top Danian Upper Maastrichtian Lower Palaeocene Cretaceous-Palaeocene

PR-4 Near Upper Campanian Mid-Lower Turonian Coniacian ??

PR-3 Near Mid-Lower Turonian Mid-Lower Turonian Upper-Mid Cenomanian Turonian U/C
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complexities in bedforms and changes in thickness. Having said that, it does seem to 

substantiate some of the ages identified from Pemba-5 i.e. PR-8, PR-7, PR-6 and PR-5. 

In addition, PR-3 could be interpreted as a Turonian age horizon while PR-4 cannot be 

constrained but definitely represents an Upper Cretaceous sequence. 

 

 Summary of age correlation 

Therefore Top PR-8 is likely to be aged Miocene - Oligocene in the north around Simba-

1 thus and it is therefore defined as the near Base Miocene. The rest of the reflectors 

where not reached by wells were interpreted base on their geometries and correlated with 

literature. Top_PR-2 is possibly a Lower Cretaceous (Albian?) reflector as it represents a 

major uplift event similar to the inversion and erosion event observed along the Davie-

Walu Trough (Palmer et. al., 2016). The top EPR is interpreted as the Jurassic-Cretaceous 

boundary and the transition from rift to drift. This then suggest that top_PR-1 represents 

an Intra-Lower Cretaceous horizon. A summary of the age of horizon tops and 

explanation are shown in Figure 4.6. 

 

 Structural Framework and Basin-fill deformational styles  

It is evident from the mapping of reflectors that the basin has experienced several phases 

of deformation both during and after its rifting event since the Early to Middle Jurassic. 

Structurally, the rift faults are often deeply buried and difficult to define but the post-rift 

section is dominated by numerous normal faults which can be mapped within discrete 2D 

seismic lines along the margin. However only a few are correlatable across the basin due 

to the large spacing of the 2D seismic lines which are often more than 12.5 km apart. 

Structurally, the basin can be described as composing of mainly normal faults trending in 

the NE-SW to N-S direction with a major NNW-SSE trending outer structural high. 

However, there are areas with peculiar features, including the islands described earlier in 

this chapter. This section is going to describe and analyse these anomalies within the 

context of the basin fill in order to understand how and why they were formed. 

 

 Deep Structures 

The acoustic basement is the deepest horizon that can be sporadically identified within 

the WesternGeco 2D dataset. Despite the successions above the acoustic basement is 

typically rather chaotic, internal reflections can still be identified (e.g. Figure 4.7, 4.8, 

4.14, 4.13). Using ION long offset seismic lines, some of these successions appear to be 
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faulted with serrated reflectors (Figure 4.7, 4.8) indicating the presence of sedimentary 

successions This leads to the interpretation that these successions are continental in 

origin, probably the earlier Karoo sediments and the crustal basement complex. The 

acoustic basement is essentially the transitional crust Moho. The characterisation and 

interpretation of these deep reflectors will be discussed in detail in Chapter 6. 

 

 Rifting 

Evidence of wedge-shaped seismic packages beneath the top_basement or base_post-rift 

horizon have been identified as possible syn-rift depocentres between tilted fault blocks 

resulting from the initial extension in the Jurassic (Figure 4.7, 4.8, 4.9, 4.10). The faults 

appear to have a coastal parallel trend although difficulties in correlating the faults 

between sections makes this hard to conclusively prove. In spite of this, the fact that most 

of the syn-rift packages are identified on E-W trending seismic profiles and the similarity 

of this SW-NE trend to the proposed initial rifting geometries (Figure 4.9, 4.10) does 

provide some confidence that these may be linked to the initial breakup in the Jurassic. 

Near the islands, none of the evidence appeared contradictory to the rifting model and the 

lack of recognition of consistent syn-rift packages is suggested to be due to the depth of 

burial of these deposits and possibly masked by overlying igneous material. However, 

there were some inconsistencies highlighted by the lack of obvious syn-rift depocentres 

in the deeper basin which calls the extent of the continental crust. This is discussed further 

in Chapter 6.  

 

The seismic section image from the area of offshore Kenya around the Simba-1 well also 

showed evidence of an unusual thickening package which may be younger than the syn-

rift deposits identified elsewhere (Figure 4.8). This NNW-SSE striking anomaly is known 

as part of the Davie-Walu trend which comprises the Davie-Walu Ridge (DWR) and 

Davie-Walu Trough (DWT). The DWR has been hypothesised to represent a northern 

termination of the Davie Transform Zone developed during the formation of Western 

Somali Basin (WSB). It is part of an elongated linear feature marked by a strong gravity 

signature (Rabinowitz, 1971; Scrutton, 1978; Coffin & Rabinowitz, 1987). Subsurface 

interpretation of the aforementioned seismic line suggests that a Jurassic to Early 

Cretaceous syn-depositional basin has been uplifted during the Campanian to form this 

Davie-Walu trend  
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The possible mechanisms which may have caused such a period of uplift are briefly 

discussed here as an introduction to the Davie-Walu Trend and also because the uplift of 

this basin is close to the anticline on which Simba-1 well sits. The structures observed 

here are comparable to those seen to underlie the offshore islands (Figure 4.7). However, 

these are simply interpretations taken from literature as the seismic line is not part of the 

dataset and we are reliant upon an image of it (Figure 4.22). Both Jeans et. al. (2012) and 

Palmer et. al. (2016) interpreted the uplift as being due to transpression. The former 

suggested a transpression event during the separation of India/Seychelles from 

Madagascar in the Turonian and India’s northward’s movement during the Late 

Cretaceous. Palmer et. al. (2016) suggested an earlier phase of inversion in the Albian 

followed by further inversion in the Santonian due to African pole rotation and again in 

the Campanian when India rifted away from Seychelles. The third author, Osicki et. al. 

(2015) interpreted the Davie-Walu high as a ridge based on free air gravity anomaly data 

with a parallel inversion axis immediately west of the gravity high flanked by the 

Maridadi trough. All of these authors agree that the structure formed due to far-field 

compressional forces acting on a pre-existing depocentre. The implications of this is that 

this far-field compressive stress may also have acted upon areas further south during the 

same periods. 

 

However, Klimke and Franke (2016) argued that the DWR could be correlated with Late 

Cretaceous volcanism and inversion in Kenya and the ridge may represent a prolongation 

of the Anza Rift (and is therefore unrelated to the southward drift of Madagascar). The 

implication of this alternative hypothesis is that the mechanism of formation of the DWR 

would be less likely to affect areas further south.  

 

Seismic interpretation on the image and closest seismic section within the dataset (Figure 

4.8, 4.14, 4.15) does confirm a thick growth package above the top_basement interpreted 

as Jurassic to Early Cretaceous in age. This package is now structurally elevated and the 

age correlation from Simba-1 well suggests that the growth is most likely in the Lower 

Cretaceous. The package was definitely uplifted by the late Cretaceous as subsequent 

Late-Cretaceous sequences onlap onto the top_PR-4 horizon interpreted as intra-

Campanian. It is apparent that the structure was uplifted against a normal fault that 

penetrates deep into the basement. The geometry seen in 2D resembles structural 

inversion along a precursor normal fault but transpression cannot be ruled out due to the 
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lack of 3D view. The younger successions are slightly thinner on top of the anticline and 

the seabed is also arched at present day suggesting recent reactivation along the structure.  

 

The lack of data in the area does not allow a full assessment of the above hypotheses but 

the structural configurations seen on the seismic image can be compared to those further 

south to see if they are similar and may be expected to have had a similar mode of 

formation. Additionally, the close proximity of the DWR to the NNW-SSE high structure 

interpreted further south suggests a probable correlation with the Davie Transform zone. 

These features will be discussed in more detail in Chapter 6.  

 

 NNW-SSE Trending High 

One of the major features seen in the deep section is a NNW-SSE trending high which 

can be traced Southwards across a distance of approximately 315 km. It became 

complicated at deep offshore Dar es Salaam where it appears as an anomalous wedge of 

thick crust (see Figure 6.11 in Chapter 6). The data shows that this structural high has 

formed during the early stages of the margin evolution, probably since the middle Jurassic 

as the top_basement horizon is deformed (Figure 4.12) and subsequent EPR horizons are 

onlapping against it. It appears to have been continuously deformed during the EPR as 

well (Figure 4.13). Several punctuated phases of deformation are also observed in the 

Upper Cretaceous interpreted during the Turonian and Campanian noted by erosional 

truncation and subsequent onlaps (Figure 4.7). The verticality of these deformation 

features suggests that they are transpressional in origin probably related to an underlying 

lineament being reactivated. This structural trend can be traced towards the Davie-Walu 

area but it is demonstrating a different form of deformation and compression. Along the 

Davie-Walu trough, it is depicted as an inverted Jurassic to Early Jurassic half graben 

during the Campanian.  

 

The close proximity of this feature with the proposed Davie Transform Zone from plate 

reconstruction and earlier workers (Rabinowitz, 1971; Scrutton, 1978; Mascle et al., 

1987; Reeves et al., 2016) indicates a probable correlation between these two features. 

However the presence of Davie Transform Zone along the Tanzanian margin has also 

been recently challenged (Klimke & Franke, 2016) as it lacks noticeable feature like 

continental margin ridges (Bird et. al. 2001) which is typically used to identify transform 

margins such as the Cote d’Ivoire-Ghana transform margin (Mascle & Blarez, 1987) and 

the conjugate Guinea – Demerara margin (Benkhelil et al., 1995; Basile et al., 2013) in 
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the South Atlantic. Nonetheless, the structural geometry and crustal nature along this 

NNW-SSE trending high (termed as Fault Zone A) are explained in more detail in Chapter 

6 together with an assessment of the Davie-Transform Zone. An important point to take 

note here is that the NNW-SSE trending high appears to be delimiting the Cretaceous 

deposition along the Northern Tanzanian margin (Figure 4.24). 

 

 Offshore Zanzibar Depression 

Another basement feature occurs to the East of Zanzibar Island. In this area, a large 

depression affects all of the underlying sequences down to the basement creating a large 

syncline trending NNW-SSE. The top_basement isochron map (Figure 4.19A) also shows 

a separate smaller basin to the South trending in a NNE-SSW direction. These synclines 

are bounded to the East by a NNW-SSE trending westward dipping monocline feature.  

It is evident that these depressions are formed by thick Cenozoic successions supported 

by evidence of prograding clinoforms within PR-10 succession (Figure 4.12) and a thick 

Neogene succession (Figure 4.10, 4.11, 4.20I) which is substantiated with observation 

from well Zanzibar-1 consisting of Lower Miocene sediments up to 2500 m (Figure 4.3). 

Large sediment inputs must have entered Zanzibar during this period and could be 

associated to a SE source input from the paleo-Ruvu river. The absence of Upper Eocene 

and Oligocene successions indicates that Zanzibar must have been emergent at that time 

but seismic interpretation shows thick PR-8 sequence offshore which has been correlated 

as Eocene to Oligocene successions (Figure 4.10, 4.12, 4.20H). This suggests that there 

would have been a drop in relative sea level at that time either mainland Tanzania, 

including Zanzibar could have been uplifted to supply large sediments into the basin 

associated with the Early Oligocene African superswell event or a eustatic drop in sea 

level during the Eocene coupled with climatic effects (Miller et al., 2005; Said et al., 

2015). Either way, it is likely that the Eastern edge of Zanzibar marks the coastline at that 

time.  

 

However, the peculiarity is what creates this large localised accommodation space. It is 

typical that such a localised thick deposition would require some element of fault control 

but no evidence of large offset faults are identified from the seismic profiles to show this. 

It is speculated that these bounding faults probably lie further to the West of the seismic 

line close to Zanzibar Island and this depression geometry would be an expression of 

hanging wall syncline (see Schlische, 1995). The localised deposition also lead to a 

hypothesis that the NNW-SSE trending monocline may be underlain by a basement 
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lineament feature which resist subsidence (Figure 4.26) therefore resulting in this narrow 

zone of sag-like basin.  

 

 

Figure 4.24 TWT Cretaceous Isopach map. Note that Cretaceous deposition appears to be controlled by the 

NNW-SSE trending high.  The Lower Cretaceous in particular thickens towards the Kenyan margin. There 

appears to be a diffuse separation in deposition of this sequence between the northern offshore margin and 

southern offshore margin where the Seagap Fault is located. 

 

Numerous small offset normal faults were also mapped in this area and the density of 

antithetic faults appears to be more than synthetic faults (Figure 4.10, 4.11). However 
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these faults are mostly recent and younger than PR-10 with some faulted onto the seabed 

creating little depressions as deep as 60 m indicating that they are still active at present 

day. These faults are likely not related to the hypothesised faults that leads to the thick 

successions of PR-8 and PR-10 (Upper Eocene? to Neogene sediments). The majority of 

normal faults being antithetic are probably formed gravitationally due to being relatively 

higher when compared to the depression. This then leads to normal fault collapsing 

towards the syncline. It can be argued that this NNW-SSE trending monocline could be 

related with the anticline feature along Pemba Island (Figure 4.7) but there are a few 

differences: 

1. An obvious onlap of PR-1 sequences onto the top_EPR reflector is observed on 

the anticline which is not evident along this NNW-SEE monocline feature 

offshore Zanzibar.  

2. The seabed above the anticline is clearly folded with seabed subcrop evidence. 

3. Recent normal fault system with conjugate fault pairs resembling an outer arc 

extension is observed above the anticline while overlying the monocline majority 

of the faults are antithetic. 

 

 Igneous Intrusions 

The presence of saucer-shaped bright reflectors has been identified within the PR-3 

sequences (Figure 4.11, 4.12, 4.18) and interpreted as sills up to 14 km wide. Their 

seismic character are comparable to those observed in Faroe-Shetland (Schofield et al., 

2015). In addition, chaotic, discontinuous and reflective packages (Figure 4.15) were 

identified towards the North Eastern edge of the dataset along the PR-2 (Albian) horizon 

which are likely to be of igneous origin. The vicinity of these packages suggests that it 

could be related to the NNW-SSE trending high. Whilst being interpreted as an igneous 

origin, the expression of these reflectors were more widespread and thus interpreted to be 

a sheeted lava flow. This may have been exploited along weakness zones on this fault 

zone. It should also be noted that most of the sills do not seem to be associated to the 

structural trend high and appear sporadically within the PR-3 succession. The timing of 

these sill intrusions is not known but definitely post PR-3 (Turonian U/C). 

 

Buried volcanoes were also identified offshore Pemba and Zanzibar Island. The volcano 

to the SE of Zanzibar Island (Figure 4.16) was intruded by the end of Cretaceous noted 

by onlapping Cenozoic sequences while the one NE of Pemba Island (Figure 4.17) was 

intruded during the Palaeocene as PR-7 (Eocene) successions are onlapping against it. 
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The latter has led to subsequent sedimentation to onlap against the volcanic feature and 

is actually still emergent at present day. Igneous intrusives in the Upper Cretaceous and 

Palaeocene were also encountered in Mafia-1 well on Mafia Island. Up to 28 m of green 

igneous rocks were penetrated by the well and were thought to represent an intrusion of 

hypabyssal type. The sills were not dated but were identified to cut the Campanian (Kent 

et. al. 1971) and are therefore younger than the Campanian. In addition, the presence of 

igneous intrusions have deteriorated seismic clarity especially underlying sill packages 

(Figure 4.17) 

 

 Early Post Rift 

After the rift phase the margin appears to have entered a post-rift thermal subsidence 

phase, with initial deposition partly being controlled by the topography of pre-existing 

top_basement horizon. The presence of growth geometries east of the outboard structural 

high means that one could argue that the earliest part of this succession is still part of the 

syn-rift phase (late syn-rift- transitional) but such geometries are either localised close to 

the NNW-SSE trending high and along the Davie-Walu Trough region. Therefore it is 

postulated that the former may have been formed by transtensional mechanisms 

associated to the structural high trend being reactivated while the later has been associated 

to the offshore extension of Anza Graben (discussed in more detail in Chapter 6). 

 

The later part of the early post-rift resembles a typical post-rift section where sediments 

thicken basinward with steers head geometry. It can be observed to be thicker towards 

the Northern margin offshore Pemba suggesting perhaps rifting propagated from the 

North and subsidence was first achieved there.  

 

The later post-rift sequences appear to have different depocentres (Figure 4.19, 4.20) 

suggesting a period of basin reconfiguration centred upon the area close to the islands and 

therefore determining the deformation associated with this region, is key to unravelling 

the evolution of the basin. The area around the structural high can also be seen to have 

exhibit complexity in the post-rift successions which will be the focus of Chapter 6. 

 

 Deformation in the Post-Rift 

The offshore Northern Tanzania coastal basins contain numerous anomalous and 

interesting structural and stratigraphic features especially within the post-rift sequences. 

One of the most obvious features in the offshore area which do not conform to the simple 
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post-rift subsidence model of passive margin development are the large islands of Pemba 

and Zanzibar. Their presence alone suggests that deformation may have affected the post-

rift sequences. Gravity data (Figure 4.26) shows them as anomalous areas but it is the 

availability of a seismic profile (Figure 4.7) that transects between the islands that allows 

for the first time to look into their subsurface geometries. Due to data limitations, the 

structural descriptions presented are primarily derived from the regional seismic line 

TZ1-4000 which is possibly the only available seismic line that entirely transects between 

the two large islands. Figure 4.25 represents a blow-out version close to the islands to 

allow a closer view on the seismic geometries. 

 

Initial observations of the seismic line clearly show that the seabed is gently folded and 

underlain by two large anticlines, identified as Anticline A and B. Towards the South of 

Anticline A is Zanzibar Island and towards the North of B lies Pemba Island. Both 

anticline features appear to have a deep control affecting from the oldest up to the most 

recent sediments. Interpretation shows that that the underlying features appear to be fault 

bounded on their western sides and folded into the hanging walls of these faults. Several 

possible hypotheses for the formation of such features can be considered and only through 

careful seismic mapping will determine which is most likely to have led to the formation 

of the anticlines which appear to underlie and core the islands. As mentioned earlier, 

previous hypotheses have been considered and discounted (see Section 4.2). 

 

This area is important to understand as it holds the key to the deformation and evolution 

of the margin. It is also one of the most controversial areas with numerous hypotheses but 

no conclusion has been agreed on the genesis of the islands. It is also vital to understand 

for hydrocarbon prospectivity as the implication of large uplifted structures is significant 

for an accurate understanding of burial and heat flow processes and therefore hydrocarbon 

maturation and migration. The complexity of the area is best described by building up the 

sequences in order to understand the structural development as observed on Figure 4.25. 

 

 Sequence Build-up along transect TZ1-4000 

Syn-rift sequences can be identified in the deepest section by their wedging geometries, 

as described previously in section 4.4.1. The break-up unconformity surface is mapped 

as corresponding to the top_basement or equally known as the base post-rift. Rifting event 

has led to footwall uplift and erosion as observed along Fault B. The correspondence of 

Fault A and Fault B to the seismic line to the South (Figure 4.9, 4.10) shows that the 
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margin was likely to be extending in a NW-SE direction which is in agreement with the 

literature (Kapilima, 2002; Reeves et al., 2016; Geiger et al., 2004). 

 

This succession was then followed by the early post-rift (EPR) sequence, interpreted to 

represent the transition from rifting to drifting. Subsequent deposits within the PR-1 

succession are observed to onlap against the top_EPR horizon suggesting a period of 

uplift at the end of the early post-rift. This uplift event is seen only in the area around 

Anticline B and can be traced to the North (Figure 4.13) for some distance. The TWT 

isochron map of PR-1 (TWT Figure 4.19C) shows that the extent of onlap against EPR is 

most prominent along the Eastern coast of Pemba Island while subtle onlap features can 

be seen along the NNW-SSE trending high offshore Zanzibar (Figure 4.10, 4.11) but dies 

out to the south (Figure 4.12). 

 

A period of uplift likely took place after deposition of the EPR along Fault C which 

bounds Anticline B. If this is a structural high, EPR would be expected to onlap on the 

top_basement horizon. As the presence of onlapping feature can be traced East of Pemba 

Island, it is believed that this geometry can be extended laterally to the north underlying 

the island of Pemba. 

 

Overlying successions PR-1 to PR-4 are then observed as thickening into a newly created 

depocentre lying to the east of the uplifted area (Figure 4.20B, 4.20C, 4.20D). Flattening 

on top_PR-4 reflector shows that the sequence has the typical ‘steers head’ geometry 

expected of a post-rift thermal subsidence phase. There is also some evidence of similar 

thickening into a depocentre to the east of anticline A although the onlap within PR1, 

which would have proved that both anticline cores and underlying faults were uplifted at 

the same time, is absent due to seismic resolution and difficulty in correlating PR1 and 2 

across.  
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Figure 4.25 Enlarged seismic profile focussing along the large 

offshore islands of Pemba and Zanzibar – full section available at 

Figure 4.7. For location see Figure 4.1. Seismic interpretation 

shows that uplift of the islands was probably controlled by 

underlying pre-existing faults. Box A shows evidences of 

underlying sequences truncating against Top_PR-10 (Near Top 

Miocene) which is exposed as an unconformity with Miocene 

seabed subcrop as shown in Box B. This indicates a probable 

period of uplift during the Late Miocene – Pliocene period. 
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Subsequent deposition of PR-5 and PR-6 shows relatively little change in thickness. After 

the event which created the top_PR-6 unconformity, a period of growth took place within 

the PR-7 and PR-8 succession with a shift in the locus of deposition Westwards. A major 

fault, Fault E appears to have accommodated much of this growth. Sequences deposited 

in PR-9 show a shift further Westwards and finally, the depocentre of the most recent 

succession occurs only in the inner basin (see Chapter 5). Observations also show that the 

shallow PR-10 sequences truncate and subcrop over the anticline axes in the subsurface 

(Figure 4.25B). Geological maps of the islands can be used to substantiate this and 

demonstrate that this pattern of subcrop is also observed over the islands themselves 

(Figure 4.2). 

 

 New Hypothesis for Mode of Formation of the Islands  

Together with the surface geology (Figure 4.2), borehole data (Figure 4.3) and the 

interpretation of new seismic dataset (Figure 4.25), the following shows a new hypothesis 

for the formation of these large offshore islands. 

 

Essentially, most of the faults within the basin are normal faults which can be separated 

into pre-EPR and post-EPR. The pre-EPR faults are likely to have formed during the 

rifting event and do not often penetrate the break-up unconformity. However, in some 

areas, these pre-cursor normal faults do penetrate the unconformity suggesting they were 

reactivated e.g. Fault C at the end of EPR (Figure 4.25). The post-EPR normal faults can 

essentially be separated into two categories: large offset, synthetic normal faults 

associated with growth of PR-7 to recent sediments (Eocene to recent), and very young, 

smaller offset faults that are commonly observed above the two anticlines (Figure 4.7C). 

The larger offset faults often detach into PR-3, perhaps deeper onto top_EPR suggesting 

a decollement within these successions. 

In fact, the pre-EPR faults interpreted on the seismic section Figure 4.25 are acting as 

bounding faults for thick-skinned structural inversion. This has led to anticline formation 

in the hanging wall in which EPR successions are uplifted and subsequent horizons onlap 

against the high. The latest phase of inversion, top_PR-9 may have affected the precursor 

normal faults differently with the decollement taking up some of the compressive strain, 

folding the overburden and creating outer arc collapse explaining the occurrences of 

young small offset faults. At present day these faults are still in extensional regime 

evidenced by normal faulting onto the seabed. These observations fulfil the criteria for 

inversion structures described by Cooper and Warren (2010) where they recognised the 
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(1) passive infill being folded, (2) a regional marker horizon PR-5 being elevated above 

regional and (3) asymmetric monocline faces the footwall. However, the data does not 

exactly fit the model as the null point has not been exceeded by the post-rift sequences as 

the successions are essentially still within net extension. 

 

On the basis of our data, a phase of punctuated structural inversion of syn-rift precursor 

normal faults took place either immediately after the syn-rift or during the early post-rift. 

This is followed by a renewed post-rift thermal subsidence whereby steer’s head 

geometry reset and commenced in a more basinal position leading to progressive onlap 

of the basin margin. Basin-ward tilt of the margin ensued leading to eastwards directed 

gravity-driven collapse on a decollement. A second phase of inversion took place more 

recently to form the islands and upwarp the sea floor before renewed extension that 

persists today. The faults mapped in the subsurface are likely to extend laterally beneath 

the islands and be responsible for creation of the anticlines that core the islands. 

 

Whilst inversional structures have been identified, the structural complexities could lead 

to an argument that these features are formed due to strike slip motion. It had been 

interpreted that a strike-slip zone runs through roughly NW-SE between the islands of 

Pemba and Zanzibar (see Figure 2.6, Antrim Energy, 2010). This would implicate a 

possibility that the islands could be a feature formed under a wrench regime similar to the 

series of N-S anticlines identified in the mid-Norway basin such as the Orman Lange 

Dome that has been associated to sinistral wrenching along the components of NW-SE 

Jan Mayen lineament (Doré & Lundin, 1996). The presence of structural diversities in 

that area makes it tempting to emplace a strike-slip fault between the islands but following 

Harding’s criteria (1990), a credible identification would require a combination of both 

profile and map evidences. The lack of a convincing throughgoing Principle Development 

zone or master fault that dips steeply (near vertical) at depth and displacement in the 

basement suggests that, at least within our available dataset, it is unlikely for the presence 

of strike-slip fault in between the islands. Seismic evidence shows a deep-seated normal 

fault created during rifting and very likely to extend laterally underlying the islands 

creating anticlinal structures during inversional phases. The initial basin configuration 

especially during extensional phase not only controls syn-sedimentary fill but also the 

latter inversion history (Lowell, 1995; Underhill & Paterson, 1998). However, the degree 

of inversion is questionable as to whether it is entirely dip-slip or perhaps some 
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components of strike-slip are present (transpression) and it depends on the angle in which 

the compressional stresses are acting upon the original extensional structures. 

 

 Other compressional features along the margin 

4.7.3.1 Broad Doming 

Generation of TWT surface maps has identified significant broad scale upwarping of 

stratigraphy up to present day seabed (Figure 4.11). This doming effect saw sedimentary 

successions down to PR-4 being folded which is anomalous as underlying older 

sequences were not affected (Figure 4.11 and 4.12). The doming expression is evident up 

to present day seabed up to 44 km wide stretching over a distance of 122 km and is 

observed on the free air gravity anomaly map too (Figure 4.26). Numerous normal faults 

were identified within the area and most are recent extensional faults penetrating down to 

PR-3. 

 

The presence of upwarping geometry supports the fact that the margin had been uplifted 

in the post-rift section and is fairly recent. It is evident that this event has led to recent 

sediments being eroded possibly by present day deep-water currents leaving a corrugated 

seabed surface (Figure 4.9). The timing of uplifting would be between top_PR-10 and 

present day i.e. post-Miocene. However, what is peculiar with this anomaly is that some 

parts of the older sequences (PR-3 and older) were not folded. Thus excludes deep-seated 

mechanisms for uplifting. The emplacement of sills could be a possible mechanism to 

inflate this post-rift doming event as intrusives are common (Figure 4.29) within the 

Cretaceous sediments especially within this area. Another probable cause is that the 

folding geometry was formed by a recent compression experienced along the margin. 

Deformation is probably thin-skinned acting along a detachment on or within PR-3 as 

faults do not typically penetrate across it and the Turonian sequences do not show folding 

geometries. Nonetheless, there is no clear evidence to conclude a clear mechanism for 

this broad uplifting but the latter is more likely as seismic evidence shows that there is no 

exact correlation between the presence of sills and areas of broad uplift and the formation 

of islands has shown that the margin had experienced compression in recent times. 

 

4.7.3.2 N-S trending buried folds 

A series of buried folds of Campanian age were also noted approximately 50 km east of 

the offshore Dar es Salaam normal fault (Figure 4.28). Sequences between top_PR-4 and 
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top_basement had been folded in a symmetrical manner bounded by a fault to the West. 

This folding geometry can be traced Southwards trending in a N-S direction but the 

magnitude of folding varies between different seismic profiles. Subsequent sequences 

appear to onlap against this fold on the top_PR-4 horizon especially on Figure 4.18. What 

is evident is that a period of compression must have taken place during or at the end of 

PR-4 interpreted to be the intra-Campanian period, folding underlying sequences. It 

appears to be controlled by an underlying normal fault and it is very obvious in the 

example in Chapter 6, Figure 6.30a. 

 

These evidences are interpreted to be a result of mild structural inversion acting along 

pre-cursor normal faults that penetrates beneath the Post-rift sequences similar to those 

observed around the islands. However, the location of the sections suggests that a possible 

explanation is that the shortening event could have been influenced by the sinistral Seagap 

fault to the South. There is not enough data to be conclusive but the N-S strike does 

correlate with the Seagap trend. 

 

 Trends of Inversion 

The trends of the inverted faults and their overlying anticlines were derived from seismic 

and onshore mapping but free air gravity data and bouguer-corrected data of the coastal 

region also provides some additional information (Figure 4.26). The islands are seen as a 

series of gravity highs on both gravity anomaly maps and these isolated highs can be 

traced to the bathymetric high where Simba-1 was drilled.  

 

These islands are seen as gravity highs probably because structurally inverted sediments 

which are previously deeply buried have relatively higher densities and sonic velocities 

than the surrounding rocks, manifested as gravity anomalies. Such signatures of Bouguer 

Highs have been observed along the axes of Cleveland and Solepit inversions (Donato & 

Megson, 1990). From the gravity anomaly maps it can be inferred similar processes may 

have created the string of gravity anomalies observed to run parallel to the coastal 

Tanzanian and Kenyan margin. This shows a good correlation between the identified 

areas of folding supporting a general NE-SW trend. They also appear to be segmented as 

would be expected if they were underlain by precursor normal faults which grew by 

segment linkage.  
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Figure 4.26 (a) 1x1 min gridded free-air gravity anomaly (Sandwell and Smith, 2009). (b) Bouguer-corrected 

gravity anomaly map. The islands of Pemba and Zanzibar are shown as free air gravity anomaly and Bouguer 

anomaly highs. Offshore gravity highs highlight areas of probable elevated basement which could signify 

inversion while gravity lows are associated with troughs or synclines (the exception to this is the DWR – a 

basement high structure). The Pemba-Simba High trend is proposed to be associated with a series of inverted 

highs along initial discrete NE-SW extensional trends set up during the Middle Jurassic rifting.  

 

Although the seismic dataset from the two high features offshore Kenya were not 

available in this study, some seismic transects from conference and industrial presentation 

can be utilised to depict these features. The seismic transect crossing the anomaly high to 

the NW of Pemba island close to Sunbird-1 well is taken and re-interpreted from Jeans et 

al. (2012) (Figure 4.27). Similarly, a transect across Simba-1 well (Figure 4.22) is also 

available from industrial presentation (Pancontinental Oil and Gas, 2012). It is evident 

from these seismic profiles that there is a bathymetry relief and the former shows 

Uppermost-Miocene sediments subcrop on the sea bed. The resolution of seismic image 

that transects Simba-1 well is not clear enough to show any additional seismic information 

with regards to this high. However, it is true that these transects are not capturing the 

earlier syn-rift geometries thus questioning their presence here. Therefore, high fidelity 

seismic reflection data of these seismic lines is necessary to test the hypothesis. Having 

said that, it is clear that the seabed is folded indicating recent deformation and 

compression. In consideration of the clear structural inversion geometry observed in 

Figure 4.25 together with the similarity along a NE-SW gravity trend it is not unlikely 

that these features are formed by similar mechanisms. 
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However, it should be noted that the gravity anomaly criteria are not entirely applicable 

throughout the basin and require validation from seismic data. For e.g. the inverted basin 

along Davie-Walu Trough is actually depicted as a gravity minimum while the gravity 

high is corresponding to a basement feature known as the Davie-Walu Ridge (explained 

in detail in Chapter 6, see Figure 6.27). In this particular case, the presence of thick 

sedimentary basin with lower density may have been expressed as a gravity anomaly low 

at the area of structural inversion. Thus the use of geopotential dataset should always be 

substantiated with seismic reflection data for accurate interpretation. 

 

 Timing of Inversion 

The exact timing of inversion is difficult to determine because of dating uncertainty but 

seismic evidence shows that an uplift period took place either immediately after the syn-

rift or during the early post-rift interpreted to be in the Late Jurassic to Early Cretaceous. 

Bowing of the seabed also demonstrates that another phase of compression must have 

taken place in recent times but not at present as neotectonics (Figure 4.1) and GPS data 

(see section 3.6) suggests that the margin is still within an extensional regime at present 

(Craig et al., 2011; Stamps et al., 2014; Mulibo & Nyblade, 2016; Calais et al., 2008; 

Stamps et al., 2008). In addition, evidence from the Pemba inner basin (discussed in detail 

Chapter 5) also supports that the margin is under extension at present. The presence of 

Pleistocene fringing reefs on Pemba and Zanzibar Island could also suggest recent uplift. 

However, most importantly is that surface geology, well borehole data and subsurface 

interpretation have identified a period of major unconformity development between the 

Middle Miocene and Pliocene (Figure 4.3, 4.25) which may have also been due to 

compression.  

 

The chronostratigraphic diagram also shows a stratigraphic break between the Miocene 

and Upper Eocene observed at wells Zanzibar-1 and Simba-1 identifying an extensive 

unconformity during the Oligocene indicating this could be another period of 

compression (Figure 4.5). However, it is noted that this is based on borehole data without 

substantive evidence from seismic data and it should be noted that Oligocene successions 

worldwide were affected by a eustatic drop in sea level (Miller et al., 2005). Multiple 

periods of inversion suggest that compression along the margin may have been 

punctuated rather than continuous. 
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Figure 4.27 An example of a seismic transect across the Tembo Trough in Kenyan waters. No scale and 

location were given for the uninterpreted seismic line therefore this was estimated based on surrounding 

prospects, geomorphologies, block licenses and structural trends using the available dataset. The 

uninterpreted seismic transect shows a large anticline on the seabed and appears fairly recent. See figure 4.1 

for estimated location of the transect which is close to the Sunbird-1 well. Image after Jeans et. al. (2012). 

 

 Gravity-related structural features within the Post-Rift 

Folding features were also observed within PR-6 (Palaeocene) in a few seismic profiles 

(Figure 4.7, 4.9, 4.13). These features differ from the previous as they tend to be bounded 

by faults on both sides and specifically the example in Figure 4.7 shows that the top_PR-

5 horizon has been thrusted along a steep fault with a back thrust forming a pop-up fold. 
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These are interpreted as localised toe-thrusting formed due to sediment transport and 

sliding along a décollement surface which is common along passive margins. Sediments 

spreading under gravity form extensional faulting updip, translates along a decollement 

surface and balances downdip by thrusting at the front of wedge. Although no true 

detachment surface can be identified from these examples, it still resembles this form of 

localised thin-skinned deformation. It appears to be moving uphill at present because of 

the recent uplifting of Pemba Island. 

 

Deepwater fold-and-thrust belts are not uncommon within the East African passive 

margin. They have been observed along the continental passive margin of Kenya and 

southern Somalia (Cruciani & Barchi, 2016) and in Mozambique (Mahanjane & Franke, 

2014). However, the size of the features seen along the Tanzanian margin is rather small 

and localised when compared to toe-thrust systems observed in the aforementioned 

margins.  

 

 Seagap Fault Zone 

This sinistral Seagap Fault zone was identified to the South where it is clearly a strike-

slip transpressional structure with faults tapering downwards into a vertical principal 

development zone affecting basement rocks (discussed in detail in Chapter 6). The 

structure has known to be active as early as the Middle Jurassic (Gray & Sansom, 2016) 

and had been reactivating intermittently up to present day as observed from seabed 

topography. The northern limit of Seagap Fault termination resembles more of a horsetail 

splay and the Seagap fault terminated diffusively offshore Mafia Island (Figure 4.28). 

The tectonic evolution of the Seagap fault is of great interest and had been studied 

extensively especially by BG and Statoil workers owing to massive gas discoveries along 

this fault zone (França et al., 2012; Nicholson, 2015; John et al., 2015) but is not the focus 

of this research. The Seagap fault lies in the Southern Tanzania offshore basin and its 

presence would signify a difference to the tectonic evolution to the Northern margin. 

Further information of the Seagap is discussed in Chapter 6. 
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Figure 4.28 Structural map of the Tanzanian Continental margin. Concentrating on the Northern offshore 

Tanzania coastal margin, the formation of islands are interpreted as inversion compression structures 

identified from the key seismic transect TZ1-4000. Igneous activity is widespread along the margin noted as 

sills within the PR-3 (Turonian U/C) packages, lava flows on top of PR-2 (Albian U/C) and probable volcanic 

centres NE of Pemba Island and SW of Zanzibar Island. Other N-S trending inversion structures were also 

identified offshore Dar-es-Salaam. The entire regional picture will be discussed in Chapter 6.  

 

 Discussion  

In light of new seismic data, the development and evolution of the passive continental 

margin of Tanzania was investigated. In the deep section, the identification of syn-rift 

geometries supports an initial rifting event prior to the N-S dextral motion (Figure 4.7, 

4.9, 4.10, 4.11, 4.25). The presence of sills and volcanoes imply that the margin has 

magmatic contents but is still essentially magma-poor. The characterisation of this margin 
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is discussed in Chapter 6. The observation of chaotic, discontinuous and reflective 

packages above the PR-2 Albian horizon (Figure 4.15) interpreted as probable lava flows 

suggests that the margin was active even after rifting and N-S transform. These igneous 

signatures are close to the NNW-SSE trending high indicating that the presence of pre-

existing plane of weaknesses acts as a conduit for intrusion. 

 

However, the exciting results are from the shallower section showing a surprising amount 

of post-rift deformation which has never before been documented and appears to account 

for the unusual appearance of large islands on what ought to be a subsiding margin. 

Analyses of basin-fill architecture and geometries have shown that numerous deformation 

events have occurred along this “passive margin” Most of the documented anomalies 

involve the identification of folding geometries in subsurface data as well as on surface 

data. This points to a common observation which is that margin has been subjected to 

numerous periods of shortening over its post-rift history. The one-to-one correlation 

between subsurface anticlines and the presence of large offshore island of Pemba and 

Zanzibar suggests some correlation of these features and that they were formed by 

compression against pre-existing normal faults i.e. structural inversion (Figure 4.25). 

 

This is an important observation as the area has lain in a passive setting since the 

Cretaceous and therefore far-field stresses must have been responsible for the noted 

deformation. This has not previously been described regionally and has implications both 

for this margin and passive margins in general. 

 

 Pemba and Zanzibar Island Uplifting Drivers 

Typically the mechanisms of uplift and shortening are deduced only after determining the 

exact timing of the uplift. Unfortunately, the difficulties in dating mean that this is 

problematic but it can still be defined within a range of uncertainty. The use of a simple 

chronostratigraphy diagram from borehole data (Figure 4.5) has identified several periods 

of widespread unconformities in the Cenozoic which are caused by periods of contraction 

while others are associated to global drop in sea level. The following will focus on the 

drivers for the punctuated periods of structural inversion event observed close to the large 

anomalous offshore islands (Figure 4.25). 
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4.8.1.1 Early post-rift uplift event (Late Jurassic – Early Cretaceous) 

The timing of the earliest compressive phase which affects the syn- and earliest post-rift 

sequence (Figure 4.25) is most difficult to define due to lack of well data but from 

comparison with literature, it is likely this shortening occurred during the transition from 

NW-SE rifting to N-S drifting as Madagascar translated south (Figure 4.29A). The onset 

of rifting has been estimated to have occurred between the Toarcian and Aalenian (Geiger 

et al., 2004; Reeves et al., 2016) and persisted up to the Bajocian breakup unconformity 

and onset of sea-floor spreading around 170 Ma (Kreuser, 1995; Geiger et al., 2004). This 

spreading regime continued up to the Kimmeridgian or as late as the Early Cretaceous 

where there was a gradual transition into the tectonic regime which involved N-S dextral 

translation along the Davie Transform Zone (Reeves et al., 2016; Reeves, 2016a; Eagles 

& König, 2008; Davis et al., 2016). Therefore, this uplift is constrained to occur during 

the Late Jurassic or Early Cretaceous. At this time, the early spreading rate off the coast 

of Kenya and Tanzania was considered to have changed in a NW-SE direction about 21.5 

km/myr in the Kimmeridgian to a post-Kimmeridgian N-S directed full spreading rate of 

47.5 km/myr (Reeves, 2016). During the transition period, the extensional stresses 

probably can no longer transmit in a NW-SE direction and thus revert as compression due 

to the opening of Western Somali basin via N-S translation (Figure 4.29A). If correct, this 

compressive stress would only have acted until the transition from NW-SE to N-S 

spreading is completely formed where then the Davie Transform zone would now be 

initiated acting as a dextral transfer zone separating the inboard coast of Tanzanian 

passive margin. 

 

4.8.1.2 Cenozoic uplift (Late Miocene?) 

Cenozoic uplift has also been noted along the coastal margin of Tanzania and is shown 

here to have led to the formation of the offshore islands by compressional reactivation of 

buried normal faults. As evidenced by seismic data and bathymetric data, this phase of 

uplift has caused doming of the sea floor and is still preserved despite recent renewed 

extension that persists today. The uplift is dated to the period between the Middle 

Miocene-Pliocene following the identification of an erosional unconformity in subsurface 

data and an angular unconformity on surface geological maps from the islands.  

 

The timing of this compressive stress seems anomalous as there was no active tectonism 

in the area at this time. However, given the regional setting, it seems likely that the 
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compression may be linked to far-field stresses transmitted from the developing East 

African Rift System (EARS) which first formed in the Early Oligocene by regional 

uplifting due to a superplume event (Chorowicz, 2005; Roberts et al., 2012; Ebinger & 

Sleep, 1998). The EARS then propagated into Tanzania along a wider area of faulting 

termed as the North Tanzania Divergence zone (Baker et al., 1972). Active tectonics has 

taken place in Tanzania with modern rifts and associated volcanics over the past 5 Ma 

(Early Pliocene) (Dawson, 2008; Nicholas et al., 2007) but these rifting events could have 

initiated as early as 8 Ma ago (Late Miocene) noted by the Essimingor volcanic tuffs 

dated near Lake Manyara (Foster et al., 1997). The faults east of Serengeti plains known 

as the Sonjo-Eyasi fault are correlated with the Nguruman Fault north of Lake Natron 

bounding a half graben known to have formed by 7 Ma (Baker, 1986; Dawson, 2008) 

further suggesting incipient rifting since the Late Miocene. Therefore the initiation, 

transmission and divergence of extensional stresses towards onshore Tanzania c. 7-8 Ma 

could have an effect on the proposed Late Miocene – Pliocene uplift of the islands. 

 

It could be argued that presence of a topographical high could have generated horizontal 

deviatoric stresses to deform the adjacent margin but modern rift topography only started 

to develop in the Pleistocene from about 1.26 Ma (Foster et al., 1997; Nicholas et al., 

2007) with the development of volcanism creating Mount Kilimanjaro and Mount Meru. 

However the fact that the entire East Africa has been uplifted due to superplume event 

could not omit the generation of horizontal deviatoric stresses from topography related 

gravitational potential energy. These deviatoric stresses likely had an impact on the 

adjacent margins but would need to be assessed carefully with surrounding stresses. In 

addition, this horizontal force would be sustained rather than punctuated. In effect an 

opposing stress would still be required to explain the punctuated phase of Cenozoic 

compression offshore Tanzania. 

 

One explanation is that the presence of Davie Transform Zone as well as the NNE-SSW 

trending high (see Chapter 6) may act as a buttress resulting in a stressed zone along 

offshore Tanzania together with the initiation of EARS onshore Tanzania. However, the 

characteristic of Davie Transform zone offshore Tanzania (Figure 6.7) is not as prominent 

as the Davie Ridge (Figure 6.21) thus could question the capacity of this marginal zone 

to create a strong buttress.  
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Alternatively, it could also be due to opposing stresses created in the Indian Ocean. This 

is coeval with a period of general plate reorganisation recognised in the Indian Ocean 

around 8 Ma ago which has been attributed to the Late Miocene uplift east of Oman 

margin and on the Owen Ridge (Rodriguez et al., 2014). The change in spreading rates 

between India and Somalia plate (DeMets et al., 2005) which was modelled to slow from 

31 km/ Ma to 28 km/ Ma at about 8 Ma speeds up again to 31 km/ Ma over the past 8 Ma 

could pose a spasmodic far-field ridge push effect towards the Tanzanian margin due to 

the acceleration. Although the changes in spreading rates are small, they are actually 

significant. When it is coupled with the small variation in spreading rates between 

Capricorn and Somalia over the same period of time, these effects have been used to 

explain the widespread intra- and inter-plate convergence between the Indian and 

Capricorn plate (DeMets et al., 2005).  

 

This major compressive event within the central Indian Ocean is well documented with 

compressed oceanic crust  (Beekman et al., 1996; Bull et al., 2010; Krishna et al., 2009). 

The Late Miocene deformation and convergence rates which doubled at 8 Ma are seen on 

seismic reflection profiles (Bull et al., 2010). However, the origin of this intraplate 

deformation within the Indian Ocean is still a matter of debate. It has been suggested that 

the growth of Himalayas has increased the gravitational potential energy resulting in an 

increase in stress applied towards Indian plate (Molnar & Stock, 2009) with its present-

day altitude achieved around 15 Ma (Yuan et al., 2013). Rodriguez et. al. (2014) explained 

that the Late Miocene deformation may have occurred once the stress induced by 

gravitational potential energy exceeded some threshold value. Either the acceleration in 

spreading rates or the horizontal deviatoric stresses from Himalaya, these forces could be 

transmitted as far towards the East African margin. The increase in spreading rates could 

have possibly invoked a combination of ridge push and mantle-drag forces that lead to a 

weak E-W directed compressive force reactivating pre-existing structures (Bott, 1991; 

Lohr & Underhill, 2015; Mosar et al., 2002). However, this hypothesis would require 

stresses to be transmitted from oceanic to continental crust towards the Tanzanian margin 

(Figure 4.29B,C). 
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Figure 4.29 Illustration of stresses acting on the northern coastal margin during the A. Early Post-Rift uplift 

and B. Late Miocene-Pliocene uplift. A cartoon cross-section across Pemba Island showing the effects of 

horizontal stresses leading to inversion is shown in C. 

The presence of uplifted Quaternary reefs observed on the islands have also indicated 

another much more recent period of uplift during the Holocene but not at present day. 

However, it is unsure whether these could be an effect of fluctuating sea levels as there is 

no documented unconformity at this time nor seismic evidence support.  

 

At present day kinematics and dynamics of EARS show that most predictions 

demonstrate a good fit between modelled GPS velocities and observations with the 

exception of the southern region of the Eastern Rift in Tanzania (Saria et al., 2014; Stamps 

et al., 2014). The kinematics could suggest that the coastal margin of Tanzania is perhaps 

situated in a state of compression but earthquake focal mechanisms in the region are 

extensional (Figure 4.1). However, it is possible that the margin had experienced episodic 

compression in the recent past. This can be envisaged as having occurred when the 

tensional forces from the East African Rift could not sustain the compressive state either 
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from the buttressing effects against the DTZ and NNW-SSE trending high or the opposing 

stresses from Indian Ocean leading to this minor shortening event. After all, the African 

plate is generally in a state of compression due to surrounding ridge push forces and an 

orogenic boundary to the North (Zoback, 1992). Although there is no definitive age for 

this punctuated compression, it is most likely to occur during the Late Miocene based on 

borehole evidences, surface geology and surrounding stresses. 

 

 Alternative Mechanism for Island Inversion 

Although several hypotheses have been proposed for the formation of islands such as 

coral islands, mainland relicts, structural highs with shallow anticlinal cores and tilted 

faults blocks (Stockley, 1942; Kent et al., 1971), they typically lack support of good 

subsurface data and these hypotheses have been discounted as explained in section 4.2. 

However, other probable mechanisms could have also lead to the uplift of the island and 

here four different theories are being tested i.e. a transpression origin, a tilted normal fault 

block origin and, mantle driven vertical motion and lithospheric folding. 

 

4.8.2.1 Transpression origin 

As the Tanzanian margin has documented strike slip geometries such as transpression and 

transtension especially along the Seagap fault Zone and the NNW-SSE trending high 

alongside with the Davie Transform Zone, it can be argued that the islands could have a 

direct or indirect effect from these lateral movements. This can be compared with the 

folding geometries close to the Romanche Fracture zone which has been interpreted as  

initial transtensional Albo-Aptian rift being inverted transpressionally in the Albian (see 

Figure 14, Davison et al., 2016). However, it should be noted that the zone where these 

landward verging asymmetric folds are being noted are much closer to the strike slip zone 

(~70 km away) in comparison with the islands which is more than 150 km away from the 

closest NNW-SSE trending high that records strike-slip reactivation. In addition the 

transpression features occur across a zone of thick continental crust but the nature of crust 

between the structural trending high and the islands has been interpreted as hyperextended 

continental crust (see Chapter 6 for more details) thus suggesting a different origin for the 

inversion observed on the islands. 

The other alternative is that the islands are wrench related compressional structures 

similar to the series of N-S anticlines identified in the mid-Norway basin such as the 

Orman Lange Dome that has been associated to sinistral wrenching along the components 
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of NW-SE Jan Mayen lineament (Doré & Lundin, 1996). Although it had been interpreted 

that a strike-slip zone runs through roughly NW-SE between the islands of Pemba and 

Zanzibar (see Figure 2.6 Antrim Energy, 2010), no such evidence is seen in this dataset. 

On such accounts, it is believed that the inversional structures observed on the islands are 

more likely to be dip-slip related. 

 

4.8.2.2 Tilted fault block origin 

Kent et. al. (1971) alongside with other authors who suggested that the adjoining Pemba 

Inner Basin is a rift basin (Macgregor, 2015; Chorowicz, 2005) would imply that Pemba 

Island is a tilted fault block. However, our dataset has shown that the bounding fault that 

forms the island of Pemba identified from subsurface data is dipping eastward challenging 

the initial contending theory where Pemba Island is an anticlinally warped feature on an 

eastwardly tilted fault block i.e. westward dipping fault. Having said that recent rifting 

did happen but it is occurring within a narrow zone within the Pemba Channel (see 

Chapter 5). Therefore, the origin of Pemba Island as hanging wall uplift has been 

discarded. 

 

4.8.2.3 Vertical Uplift associated with mantle dynamics 

The possibility of these uplifting events being related to mantle dynamics are also taken 

into account. It is generally agreed that the East African region has been uplifted about 

30 Ma ago by the EARS superplume event (Chorowicz, 2005; Roberts et al., 2012; 

Ebinger & Sleep, 1998) and in fact the African region had been topographically domed 

in the past about 200 Ma ago exhibited by flood basalt provinces such as the Karoo (Cox, 

1992; Jourdan et al., 2006). These mantle plumes affect the development of continental 

drainage patterns (Cox, 1989) which could be a probable explanation for the varying 

thickness of Cenozoic successions offshore (Figure 4.3)  as drainage patterns and 

sediment source direction may change. However the scale of which these mantle plumes 

affect the overlying topography (> 1000 km) in comparison with the size of the islands 

uplift suggests that such mechanism is unlikely. One could also suggest that these features 

could be related to the undulating effect left behind from the deflation of mantle plume 

as implicated in the North Sea resulting in the Mid-Cimmerian unconformity (Underhill 

& Partington, 1993b; Underhill & Partington, 1993a) but the resulting effects, though 

folded, are much milder. In addition, the plume event underlying the EARS is still 

ongoing splitting the African continent. 
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4.8.2.4 Lithospheric Folding 

Another potential cause for post-rift compressional reactivation in passive margins is 

lithospheric folding which is controlled by the rheological structure of the underlying 

lithosphere, the level of the regional intraplate stress field, and the geometry of the rifted 

basin configuration prior to late-stage compressional reactivation (Cloetingh et al., 2008; 

Cloetingh & Burov, 2011). These compressional effects vary over a spectrum of spatial 

wavelengths spanning from several tens of kilometres up to several hundreds of 

kilometres. It cannot be denied that horizontal stresses acting upon the Tanzanian margin 

may have folded the entire lithosphere but such effects are usually much broader than 

expected. Having said that, the examples from Iberia, European Alpine foreland and the 

Pannonian basin system (Cloetingh & Burov, 2011) are illustrating folding events with 

wavelengths exceeding 150 km which are relatively large compared to the structural 

inversion geometries observed here. 

 

 Cretaceous compressions along the Tanzanian margin 

Inversional features have also been identified along the NNW-SSE trending high and near 

offshore Dar es Salaam (Figure 4.18, Figure 6.30a) and tentatively dated to be around the 

Turonian and Campanian. In addition, this phase of uplift is observed along the Davie-

Walu trend and NNW-SSE trending high in which the zone of uplift is still being active 

at present day (Figure 4.8, 4.15). The timing of this uplifting event has been estimated to 

be coeval with the separation of Madagascar and India with the opening of Mascarene 

basin estimated to have occurred at around 87-88 Ma (Reeves et. al. 2016 and Seton et. 

al. 2013) and subsequently the increase in spreading rates during the Santonian-

Campanian with full spreading rates at 55 km/Ma (Norton & Sclater, 1979).  The 

separation of the basin in a E-W to SW-NE may have directed a horizontal body force 

onto the passive margin along the coast of East Africa. The almost perpendicular NW-SE 

trend of Davie Walu high might then have taken up some of this strain while some of the 

forces may have been translated into the NNW-SSE trending high. As the entire margin 

appears to have been affected by these weak compressional forces, it is very likely that 

the small folding sequence offshore DES was formed by the same mechanism. The 

geometries of these features will be discussed in further detail in Chapter 6 in 

consideration of other large structural elements observed along the Tanzanian margin. 
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 Pemba Inner Basin Evolution 

 Introduction 

The geology of the Pemba and Zanzibar Channels, which separate the respective islands 

and mainland Africa has been the subject of relatively few studies. From the few 

publications in the literature, it is generally thought that their buried stratigraphy consists 

of thick Neogene sediments, probably deposited as part of a south-easterly offshore 

extension of the East African Rift System.  

 

There is some dispute about the timing of onset of significant sedimentation, some authors 

consider it to have initiated as early as the Oligocene to Early Miocene (Jeans et al., 2012; 

Parsons et al., 2012), while others prefer a Middle Miocene date (Mougenot et al., 1986; 

Chorowicz, 2005; Danforth et al., 2012) with a peak phase of infill occurring from the 

Late Miocene (c. 10.5 Ma) up to present (Franke et al., 2015). Initial interpretations 

indicate the subsidence related to the formation of these channels as being formed during 

a rifting event similar to that which formed the offshore South Eastern rifts of the 

Kerimbas Graben and Lacerda Graben in Southern Tanzania and Mozambique. It is 

proposed that rifting created these deep coastal-parallel Neogene basins bounded by 

border faults to the West along the coast and to the East along the Western flank of Pemba 

Island. 

 

Both Channels are roughly 100-120 km long and 30-50 km wide but consist of 

significantly different water depths of up to 1000 m and several dozen metres 

respectively.  The Pemba Inner Basin is linked to Kenya towards the North East into the 

Tembo trough which itself later connects with the NW-SE trending Maridadi trough in 

the Lamu Basin or Embayment. In Kenya, the Tembo trough is separated from the 

offshore basins by a series of SW-NE trending highs known as the Simba ‘ridge’ or more 

commonly, the Pemba-Simba Ridge due to the fact that its south-western extent is 

exposed in the form of Pemba Island (Figure 5.1). 
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Figure 5.1 Simplified geology map and seismic dataset. Map shows the coastal basins, key important wells, 

major cities and localities used in understanding the area overlain with merged surface geology along offshore 

Northern Tanzania and Kenya using SEAMIC GST 1:2M Tanzania Bedrock Geology and SEAMIC MGD 

1:2M Kenya Geology (taken from portal.onegeology.org/OnegeologyGlobal/). The focussed box shows the 

seismic dataset used in the study (Black lines – Pemba Channel 2D dataset; Red lines – Western Geco 2D 

dataset; Yellow line –TZ1-4000 ION long offset 2D seismic survey; Blue box – Afren 3D seismic dataset). Note 

the thin veneer of Neogene exposure along the coast that transition abruptly into Jurassic and Karoo rift 

sediments bordered by Precambrian basement. 
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Although the broad picture for the formation of the troughs has been hypothesised, no 

seismic evidence has been presented or published. The first geophysical surveys of the 

coastal region was undertaken by BP-Shell in the 1950s and an exploratory well, Ras-

Maschuisi – 1, was drilled in the 1970s in the Zanzibar channel. However, limited 

information was released publicly and it is only known that the well drilled down to a 

total depth of 3370 m with a shallow 17 m water depth penetrating an Upper Cretaceous 

bottom hole formation known as the Ruaruke Formation. With the recent resurgence of 

petroleum exploration within the area, more geophysical data has been acquired in the 

form of 2D and 3D seismic data. In addition, the recently completed Sunbird-1 Well (17th 

June 2014) in the Tembo trough discovered the first-ever oil off the East African Coast 

with a gross 14 m thick oil column beneath a 29.6 m gas column in an ancient Miocene 

pinnacle reef overlain by approximately 900 m of overburden (Pancontinental Oil and 

Gas Press Release 18th June 2014). This discovery not only proves a working petroleum 

system in the area, interpreted to be sourced from mature Eocene source rocks 

(Pancontinental Oil and Gas Annual General Meeting Presentation November 2014) but 

also provides additional information on the stratigraphic controls within the area to 

understand the tectonic history of the region.  

 

In this study, the availability of 2D and 3D seismic data over the Pemba Channel (Figure 

5.1) allows the basin to be studied for the first time in order to understand its structural 

evolution and formation such that the results can be compared with current understanding. 

The availability of deep offshore seismic data will further allow a correlation with the 

seismic data inboard to produce a detailed and consistent model for the structural 

evolution of the Northern coastal basin of Tanzania. It has been considered in this thesis 

that Pemba Island could be modelled as structural inversion and the deep offshore basin 

has recorded periods of punctuated compression within an extensional regime. The results 

of this chapter will investigate how this inner basin may fit with the wider picture. 

 

 Pemba Channel Data 

This study utilises 1775 sq. km of 3D data acquired in 2013 and 2264 km of 2D dataset 

acquired by Afren in 2011-2012, provided to the project by that company in order to 

permit us to understand the evolution of the Pemba Channel (Figure 5.1). The 3D dataset 

overlaps into Kenyan waters to the North and merges with the 2D dataset at the Southern 

edge. The 3D dataset is of great quality but the 2D dataset is lower resolution, especially 

near the coastline and at the westernmost edges towards Pemba Island. Areas where the 
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2D and 3D data overlap allows correlation of horizons across both surveys. However, not 

all the horizons identified within the 3D dataset are discernible in the 2D dataset owing 

to high amounts of noise in the deeper section especially below 4 s. No wells were 

available within this zone to interpret the age, hence initial interpretation designated the 

horizons as P-1, P-2 and so forth, with increasing numerals indicating younger and 

shallower horizons. Age constraints remain interpretive as no wells intersect within this 

dataset therefore dating relied upon sparse information such as that derived from 

industrial presentation (which is also likely to be interpretive). Correlation with the TZ1-

4000 line that connects into the Eastern offshore basins where ages have been interpreted 

based on offshore wells, allows an arguably more confident age determination up to epoch 

level.  

 

 Surface geology of the western onshore Pemba Channel 

Due to the historic lack of data in the offshore region, many previous interpretations were 

based on correlation with the onshore. It therefore makes sense to start with what can be 

described in this area (see Figure 7.1b for summarised coastal geology). Geologically, the 

northern coastal zone of Tanzania is dominated by NE-SW striking faults referred to as 

the ‘Tanga trend’ (Kent et. al., 1971). The fault zone has been associated with NW-SE 

Early to Middle Jurassic rifting of Madagascar away from East Africa which resulted in 

the breakup of Gondwana. The age of these faults had been constrained as Pliensbachian 

to Aalenian and had been revised due to evidence from its conjugate margin the 

Morondova basin in Madagascar (Geiger et. al. 2004). These NW-directed extensional 

faults appear to have been active much earlier; since the Early-Middle Triassic, possible 

associated with polyphase Karoo rifting events (Schandelmier et. al., 2004). The fault 

zone separates the sedimentary successions of coastal Tanzania from the Western 

Precambrian basement rocks part of the Ubendian-Usagaran complex (Wopfner, 2002) 

and has partly controlled sedimentation along the coast from Moa, Kenya to Tanga, 

Tanzania locally known as the Tanga-Duruma basin. Essentially the Tanga trend faults 

are believed to be initially Triassic in age which is reactivated during the NW-SE Early 

to Middle Jurassic rifting. 

 

The earliest syn-sedimentary deposition in the region is within the Karoo Group (Early 

Permian to Late Triassic), locally known as the Tanga beds with basal conglomerates 

slowly grading upwards into thinly bedded sandstones and mudstones with a cumulative 

succession of up to 2240 m thick. They form large exposures along the western-most limit 
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of the onshore Northern Tanzania coastal basin juxtaposing against Neoproterozoic 

metamorphic belts and Neoarchaean plutonic and metarmorphic gneiss and granites 

complexes. A period of non-deposition/erosion took place following this and then the 

later Jurassic rifting event reactivated these ‘Tanga’ boundary faults. Jurassic activity led 

to the deposition of up to 760 m of marine Ngerengere Formation rocks, associated with 

a marine incursion from the North East. These are coeval with the rocks associated with 

the ‘Andafia Rift’ in Madagascar where Andafia shales were deposited into Late Liassic 

half-grabens. An extensive erosional surface developed above these beds known as the 

Early Bajocian Unconformity. This was interpreted in the past as a long lasting 

transitional phase between rifting and drifting through the Bajocian and Bathonian 

(Montenat et al., 1996; Hankel, 1994; Wopfner, 2002) but is now considered to represent 

the break-up unconformity (Kreuser, 1995; Geiger et al., 2004). 

 

Full marine conditions were established by the Middle Jurassic and flooded the entire 

coastal margin with deposition of the Amboni and Kidugalo oolitic limestones (Kapilima, 

2002) in the Tanga area. The transgressive phase exceeds the western limit of the Tanga 

fault and deposited marine carbonates further inland, as noted by thick pebbly-coral 

bearing limestones lying unconformably over basement complex in the Msata-Lugoba 

area with Lower Bajocian aged ammonites dated in the Lugoba formation (Kapilima, 

2003a; Kapilima, 2003b). Marine deposition continued up to the Kimmeridgian with 

clays, shales and limestones. However, no Cretaceous outcrops were documented 

between the Jurassic and overlapping Tertiary sediments for almost 200 km from 

Mombasa to the Wami River (Kent et. al., 1971). Thus the successions were implied using 

neighbouring boreholes such as Makarawe-1 (Figure 5.2) and Chalinze-1 (Kent et. al., 

1971), and other outcrops near the Wami River. Septarian limestone and conglomeritic 

sandstone are observed at outcrops on the roads between Bagamayo, Lugoba and Msata 

of probable Neocomian age. Kapilima (2002) recognised coeval fine to medium 

crossbedded porous sandstone around Chalinze and related them to the Neocomian 

Kipatimu reservoir beds at Songo Songo. Alongside the well-developed continental red 

sandstone series known as the Makonde Beds in the Ruvuma-Mandawa sub-basin, these 

led to the interpretation that the Lower Cretaceous rocks were deposited during a 

regressive phase with fluvial sediments in a deltaic to outer neritic environment of 

deposition topped by the Middle Cretaceous Unconformity around Aptian-Albian times. 

The rest of the Cretaceous sequence is then dominated by shallow marine deposition of 

sand and silt with rather high carbonate contents over several transgressive cycles.  
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Figure 5.2 Makarawe-1 well stratigraphic information. After Nelson (2006) Tanzania Tamga Block Petrodel 

report 

 

Whilst the Cretaceous rocks are not exposed, there also are not any outcrops nor 

subsurface data recorded Palaeogene sediments in the Northern margin (Kent et. al. 1971) 

and these successions were only encountered in offshore boreholes as well as those drilled 

on Pemba Island and Zanzibar Island exhibiting marine, carbonates and deltaic 
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successions. The absence of Palaeogene and latest Cretaceous sediments is likely 

associated with the Campanian-Palaeocene uplifting event with a basal conglomerate 

recorded along the Santonian/ Campanian boundary described as the Santonian tectonic 

pulse (83 ± 2 Ma) associated with the onset of collision between African-Arabian plates 

and Eurasian plates, and associated to major plate reorganisation from the Southern 

Atlantic (Burke & Dewey, 1974; Guiraud & Bosworth, 1997; Burke & Gunnell, 2008; 

Said et al., 2015). This hypothesised uplift event is substantiated by rapid cooling 

recorded by fission-track and helium data (Spiegel et al., 2007; Mbede, 2001; Noble et 

al., 1997) and erosion from the Anza rift shoulder during the late Cretaceous (Bosworth 

& Morley, 1994). The absence of Oligocene sediments onshore is attributed to the onset 

of EARS and the African superplume event uplifting the entire East African margin c. 30 

Ma (Chorowicz, 2005; Roberts et al., 2012; Ebinger & Sleep, 1998).  

 

However, the absence of Eocene sediments is thought to be related to climatic and eustatic 

variations, as the Middle Eocene corresponds to a period of slow cooling and fission-

track analysis were only marginally overlapping the coeval age recorded by Van Der Beek 

et al. (1998). This phase of erosion is synchronous with a eustatic fall in sea level during 

Eocene (Miller et al., 2005) which continued into the Oligocene resulting in a regressive 

phase (Kent et al., 1971; Mbede, 2001; Said et al., 2015). These periods of uplift, 

including the earlier early-middle Jurassic rifting and subsequent thermal subsidence has 

resulted in a general 7 – 10 degrees eastwardly dip of Jurassic and Cretaceous beds. 

Together with the middle Eocene regression, they also correspond with periods of high 

sedimentary input into the Tanzanian offshore coastal basin. Neogene sediments are 

commonly identified directly overlying the Cretaceous sediments as exposed along the 

coast (Figure 5.1). The deposition of thicker Neogene sediments had been associated with 

renewed tectonic activity along the Tanga fault zone following the present day rifting of 

EARS. It had been mentioned as probable contemporaneous offshore rift systems 

(Chorowicz, 2005; Macgregor, 2015).  

 

In the offshore region, little work has been undertaken due to historic lack of data and 

well control. Well control is still an issue but seismic stratigraphic methodologies, link to 

the wider regional 2D and wells outside the basin coupled with higher quality seismic 

data mean that for the first time the basin can be studied in detail and linked to the onshore. 

The interpretation of the seismic data will allow a correlation of the coastal basin with the 

deposition in the adjacent Pemba Channel which has been considered to host thick 
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Miocene and Quaternary sediments. It would also permit an understanding of the 

structural elements within the basin and allow evaluation of the hypothesis that has been 

put forward by previous authors suggesting that the Pemba Channel and Tembo trough 

may be embryonic branches of the EARS (Chorowicz, 2005; Jeans et al., 2012; Parsons 

et al., 2012).  

 

The previous workers in the area also considered that the unique setting of the Pemba 

Channel, Zanzibar Channel and Tembo trough creating an apparent inner basin (rift 

basin?), separated from the deep offshore basin by the Pemba-Simba high and Zanzibar 

island resulted in the upwarping of Pemba Island as a tilted fault block (Kent et. al. 1971). 

However, as discussed in Chapter 4, close interpretation of the data has shown that an 

alternative structural inversion model is more fitting. 

 

 Stratigraphic Framework  

The stratigraphic framework was constructed by identifying major depositional 

sequences and sub sequences using reflection termination methodologies together with 

seismic facies analyses. Generally the basin can be divided into three main areas, a 

Northern basin towards Tembo trough, a central deformation zone (CDZ) condensed with 

N-S striking normal faults and Pemba Channel/ depocentre (Figure 5.5). Owing to better 

resolution of the 3D dataset, some horizons were only confidently identified within this 

area and rely on trends for their extrapolation into the 2D dataset. Their clarity is greatly 

hampered with depth. Most of the horizons picked represent post-rift sequences as even 

the lower packages do not show clear evidence of wedge-shaped syn-rift packages. An 

exception to this is seen towards the Tembo trough where some of the packages 

underlying the top_basement horizon could possibly be part of the early Jurassic syn-rift 

deposits (Figure 5.4). A total of thirteen horizons has been picked including the seabed 

(Figure 5.3). 
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Figure 5.3 Tectonostratigraphy and horizon markers in the Pemba Inner Basin correlated with those 

identified in the deep offshore basin across the seismic transect TZ1-4000 (see Figure 5.1 for location). Ages of 

horizons are interpreted via offshore correlation with wells. 
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Figure 5.4 Representative downdip transect of 3D dataset showing thick Cenozoic sequences offshore and 

subcrops of older sediments (see Figure 5.13 for subcrop map). The wedge geometry near to the coast 

underlying the top_basement horizon is interpreted as possible Early Jurassic syn-rift successions. Conjugate 

faults are observed intersecting in the form of (1) dominant eastward dipping fault sets with the other dip sets 

stopping above the dominant fault plane and (2) faults showing cross-cutting relationships. 
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Figure 5.5 Representative coast parallel strike line transect separating the inner basin into three parts – the Pemba depocentre, Central Deformation Zone (CDZ) and Tembo Trough. Faults are recent with several affecting down to the P-1 (Jurassic) successions. This 

lower section shows slight deformation but less than expected suggesting a possible mobile substrate layer such as shale. Complex fault geometries within the Pemba depocentre are due to the transect being subparallel to the strike of the coast parallel faults (see 

Figure 5.11 and Figure 5.12). Note the slightly thinner Cretaceous and Jurassic successions across the CDZ indicating that it could have existed as a long-lived basement high.
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 Top Basement (breakup unconformity) 

The top_basement horizon is identified within the 3D dataset as a strong positive reflector 

which is also an angular unconformity (Figure 5.4 and Figure 5.11). Towards the North 

Eastern edge of the basin, it is evident that underlying sequences appear to be truncating 

against the horizon (Figure 5.4). A prominent reflector can be identified within the 

underlying succession but is only visible and traceable locally (Figure 5.4 and 5.5). This 

sequence shows a probable thickening wedge towards the coast and therefore was 

interpreted as a possible syn-rift wedge. The antecedent sequences appear to be layered 

in a parallel manner with slight hints of truncation onto the top_basement reflector, hence 

the bottom reflector is interpreted as a base_syn-rift horizon.  

 

Within the CDZ, the truncation is not obvious and the pick was based on the first strongest 

reflector that separates the lower package from an overlying semi-parallel discontinuous 

semi-transparent succession. Similar characteristics were used to pick the horizon 

towards the Pemba channel and here it is typically underlain by a series of high amplitude 

reflectors (Figure 5.3). However, the reflector cannot be traced regionally into the 

depocentre in the 2D dataset as the horizon is likely to be deeper than the limit of the 

seismic data and clarity in identifying the reflector attenuates with depth thus 

extrapolation is made using trends observed in the 3D dataset (Figure 5.14). Along the 

coastal region, the traceability of the horizon is also greatly hampered due to closely 

spaced faults. Essentially, interpretation suggests that this horizon is likely associated 

with the Bajocian break-up unconformity. 

 

 Near Top Jurassic/ P-1 

Within the 3D dataset, the deepest laterally traceable horizon is recognised as a strong 

negative acoustic impedance contrast. However, it is poorly imaged within the 2D dataset 

in which its clarity is affected by overlying faulting especially near the coast and within 

the Pemba depocentre where Two-Way-Time (TWT) recordings are more than 6.0 s 

(Figure 5.6a). Limitations persist as well to the North Eastern margin where the horizons 

cannot be accurately followed. Where confidently mapped, it is typically underlain by a 

sequence of semi-parallel transparent reflectors varying between 550 to 650 ms thick 

prior to encountering a bright positive kick which was denoted as the top_basement 

(Figure 5.4 and Figure 5.5). The nature of the underlying sequences appear relatively 

isopachous except within the CDZ where it is occasionally deformed by recent normal 

faults. Offshore Tanzania, the succession appears to be thickening across a major NE-SW 
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striking normal fault but when traced further down dip, the succession is actually 

relatively isopachous or slightly thickening basinwards (Figure 5.5 and Figure 5.11).  

 

The near_top_Jurassic horizon shows little influence of recent faulting except within the 

CDZ where faults crosscut the horizon and deform the succession (Figure 5.5 and Figure 

5.10). In other areas, the horizon resembles a decollement plane where overlying faults 

detach along the horizon. It can also be traced Westwards up the coastal margin where 

faults were behaving in a similar manner. The underlying seismic facies is interpreted to 

be a mobile layer, probably shale, following the strong negative polarity to the 

overburden. It is interpreted that this succession represents the first post rift sequence. 

 

 Intra Cretaceous Unconformity/ P-2 

This surface is a sub-sequence picked within the Cretaceous package. It is a strong 

positive reflector underlain by several reflective packages and semi-parallel semi-

transparent reflectors. This surface is confidently picked within the central region 

immediately South West of the CDZ and is observed as an erosional surface that cross-

cuts surrounding reflectors up to 11 km wide and up to 420 ms deep indicative of a canyon 

system (Figure 5.5 and Section 5.8). The erosional surface runs in a NW-SE direction and 

its overlying sequences consist of two distinctive seismic facies: units to the SW consist 

of bright parallel reflectors while to the NE it consists of parallel semi-transparent 

packages. 

 

Along the coast, near the borders of Kenya and Tanzania, the horizon is onlapped by the 

P-3 reflector towards the SW of this erosional feature (Figure 5.12a) and to the NE, the 

reflector P-2 truncates against the P-3 reflector and thus P-3 is locally an unconformity. 

Downdip into the basin and elsewhere within the 3D basin, the reflector is affected by 

recent faulting events and behaves as a conformable surface within the P-3 to P-1 

succession.  As the traceability of this horizon is greatly hampered towards the North 

Eastern margin and within the CDZ due to faulting and reflectors are not discernible at 

all within the 2D dataset, no regional TWT surface map was created for this horizon. 

Nonetheless, it is suffice to say that the P-2 reflector is an erosional unconformity surface 

indicated by the canyon geometry trending in a NW-SE direction. Elsewhere within the 

dataset, it is likely a conformable surface. 
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 Top Cretaceous/ P-3 

The P-3 reflector is defined by a bright positive signal which can be traced confidently 

within the Pemba Channel and is often observed to separate an overlying parallel, semi-

transparent seismic sequence from underlying parallel bright reflectors. Such a signature 

can be followed over the CDZ into the North Eastern basin but is less obvious there. 

Towards the South West close to the coastal margin, the surface onlaps against the P-2 

reflector and to the NE against the P-1 horizon. The extent of mappable onlap geometries 

is shown in the TWT map (Figure 5.6b).  This horizon is transected by faults but no 

growth geometries were identified across them. Due to its laterally continuity, the 

underlying package will be described as a whole sequence between P-3 and P-1 rather 

than using the P-2 reflector which is less traceable. The succession is relatively 

isopachous with slight thickening basinwards with exceptions where it is deformed by 

faults giving odd thicknesses in the isopach maps (Figure 5.7a) such as within the CDZ.  

 

It is also the first reflector that can be confidently traced across the two dataset to which 

the bright amplitude positive signature can be traced. However, the confidence towards 

the coastal margin remains rather difficult due to numerous coastal parallel faults and was 

interpreted based on trends observed from the 3D dataset. In a localised area along the 

Kenyan coastal margin, the reflector appears to be an erosional unconformity truncating 

underlying reflectors. It could be a composite unconformity with the P-9 reflector but the 

extent of the seismic dataset does not permit this to be investigated further. 

 

 Base Miocene/ P-4 

The Palaeogene sequence can be tied to the offshore basin which has constraints within 

the Upper Cretaceous and younger successions (see section 5.5). The sequence has a 

rather transparent seismic character with the top defined by a distinct high amplitude 

reflector (near_base_Miocene) that is conformable with the overlying sequences. 

Towards the North, it is recognised as being overlain by a series of bright, parallel 

reflectors.  It is correlatable across the whole dataset with lower confidence at the SW 2D 

portion near the coast of Tanzania due to faulting. The reflector is seen to onlap against 

the P-2 horizon at the western edge of the seismic dataset but these termination features 

can only be seen locally (Figure 5.6c). Elsewhere, it appears to be terraced by intra-basinal 

faults which are observed to dissect the horizon throughout the basin. The sequence 

thickens into the Pemba depocentre but does not appear to experience growth across the 



183 

 

faults within the basin. However, the sequence is thinner in a localised region to the South 

East where it creates a graben-like geometry (Figure 5.7b).  

 

 Near Top Lower Miocene/ P-5 

This sub-sequence is picked as a moderately high amplitude reflector which is traceable 

across the basin. It is a sub-sequence identified by its slightly more reflective parallel 

sequences when compared to the overlying seismic fabrics. Two separate depocentres are 

evident here, one along the North Eastern margin towards the Tembo trough and one 

within the Pemba Channel, separated across the CDZ (Figure 5.7c). Along the coastal 

region, the horizon appears to be down-faulted into the basin and the visibility of the 

reflector is greatly hampered near the coast due to heavy coast-parallel faulting. 

 

 Near_Top_mid_Miocene/ P-6 

This reflector is another traceable high amplitude, positive reflector. The sequences tend 

be observed as several parallel bright reflectors followed by semi-transparent 

discontinuous parallel reflectors prior to reaching the P-5 horizon. The sequence is also 

thick within the Pemba depocentre (Figure 5.6e and Figure 5.7d).  

 

 Intra Upper Miocene/ P-7 

The P-7 reflector is defined by a positive reflector separating an underlying parallel bright 

package of reflectors from overlying discontinuous, semi-parallel, transparent seismic 

sequences. More importantly for characterisation is that the horizon is observed to 

truncate against an overlying erosional reflector P-8. The continuity of the reflector 

becomes extremely difficult across the central zone of deformation due to small scale 

faults that penetrate only as deep as the P-6 horizon. The blank areas in the TWT surface 

map outline where the reflector abuts against the overlying erosional reflector (Figure 

5.6f). To the extreme Northern edge of the 3D dataset, it can be seen that the reflector 

subcrops onto the seabed (Figure 5.10).  

 

In the 2D dataset, the reflector becomes as a surface onto which the overlying sequences 

downloap at the Western edge along the coast of Tanzania (Uppermost Miocene deltaic 

advancement Figure 5.12a). The sequence is thicker, especially within the depocentre and 

the narrow graben area while it is thinner towards the CDZ and Tembo trough with 

isopachs in the region of 100 – 200 ms thick (Figure 5.7e). 

 



184 

 

 Near Top Miocene/ P-8 

The near_top_miocene reflector is defined as a major erosional truncation surface, 

especially within the 3D dataset. It is typically picked as a positive amplitude reflector 

that separates a sequence of semi-parallel transparent reflectors from overlying parallel 

bright reflectors. It is correlated across the central deformation zone using these signatures 

and is noted to subcrop onto the seabed (Figure 5.6g). Along the coastal region, the 

sequence thickens anomalously at three points and thickening is also seen across the CDZ 

(Figure 5.7f). 

 

Within the 2D dataset, the horizon is laterally traceable from the 3D seismic cube and it 

is evident as an erosional surface against which younger reflectors onlap (Figure 5.14a). 

To the immediate South Eastern edge of the basin, it can be noted that reflector is uplifted 

(Figure 5.14c). However, towards the South western edge of the margin, along the coast 

there is clear evidence of clinoform packages (Figure 5.14b and 5.14c) downlapping onto 

the P-7 horizon. It is not possible to trace the horizon at the Eastern edge of the dataset 

where the sequence becomes chaotic across a fault (Figure 5.7f). This sequence has 

numerous anomalous yet important features which will be discussed in Section 5.8. 

 

 Near Top Pliocene/ P-9 

This sequence is composed of parallel bright reflectors in the depocentre region separated 

by a laterally continuous positive reflector and typically overlain by parallel semi-

transparent successions. The sequence subcrops the seabed at the North Eastern margin 

of the 3D as seen on the TWT map (Figure 5.6h). Along the Western edge of the seismic 

cube, there is evidence of this reflector being a clinoform where its facies shows faint 

characteristics of a progradation sequence (Figure 5.7g) and the sequence appears to 

backstep with time (Figure 5.12a).  

 

In the 2D dataset, the reflector locally onlaps against the P-8 horizon in the south west 

and in certain places appears to die off against coast parallel faults. The sequence is 

slightly thicker within the depocentre where it is up to 300 ms but there is significant 

growth within the graben-like feature in the South West. Sediments were accumulating 

up to 500 ms there which is double the thickness of the package on the adjacent flanks 

(Figure 5.7g).  
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 Intra Quaternary/ P-10 

This reflector is first defined in the 2D dataset as a positive reflector that separates a 

transparent to semi-transparent, parallel sequence from a younger, brighter, parallel 

sequence. It is not observed in most of the Northern margin of the dataset. Its Northern 

limit and its western limit is where it onlaps against the P-9 sequence (Figure 5.6i). 

However, further South along the Tanzanian coast, the reflector is seen to onlap against 

the P-8 horizon instead. The sequence thickens in the graben-like geometry like the 

underlying succession (Figure 5.7h). Along the Eastern flank of the graben, the reflector 

is affected by gravity-driven slump features (Figure 5.14b). At the Eastern end of the 2D 

data near to Pemba Island, the succession is seen to thicken across two parallel North-

South trending faults. 

 

 Seabed 

The seabed reflector shows that the dataset is in normal polarity in which an increase in 

acoustic impedance is represented as a positive kick. Mapping of the seabed, especially 

within the 3D dataset, has shown that some of the intrabasinal faults are still active at 

present day cutting up to the seabed. The TWT (Figure 5.6j) map also shows the presence 

of seabed “crater” like features especially within the 3D data while in the 2D dataset, 

some of the seabed topography are observed to have been inherited from its underlying 

succession (see section 5.7).
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 Age Correlation to Offshore Basins 

The regional stratigraphy and age correlation of Pemba Channel are not well constrained 

as no wells have been drilled in the Pemba Channel. Although well Ras-Maschuisi-1 was 

drilled in Zanzibar channel, the only information known about it is that it reached a total 

depth of 3370 m, encountering Late Cretaceous Ruaruke mudstones and marls (Appendix 

B). Similarly, the recent Sunbird-1 oil discovery would assist in stratigraphic correlation 

but was not available in this study. Data suggests that it reaches the Aquitanian at its TD 

at 2350 m. Regardless, these wells would also require additional vintage or new seismic 

data for correlation. 

 

Age constraints could be derived from a correlation across the long offset TZ1-4000 

seismic profile across the inner basin 2D dataset (Figure 5.8). It is compared with the ages 

assigned by Afren (Afren Half-yearly Results Presentation 29th August 2014) but it is 

very likely that their ages are interpretive as well. The summary of the horizons picked 

within this basin and their suggested respective ages are shown in Figure 5.3. 

 

 

Figure 5.8 Age correlation of the Pemba Inner Basin horizons with the deep offshore basin across seismic line 

TZ1-4000. See Figure 5.3 for the corresponding ages. 

 

 Structural analysis of the Pemba Inner Basin  

The Pemba Inner Basin is broken up by extensional faults which were commonly 

observed to detach onto the P-1 horizon though there are some instances where it dies out 
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in the P-1 sequences (Jurassic) especially within the CDZ (Figure 5.5) but never transect 

the basement. Some faults do cut the P-1 sequences but they do not cross into the 

overlying Cretaceous successions. These are probably related to an earlier phase of 

faulting. 

 

Faults are accurately mapped within the 3D dataset and can be verified using a time slice 

variance seismic attribute which also helps to understand the distribution and trends of 

faults. Faults within the 2D dataset can also be well traced owing to closely spaced 

surveys at 2-3 km apart delineating large offset and laterally extensive normal fault 

segments. These faults can be divided into several regimes depending where they are 

situated and the following discusses the nature of these faults and their timing (Figure 

5.9). 

 

 Central Deformation Zone (CDZ) Extensional Faults 

Within the CDZ, faulting is complex. Extensional faults have affected much of the 

underlying sequences down to P-1 successions. P-2 sequences were most evidently 

deformed and most commonly these faults detach onto the P-1 horizon which has been 

interpreted as a decollement zone (Figure 5.5, 5.10). These faults generally trend slightly 

off N-S, approximately 10 degrees towards the NW and typically terminate or curve upon 

reaching the coastline of Kenya (Figure 5.9). Along the coastline, these faults are aligned 

in a coastal parallel manner, striking more or less NNE-SSW. Individual fault segments 

can be up to 30 km long with throws of up to 600 ms TWT at their maximum 

displacement. 

 

Several major faults can be observed within the CDZ characterised by their large offsets. 

These major faults are commonly observed with a series of smaller offset synthetic and 

antithetic normal faults across the hanging wall region (Figure 5.10). The fault blocks 

have been rotated and tilted leading to seabed subcrop (Figure 5.13). Tilted blocks are 

bounded to the South East by Fault A which cuts down into the P-1 sequences. This fault 

segment can be observed clearly on the seabed map as a lineated low point (Figure 5.6j 

and Figure 5.15a). However, the boundary to the NW is less obvious and diffusive starting 

where subsequent faults are downstepping into the depocentre of the Tembo trough 

(Figure 5.5). It is evident from seismic data that these faults are still active at present as 

the faults cut onto the seabed (Figure 5.15a) and are experiencing growth (Figure 5.10).
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Figure 5.10 Interpretation of the Central Deformation Zone which contains complex extensional conjugate 

fault sets with dominant fault planes dipping towards the east. Seabed subcrop occurs across the whole area 

within the Central Deformation Zone (see Figure 5.13 for subcrop map) possibly related to a punctuated 

structural inversion event during the top_P-8 noted by truncation of underlying successions. Note the growth 

of P-8 successions across Fault B indicating a period of syn-deformational growth at that time. 
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Despite the thicker deposition of P6 and P5 successions towards the Tembo trough, the 

faults do not show wedging growth geometries indicating these faults are post-

depositional (Figure 5.5). The subsequent thickening of P8 succession across Fault B 

noted by wedge geometries suggests that the fault blocks probably started to move and 

tilt between P7 and P8 (Figure 5.10). The timing of this period of extension and fault 

block rotation is interpreted in the Uppermost Miocene. However, the period of extension 

have been punctuated by erosion as the P8 boundary is an angular unconformity noted by 

the truncation of P7 reflector against P8 where underlying successions were tilted and 

eroded.  

 

Consequently, growth resumed but this time focused along Fault A with the deposition 

of P9 sequences. Extension (and/or sediment flux) appears to have intensified up to 

present day with the deposition of recent sediments across the CDZ. Fault blocks are tilted 

resulting in the subcrop of P9 successions. The continuous development of extension can 

be noticed by subtle decreasing offsets up along normal faults towards younger 

successions such as Fault A (Figure 5.10).  

 

 Coast-Parallel Faults 

Along the coast of Tanzania and Southern Kenya, numerous NNE-SSW trending faults 

were identified. These normal faults cut down into the P3 (and P2?) successions and 

detach onto the P1 reflector. It is evident that faults have deformed the P3 sequences 

resulting in difficulty in picking this reflector (Figure 5.11). Several faults show evidence 

of growth along them and these faults are syn-depositional with some evidences of growth 

initiating as early as the P8. It is interpreted that these extensional faults are gravity driven 

due to sediments are thickening into the Pemba Channel leading to failure along the 

coastal margin. Alternatively, they could represent an extensional stress response from 

the onshore EARS. 

 

A deeper fault can be identified running almost coast parallel, striking in a NE-SW 

direction. However, this fault is deep and offsets the top_basement reflector as well as the 

P-1 reflector. The subsequent sedimentation above the top_basement horizon is 

interpreted as post-rift because the successions onlap against the fault. This fault is 

interpreted to have been formed during the early stages of post-rift deposition. It is 

probably a basin-bounding fault which acted as an axis of basinward rotation during the 

thermal subsidence phase and could also be a continuation of initial rifting faults (Figure 
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5.11). However, the traceability of this fault is limited towards the 2D dataset owing to 

resolution of seismic data. Although no border faults were identified towards the North, 

the identification of base_synrift suggests that it is likely to lie further inboard nearer to 

the Kenyan coast. 

 

Figure 5.11 A representative crossline within the Pemba Channel 3D dataset showing the coastal parallel faults 

and the small offset on the NNW-SSE extensional faults. Note the thickening of initial post-rift deposition 

across the NE-SW hinge fault interpreted to have formed during the early stages of post-rift probably along 

the axis of basinward rotation. Illustration image adapted from Kyrkjebo et al. (2004). 
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Figure 5.12 Another example of a crossline seismic transect in the Pemba 3D dataset. The blowout image 

shows evidence of recent deltaic progradation into the Pemba Channel which began in P-8 (Pliocene age) and 

slowly backsteps over time with P-10 and recent sequences onlapping against top_P-9. 
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Figure 5.13 Seabed subcrop map of the Pemba Channel overlain with seabed variance map. Faults can be seen 

to have been active up to present day with subcrops within the 3D dataset exposed in two forms, (1) those 

bounded by faults displayed as footwall uplift erosion and (2) those not bounded by faults within the hangingwall 

shown as a stretch where unit P-8 and unit P-7 subcrop probably due to rollover anticline and later substantiated 

by inversion?. 
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 Narrow graben basin  

Within the 2D dataset, Pemba Channel is observed to host a narrow basin into which there 

appears to be growth above the P8 horizon and none below. Underlying successions were 

offset by post-depositional faulting that goes deep into the P3 sequences. The ‘rift’ 

sequence is bounded to the west by a concaving arcuate fault and to the East by a 

sigmoidal fault trending NW-SE to the North and N-S to the South. The graben is 

approximately 11km wide and 33km across sitting adjacent to a horst to the East which 

is about 2-3 km wide. The horst is prominent in the Southern end but the Northern end of 

the eastern flank is characterised by slumping (Figure 5.14a and Figure 5.14b). Isopach 

maps between P8 and the seabed (Figure 5.16a) are thick indicating that extension and 

growth was recent and when compared with the underlying package, there does not seem 

to have been much growth across the faults. However the plan view of this narrow basin 

resembles a pull apart basin suggesting that there is possibility of it being a localised pull 

apart basin along pre-cursor trends or equivalently it could be as simple as an extensional 

basin (see Section 5.8). 

 

 North-South Trending Faults near Pemba Island 

A couple of N-S trending normal faults dipping eastwards can also be laterally traced at 

the Eastern edge of the dataset (Figure 5.9). Their hanging walls tend to contain smaller 

conjugate pairs of fault and be bounded to the East by a large antithetic fault. The timing 

of these normal faults are similar to the narrow graben basin in which growth was 

observed above the P8 reflector.  

 

 Edge of 2D dataset to the SE 

Towards the South West of Pemba Island, two seismic profile show normal faults along 

the easternmost edge of the dataset that appear to have been uplifted on the hanging wall 

side (Figure 5.14c). The P9 and P10 reflectors clearly onlap against the P8 reflector 

indicating an unconformity and the underlying horizons beneath P8 appear to have been 

uplifted with respect to the footwall. Although the interpretation of the underlying 

horizons can be difficult in places due to seismic resolution it is evident using the P8 

reflector as a marker, that it has been uplifted and is at present an erosional unconformity, 

most likely associated with the structural event observed along TZ1-4000 seismic line. 

Immediately to the East, a normal fault is observed to have cross-cut the seabed forming 

a step-wise escarpment on the present day seabed. 

 



205 

 

 NNW-SSE extensional gashes 

Several small offset NNW-SSE trending normal faults can also be identified towards the 

East of coast parallel faults within the 3D dataset. These normal faults can be extensive 

up to approximately 10 km long but their fault throw is no more than 35 ms TWT (Figure 

5.9, 5.11). They consists of both Eastward dipping and Westward dipping faults and are 

localised within the area crosscutting up to present day seabed. It is interpreted that these 

planar faults are probably caused by the current extensional regime.  

 

In general the orientation and mode of these fault frameworks suggest that the basin is at 

present mainly situated within an approximately E-W extensional regime evidenced by 

the abundance of near N-S trending faults with strike variation deviating up to 20 degrees 

towards the NNW. This can be substantiated by earthquake focal point mechanisms at 

Zanzibar Island which suggest extensional stress. 
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 Pockmarks 

Several seabed crater features were identified, especially at the South Western edge of 

the 3D dataset on the seabed map. Figure 5.15b shows an enlarged region of these features 

in the area identifying 18 “depressions” (labelled A to P) recording varying sizes from 

220 – 750 m wide and 300 – 1000 m long with a maximum depth of 35 m (using 1480 

ms-1 for the velocity of seawater). Their expression undeniably resemble pockmarks, 

which are described as circular to elliptical seafloor depressions caused by focussed fluid 

flows. They are typically associated with hydrocarbon, brine, biogenic methane and 

dissociated gas hydrate expulsion (Judd & Hovland, 2009; Andresen & Huuse, 2011). 

Figure 5.15c shows two of the largest pock marks in the area. On the seabed grid, 

pockmark N appears as an elongated feature but is actually a combination of three 

separate smaller pockmarks similar to others in the area.  These bowl-like depressions 

subtly affected the underlying layers due to a velocity push-down and dimming of the 

underlying amplitudes but only over several tens of ms. The presence of these pockmarks 

is possibly related to localised biogenic methane and pore water expelled during recent 

times similar to those observed in many places around the world such as in the Lower 

Congo basin (Andresen & Huuse, 2011) and the North Sea (Kilhams et al., 2011). The 

lack of a trailing source or obvious fault conduit from underlying successions supports 

the fact that these are probably not directly linked to underlying thermogenic sources.  

 

However, some pockmarks were also identified along the large normal faults e.g. 

pockmark Q. They can easily be mistaken for escarpments on the seabed considering both 

are expressed as depressions. However, the former tends to have a concave geometry in 

cross-section view and appears as a dome in plan view. Whilst these pockmarks appear 

discrete and isolated indicating similar origins, on plan view they appear to be more 

elongated. These pockmarks are perhaps influenced by bottom currents resulting in the 

expression of linear furrows (Kilhams et al., 2011) assisted by recent faulting directing 

the water flows. Their close correlation to nearby major faults does not rule out the 

possibility of a deeper source via faults but the pockmarks do not appear to be formed 

exactly at the termination of the faults, suggesting a similar origin as other pockmarks in 

the region. 
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Figure 5.15 Expression of seabed features and pockmarks. Diagram A shows a seabed variance map showing faults that are possibly still active at present day including the major faults shown in Section 5.6. Diagram B shows an enlarged image of the pockmarks 

identified on the seabed (see Figure 5.6j) which may be an indication of hydrocarbon escape if connected to deeper structures e.g. faults. Dashed black lines are indicative of faults that subcrop the seabed. Diagram C is a seismic transect across several pockmarks shown 

as the red line in Diagram B. The pockmarks are surficial therefore interpreted likely to be of biogenic origin. Diagram D shows a list of all the pockmarks identified within the area and their depths are converted using a water velocity of 1480 m/s.
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 Structural Evolution of Pemba Inner Basin 

Seismic evidences shows that majority of the thick deposition within the Pemba Inner 

Basin are Neogene in age (P4-P10). However, the earliest sequences are probably 

associated with the Jurassic peak rifting event. Minor reflectors identified beneath the 

top_basement horizon are interpreted to be the base_synrift therefore bounded within are 

the syn-rift packages (Figure 5.4). These were not obvious in many areas and not laterally 

traceable due to depth and recent subsidence but hints of wedging geometries could be 

interpreted. Onshore, most of the syn-rift sequences are concealed by later post-rift 

transgressive marine carbonates of Middle and Late Jurassic age and Cretaceous 

sediments.  

 

The earliest post-rift succession is represented by the package between the Top Jurassic 

and top_basement which is relatively isopachous with slight basinwards thickening 

(Figure 5.5). The deposition is controlled by NE-SW trending coast parallel faults but the 

main rift border fault is probably further inboard against the Precambrian basement and 

not observed within this dataset. Therefore the Westernmost edge of Pemba Inner basin 

is very likely to be the edge of the continental shelf platform. Some of these rift fault 

systems situated along the edge of the platform could have been reactivated during the 

initial post-rift subsidence phase due to basinward rotation (Figure 5.11 and Figure 5.12) 

but they do not propagate above the Top Jurassic horizon. This sequence can be equated 

to the oolitic-pisolitic Amboni limestone in the Tanga region which later graded into 

deposition of shales and clays.  

 

This is then followed by the Cretaceous package (P1 to P3) which was essentially 

deposited into a subsiding basin. Isopach maps (Figure 5.7a) show basin-ward thickening 

across the Pemba Channel and into the offshore basins (Figure 5.20d). A regressive period 

took place during the Intra-Cretaceous noted by the formation of a canyon system within 

the P2 sequence which probably acted as a sedimentary input point into the Pemba 

Channel at that time (Figure 5.5). A possible cause for this event is the Late Santonian/ 

Campanian compressional event that resulted in folding and inversion of many basins 

along the African-Arabian Tethyan margins and those within Central African Rift system 

(Guiraud, 1998; Guiraud & Bosworth, 1997; Guiraud et al., 2005). This compressional 

event is believed to have also impacted the inversion of Davie-walu ridge. Uplift of 

Central Africa may led to a fall in base level leading to the development of this canyon 

system. After the regressive period, the basin continued to subside with the deposition of 
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P2 to P3 sequences which infills the canyon and the rest of the Cretaceous sequence. The 

thinner deposition of the Cretaceous package across the CDZ suggests that the area may 

had been a high since the Jurassic (or even earlier) separating the region into two sub-

basins, the Pemba Channel and Tembo trough (Figure 5.7a).  

 

Renewed sedimentation took place in the Tertiary with the deposition of Palaeogene 

sediments into the Pemba channel and Tembo trough. This was likely due to the uplift of 

the African continent during the Late Cretaceous to Early Palaeocene, augmented by a 

Middle Eocene regression which fed sediments into the basin. The uplift and resulting 

sediment flux may have been the trigger for initiating gravitational collapse of the margin  

along the coast of the Pemba Channel (Figure 5.7b). The depocentre continued to subside 

and develop accommodation space for sediment deposition through the Lower Miocene 

and Middle Miocene (P4 – P7) especially within the Pemba Channel (Figure 5.16b).  

 

A period of renewed extension took place within the basin during the deposition of the 

Uppermost Miocene sequences (P8) and more normal faulting initiated. Extensional 

faults were initiated along the CDZ and they cut down into the Jurassic package. This 

period of growth can also be noted along the coast (Figure 5.7f). The basin continued to 

be infilled by sediment with advancement of a delta in the Southwest (Figure 5.14b and 

Figure 5.14c) and the depocentre appears to have shifted slightly towards the coast. 

However, this extensional period was punctuated by an uplift event which is marked by 

the P8 reflector as an erosional unconformity. This is particularly evident towards the 

south east close to Pemba Island where subsequent sediment onlaps against the horizon 

(Figure 5.14c). Elsewhere, within the Pemba channel and CDZ, the horizon is most likely 

a correlative conformity. 

 

Extension resumed within Pemba Channel in the Pliocene with an advancement of the 

delta South West of the CDZ (Figure 5.12). However, the overall locus of extension is 

now concentrated within a narrow basin evident from the post-Miocene TWT isopach 

map (Figure 5.16a) and it is still active at present day with the flank towards the West 

experiencing present day slumping (Figure 5.14 and Figure 5.16). The rest of Pemba 

Channel was still being continuously infilled by sediments and several N-S trending faults 

near the Eastern edge of the basin started to experience fault growth as well. The deltaic 

sequence appears to have backstepped over time (Figure 5.12) indicating either a 

slowdown in sediments entering the basin or a rise in a sea level.  
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Figure 5.16 Cumulative TWT isopach map of the Seabed to Top_P-8 and Miocene isopach (the latter is created without the Uppermost Miocene). Note the thick deposition across the narrow graben post top_P-8 while little growth is observed in the earlier 

successions. Refer Figure 5.14 to appreciate view in TWT.
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 Pemba Channel as a Miocene Rift System 

Rift basins are defined as long, narrow deep troughs bounded by several large-scale 

structural components like faulted margins, border faults, uplifted flanks, hinged margins, 

surrounding platforms, and largescale transfer zones of regional extent (Withjack et al., 

2002) which are characterised into half grabens, full grabens, composite basins or sag 

basins (Figure 5.17, Withjack et al., 2013). 

 

 

Figure 5.17 Some examples of different types of rift basins. The Pemba Channel could have initiated as a 

localised sag basin in the Early Miocene with the progressive development of the Pemba depocentre (type c – 

an unfaulted synclinal depression) but post-Miocene rifting focusses within a narrow graben similar to type b 

with faults developing symmetrically on both sides (see figure 5.18). Image after Withjack et. al. (2013) 

The origin of the Pemba Inner Basin has been hypothesised as a modern rift basin. Some 

authors proposed initiation of extension in this basins as early as the Oligocene to Early 

Miocene (Jeans et al., 2012; Parsons et al., 2012), while other authors suggest this 

occurred in the Middle Miocene (Mougenot et al., 1986; Chorowicz, 2005; Danforth et 

al., 2012). A peak extensional phase from the Late Miocene (c. 10.5 Ma) up to present 

has also been identified by some authors (Franke et. al., 2015). Some of the above authors 

had considered the channel as having being formed by similar rifting event to the offshore 

South Eastern rifts of Kerimbas Graben and Lacerda Graben in Southern Tanzania and 

Mozambique. This would suggest that Pemba Island is a large scale rift shoulder, 

something proposed by Kent et. al. (1971) . Jeans et. al. (2012) also interpreted the 

Pemba-Simba high as a Lower Cretaceous rift shoulder. This hypothesis is dependent on 

the timing of the onshore vs offshore rifts. Macgregor (2015) has noted that the timing of 

the offshore rifts could possibly be broadly related to those of EARS. However, he has 
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also mentioned these offshore rifts are geometrically different from the onshore rifts such 

that they lack large scale relief rift shoulders, are more symmetrical in form, have no 

significant igneous association and are still affected by active transpressional features 

such as the Davie and Seagap Fault Zones. They commenced much earlier than the 

geographically closest Pliocene Pangani rift and are stratigraphically expected to be fully 

marine.  

 

If Pemba Inner Basin is a rifted basin with Pemba Island being the footwall, it would be 

expected to see border faults or rift flanks that dips landwards. However, our seismic 

evidences do not show such characteristics (Figure 5.14c) to create such a large relief that 

could result in the formation of Pemba Island (Figure 5.8). Instead, seismic evidences are 

showing normal faults that dip towards the sea with several antithetic faults post-dating 

the initial extension with growth successions underlying Pemba Island (Figure 4.25). The 

inner basin lack of any half grabens or full grabens architecture typified by wedging or 

thickening towards the fault margins on both sides as compared to those observed in Gulf 

of Suez (Sharp et al., 2000), Red Sea (Khalil & McClay, 2002; Khalil & McClay, 2016; 

Bosworth et al., 2005), North Falklands basin (Lohr & Underhill, 2015) and Newark basin 

of Eastern North America (Withjack et al., 2013).  

 

In comparison with its commonly associated magma-devoid South Eastern offshore 

branch, the Kerimbas Graben has truly identified a Western border fault initiating in the 

Late Miocene (definitely post-Oligocene) with movement accelerated in the Pliocene 

causing a continuous conjugate border fault and symmetric graben to form. The graben 

also shows a relief of 1500m on its Eastern border fault observed at the seabed (See 

Chapter 6, Figure 6.21). The rift continued to develop southward, creating a Pliocene-

Pleistocene Lacerda half graben and propagated even further South in the Pleistocene as 

a sub-recent small-scale incipient rift (Franke et. al. 2015). The continuity of this activity 

in southern Tanzania and Mozambique has been noted by earthquake focal mechanisms 

(Craig et al., 2011; Mulibo & Nyblade, 2016).  

 

The only possible evidence within the Pemba Channel that may signify a rifting event is 

a narrow symmetrical graben that developed post Miocene (Figure 5.16a) arguably as 

early as the Late Miocene noted by minor thickening towards the coast that could be 

related to a half graben feature (Figure 5.7f). When compared to the large scale feature 

observed in the Kerimbas graben, these features are much smaller and this localised 
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graben may have an alternate origin. The Kerimbas Graben and Lacerda Graben show 

definitive rift geometries but observations from the Pemba Channel provides little and 

doubtful evidences that it represents a rifted trough. Even if it is really a rift basin, the 

geometries of Pemba Island, considered as the rift shoulder are significantly different to 

those observed on the flanks of the Kerimbas graben which has a steep border fault and 

basinwards dipping sediments although minor folding is observed here too. It could be 

argued that the folding on Pemba Island is due to footwall uplift like those observed in 

Newark basin and Gulf of Suez (Schlische, 1995; Sharp et al., 2000). However, the width 

of footwall uplift depicted in these examples is around 1-3 km and the Hadahid monocline 

is only approximately 1km broad while our seismic shows a much broader area of uplift 

and bowing of the seabed across the island around 20-30km wide. In conclusion, the 

timing generally supports the link to EARS but there are significant difficulties in dating 

both in this area and within EARS. The comparison of the structures in the subsurface 

does not support as fully the hypothesis and some definitive differences, especially 

around the basin flanks (Pemba Island) suggest that perhaps these coastal parallel trending 

troughs have a different origin and should not be assigned to the South Eastern offshore 

branch. 

 

 A Simple Neogene Extensional Origin for Pemba Inner Basin  

Overall, what is evident within the Pemba Inner Basin is that the earliest post-rift 

sequences between the break-up unconformity and Top Cretaceous show thickening into 

the deep offshore basin across Pemba Island (Figure 5.7a, 5.18 and 5.20). Seismic 

interpretation works on long offset 2D seismic line TZ1-4000 (Figure 4.25) identified 

syn-rift interval and early post-rift successions has been structurally inverted followed by 

a renewed post-rift thermal subsidence, whereby the steer’s head geometry is reset and 

starts in a more basinal position. Continued subsidence leads to progressive onlap of the 

basin margin and basin-ward tilt ensued leading to oceanward directed gravity-driven 

collapse on a supra-EPR decollement where it dips east (see Chapter 4). 

 

However, the subsequent Palaeogene successions start to develop an apparent depression 

accumulating thick sediments in the Pemba channel. Due to poor resolution, it is not 

possible to separate them into smaller sequences but it is speculated that thickening is 

likely to have taken place during the Middle Eocene associated with the period of high 

sedimentation rate estimated at ~3.9 x 103 km3/Ma (Said et al., 2015). This period of high 

sedimentary input can be traced across Pemba Island into the deep offshore noticed by a 
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series of gravity driven down dip listric normal fault that detached into the Cretaceous 

(Figure 5.8 and Figure 5.20).  

 

Although it resembles continual deposition under thermal subsidence, across the Pemba 

Channel and Pemba Island, it is evident that Palaeogene succession is relatively thicker 

in the Pemba deep offshore basin which thickens towards Pemba Island when compared 

to the Pemba Inner Basin. Using evidence from well Pemba-5 which exhibits thick 

Palaeogene sequences (2595 m) especially the Middle Eocene (up to 1903 m) and seismic 

transect TZ1-4000 (Figure 5.8), there is evidence of growth along a major fault known to 

develop during the Middle Eocene. This could lead to an assumption that similar style 

listric fault (either the same extrapolated segment from TZ1-4000 or other discrete 

segments) may be found underlying Pemba Island explaining the thickening successions 

towards Pemba Island. These growth faults could then have led to tilting and rotation 

resulting in minor footwall uplift creating a contemporaneous development of two 

separate depocentres within the Pemba inner basin and the underlying Pemba Island. This 

provide a probable explanation for the inner basin depocentre development within the 

Pemba Channel and the slightly thinner successions towards Pemba Island. Alternatively, 

it could also be interpreted that there could be a phase of inversion that took place during 

the late Palaeogene creating this two distinct basins as Oligocene sediments are rare and 

not recorded on adjacent highs such as Zanzibar-1 and Simba-1 well (Figure 4.3). 

However, this is based on borehole data without substantive evidence from seismic and 

Oligocene successions worldwide were affected by a eustatic drop in sea level. 

 

By the Neogene, a migration of the depocentre focused deposition in the inner basin 

resulting in a sag-like basin development. This can be observed from the Lower Miocene, 

Middle Miocene and Intra-Upper Miocene isopach maps (Figure 5.7d and 5.7e). On the 

assumption that the Neogene faulting style was similar as that observed from line TZ1-

4000 (Figure 4.25), the listric fault underlying the island is probably still active but 

perhaps not as intense as during the deposition of Palaeogene sequences (Figure 5.20). 

With time, it can also be observed that the locus of deposition is slowly moving towards 

the West as seen on the Uppermost Miocene isochore map (Figure 5.7f) which shows 

thicker sediments along the coast. It is only here that fault growth geometry are evident 

across the coastal parallel faults. This is then punctuated by a period of inversion during 

the Late Miocene-Pliocene? explaining the significantly thinner Miocene sequences on 

the island as compared to the channel due to uplift and erosion (see Chapter 4).  
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Figure 5.18 A schematic evolution of the Pemba Channel based on seismic line Figure 5.14b combined with the easternmost inversion structure taken from Figure 5.14c. The vertical axis is in TWT (ms). 
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Essentially, the Neogene depocentre development of Pemba Inner basin may have been 

favoured by gravitationally driven detachment of margin sediments due to uplifting of 

East Africa parallel to the main trend of the margin. This results in an extensional domain 

along the coast and into the offshore basin with basinward dipping (regional) faults. Over 

time, the depocentre starts to migrate westwards and contemporaneously the propagation 

of Gregory rift reached Pangani during the Pliocene may have directly or indirectly led 

to extension (or rifting?) along the coast. It cannot be denied that the coast is sitting within 

a greater scheme of extension where earlier Neogene sequences may have had some 

diffuse extension but most initiation of normal faults identified are post Upper and Middle 

Miocene and Pemba depocentre is at most developing as a sag basin. 

 

 Localised Pliocene transtensional pull apart or oblique rifting? 

The onset of a narrow graben following deposition of the P-8 reflector, interpreted to be 

Pliocene in age, initially formed along the western bounding fault. Later rifting focused 

on the Eastern border fault resulting in an almost symmetrical graben at present day 

(Figure 5.7g, h, i and Figure 5.14b). In plan view the narrow basin shows an elongated 

rhombic to spindle-shaped depression which is similar to pull-apart basins that form at 

releasing bends or steps bounded longitudinally by a transverse system of oblique-

extensional faults, termed “basin sidewall faults” (Sylvester, 1988; Christie-blick & 

Biddle, 1985; Harding, 1985). The graben is relatively wide at its tips and the en-echelon 

marginal fault system composed of overlapping oblique-extensional faults is similar to 

transtensional pull apart basins modelled by Wu et. al. (2009) (Figure 5.19) and plan-

view natural examples in the North Aegean Trough (Dooley & McClay, 1997). However, 

in cross-section view the grabens are generally bounded with planar faults and only a few 

show minor concave-upwards faults with decreases in dip angle. In contrast, cross-

sectional views from transtensional analogue models (McClay & Dooley, 1995; Dooley 

& McClay, 1997; Wu et al., 2009) and natural examples from the Andaman Sea (Harding, 

1985) and North Aegean Trough (Dooley and McClay, 1997) show downdip convergent 

oversteps along the traces of divergent wrench faults and downward tapering negative 

flower structures. 

 

Another possible explanation is that the graben is forming simply as a localised rift basin 

with an element of obliquity as the initial basin margin is striking NE-SW. This might 

explain the en-echelon marginal-fault systems considering that the general trend of the 

coast parallel faults are at an angle of approximately 60 degrees to the extension direction 
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at WSW-ENE to E-W (Figure 5.19). As observed, in plan view, the fault systems here 

are highly segmented with offset-basin depocenters in the rift and the NNW-SSE trending 

normal fault segments appear to curve into parallelism with the coastal boundary faults 

and continue develop in such manner. The former normal fault segments can be classified 

as intra-rift faults while the latter being the rift-margin fault systems. The intra-rift fault 

segments are shown as a semi-continuous rift-border fault system and the tips of opposing 

fault sets interlocked creating a localised conjugate fault systems with diverging tips. On 

vertical sections, fault sets are essentially planar showing conjugate fault arrays and 

symmetrical graben structures (Figure 5.14). These observations are highly similar to the 

60 degrees oblique rift sand-box analogue model (Figure 5, McClay et al., 2002) and 

natural examples from the Owens Valley, north of Bishop, California (Figure 12, McClay, 

2002) and Mae Moh mine, Thailand (Figure 5 and 6, Morley et al., 2004).  

 

A comparison of both models is outlined in Figure 5.19. The oblique rifting model is 

preferred, notably because our seismic observations lack convincing cross-sectional 

evidence of divergent wrench faults and any traceable throughgoing PDZ which is an 

important criteria to differentiate divergent wrench faults from normal faults sensu 

Harding (1985). In addition, the present day stress regimes are essentially extensional 

using earthquake focal point mechanisms and fault geometries within the basin are 

striking N-S to NNW-SSE. However, it should be noted that identification of PDZ would 

require observations at depth of around 5.5 s and our dataset may have not been processed 

to image at such depths.  

 

 Evolution of Central Deformation Zone 

The structural features within the Central Development zone have been described in 

Section 5.6. In general, the northern part of Pemba Channel can be separated into three 

different segments (Figure 5.5). The CDZ is bounded by an eastwardly dipping listric 

fault composed of a rollover hanging wall anticline with complex deformation defined by 

small-scale synthetic, antithetic and conjugate normal faults, and seabed subcrops. It 

slowly transitions into a ‘platform’ region with mainly tilted fault blocks and then a zone 

of major subsidence towards the NE into the Tembo trough. However, the listric faults 

towards the Northeast do not seem to be causing the growth of thick Neogene units and 

perhaps only the uppermost Miocene to recent (unit top_P-7 to seabed) is showing minor 

evidence of growth indicating that these faults are gravity-driven margin collapse faults 

into the Tembo trough. Thus it is speculated that the formation of the Tembo trough is  
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Figure 5.19 Comparison diagram between two hypotheses, one claiming a sinistral transtensional pull apart 

origin and one suggesting a 60° oblique rift. Seismic observations are compared with sandbox models from 

McClay et. al. (2002) and Wu et. al. (2009). In the left diagram, the narrow graben fulfils most of the criteria for 

transtensional (however lacking definitive identification of PDZ). To the right it is compared to oblique rifting 

to the right. 
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rather similar to the Pemba Channel, separated by the CDZ. Having said that, no certainty 

can be made until a new seismic dataset is made available in the area.  

 

The CDZ likely represents a basement high feature, present since at least the Jurassic as 

subsequent deposition of the Cretaceous is observed to be thinner over it (Figure 5.5). 

Subsequent Palaeogene and Neogene deposition from both ends in the Tembo Trough 

and Pemba Inner Basin show intensified subsidence, thus at present the CDZ is relatively 

higher when compared to its flanks (Figure 5.5). The underlying substrate within the 

Jurassic looks like an apparent mobile layer but it could equally be an easy-slip horizons 

and probably started deforming during the onset of faulting in the Uppermost Miocene. 

Major normal faults resulted in a highly deformed Cretaceous and Jurassic sequence, 

detaching onto the Top Jurassic and occasionally breaching into the Jurassic sequence. 

Areas where Jurassic sediments have been deformed can been seen developing 

depositional lows for more sediments accumulation (Figure 5.7a).  

 

It is still peculiar that the Westward bounding fault of the CDZ is dipping towards the 

East considering that Pemba Channel has a relatively greater subsidence and thicker 

sedimentation (Figure 5.5). Faulting would be expected to dip towards the West instead 

as the CDZ is comparatively higher than Pemba channel. A possible explanation is that 

this fault direction is preferential because it is linked with the coastal boundary faults 

which are essentially dipping eastwards.  

 

The truncation of the Uppermost Miocene sequences on the P-8 reflector and onlap of 

unit P-9 sequences shows a significant angular unconformity suggesting that locally the 

hanging wall of fault C may have been mildly inverted (Figure 5.10). This is not unlikely 

considering a compressive period was noted during this time (Chapter 4). The initial 

rollover anticline created during the Uppermost Miocene extension would be further 

uplifted therefore leading to seabed subcrop. However, the extent of inversion here is 

probably small which may be due to most of the stresses being taken up around Pemba 

Island and the reactivation here would most likely be along the Top Jurassic decollement 

plane. At present day, it is still within a broad extensional regime. Since the CDZ also 

exhibits inversion during the same period of time, this suggest that there is a possible 

relationship with Pemba Island. However, this would require additional seismic data to 

substantiate the hypothesis.  
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Figure 5.20 Pemba Island evolution based on a flattened horizon across the Pemba Inner Basin and offshore data. The vertical axis represents time and the interpolation across Pemba Island is based on trends observed from seismic transect TZ1-4000, surface 

geology and extrapolated from Pemba-5 well which is approximately 1.5 km to the north. A. Schematic diagram across Pemba Island based on composite line B showing a blind inversion uplifting the entire post-rift sequence with some stresses taken up by post-rift 

faults. C shows Top Miocene flattened and highlights the growth of the uppermost Miocene sequence towards the coast. D shows the Top Palaeogene flattened which highlights that a large amount of sediment input into the basin led to gravity driven listric faults 

offshore. 
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 Synthesis and Discussion  

 A model for the structural evolution of Pemba Inner Basin and Pemba Island 

Rifting of the East African continental margin dates back to the Karoo rifting event in the 

Permian or even as early as Upper Carboniferous (Schandelmeier et al., 2004). This can 

be observed along the coast from Moa, Kenya to Tanga, Tanzania where Karoo sediments 

known locally as Tanga beds were deposited along a series of down-faulted coast-parallel 

normal faults referred as the ‘Tanga trend’. However, it is the peak rifting event in the 

Early Jurassic that leads to the separation of East Gondwana from West Gondwana, which 

later led to the development of the East African passive margin.  

The earliest sequences identifiable within the Pemba Inner basin are probably associated 

with syn-rift deposits from this Jurassic rift. Wedge-like successions identified beneath 

the top_basement horizon or breakup unconformity are interpreted to be the base_synrift 

therefore bounded within is the Pliensbachian - Aalenian syn-rift packages (Figure 5.4). 

The identification of syn-rift sequences may not be not be entirely convincing but syn-

rift sediments have been noted onshore through wells and the identification of Ngerengere 

beds near Tanga – though many of the syn-rift deposits are concealed by post-rift 

transgressive marine carbonates of Middle and Late Jurassic age (Figure 5.1). 

 

The Cretaceous sedimentation is relatively isopachous and the localised canyon system 

noted within the Pemba Channel is interpreted to have initiated during the Santonian-

Campanian. Since no outcrops were exposed on the adjacent Northern coast and the 

nearest coastal well Makarawe-1 records only Aptian to Early Cenomanian marine to 

outer shelf deposition overlying Upper Jurassic sediments, this indicates an 

unconformable relationship where Neocomian sediments were likely eroded or not 

deposited. They are only identified further South near Wami River and Chalinze dipping 

at 5° - 7° (Kent et al., 1971; Kapilima, 2002) and well developed along the Southern coast. 

However, a full Cretaceous sequence is probably evident in the deep offshore noted by a 

much thicker deposition than within the Pemba Channel. Post Albian and the Upper 

Cretaceous have been collectively termed as periods of fluctuating transgression with 

outcrops along Wami River identifying 900 m of sandstones and limestones ascribed to 

Cenomanian, Coniacian and Maastrichtian. The Chalinze borehole records the youngest 

Cretaceous succession as being Albian silty shales while wells Pemba-5 and Zanzibar-1 

encountered Maastrichtian shales in their bottom-hole formation. This suggests that the 

Cretaceous deposition in the Pemba Channel is probably mainly post-Aptian up to 

Maastrichtian consisting of mainly marine and outer shelf mudstones, shales and 
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siltstones interrupted by an unconformity related to central African uplift in the 

Santonian-Campanian.  

 

Similarly, Palaeogene sequences are not observed onshore by outcrops or in boreholes. 

The area could probably be a depositional high since the Santonian uplift (Burke and 

Dewey, 1974; Guiraud and Bosworth, 1997; Burke and Gunnel, 2008), or equivalently 

the subsequent uplift during the Oligocene coupled with global drop in eustatic sea level 

may erode much of the onshore Palaeogene successions. Offshore Palaeocene 

successions are entirely marine as shown from island borehole data and perhaps this is 

also true within the Pemba Channel as well. A regressive period took place in the Middle 

Eocene commonly related to eustatic fall in sea level and possible increase in sediment 

input which led to accumulation of neritic and deltaic sediments in the inner basin and 

offshore.  

 

The onset of EARS lead to uplift and erosion across the coast and perhaps even over the 

islands with only localised deltaic successions noted in Pemba – 5 well. The onset of 

increased Eocene sedimentation in the Pemba Channel and Tembo trough led to 

differential subsidence across the CDZ high therefore subsequent Neogene sediments are 

thinner across it. 

 

Although only a thin veneer of Neogene sediments are found along the coast, seismic 

interpretation has identified a thick and possibly full sequence of contemporaneous 

successions in the Pemba channel. The locus of deposition has also migrated towards the 

coast since the Eocene. However, a punctuated period of compression took place during 

the Miocene-Pliocene (Figure 5.18). These faults can be traced Southwards towards the 

seismic line TZ1-4000 which coincides with the initial interpreted inverted fault. 

However, the lateral continuity of the fault cannot be traced Northwards. Using the same 

trend, it is very likely that this major normal fault lies in between the limits of the 2D 

dataset and Pemba Island bounding a structurally elevated hanging wall which results in 

the formation of present day Pemba-Simba high and Zanzibar Island. Some of these 

compressive effects may be implicated within the CDZ creating seabed subrops (Figure 

5.10, 5.13).  

 

At present, the entire coastal region is sitting within an E-W extensional regime evidenced 

by the abundance of near N-S trending faults with strike variation deviating up to 20 
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degrees towards the NNW. The progression of Gregory Rift into Tanzania by Pliocene 

may have directly or indirectly caused extension (rifting?) offshore resulting in growth in 

the Uppermost Miocene against coastal boundary faults and within the CDZ which later 

intensified in the Pliocene with the development of a narrow graben. The region is still 

active today with fault reactivation triggered by seismicity, the genesis of which is 

recorded through earthquake focal mechanisms. 
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 Crustal Architecture and Tectonic 

Development of East African Continental Margin 

A subset of long offset 2D seismic data by ION which extends down to 18 TWT seconds 

or 40 km further offers an opportunity to investigate into the margin’s crustal nature and 

their structural geometries. The coverage of these surveys extend over the disputed 

Northern segment of Davie Transform zone offshore Tanzania (Figure 6.1), therefore 

permitting an examination into this structural feature which is an important component 

for plate reconstructions and to testify its role as the continent-ocean boundary (COB). 

With the identification of crustal nature, new insights can be made whether the results in 

this study concur, differ or modify the current knowledge of the Tanzanian margin. 

 

 Introduction 

Several major tectonic elements had already been pointed out along the Tanzanian coastal 

margin from literature studies such as the Davie Fracture Zone (DFZ), Seagap Fault, 

Davie Walu Ridge (DWR), Davie Walu Trough (DWT), Kerimbas graben and Lacerda 

Graben (see details in Section 2.1). In addition, the examination on the Northern margin 

(Chapter 4) have further identified a NNW-SSE trending structural lineament that appears 

to be connected with the DWT to the North and terminated southwards close to the DFZ 

or Davie Ridge. Up till present, these structural components have been described 

separately and their links are still poorly understood. That being said, most authors do 

believe that these tectonic features are either directly or indirectly related to the DFZ 

(Palmer et al., 2016; Turner & Foum, 2016; Klimke & Franke, 2016; Coffin & 

Rabinowitz, 1987; Reeves et al., 2016; Jeans et al., 2012; Franke et al., 2015). They are 

typically attributed to the earlier history of margin development or contemporaneous with 

the establishment of DFZ and subsequently subjected to reactivation in the later stages. 

 

The common understanding of the DFZ is it being a remnant transform margin fabric 

following the southwards dextral translation of Madagascar from East Africa. It is 

identified to span from north to south in the offshore areas of southern Kenya, Tanzania, 

Mozambique and Madagascar (Reeves et al., 2016; Rabinowitz et al., 1983; Mascle et al., 

1987). Therefore, the location and extent of the DFZ is crucial to be made clear as it  
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Figure 6.1 Geographic setting of the Tanzanian continental margin overlain against NASA Shuttle Radar 

Topography Mission (SRTM) bathymetry gridded at 15 arc-second which is about 500 m (Becker et al., 2009). 

Small map shows the major features and African map. Blue lines represent ION long offset 2D dataset and red 

lines represent WesternGeco 2D dataset. Seismic transect examples used in this study are outlined as thicker 

lines. Abbreviations are: AB: Ambilobe Basin; ABFZ; Andrew-Bain Fracture Zone; An: Angoche; ANG: 

Angola; BH: Beira High; BdI: Bassas da India; CI: Cosmoledo Islands; COM: Comoros Island; CR: Chain 

Ridge; DES: Dar-es-Salaam; DHOW: Dhow Fracture Zone; DTZ: Davie Transform Zone; EG: Equatorial 

Guinea; KB: Kerimbas Basin; Lac.B: Lacerda Basin; LB: Lamu Basin; MAD: Madagascar; MasB: 

Mascarene Basin; MjB: Majunga Basin; MoB: Morondova Basin; MB: Mozambique Basin; MC: 

Mozambique Channel; MR: Madagascar Ridge; MZR: Mozambique Ridge; Na: Nacala; PS: Paisley 

Seamount; RB: Rovuma Basin; SC: Sambesi Canyon; SNZ: Southern Natal Valley; St. L: St. Lazare 

Seamount; SWIR: Southwest Indian Ridge; WSB: Western Somali Basin. 
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determines how one undertakes plate tectonic modelling (see Figure 2.12, a plate 

reconstruction example from Reeves et. al., 2016) and how the margins and crustal types 

are being defined. 

 

Having a correct understanding of the plate kinematic motion and structural architecture 

in this region have several important implications both for understanding basin evolution 

and for hydrocarbon exploration along the East African continental margin. In both cases, 

understanding the deep structure and crustal nature helps constrain the geometry and 

architecture of the margin and supplies information on the breakup process. The first step 

in this process is to delimit the crustal types, most importantly, oceanic and continental. 

Identification of these elements have been studied along many margins such as 

Northeastern Brazil (Mohriak et al., 2000) and Ghana (Antobreh et al., 2009). 

 

Determination of the Continent Ocean Boundary (COB) is also essential to hydrocarbon 

exploration as it provides a first indication of the limit of prospectivity because the heat 

flow in (cold, old) oceanic crust is lower than continental crust thus affecting source rock 

maturity (subjective to the amount of overburden). COB’s have typically been identified 

using gravity and magnetic anomalies, however the WSB spreading occurred in a N-S 

direction with palaeoposition closer to the equator (~30°S), and therefore the magnetic 

anomalies might be affected by a component of remnant magnetisation in the horizontal 

direction resulting in weaker and probable anomaly asymmetry (pg 65, Fowler, 2005). 

Consequently, a good knowledge of the spatial and temporal relationships between the 

rifted and transform margin segments together with fracture zone traces resulting from 

careful subsurface interpretation is extremely important to reconstruct the early opening 

history of the WSB and could validate reconstructed models through potential field data 

and vice versa. 

 

 Transform Margins 

In contrast with extensional and compressional margins, the topic of transform margin, 

which are also called sheared margins, has been relatively less studied. Fortunately, with 

the increasing interest in transform margin exploration especially along both sides of the 

Atlantic Margin, more geophysical data and research has been conducted on sheared 

margins. Recently, authors have also started to provide a better overview of existing 

knowledge of transform margins in terms of their dynamic development, kinematic 
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development, structural architecture and thermal regime (Nemčok et al., 2016; Basile, 

2015).  

 

Standard models of sheared margins are typified with common characteristics such as a 

relatively abrupt transition zone, a spectrum of normal, wrench and strike-slip faults 

forming complex rift basins, and high standing marginal ridges (sensu Bird, 2001). In 

plan view, they show step-like geometry of the rifted margin and continent-ocean 

boundary (Figure 1.5) as illustrated along the Ivory-Coast Ghana continental margin 

(Mascle and Blarez, 1987; Sage et. al., 2000). Whilst transform margins are typically 

associated to features like marginal plateaus and marginal ridges, the identification of 

these features would specify the presence of transform margins but their absence is not 

necessary suggesting the otherwise (Mericer de Lépinay et al., 2016) (see section 1.3.2.3 

for a better synthesis of transform margin). 

 

 Controversies 

Following Bird’s (2001) characterisation, recent works by Klimke and Franke (2016) 

doubt the presence of DFZ in offshore Tanzania. These authors suggested that there is a 

lack of seismic evidences to support the perpetuation of DFZ offshore Tanzania. 

However, earlier workers have identified this northern extent using a clear gravity 

minimum signature (Rabinowitz et al., 1983) and Reeves et. al. (2016) suggested its 

existence being an aseismic fracture zone. This creates a disagreement whether the DFZ 

is a through going lineament or not. In comparison to its Southern extent (encompassing 

offshore Southern Tanzania, Mozambique and Madagascar) which shows prominent 

ridges, all authors are unanimous with the presence of DFZ here. The Southern extent has 

also been studied in greater detail by Mascle et. al. (1987) and Franke et. al. (2015) 

described in section 6.2.3. As mentioned earlier, it is critical to understand the extent of 

DFZ because it affects plate margin reconstruction and crustal boundaries which 

subsequently has impacts on hydrocarbon exploration.  

 

In order to study the feature and determine its role in the evolution of the margin and 

present day expression, it is important first to understand and review previous works 

undertaken on the history of the margin. Their works commonly make use of data such  



229 

 

 

Figure 6.2A 1x1 min gridded free-air gravity anomaly (Sandwell and Smith, 2009). Note the extension of Davie 

Transform Zone north of the Davie Ridge as a milder gravity signature. The seismic transect used in this study 

are highlighted as they are in Figure 6.1. 

 

as gravity and magnetics which provide further clues but it is important to stress that 

magnetic anomaly identification and modelling of these geophysical datasets are not part 

of this study. However, the interpretation of these potential field data are useful to 

substantiate seismic interpretation works and has been implemented in this study (Figure 

6.2, 6.3, 6.4). 
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Figure 6. 2B Bouguer-corrected gravity anomaly map. Examples of seismic transects used in this study are 

highlighted as those in Figure 6.1. 

 

 Breakup History and Plate Reconstruction 

Most workers in the East Africa region generally agree that the break-up of Gondwana in 

the Mid-Jurassic led to the separation of Continental East Africa and Madagascar (Kent 

et al., 1971; Reeves & De Wit, 2000; Seton et al., 2012; Reeves et al., 2016; Klimke & 

Franke, 2016). This is often connected to the Early Jurassic rifting event following the 

eruption of Karoo-Ferrar Large Igneous Province around 185 -180 Ma (Jourdan et al., 
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2006; Reeves & De Wit, 2000; Cox, 1992; Seton et al., 2012; Frizon De Lamotte et al., 

2015) plausibly along the earlier incipient Permo-Triassic Karoo Rift. The subsequent 

breakup in the Mid Jurassic transitioned into seafloor spreading which ceased in the 

Cretaceous (Norton & Sclater, 1979; Segoufin & Patriat, 1980; Smith & Hallam, 1970) 

forming the oldest part of Western Indian Ocean comprising the Mozambique Basin, 

Western Somali Basin and Northern Somali Basin. The WSB also formed concurrent with 

the Mozambique Basin system during the breakup (Smith & Hallam, 1970). Whilst most 

authors are in agreement with the overall breakup history, the exact timing for initiation 

and extinction of the spreading ridge as well as the location of ridge axes are still being 

debated.  This is due to the difficulty in identifying the oldest and youngest magnetic 

isochrones in the WSB (see section 2.2.2 for full review) as they span the Jurassic 

Magnetic Quiet Zone (JQZ) and Cretaceous Magnetic Quiet Zone (KQZ) respectively. 

The availability of marine geophysical observations in the WSB is also scarce and 

reliance has been upon ship tracks obtained in the 1970s and 1980s. The result is that 

identified magnetic anomalies are generally weak, difficult to correlate and may have 

been misidentified (Klimke & Franke, 2016). Nonetheless, the picks have been compared 

and found to be correlatable with free air gravity data (Cochran, 1988; Davis et al., 2016; 

Sauter et al., 2016).  

 

Following the geophysical interpretation of the magnetic and gravity anomalies within 

WSB, subsequent reconstruction of an integrated regional plate model requires a 

comparison with observations from the Mozambique basin and Riiser-Larsen Sea 

(Antarctica) to reflect the early breakup history i.e. the geometry in which East Gondwana 

rifts away from Western Gondwana. An ‘ideal’ model has been adopted by many workers 

such that East Gondwana rifted away as a cohesive unit from West Gondwana (Norton & 

Sclater, 1979; Segoufin & Patriat, 1980; Reeves et al., 2016; Davis et al., 2016). Other 

models by Marks and Tikku (2001) have suggested that East Gondwana did not separate 

as a single unit but as a series of independent microplates while Eagles and König (2008) 

concur that East Gondwana moved cohesively but suggest a different geometry of early 

East Gondwana terranes. Again such discrepancy is due to different magnetic anomaly 

identification and thus different plate models were adopted to fit their respective 

spreading histories, spreading rates and spreading directions. 
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 Spreading Ridge Axis and Extinction Timing 

Plate kinematic models based on different magnetic anomaly identifications identified 

spreading to have ceased in the WSB either at M10 (~134 Ma – Coffin and Rabinowitz, 

1987; Eagles and König, 2008), M3 (~123 Ma – Gaina et al., 2013, 2015) or M0 (120 Ma 

in the Aptian – Segoufin and Patriat, 1980; Cochran, 1988; Marks and Tikku, 2001; 

Müller et al., 2008; Seton et al., 2012; Davis et al., 2016; Sauter et al., 2016). After 

cessation, the mid-ocean ridge jumped southwards to initiate spreading between 

Madagascar/India and Antarctica/Australia with seafloor spreading in the Enderby Ocean 

(Seton et al., 2012; Eagles & König, 2008).  

 

Seton et. al. (2012) and Sauter et. al. (2016) note that the M10 cessation as suggested by 

Eagles and König (2008) would result in a position of Africa relative to Madagascar and 

Antarctica that is incompatible with newly interpreted aeromagnetic data in the area 

(König & Jokat, 2010; Leinweber & Jokat, 2012). Similarly, Davis et. al. (2016) argued 

that with a M10 cessation, the East Gondwana geometry proposed by Eagles and König 

(2008) is unacceptable as it leaves no space for Sri Lanka and an overtight fit between 

Madagascar and Antarctica (see figure 14 of Eagles and König (2008)). Subsequently, 

the author has claimed the symmetrical identification of magnetic isochrones by Eagles 

and König (2008) and Coffin and Rabinowitz (1987) erroneous as the remnant magnetic 

anomaly profile at the young ends of normally magnetised ocean crust within WSB is 

anti-symmetric i.e. magnetic anomaly peaks on the south side of the ridge were mirrored 

as magnetic anomaly troughs on the conjugate northern site. It was explained that the 

dominance of horizontal magnetic field component at low latitude with N-S oriented 

seafloor spreading leads to an anti-symmetric nature (Davis et. al., 2016).  

 

Although the explanation by Davis et. al. (2016) is vague and unsupported by other 

literature, their corresponding spreading ridge axis location (as well as other authors 

suggesting extinction at M0, Aptian) fits well with gravity anomaly low identified on 

free-air gravity anomaly grid (Sandwell & Smith, 2009) especially with vertical gravity 

gradient (VGG) derivation (Figure 6.4). The persistence of a gravity lineation low is 

commonly observed over extinct slow spreading rate ridges (<20 km/Ma) and/or 

decreasing seafloor spreading rates (Downey et al., 2007) which has been observed  



233 

 

 

Figure 6.3 Vertical gravity anomaly map showing lineament and flow line features within the Western Somali 

Basin overlain with ION 2D long offset data, (a) unannotated and (b) annotated. White represents highs and 

black represents lows. Flow lines are fracture zones associated with the opening of Western Somali Basin. The 

curving fracture zones off the coast of Kenya and Somalia indicate an earlier orthogonal rifting sequence prior 

to drifting. Spreading ridges from different authors are as annotated (Rabinowitz, 1983; Eagles and Konig, 

2008). Note Cochran (1988) and Davis et. al. (2016) interpretations following a gravity low anomaly. 
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Figure 6.3 continued. 

 

similar to those in Mascarene basin (Bernard & Munschy, 2000). Eagles and König 

(2008) argue that there is no gravity anomaly low corresponding to the axis determined 

by Cochran (1988) (which is contradictory because it does show gravity anomaly low) 

and none is observed in the model by Coffin and Rabinowitz (1987) due to slightly higher 
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spreading rates at 24–26 km/Ma which do not decrease prior to extinction. The 

expectation towards no prominent axial gravity anomaly with an additional 2-4 km/Ma 

seems rather insufficient and the definition of slow spreading rates also differs between 

authors which had also been suggested between 6 – 30 km/Ma (Matthews et al., 2011). 

Nonetheless, it should be appreciated that Eagles and Konig (2008) model are made based 

on re-interpretation of old magnetic anomaly data from the three different regions while 

later works benefitted from new high resolution geophysical data especially within the 

Mozambique Ridge and Mozambique basin thus allowing a more comprehensive 

understanding of the overall plate kinematics within the region (König & Jokat, 2010; 

Leinweber & Jokat, 2012). 

 

Regardless of the data used, most authors have clearly identified their corresponding 

spreading axis east of 43°E (Figure 6.4) based on gravity data integrated with magnetic 

isochrones. However, to the west of 43°E, is an area of controversy due to a lack of clear 

negative gravity anomalies that corresponds to spreading axis and no ship track magnetic 

profiles hindered the axis determination towards the coast. Sauter et. al. (2016) suggested 

that thicker sediment cover towards the continent may have overprinted the gravity signal 

as an explanation for the gravity minimum expression of the DFZ north of 5°S 

(Rabinowitz, 1971). 

 

 Break-up Movements and Palaeoposition of Madagascar 

Most authors agreed that a southward motion of Madagascar began in the late Jurassic or 

early Cretaceous as shown by studies of magnetic anomaly patterns within the Western 

Somali Basin (WSB) and this N-S drift motion, although now ceased, has left behind a 

curvilinear transform margin fabric (Segoufin & Patriat, 1980; Rabinowitz et al., 1983). 

Madagascar has been interpreted to have migrated southwards for around 900-1000 km 

along this transform margin which is named the Davie Fracture Zone. However, problems 

during reconstruction still exist because the pre-break up fit of Madagascar in Gondwana 

is highly intricate depending on (1) how the basement Neoproterozoic and Palaeozoic 

rock assemblages along the East African Orogen are linked (e.g. Collins and Windley, 

2002; Collins et al., 2012; Fritz et al., 2013; Reeves, 2014), (2) subsequent assumptions 

on the fit within Gondwana either in a N-S loose fit alignment (Coffin & Rabinowitz, 

1987; Gaina et al., 2013; Gaina et al., 2015; Torsvik & Cocks, 2013; Klimke & Franke, 

2016) or a tighter fit close to the African continent (Norton & Sclater, 1979; Lawver et 
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al., 1997; Reeves, 2014) and (3) argument on the reliability of magnetic anomaly data in 

WSB.  

 

Essentially the reconstruction of Madagascar subsequent to breakup can be separated into 

three different palaeopositions. The first one emplaces Madagascar’s southern tip close 

to Southern Tanzania with counter clockwise rotation up to ~20 degrees following 

breakup (Eagles & König, 2008; Reeves, 2014), the second suggests that Madagascar was 

in a general N-S alignment with its southern tip close to northern Mozambique and small 

rotation angles (Gaina et al., 2013; Gaina et al., 2015; Torsvik & Cocks, 2013) and the 

third locates Madagascar in a similar N-S oriented alignment but a more southerly break-

up position with Madagascar’s southern tip close to central Mozambique around present 

day 16°S (see Figure 7 in Klimke and Franke, 2016). The former two would require a 

drift south implying the existence of a transform continental margin offshore Tanzania 

and Kenya. The latter invokes an initial oblique SW-propagating rifting and when the 

propagator comes close to Southern Tanzania, it joins with the prominent segment of 

Davie Ridge around 9°S and consequently N-S to NNW-SSE rifting and seafloor 

spreading in both WSB and the Mozambique Basin are initiated.  

 

Several tectonic models have invoked an initial NW-SE extension during the Early-Mid 

Jurassic break-up (Eagles and König, 2008; Reeves et. al., 2016; Davis et. al., 2016) prior 

to the Southwards drift while others propose a simple transient N-S spreading scenario 

(Gaina et. al., 2013; Seton et. al., 2012). The latter are partly substantiated by coastal fault 

geometries such as the NNE-SSW Tanga trend (Kent et al., 1971; Kapilima, 2002) 

oriented along zone of weakness initiated during the Permo-Triassic Karoo deformation 

(Geiger et al., 2004; Schandelmeier et al., 2004). The results from Chapter 4 and 5 have 

shown how the initial NE-SW to NNE-SSW oriented syn-rift faults were reactivated and 

inverted to create Pemba Island and Zanzibar Island. The transition from orthogonal 

rifting to transform motion has been interpreted to occur around 142 Ma (Reeves, 2016a; 

Davis et al., 2016) or as early as the Kimmeridgian (~153 Ma; Reeves et. al., 2016) and 

the nature of the transition would most likely be gradual rather than abrupt. Tectonic 

Elements and Morphological Framework along the Davie Fracture Zone. 
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6.2.2.1 Initial Discovery of the DFZ 

The N-S dextral transcurrent morphological expression of the Davie Fracture Zone was 

first discovered by Heirtzler & Burrough (1971) as a prominent bathymetric elevation 

(Figure 6.1) along the Eastern margin of the Mozambique Channel which led to the 

proposal of an underlying ridge, termed the Davie Ridge (Segoufin et al., 1978; Scrutton, 

1978). It is particularly prominent between 9°S to 20°S identified as a gravity high. The 

basement ridge was then extended further northwards as a gravity minimum to 5°S and 

continued as a gravity high cutting into the Kenyan margin along the Davie Walu Ridge 

(DWR) around 2.5°S (Rabinowitz, 1971). It was suggested that the high could be a 

geophysical expression of an old structural element from which the fracture evolved. 

Later, the entire fossilised transform margin was termed the ‘Davie Fracture Zone’ (DFZ).  

 

Previous work has divided the Mozambican and Southern Tanzanian Davie Ridge 

morphologically into three regions (Mascle et. al., 1987). More recent work (Franke et. 

al. 2015), divides it into four main segments along the margin as far as southern Tanzania 

as shown below. 

i. The northern Mozambique – Tanzania segment (9-12°S) with a steep upper 

continental slope dipping Westwards with probable strong crustal change across 

the ridge indicated by gravity data bounded to the West by N-S trending Kerimbas 

graben and to the South by St. Lazare seamount; 

ii. A zone of diffuse extension (12-13°S) with no bathymetric relief and no potential 

field data signatures; 

iii. The central Mozambique segment (13-17°S) which is essentially a narrow N-S 

trending margin bounded seawards by a continuous line of prominent seamounts 

and tilted horst and the Lacerda basin to the West. Between 13-14°S, the ridge 

curves NNE-wards towards Central Mozambique separated by the Paisley 

seamount; 

iv. The southern segment (17-20°S) is made up of disconnected NW-SE ridges 

related to the southwards extension and reactivation southern part of DFZ joining 

the competing Madagascar-India and Mozambique-Antarctica rift systems.  

 

The clear and continuous morphological expression of the Davie Ridge south of 13°S 

shows that Madagascar did drift southwards to its present day position where it has 

remained relatively in a fixed position with respect to Africa since the mid-Cretaceous. It 

is expressed there as a bathymetric elevation rising 1-2 km above seafloor (Figure 6.1), 
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prominent free air gravity anomalies high to the East and relatively low anomalies to the 

west of the structure (Figure 6.2, 6.34) and internally show evidences of transcurrent 

movements, e.g. positive flower structures (Mascle et al., 1987; Franke et al., 2015) 

similar to marginal ridges characterised by Bird (2001). The strike direction is subparallel 

to the remnant Pan-African Mozambique Suture (Fritz et al., 2013; Torsvik & Cocks, 

2013) indicating a probable influence of pre-existing continental zones of weakness. This 

evidence suggests that the southern segment can be readily identified as a fracture zone 

and therefore this study focuses more on the debated northern segment. 

 

6.2.2.2 The DFZ offshore Tanzania 

In contrast to the southern Mozambique-Southern Tanzania segment, the morphological 

framework of DFZ in Central and Northern Tanzania is still not well-constrained. 

Numerous plate tectonic modelling works have been done along the margin based on 

geological and geophysical data such as magnetic anomaly pattern and gravity-derived 

fracture zones to understand the role of the DFZ in the early Gondwana reassembly, 

paleo-positioning of Madagascar and subsequent styles and timing of Eastern Gondwana 

disruption. Today, these models are still a matter of debate (Coffin & Rabinowitz, 1987; 

Coffin & Rabinowitz, 1992; Cochran, 1988; Reeves et al., 2002; Reeves et al., 2016; 

Seton et al., 2012; Müller et al., 2008; Eagles & Vaughan, 2009; Leinweber & Jokat, 

2012; Eagles & König, 2008; Davis et al., 2016; Gaina et al., 2013). Although the majority 

of plate tectonic reconstruction work agrees with the presence of the Davie Fracture Zone 

in the Western Somali Basin and offshore Mozambique, there is more debate about its 

presence offshore Central and Northern Tanzania.  

 

Coffin and Rabinowitz (1987, 1988) had indicated the location of the DFZ across the 

Tanzanian margin based on R/V Vema Cruises-LDEOv3618 MCS profiles and most 

other authors rely strongly on gravity data. The proposed DFZ offshore Southern 

Tanzania as a ridge is clearly indicated by bathymetry (Figure 6.1) and free air gravity 

high. Equally the subsequent continuation as gravity low anomaly from 9°S to ~4/5 °S is 

evident as well (Figure 6.2). However, it is also true that there is no reliable deep structural 

evidence demonstrated to support the interpretation of a major transform fault north of 

9°S. As a result the claim by some authors (Klimke and Franke, 2016) that there is no 

DFZ in northern Tanzania and by default the subsequent continuation along the Davie-

Walu trend into the Kenyan coast is not present. That being said the existence of NNW-



239 

 

SSE trending Davie-Walu Ridge gravity high is unequivocal, bounded to the west by 

Davie-Walu trough (DWT) which could be traced SSE-wards (Osicki et al., 2015). The 

DWT has been interpreted to host large Jurassic-Early Cretaceous syn-depositional basin 

which had been uplifted and inverted during the Late Cretaceous and is still existing today 

as a bathymetric high (Jeans et al., 2012; Palmer et al., 2016). These two hypotheses 

whether the DFZ exist or not will be tested in this study using the deep seismic data 

available but first the main areas of controversy in the literature are discussed in detail. 

 

The main crux of the debate is that some workers suggest that the N-S gravity anomalies 

along the Tanzanian margin indicate crustal changes across the margin  (Rabinowitz et 

al., 1983; Mascle et al., 1987) controlled by the DFZ. It is also noted as an aseismic 

fracture zone terminating at about 4°S, 300 km east of the Kenyan coastline (Reeves et 

al. 2016) . However, this is disputed by other authors who see no such definition of the 

DFZ in the northern area (Klimke and Franke (2016) and suggest that there is no 

geological evidence to support the linkage of DFZ north of 14°S with the prominent 

bathymetric ridges offshore northern Mozambique and offshore Kenya. Authors that 

argue in favour of the existence of a transform margin offshore Kenya, Tanzania and 

Northern Mozambique base their evidence on Mesozoic magnetic anomaly identification 

and gravity anomalies in the WSB while those who argue against, suggest that these 

anomalies are weak and could easily be misidentified. Further complication persists as 

the pre-break up fit of Madagascar within Gondwana has proved to be challenging and is 

still currently under debate.  

 

In the first argument, which suggests that the DFZ exists offshore Tanzania and continues 

into Kenyan waters, it is suggested that ‘the post-breakup transform motion c. 160 Ma is 

taken up by the dextral N-S oriented Davie Transform fault which underlies the Davie-

Walu trough and the interaction between this transform fault with a divergent plate margin 

generates pull-apart basins and accommodation space’ (Palmer et. al., 2016). The 

implication here is that the DWT (previously described as a large Mesozoic basin 

subsequently uplifted) is an ‘associated’ feature of the DFZ at 9 °S and these NNW-SSE 

basement structures are accommodating the transfer from Anza Graben to the Davie 

Transform fault (Turner & Foum, 2016). This interpretation also shows a northward 

trending extension of the Davie Fault (i.e. an apparent expression of bifurcating Davie 

Transform Fault north of ~ 9 °S with one branch towards the NNW while the other 

towards the N to NNE. On the contrary, Klimke and Franke (2016) argued that the DWR 
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could be correlated with Late Cretaceous volcanism and inversion in Kenya and the ridge 

may represent a prolongation of the Anza Rift (and is therefore unrelated to the southward 

drift of Madagascar).  

 

 Previous Use of Seismic Data  

Seismic data has been integrated in a few studies, mainly those looking to define the 

crustal structural and location of the continent-ocean boundary (COB). Several attempts 

have been made to infer the location of COB (see Figure 6.35) along the East African 

Coastal Margin. These have made use of the magnetic anomaly geophysical data (Gaina 

et. al., 2013) as discussed previously but also through studies that integrated this data with 

single channel seismic profiles from Mozambique region (Mascle et. al., 1987). The 

Mozambican profiles are part of the MACAMO-MD40 Survey (1983) published in 

Mougenot et al. (1986). Their interpretations place the COB close to the continental slope 

of Kenya and Madagascar confining the oceanic crust east of the DFZ. Although other 

workers did not specifically define the COB, Coffin and Rabinowitz (1988) interpreted 

oceanic basement on most of the MCS profiles acquired by the R/V Vema Cruises-

LDEOv3618 Survey (1980) close to the Kenyan continental margin.  

 

Following the acquisition of higher fidelity 2D MCS reflection profiles by the Federal 

Institute for Geoscience and Natural Resources (BGR, Bundesanstalt für 

Geowissenschaften und Rohstoffe), Franke et. al. (2015) refined the earlier attempts made 

by Mascle et. al. (1987) showing that the seismic profiles located east of Davie Ridge 

around Lacerda Graben (13-16°S) reveal a wide sequence of half-grabens bounded by 

listric normal faults. They tentatively suggest that the crust is of continental origin and 

imply that the continent-ocean transition is located at least 150 km east of Davie Ridge 

(Franke et al., 2015; Klimke et al., 2015). This interpretation was substantiated by 

dredging and coring data along the Davie Ridge at 14-15°S revealing, at least locally, 

comprised of crystalline continental basement consisting of granites, tectonised gneisses 

and altered semipelites which are subsequently covered by sediments and alkaline lavas 

(Bassias & Leclaire, 1990; Bassias, 1992; Leclaire & Bassias, 1989). Although, alkaline 

basalts have been dredged and cored further north and south along the Davie Ridge, 

Bassias and Leclaire (1990) indicate that these basalts show geochemical affinities with 

Cretaceous volcanics in southeast Africa and Madagascar. The presence of these 

intraplate basalts are due to reactivation, uplift and erosion of the Davie Ridge. However, 

refraction profiles to the east of Davie Ridge between 11.5°S to 13°S have been 
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interpreted as oceanic crust implying that the transition from stretched continental to 

oceanic crust is below the Kerimbas Basin expressed as ~4 km thinned crust (Baetzel et 

al., 2015). 

 

Recent work has also utilised selected profiles available in this study and Reeves et. al. 

(2016) have interpreted Mid Jurassic oceanic crust west of the DFZ with its western limit 

bounded by the Sea Gap Ridge based on a regional west-east seismic section (Figure 6.12) 

similar to the oceanic lithosphere age grid by Seton et. al. (2012). This interpretation 

appears to contradict observations on refraction profiles in the Kerimbas Graben. 

Likewise, Sauter et. al. (2016) has suggested the presence of oceanic crust proximally 

west of or along the DFZ based on a N-S seismic transect (TZ3-1200, Figure 6.13) 

evidencing transparent crust with clear Moho and a possible extinct ridge geometry. The 

age of first oceanic crust in the WSB was estimated around 170 – 160 Ma (Seton et. al. 

2012; Coffin and Rabinowitz, 1987; Gaina et al., 2013; Reeves et. al., 2016).  

 

Although seismic data is integrated in some studies, the majority still rely heavily on 

gravity and other potential field measurements. These interpretations of the margin offer 

a good first order approximation of the evolution in terms of plate kinematics and 

structural architecture, but lack good higher resolution information from the subsurface 

to substantiate their findings.  

 

In this study, the aim is to utilise 2D multichannel seismic reflection (MCS) profiles, 

courtesy of ION/GXT and Western Geco, integrated with potential field data to evaluate 

the crustal nature, structural architecture and tectonic development of the Tanzanian 

margin (Figure 6.1). The ION lines have been shot specifically to image the deep crustal 

structure and therefore it was hoped that these would allow a definition to be made 

between oceanic and continental crustal types and define why the southern sections of the 

DFZ are observed as prominent ridges supported by gravity and magnetics data while 

these are absent to the north 

 

 Data and Methodology 

 Seismic Reflection Data 

Using seismic interpretation to interpret crustal structure differs slightly from the typical 

sequence stratigraphic techniques and therefore the data and methodology for 

interpretation is outlined here. The long offset regional ION/GXT profiles with both dip- 
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and strike-parallel orientations (Figure 6.1) were mainly used for the interpretation as they 

had the depth of imaging required for the interpretations. These datasets were acquired 

part of the East African SPAN I & II (year 2000) and East African SPAN III (year 2012) 

surveys and were available in pre-stacked time-migrated (PSTM) penetrating down to 16 

TWTs and 18 s respectively with select profiles also available as pre-stacked depth-

migrated (PSDM) sections which imaged to depths of 30-40 km. 

 

Additional 2D MCS data from Western Geco acquired in 1999 and 2000 were also used 

to substantiate observations made in the long offset dataset. However, these data were 

only available in time with penetration down to 9 or 10 s. Therefore for the purpose of 

crustal interpretations, they are excellent to understand the nature of the top of the crust 

and any associated deformation but only a few profiles showed probable Moho reflection. 

Even if so, the reliability of these deep reflectors are questionable and circumstantial as 

it is obvious that this dataset is designed for identification of sedimentary basin sequence 

boundaries and tectono-megasequences.  

 

Owing to a better spatial coverage in the time domain, interpretations were made 

regionally in time and subsequently their respective TWT surface and isopach maps 

created. Having said that, the PSDM data was still essential to demonstrate what the time 

interpretations meant in depth. The comparison of picks in time and depth provides a 

relative scale of the total crustal and sediment thickness.  

 

In comparison with the horizons identified in Chapter 4 which highlights tectono-

megasequences and sub-sequences, the focus here is to identify crustal horizons and 

packages. In this study, the base post-rift (BPR) horizon is picked as a reference reflection 

as it is a clear and prominent unconformity that occurs throughout the seismic data. It is 

a time transgressive surface corresponding to top_oceanic_crust (TOC) in the oceanic 

crust domain or the top-syn-rift (TSR), where observable, in the continental domain. 

However, base syn-rift (BSR) is only observable on selective reflection profiles and not 

easily correlatable due to the highly stretched nature of the margin. Therefore it is only 

interpreted on 2D transects and portrayed in terms of domains. An attempt to identify the 

Moho (the transition between continental and oceanic crust) is also conducted. Similarly, 

the continuity of Moho is patchy and delimited mainly on the long offset dataset. 

Unfortunately, no gravity-inverted Moho discontinuity data is available for this study for 

comparison. Other prominent deeper reflectors can occasionally be identified but are 
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again transect specific. The description of structural architecture and tectonic 

development of Tanzanian margin does utilise some of the post-rift sequences and these 

are the same as those in Figure 4.6.  

 

 Gravity Data 

The Bouguer-corrected gravity anomaly data were calculated from satellite-derived free 

air gravity data (Sandwell and Smith, 2009) and NASA Shuttle Radar Topography 

Mission (SRTM) bathymetry gridded at 15 arc-second which is about 500 m (Becker et 

al., 2009). Since the Bouguer-corrected gravity anomaly data are free-air anomaly with 

Bouguer and terrain correction, the gravitational attraction of materials at land above sea 

level are subtracted using an average crustal density of 2670 kg m-3 (see section 3.5 for 

equations). Although the use of free-air anomaly over ocean is comparable to the Bouguer 

anomaly over continents, it is strongly influenced by bathymetry (Williams et al., 2010). 

As this may affect some of the gravity anomalies along this study area which is situated 

in the transition area from onshore to offshore deep basins, bouguer anomaly (Figure 6.3) 

in the ocean is calculated by replacing seawater (1027 kg m-3) with rocks of average 

crustal density (ρseawater – ρcrust). However, it is not an issue in the deep ocean basins such 

as the WSB between Madagascar and Kenya. The vertical gravity gradient derivation of 

the free-air anomaly (Sandwell et al., 2014) is further utilised to bring out potential extinct 

ridges and fracture zone flowlines (Figure 6.3).  

 

 Magnetic Data 

Not much information could be obtained from the existing ship-bourne magnetic data and 

magnetic anomaly isochrones are mainly based on previous works (e.g. Coffin and 

Rabinowitz, 1987; Cochran, 1988; Davis et. al., 2016). Two forms of regionally gridded 

magnetic data were made available in this study with limited use i.e. Earth Magnetic 

Anomaly Grid (EMAG2_V3) with 2-arc-minute resolution (Meyer et al., 2016) and 

directionally gridded World Digital Magnetic Anomaly Map (WDMAM v2.0) (Dyment 

et al., 2016). The former is utilised along the Tanzanian margin to investigate any 

probable magnetic signatures while the latter is more appropriate for the N-S spreading 

geometries in the WSB (Figure 6.4). 
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Figure 6.4 (a) E-W directionally-gridded WDMAM data and (b) EMAG2_V3 magnetic anomaly map. 

 

 Methodology of Crustal Domain Identification 

The methodology undertaken consisted of a three step process. It is important first to 

categorise the crustal natures based on seismic characteristics since this is the primary 

dataset in the study and we have seen that not enough seismic data have been integrated 

in previous studies. Subsequently, the deformation styles (i.e. fault styles and geometries) 

of these crusts are defined and subdomains are introduced to further characterise the 

crustal domains where there is distinct structural and geometrical features such as half 

grabens, obvious thickness changes and underlying structural controls. Following that, it 

is investigated whether there is a relationship between different crustal domains and 

corresponding deformation styles both syn- and post-kinematic based on interpretation of 

the break-up geometry and fault expressions.  
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Figure 6.5 Schematic diagram on the nomenclature of a rifted margin adapted from Peron-Pindivic et. al. 

(2013) which shows how different authors named and sub-divided these margins, 1. Blaich et. al. (2011); 2. 

Nemcok et. al. (2012); 3. Pereira et. al. (2011) and 4. Peron-Pindivic et. al. (2013). The nomenclature of crustal 

nature and rift margin assigned in this study is as stated. 

 

Fundamentally, the crustal domains and subdomains nomenclature utilised in this study 

is in accordance with what could be interpreted from the available dataset. The domains 

are acknowledging those applied in Atlantic rifted margins by Peron-Pinvidic et al. 

(2013), similar to those on SW Iberian margin (Pereira et al., 2011) and East Indian 

margin (Nemčok, Sinha, et al., 2012; Sinha et al., 2016) (Figure 6.5). It is also important 

to note that the term continent-ocean boundary (COB) used in this study specifically 

refers to the landward boundary of true oceanic crust and should not be confused with the 

transitional crust which represents the transitional domain between continent and ocean. 
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Having envisaged these, it is only now sensible to consider the kinematics and tectonic 

development in comparison with previous plate configurations. Several questions that 

need to be justified: 

• Is there any expression of a transform-margin related Davie Fracture Zone in 

Tanzania and if so is the DFZ structural and crustal architecture similar to other 

transform continental margins? 

• Is the DFZ related to the Davie Walu Ridge or Davie Walu Trough offshore Kenya 

and if so how are they related? 

• Where is the continent-ocean boundary and does the fracture zone(s) has an 

impact on the crustal domains? 

• Could these structural domains be associated to different crustal domains? 

• And finally, are they controlled by pre-existing structures and subsequently 

controlling the neotectonics in the area? 

 

 Observation and Interpretations of Crustal Domains  

In order to define the type of crust along the margin, a set of seismic characteristics were 

defined to characterise each crustal domain. These included: presence of a lower marker 

(possibly Moho?); thickness of the crust (in TWT); nature of the top crustal reflection; 

the characteristic of the underlying seismic package; the presence of convincing syn-rift 

packages. These were classified independently but the presence of other structural 

elements, such as fracture zones, which could deform and alter the crust were also 

considered. The clarity of the seismic image was also considered as in some cases it was 

not clear if the characteristics of a certain crustal type were not present or if imaging was 

simply poor in that region.  

 

The nature of the crust was identified using these criteria by following a workflow (Figure 

6.6). In addition, the identification on any seismic transect was always compared with 

intervening seismic lines (i.e. strike or dip lines) to affirm the observations and this was 

particularly important when the crustal type was not indicative based on a single transect. 

For example, the nature of the transitional crust and oceanic crust on seismic transect 

TZ1-3500 (Figure 6.10) looks similar but when cross-referenced with seismic transect 

TZ3-1200 (Figure 6.13), the nature of the crust can be identified. 
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Figure 6.6 Workflow for crustal type identification. 

Several long offset 2D lines are shown here as exemplars of the crust nature together with 

their characters (Figure 6.7). The lines shown are mainly oriented in two main directions 

which are either E-W trending (TZ1-3500, TZ1-3000, TZ3-2700) or roughly N-S 

trending (TZ3-1200, TZ3-1300 and TZ1-5000). The crustal characteristics were then 

compared with worldwide examples from the Atlantic margin (Mohriak & Rosendahl, 

2003; Blaich et al., 2011), Indian Margin (Corfield et al., 2010; Nemčok, Sinha, et al., 

2012), South China Sea (Franke et al., 2011; Cameselle et al., 2015) and previous 

interpretation of crust along the Davie Transform in the Mozambican region (Mascle et 

al., 1987; Klimke et al., 2015). They were then compared to gravity and magnetic data to 

see if the crustal types identified were associated with any specific anomaly. The resulting 

crustal domain map is shown on Figure 6.20. 

 

 Crustal Domain A – Oceanic Crust  

Oceanic crust has been identified and was defined based on several characteristic features 

(1-5 below) to differentiate it from other crustal types in seismic reflection images.  

1. The top igneous oceanic crust was characterised as corrugated subhorizontal, 

comparatively reflective and commonly dissected by small-offset normal faults 

(Figure 6.13, 6.15, 6.16). 

2. Moho reflections were clear, parallel to subparallel to the top crust with moderate 

to high continuity (Figure 6.7, 6.10, 6.13, 6.14) resulting in crustal thickness 
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ranging from 1.4 -2.4 s TWT (4.2 – 8.0 km from PSDM data for e.g. Figure 6.7b, 

6.9b, 6.13b), but mostly around 1.6 – 2.1 s (~ 4.9 – 7.4 km). Thicker crust was 

also identified in certain segments e.g. from km 300 to 330 (TZ1-4000, Figure 

6.7) and 180 to 220 (TZ1-3000, Figure 6.11). 

3. The uppermost igneous crust commonly displayed a series of high amplitude 

subparallel reflectors ranging from 300 ms to 700 ms that graded down into 

relatively pale reflectors (Figure 6.9, 6.16). The rest of the crust generally lacked 

any apparent internal deformation with the exception of areas near to fracture 

zones or major transform zones that affected the entire crust. 

4. The overlying sedimentary successions tended to be subhorizontal with passive 

infill onto the top crust geometry and lacking in prominent syn-tectonic 

geometries. However certain segments did show syn-deformational growth 

sequences especially near major fault/ transfer zones; for instance, from km 195 

to 220 (TZ1-4000, Figure 6.7) and 85 to 115 (TZ3-1300, Figure 6.14). 

5. Seamount identification could further substantiate the oceanic crustal nature 

(Figure 6.12, TZ3-2700; Figure 6.11; TZ1-3000). 
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Figure 6.7A. Two-way-time seismic line TZ1-4000 which is used as an exemplar E-W transect reference for the identification of crustal types along the Tanzanian margin. Note the clear Moho reflectors East of Fault Zone A interpreted as Oceanic Moho which 

appears to offset near the DTZ. For the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust 

domain. Indents on seismic line represent where it cuts other seismic examples in this dataset. The asterisk shows where the DTZ has been extrapolated in plate kinematic models. Abbreviations are: DTZ: Davie-Transform Zone; TCB: Top Continental Basement; 

LCC: Ductile Lower Continental Crust; UCC: Brittle Upper Continental Crust; COB: Continent-Ocean Boundary. 
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Figure 6.7B PSDM Seismic Line TZ1-4000. Refer Figure 6.7A for descriptions. Note the thicker oceanic crust between Davie Transfer Zone and Fault Zone A. For detailed interpretation near Pemba and Zanzibar Island, refer Figure 4.25. 
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Figure 6.8 Seismic Line TZ3-3800, 30 km South of TZ1-4000 showing the crustal deformation near the DTZ 

and Fault Zone A. For location refer Figure 6.1, 6.2 or 6.7. For the top box: Black line represents Free-air 

gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the 

EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain. For abbreviation 

descriptions and horizon ages refer Figure 6.7. 
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Figure 6.9A Two-way-time seismic line TZ3-3600. For location refer Figure 6.1, 6.2 or 6.7. This section shows 

thick and slightly elevated crust along the DTZ. Oceanic Domain A (ii) is affirmed using N-S dipping seismic 

line TZ3-1300, Figure 6.14. Magnetic anomaly high in this line appears to be corresponding to the zone of 

heavy volcanism. For the top box: Black line represents Free-air gravity data; Red line represents the 

Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box 

represents the transitional crust domain. For abbreviation descriptions and horizon ages refer Figure 6.7. 
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Figure 6.9B PSDM Seismic Line TZ3-3600. Note the thicker oceanic crust near the proposed DTZ which is not 

apparent on time data. Fault Zone A is clearly depicting a zone of transpression noting its verticality with syn-

rift sediments being inverted. Oceanic crust in this section exhibits high amplitude reflectors at its top crust 

interpreted as basaltic layers. The intracrustal fault to the East is very likely a fracture zone . 
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Figure 6.10 Seismic Line TZ1-3500. In this section, the Moho reflector is clear to the east of Fault Zone A. The crust appears to be thicker east of the Davie Transform Zone. The crustal domain B is interpreted as transitional crust substantiated from cross-cutting 

seismic line TZ3-1200 (Figure 6.13). Igneous materials observed on oceanic crust appears to be recorded by the EMAG2 magnetic anomaly. For the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; 

Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain. Indents of seismic line represents where it cuts other seismic examples in this dataset. The asterisk shows where the DTZ has been extrapolated in plate 

kinematic models. Abbreviations are: DTZ: Davie-Transform Zone; TCB: Top Continental Basement; LCC: Ductile Lower Continental Crust; UCC: Brittle Upper Continental Crust; COB: Continent-Ocean Boundary.
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Figure 6.11 Seismic Line TZ1-3000. Anomalous thick crust which appears to be faulted.  Seamount features prominent in this transect recording high magnetic anomalies. The presence of multiples is obvious near the Seagap fault as it mimics the overlying bright 

reflector closely. A crustal high or heterogeneity is also observed an enlarged in Figure 6.17.The nature of oceanic crust within Domain B is substantiated from seismic line TZ3-1200. The separation of transitional crust from oceanic crust is noted by the presence of 

crustal detachment faults. For the upper-most box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust 

domain. Indents of seismic line represents where it cuts other seismic examples in this dataset. The asterisk shows where the DTZ has been extrapolated in plate kinematic models.
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Figure 6.12 Seismic Line TZ3-2700. A large extent of crust east of the Seagap Fault still exhibits rotated and tilted fault blocks indicating a continental origin. The nature of oceanic crust east of the DTZ is substantiated from intervening seismic line TZ3-1300 and 

TZ1-5000 (Figure 6.14 and Figure 6.15). The separation of transitional crust from oceanic crust is not completely certain along this transect which appears to be heavily faulted probably linked to its proximity with the DTZ. For the top box: Black line represents 

Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain. Indents of seismic line represents where it cuts other seismic 

examples in this dataset. The asterisk shows where the DTZ has been extrapolated in plate kinematic models.
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Figure 6.13A Two-way-time Seismic Line TZ3-1200 showing a prominent example of crustal change across transitional crust and oceanic crust where the latter lacks down-cutting faults and is composed of a rather featureless seismic character. Uplifted basement to 

the east is noted as the Davie Ridge. The seismic transect appears to cut across different domain types and tilted fault blocks are prominent where the Moho is not clear in the central section. Sauter et. al. (2016) has interpreted the entire section as oceanic crust but in 

this study the presence of tilted and rotated fault blocks suggests that the nature of crust along this transect may be more complicated. For the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue 

line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain. For abbreviations: MTZ: Moho Transitional Zone (following Sauter et. al., 2016); RM: Moho Reflection.
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Figure 6.13B PSDM Seismic Line TZ3-1200. Note the prominent rising reflector interpreted as a palaeo-melt channel system resulting from frozen melt bodies formerly feeding a failed ridge axis. The diagrams to the left hand side are taken from Sauter et. al. (2016). 

The author has interpreted the entire crust as oceanic but with close inspection and identification of crust using the seismic criteria applied in this study, the central section is corresponding to transitional crust. The implication here is that the seismic section is 

transecting across different crust and crustal nature may be complicated near the Davie Transform zone. The Moho Transition Zone (MTZ) is interpreted as an inefficient extraction of melt favoured by slow spreading rate and high magma budget. See figure 3 in 

Sauter et. al. (2016) for description on their schematic illustration.  
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Figure 6.14 Seismic Line TZ3-1300 showing remnant transitional crust (TC) near/ along the DTZ which exhibits syn-rift geometries. Anomalous crust is shown in Figure 6.18 noted by a low in gravity anomaly. The rest of the section is interpreted as oceanic crust. 

For the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain.
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Figure 6.15 Seismic Line TZ1-5000. In this section, the entire crust is interpreted as oceanic which appears relatively isopachous and dissected by small offset normal faults. The central section of the seismic transect shows deterioration of reflectivity possibly due to 

sill intrusions considering it is very near to the DTZ. Sills are coloured in red. The Bouguer gravity anomaly appears to be relatively constant over this domain. The free air gravity anomaly shows an anomalous low, perhaps associated with the N-S demise in the 

WSB. For the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data; Grey box represents the transitional crust domain. 
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Primacy was given to seismic reflection characteristics over geopotential data. Although 

it can be observed that the oceanic crust typically shows a free air gravity value between 

-25 to -45 mGal, this parameter can only be confidently applied in the deep offshore 

regions where seabed topography effects are minimal. However, the bouger-corrected 

free air gravity anomaly shows an increase towards the oceanic crust from continental or 

transitional crust with values in excess of 140 mGal. The magnetic data are not helpful in 

identifying the nature of the crust but can loosely be utilised to substantiate the presence 

of sills, igneous materials and volcanic seamounts (Figure 6.8, 6.11, 6.12, 6.15). 

 

In addition, the oceanic crust can further be separated into two subdomains. These are 

characterised as A (i) and A (ii). The oceanic crust in domain A (ii) tends to be relatively 

isopachous and undeformed throughout the margin with thicknesses around 1.6 – 2.1 s (~ 

4.9 – 7.4 km) (Figure 6.7, 6.7b, 6.11, 6.15). However, the igneous crust in domain A (i) 

tends to show signs of deformation and notable variation in crustal thickness along 

transects such as along seismic transect TZ3-1200 and TZ1-4000. Often, the crust appear 

to be flexed and it is interpreted that these features are likely due to adjacent deformation 

zones such as fault zone A or the Davie Transform zone. 

 

In general, it can be concluded that the best identifier of this crustal type is the presence 

of a clear Moho reflector with a relatively transparent crustal signature. Having said that, 

there are a few seismic lines that do not show evidence of Moho reflectors but were 

interpreted as oceanic crust because they fulfil the rest of the criteria (e.g. Figure 6.11, 

6.12, 6.15). Lower markers are absent from these profiles probably due to imaging 

problems caused by overlying igneous intrusions or the presence of volcanic seamounts.  

 

6.4.1.1 The Spatial Extent of Oceanic Crust 

The oceanic domain extent is shown in Figure 6.20 and in essence, two different types 

are identified with the differences attributed to the architectural nature of the crust. Crustal 

Domain A (ii) tends to be relatively isopachous and undeformed throughout the margin 

with the exception of some minor small offsets along the top crustal reflector and 

occasional large faults that cut across the entire crust interpreted as oceanic fracture zones. 

This domain can also be defined as oceanic in nature by WDMAM magnetic data Figure 

6.5. The oceanic crust in Domain A (i) appears to be relatively thicker and in certain 

sections is observed to be flexed e.g. near fault zone A (Figure 6.7, 6.8, 6.9). The other 
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prominent feature of Crustal Domain A (i) is that it appears to thin towards the SSE away 

from the COB (TZ3-1200). Crustal Domain A (ii) appears to be bounded Eastwards of 

the DTZ (assuming the DTZ is present based on plate tectonic reconstruction) while 

Crustal Domain A (i) fits in between the DTZ and Fault Zone A at the Northern 

continental margin and in between the DFZ and the slightly ‘elevated basement’ towards 

the Southern margin. 

 

 

Figure 6.16 Oceanic crust type sections and examples. (a) The top image is composite section across Figures 6.7 

and 6.15. The crust is dissected by small offset normal faults and appears to be displaced close to the DTZ. (b) 

The bottom image is a composite section from Figures 6.9 and 6.14. Note that the TZ3-1300 portion is reversed 

from the full transect. The oceanic crust exhibits a series of high amplitude subparallel reflectors ranging from 

300 ms to 700 ms that grades down into pale reflectors. 
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The thinning of oceanic crust is not unusual and has been documented by Zalán et al. ( 

2011) along the Esperito Santo margin where oceanic crust is thinning oceanwards. 

However, the nature of the boundary between these two oceanic domains is not apparent, 

perhaps they are of the same crustal types. Some signatures of deformation can be 

identified along the presumed DTZ (Figure 6.7, 6.8, 6.9) leading to it being interpreted as 

the possible boundary between the oceanic domains (Figure 6.20).  

 

6.4.1.2 Deep Reflectors 

Deep (located at >12 s or >30 km) seismic reflections along the seismic line TZ3-1200 

(Figure 6.13) have been interpreted as relict frozen melt bodies of a palaeo-melt channel 

system possibly an extinct ridge axis (Figure 2, Sauter et. al., 2016). Several groups of 

other bright reflectors above this ridge axis were considered by this author to represent 

melt bodies injected into shear zones along the DTZ and the prominent reflector 

underlying the oceanic Moho was interpreted as a fossil melt-rich crust-mantle transition 

zone. The author has genetically correlated this extinct ridge being part of the spreading 

process in the Western Somali Basin in conjunction with a gravity low.  

 

The present study also identifies these deep reflectors but questions the correlation of the 

extinct ridge with the spreading axis in WSB. With a closer look, the free-air gravity low 

could be corresponding to the Tanzanian channel, a seabed feature which is observed on 

seismic line TZ3-1300 (Figure 6.14). In addition, this feature is not observed on other 

sub-parallel N-S trending seismic lines (Figure 6.14, Figure 6.15) thus calling into 

question if the extinct ridge is a continuum of the spreading ridge. However, due to the 

sparse nature of the seismic data and lack of conjugate seismic lines from the Morondava 

basin, SW Madagascar, there is no way to test or propose to test any new hypotheses for 

the origin of these features.  

 

6.4.1.3 Comparison with Global Identification of Oceanic Crust 

The nature of oceanic crust along this margin has been compared to other examples from 

the Espirito Santo basin, Brazil (Figure 4b, Blaich et. al., 2011), near the Chain Fracture 

Zone, equatorial Atlantic (Figure 2, Davies et al., 2005) and in South China Sea (Figure 

3, Cameselle et. al., 2015) and are found to be similar. They typically exhibit clear Moho 

reflector with a relatively transparent crustal signature. However, there are also 

interpreted oceanic crusts that do not show Moho reflectors such as those offshore 
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Equatorial Guinea and Cameroon where the Moho is not observed on seismic data under 

the Cameroon volcanic line (Wilson et al., 2003). Although the average thickness of the 

crust (around 1.8 s, ~ 6km) is less than the global average thickness of 7.1 km, it lies close 

to and within the ranges published by White et al.  (1992).  

 

 The Continent-ocean Boundary (COB) 

In this study, the boundary between oceanic crust and transitional crust (intermediate 

between oceanic and continental crust) is termed the Continent-Ocean Boundary COB. 

The oceanward limit of any continental crust on a passive margin ideally corresponds to 

the COB but this definition differs from one rift basin to another due to interpretations of 

the intermediate ‘transition zone’.  

 

The best example of COB is observed along seismic line TZ3-1200 (Figure 6.13) where 

it is more gradual and thus easier to observe. However, on many other lines the transition 

appears to be abrupt and controlled by major fault zones. From this line, there is no 

evidences of intrusives along the boundary with the exception of some minor high 

amplitude reflectors between km 100 to 110 which could be interpreted as igneous 

materials. The COB does not necessarily show any convincing exhumation nor seaward 

dipping reflectors (SDR) which have been commonly attributed to the two end-members 

i.e. the magma-poor margin at the Iberia-Newfoundland conjugates (Pereira et al., 2011; 

Peron-Pinvidic et al., 2013) and the magma-rich margins along the Southern South 

Atlantic (Franke, 2013; Koopmann et al., 2014) such as the Pelotas basin (Blaich et. al., 

2011; Zalan et. al., 2013) and Namibian margin, and the mid-Norwegian-Greenland 

margins (Geoffroy, 2005; Peron-Pinvidic et al., 2013). 

 

6.4.2.1 Relative Spatial Extent of COB 

Therefore, the COB is illustrated as the zone between the limit of true oceanic crust and 

the transitional crust (Figure6.20). From the dataset available, this boundary appears to 

be gradual over approximately 20 km along NNW-SSE transect and abrupt over E-W 

seismic profiles. Such a step-like geometry of the continent-ocean boundary is similar to 

those modelled for transform margins (see Figure 1.5).  
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6.4.2.2 Comparison with Global Identification of COB 

In studies such as that by Peron-Pindivic et. al. (2013), landwards of the oceanic domain 

is followed by the outer domain which has been termed as the ‘marginal high’ (Planke et 

al., 2000; Gernigon et al., 2004) or outer high (Péron-Pinvidic & Manatschal, 2009), 

typically termed as the COB. However, this domain is not introduced in this study as the 

exact definition and limits are still not well constrained and no such ‘high’ feature is 

consistently seen.  

 

For example, in the More basin within the mid-Norwegian margin, the oceanward closure 

of sag basin towards the outer domain is observed as a rising top basement termed as 

marginal high while in the Iberian margin, it corresponds to a slight deepening of seismic 

Moho with important top basement topography and the outer high is composed of 

exhumed mantle with igneous intrusives and extrusives (Peron-Pinvidic et al., 2013). The 

fact that this domain differs from one margin to another is noted as an important entity to 

distinguish into different types of rift margin either magma-rich or magma-poor. 

 

However, although the observation of outer/ marginal highs has been conventionally used 

to determine the COB, whether they are peridotite ridges or large magma bodies with 

SDRs, the absence of it does not means that there is no COB. For instance, the COB 

boundary at the Palawan Shelf offshore Philippines (Figure 4 and Figure 5, Franke et al., 

2011), the Laxmi Basin along the West Indian Margin (Figure 6, Corfield et al., 2010), 

the Walvis Basin offshore Namibia (Figure 10, Blaich et. al., 2011) and the Espirito Santo 

Basin, offshore Brazil (Figure 4, Blaich et. al., 2011) do not show such feature. As a 

result, the boundary between transitional crust to oceanic crust relies on the crustal 

characteristics used to define them. 

 

 Crustal Domain B – Transitional Crust (Hyperextended continental crust) 

Whilst the term transitional domain or transitional crust has been introduced in many 

different studies, there has never been a unified definition for it as different authors 

characterise them differently. In this study, the term transitional domain or transitional 

crust represents the zone between true oceanic crust and thinned continental crust. The 

boundary between oceanic crust and transitional crust is termed as the COB in this study. 

The boundary between these two crustal domains is best observed along the seismic 

transect TZ3-1200 (Figure 6.13) from km 95 to 125. It is obvious that there is a clear 

change of crustal nature and in this instance, it appears to be marked by a seaward dipping 
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fault. The change appears to occur over a distance of approximately 30 km with probable 

minor intrusions at the edge of the transitional crust. Other boundaries typically show an 

abrupt transition from one type to the other transected by deformation zones such as Fault 

Zone A (Figure 6.7, 6.10) or some features of elevated basement high (Figure 6.11, 6.12, 

6.31). 

 

The difference between the transitional crust and oceanic crust is largely defined by the 

lack of a clear lower reflection. Occasionally, some relatively higher amplitude and 

undulating Moho reflections can be observed (Figure 6.7, 6.10, 6.12) but they tend not to 

be laterally continuous. The other distinguishing factor is that this crust shows evidence 

of internal reflectivity (Figure 6.7), rotated fault blocks and wedge-shaped syntectonic 

sedimentary sequences within the syn-rift, overlying sag and late syn-rift. These tilted 

and rotated fault blocks appear to be bounded by crustal-detaching listric faults (Figure 

6.7, 6.11, 6.12). In addition, the oceanward edge of the transitional crust sometimes show 

high-amplitude reflections that cross-cut the crust e.g. TZ1-3500, TZ1-4000. These 

features are interpreted as igneous intrusions. Where an underlying lower marker is 

observed, the crustal thickness ranges around 1.4 to 2.2 s (similar to oceanic crust), 

therefore thickness is not a good determinant for the identification of this crustal type.  

 

The free air gravity signature of this crust typically ranges between -5 to -55 mGal and 

therefore is not very effective to differentiate it from oceanic crust which has a similar 

range, although with the transitional crust tends to show a wider variation of values at 

both ends of the spectrum. The transitional crust also typically sits within zones where 

there are changes in seabed topography and thus these may also affect the gravity and 

cause it to be less use diagnostically. However, the Bouguer-corrected gravity anomaly 

could be more useful as the transition crust shows values between 30 mGal to 170 mGal 

while the oceanic crust tends to show values in excess of 140 mGal. It is worth noting 

that the magnetic data is not useful in this scenario and does not display much in the way 

of determinant criteria. 

 

6.4.3.1 Interpretation on the nature of Transitional Crust 

Most seismic transects show some or all of the criteria used to discriminate this type of 

crust with the exception of line TZ1-3500. Although there is no apparent difference 

between crust B and crust A in this example, the use of strike line TZ3-1200 suggests that 
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the nature of the crust is transitional rather than oceanic. The lack of any observable syn-

rift packages is probably due to the hyper-extended nature of the transitional crust or 

perhaps igneous materials have masked the underlying syn-sedimentary structures. The 

highly reflective top basement marker does suggest an igneous origin in places. However, 

an important feature here is that a faint, relatively higher amplitude reflector can be seen 

and roughly traced. This is interpreted as the Moho reflection for the transitional crust 

and could also be observed in some other lines (Figure 6.7, 6.12). 

 

This undulating reflector is similar to the M-reflector interpreted by Blaich et. al. (2011) 

observed in the Camamu basin, Northeast Brazil and the Espirito Santo Basin, East Brazil. 

The characteristic seismic facies of the transitional crust observed here is also comparable 

lending credence to the interpretation of hyperextended continental crust. Similarly, this 

lower marker appears to act as a detachment surface for listric faults that cut through the 

entire transitional crust. Some evidence of igneous intrusion at the seaward edge of the 

transitional crust is analogous to the ‘magma-poor’ conceptual model by Blaich et. al. 

(2011) which they suggest is due to increased volcanic activity followed by continental 

breakup and oceanic crust generation. However, it should be noted that these features are 

observed close to Fault Zone A and it could be associated with intrusion along this 

deformation zones.  

 

6.4.3.2 Uncertainties in Interpreting the Transitional crust 

Although there is evidence of a climbing reflector along seismic line TZ1-3000 (Figure 

6.11) which could be the Moho, such features are not observed on adjacent parallel 

seismic lines or on other long-offset seismic lines in the southern margin (TZ3-2700, 

Figure 6.12). Thus it is interpreted that the overlying highly reflective traceable reflector 

at around 9 s TWT is the actual transitional crust Moho.  

 

Tracing the reflector landwards has shown an unusual high structure which is traceable 

NNE-wards (Figure 6.11, 6.17). It is speculated that this feature could be a locally 

extremely thin region of crust depicting a crustal high feature or associated to crustal 

heterogeneity. However, the strong upper reflector is subparallel to a set of underlying 

reflectors with reversed polarity which are interpreted as multiples so the deeper nature 

of the feature could not be observed.  
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Figure 6.17 Crustal heterogeneity observed along TZ1-3000. A ‘horst-like’ feature appears when the base post-

rift is flattened while the change between transitional crust to oceanic is not obvious and appears to have slight 

disconnection in the Moho reflector?. The identification of oceanic crust to the east is substantiated by 

observations from TZ3-1200 (Figure 6.13). Refer to Figure 6.11 for location. 

 

The nature of the deeper reflector east of Seagap fault is still unclear. Perhaps it is 

associated to some petrological reflector in the mantle or could also be seismic artifacts. 

Despite this reflector is similar to the oceanic Moho, a closer look shows that the latter 

comprised of a group of laterally serrated high amplitude reflectors while the former is a 

prominent single high amplitude reflector (at least true along this transect). In addition 

both reflectors appear to be disconnected and the presence of crustal detachment faults 

up to 50 km East of the Seagap fault suggests that this segment is still within the distal 

domain with hyperextended continental crust. 

 

Remnant Transitional Crust within Oceanic Domain 

A section of transitional crust has been identified within a predominantly oceanic domain 

setting. This is clearly shown on seismic line TZ3-1300 (Figure 6.14) as tilted fault blocks 

with high amplitude reflectors exhibiting growth geometries against a Northward dipping 

listric fault. The intervening down-dip transect shows that this crust is positioned close to 

a zone of thickened crust which has previously been identified by plate reconstructions to 

be where the Davie Transform Zone is located. The seismic characteristic of this crust is 

unlike its adjacent oceanic crust thus is categorised as transitional crust instead (Figure 
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6.18). It is interpreted that this outlier is probably related in some way to the Davie 

Transform Zone with a possible explanation being that it represents a remnant of 

transitional crust which has been translated towards its present day position along the 

DTZ. 

 

 

Figure 6.18 Remnant transitional crust in between oceanic crust is noted close to the DTZ. Refer line TZ1-

3000 (Figure 6.11) and TZ3-1300 (Figure 6.14) for location and regional picture. Syn-rift packages are obvious 

underlying the base-post rift horizon. 

 

6.4.3.3 Relative Spatial Extent of Transitional Crust (Hyperextended Domain) 

Generally, the transitional crust or hyperextended domain is characterised by tilted and 

rotated fault blocks overlain by relatively thin syn-rift packages and thick post-rift 

successions resembling a sag-type basin (Figure 6.7, 6.10, 6.12). The rift bounding faults 

cut through the hyperextended continental crust and detach along a crustal detachment 

zone. Figure 6.20 shows the extent of the transitional crust which lies west of the COB 

and oceanic crust. The width of this crustal domain is around 140 km in the Southern 

margin which tapers northwards but widen again around Central Tanzania up to 150 km. 

 

6.4.3.4 Comparison with Global Identification of Transitional Crust 

The transitional crust is also referred to as the ‘distal domain’ defined as the zone where 

faults cut through the entire crust from the surface into the mantle and where no remnant 

ductile layers prevail (Peron-Pindivic et. al, 2013). The continental limit of the distal 
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domain is defined as the point where the Moho starts to diverge and concave-down 

referred to as the ‘taper break’ or the ‘coupling point’. Normally the transitional, or 

‘distal’ domain includes a zone of exhumed continental mantle but it is not a requirement. 

According to Peron-Pindivic et. al. (2013), the distal domain corresponds to a phase 

during which deformation was coupled and in which the crust was sufficiently thinned to 

become entirely brittle. However, other authors have interpreted the distal domain or 

distal margin differently either defined as thinned continental crust to oceanic crust 

(Pereira et al., 2011) or from the thinned domain to the zone of exhumed continental 

mantle (Nemčok, Sinha, et al., 2012; Sinha et al., 2016) (Figure 6.5). Thus in their 

characterisation, the distal margin would exhibit both decoupled and coupled 

deformation, and the transition from proximal to distal margin is marked by break-away 

faults (see figure 4, Sinha et. al., 2016). 

 

Other interpretations of transitional crust exist and these may represent different types of 

oceanic crust or be the same as the crust described here, interpreted as having a different 

origin. Crust that is neither truly oceanic nor continental has also been termed ‘proto-

oceanic crust’ (POC) by some authors (Wilson et al., 2003; Mohriak & Rosendahl, 2003; 

Nemčok, Stuart, et al., 2012) and described as exhumed upper lithospheric mantle by 

others (Péron-Pinvidic et al., 2007; Sutra & Manatschal, 2012; Whitmarsh et al., 2001; 

Reston, 2009; Dean et al., 2015; Dean et al., 2000).  

 

In the interpretation of proto-oceanic crust in the East Indian Continental margin which 

is associated with unroofed mantle (Nemčok, Stuart, et al., 2012; Nemčok et al., 2016), 

the Moho discontinuity shallows between the thinned continental crust and transitional 

crust. The Moho cuts through the crystalline basement with subcontinental mantle 

emplaced at the basement surface. Similarly, in examples from the Galicia Bank (Figure 

6, Dean et. al., 2015) where peridotite ridges have been sampled by oceanic drilling 

programmes, the interpretation of mantle exhumation requires observations of shallowing 

of the Moho (locally termed as the ‘S-reflector’). Exhumed mantle has also been 

interpreted in the Santos Basin, Brazil (Zalán, 2013) showing similar features.  

 

Local outcrop of serpentinized mantle ridges is not unusual on transitional crust (Sibuet 

et al., 2007) but the only locality in this margin that could be interpreted as such is from 

km 170 to 200 km on seismic line TZ3-2700 (Figure 6.12). However, it is still not as 

convincing as those observed in Galicia Bank and the cross-cutting high-amplitude 
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reflectors observed may well be related to faults or igneous intrusions. Another 

observation not in favour of exhumed mantle is that the interpretation of proto oceanic 

crust along the Indian Margin (Nemčok, Sinha, et al., 2012; Radhakrishna et al., 2012; 

Sinha et al., 2016) typically shows a positive bump in the gravity anomaly compared to 

its surrounding values. However, it should be noted that it is thought serpentinized mantle 

may have a wide range of density values leading to non-unique gravity anomalies (Blaich 

et. al., 2011). Despite this, it is concluded that these examples of proto-oceanic or 

exhumed mantle represent different types of crust and are not simply different terms for 

the same transitional crust seen offshore East Africa. The crust termed as transitional by 

this study seems to have more in common with hyperextended continental crust.  

 

 Crustal Domain C – Continental Crust 

Landward of the transitional crust, a zone displaying faintly traceable Moho reflectors 

(Figure 6.10, TZ1-3500) with a thick overlying sedimentary package marks an area of 

thinned continental crust. The best way to identify the change from transitional crust to 

thinned continental crust is the deepening of Moho reflector resulting in a crustal 

thickness of > 2.4 s (Figure 6.7, TZ1-4000). In addition, the crust is normally relatively 

transparent but shows evidence of rift related deformation such as half grabens and 

internal deformation. Often, an additional reflector can vaguely be seen and traced above 

the continental Moho. For instance, the westernmost edge of line TZ1-4000 shows some 

intra-crustal reflective markers acting as the zone into which faults appear to be detaching 

with overlying reflectors showing signatures of diverging reflectors and deformation 

structures.  

 

Within the continental domain, deformation is essentially decoupled. It can be interpreted 

from seismic line TZ1-4000 (Figure 6.7) and TZ1-3500 (Figure 6.10) that there may be a 

taper break with the convergence of Moho with the mid crustal brittle-ductile transition 

showing decreasing crustal thickness oceanward. The former has shown a probable lower 

crustal package (lower continental crust?) underlying Pemba and Zanzibar Island 

separated by a detachment surface where faults dies out. Along the Southern margin, it 

has been interpreted that a large segment of the margin are actually still part of the 

hyperextended domain (Figure 6.11, TZ1-3000) and other examples like TZ3-2700 

(Figure 6.12) are not showing signs of crustal thickening. Thus it is hypothesised that the 

continental crust lies further continentward close to the coast with thickening crust 

especially when the seabed is flattened (Figure 6.19). 
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Figure 6.19 A section of seismic line TZ99-134 showing attenuating continental crust moving towards the 

transitional crust. Note recent compression along the Mio-Pliocene boundary with subsequent onlaps. Refer 

Figure 6.1 for locality of transect. 

 

6.4.4.1 Interpretation on the intra-crust reflectors 

Intra-crust reflectors are interpreted within the zone between the brittle upper crust and 

ductile lower crust (Manatschal, 2004; Huismans & Beaumont, 2008). This is comparable 

with those observed along the proximal continental margin of East India (Figure 7, 

Nemčok, Sinha, et al., 2012; Figure 4, Sinha et. al., 2016) where the brittle upper 

continental crust is imaged as relatively transparent with the addition of rift-related 

deformation that dies out at mid-crustal levels. Although the characteristics of the 
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underlying seismic package down to the interpreted continental Moho do show relatively 

higher reflectivity, the imaging is not consistent and is questionable. However, it is quite 

evident that listric faults do not cut down into this underlying lower package and it appears 

to wedge out towards the transitional crust. Therefore, this lower package could be 

associated to the ductile lower crust. As mentioned, it should be noted that the intra-

crustal reflectors are not always observed and even if it they are, the criteria to constrain 

these features are relatively loose as they are normally picked at the zone where rift-

related faulting dies out.  

 

6.4.4.2 Comparison with Global Identification of Continental Crust 

In contrast with the definition by Pereira et. al. (2011) and Nemcok et. al. (2012), their 

continental crust includes the hyperextended domain. They typically separate the 

continental crust into several distinct structural sectors depending on the deformation 

styles, rift geometries and the identification of a ductile lower crust (Figure 6.5). 

Generally the hyperextended domain refers to the zone of tilted and rotated fault blocks 

with rift bounding faults detaching into the crust. This is followed by the thinned or 

necking domain which is the segment where Moho starts to diverge and concave-down 

and continent crust gets thicker. Further landward, the proximal margin is defined as the 

zone with classical graben and half-graben basins with thicker sedimentary fill bounded 

by high-angle normal faults with moderate crustal thinning. Deformation is decoupled at 

the mid-crustal level near the top of the ductile lower crust and is normally related to the 

stretching phase with limited subsidence (Pereira et. al., 2011; Peron-Pindivic et. al., 

2013; Sinha et. al., 2016). In this study, the term continental crust is corresponding to 

both the thinned domain and proximal domain which is somewhat similar to those applied 

by Blaich et. al. (2011).  

 

 Domain D – Davie Ridge (DTZ) 

Domain D is a segment introduced where the crustal basements has been uplifted. This is 

observed at the Southern edge of seismic line TZ1-1200 (Figure 6.13) where a fault-

controlled offset on the top crust has caused it to be elevated. The Moho is not clear along 

this section probably because the line is striking along the DTZ. Therefore, Domain D is 

considered part of the DTZ but specifically refers to the Davie Ridge. The nature of crust 

within this domain resembles more the transitional or hyperextended crust than oceanic 

crust due to down-cutting detachment faults. Such observation is backed up by dredging 
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and coring data along the Davie Ridge at 14-15°S which revealed crystalline continental 

basement consisting of granites, tectonised gneisses and altered semipelites (Bassias, 

1992; Bassias & Leclaire, 1990). One suggestion here is that the crustal nature along the 

DTZ may vary along strike with remnants of continental crust translated along the 

transform zone (Figure 6.18). Presuming that the DFZ does exist northwards, the 

Northern segment may represent an oceanic-oceanic transform boundary rather than the 

transitional-oceanic one seen to the south. However, it should be noted that the Northern 

segment of the supposed trace of the DFZ does not show the typical features observed 

along transform margins such as marginal ridges or marginal plateaus as exemplified by 

the Côte d’Ivoire-Ghana transform margin (Antobreh et al., 2009; Sage et al., 2000), the 

Vøring margin in Mid-Norwegian basin (Berndt et al., 2001)and the conjugate Guinea – 

Demerara margin (Benkhelil et al., 1995; Basile et al., 2013). 
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Figure 6.20 Crustal domain map based on long offset 2D seismic. Note that the Davie Ridge is interpreted to be 

made of transitional crust or hyperextended continental crust. The northern extent into Kenya is not shown as 

there are only two lines available into Kenya. The presence of syn-rift packages within the DWR suggest that it 

is likely to be still continental in origin (Figure 6.27). 

 



276 

 

 Structural Elements along the Offshore Margin  

Several major traceable structural elements were also recognised along the margin during 

the identification of crustal and rift architecture. These structures appear to partly control 

the margin architecture and this section discussed these in detail with the most distinct 

and important structures first. 

 

 The Davie Transform Zone 

The seismic reflection observation of the DTZ along the Tanzanian margin can essentially 

be separated into two segments i.e. a Southern segment with ridge structure and strong 

gravity anomaly, and a Northern segment noted as a gravity low, or more specifically 

noted near to a gravity gradient change. It should be noted that the Southern segment 

introduced here is referring to the ‘Northern Mozambique – Tanzania segment’ as 

mentioned in Section 6.2.3 while the Northern segment is associated to the extension 

proposed by Rabinowitz (1971) which presence has been challenged by Klimke and 

Franke (2016) owing to the lack of prominent structural features. 

 

6.5.1.1 The Southern Tanzanian – Northern Mozambique segment (8°30’S to 12°S) 

It is evident from seismic data that an approximately N-S trending structural high can be 

observed associated with gravity high features (Figure 6.2a). It appears as individual 

seamount features towards this segment’s Northern limit (Figure 6.12) while the Southern 

extent is delineated as a N-S trending ridge (Figure 6.21) commonly known as the Davie 

Ridge. In addition, the adjacent Kerimbas graben geometry is prominent bounded by 

faults on both sides. Interpretation in this study indicates that sedimentation in the graben 

started in the Pliocene (Figure 6.22) and perhaps as early as the Late Miocene (Franke et. 

al., 2015). This neo-rifting event is still active at present day as recorded from earthquake 

activities (Figure 4.1) and the Kerimbas graben has commonly been known as an offshore 

extension of the East African rift system (Mougenot et al., 1986; Franke et al., 2015). 

Further South, this dataset also observed the toe-thrust features part of the Rovuma Delta 

deep-water fold-and-thrust-belt offshore Mozambique specifically known as the 

Mocimboa Thrust-belts (Figure 6.23, see Mahanjane and Franke, 2014 for more details). 
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Figure 6.21 Seismic line MZ1-8900. A seismic transect across the Kerimbas Graben and Davie Ridge. The 

Davie Ridge is still composed of transitional crust as observed from intervening line TZ3-1200 (Figure 6.13) 

while the eastern extent is oceanic crust. The Kerimbas graben is only recently active with thick Plio-

Pleistocene growth. 
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In crustal terms, seismic observations from line TZ3-1200 (Figure 6.13) has shown that 

the Davie Ridge is still exhibiting crust of continental origin. Oceanic Domain A (i) is not 

identified in this area and transitional crust dominates most of the Western part of Davie 

Ridge towards the Seagap Fault, an intra-continental strike-slip fault. Here, the DTZ is 

truly exemplifying the COB (Figure 6.21) with recent reactivation bounding the Kerimbas 

graben to the West. This is substantiated by refraction profiles interpretation by Baetzel 

et. al. (2015) that oceanic crust is found to the east of the Davie Ridge and that the 

transition from stretched continental to oceanic crust is below the Kerimbas Basin 

(Baetzel, 2014). 

 

 

Figure 6.22 Two-way-time post-Miocene isopach map. The southern margin has only been active since the 

post-Miocene with deposition within the Kerimbas Basin.  
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Figure 6.23 Seismic line MZ1-8400. The crust along and east of the Davie Ridge appears to be continental in 

origin with continuous reflectors indicating the presence of probable sedimentary packages. Note the 

deepwater fold and thrust belt in the Cenozoic known as the Mocimboa Thrust Belt (Mahanjane and Franke 

et. al., 2014).  The Kerimbas Basin is still evident here. 

 

 



280 

 

6.5.1.2 The Northern Tanzanian Segment (From 8°30’S towards 4°S) 

Previously the identification of the Northern segment of the DFZ was based on vintage 

2D seismic lines acquired in the year 1980 and by a gravity low feature (Coffin and 

Rabinowitz, 1987, 1988). The Northern limit of the Davie Transform zone is still not well 

understood today, and has been extrapolated straight northwards into Kenya (Coffin and 

Rabinowitz, 1988) or into Kenya by deflecting it close to the Davie Walu Ridge (Davis 

et. al., 2016; Reeves et. al., 2016; Turner and Foum, 2016). However, in light of newly 

acquired long offset seismic data in northern Tanzania, it is observed that structurally, the 

northern segment does not show obvious geometries typically associated to transform 

margins. Reinterpretation of the 1980 Vema-Cruise 2D dataset by Klimke and Franke 

(2016) challenges the presence of Davie Transform Zone following criteria on sheared 

margins outlined by Bird (2001).  

 

However, the seismic geometries along the interpreted DFZ trend show that it is not 

entirely featureless. Crustal thicknesses anomalies can be observed along this zone along 

with cross-cutting crustal reflectors (Figure 6.7-6.11). Furthermore, depth migrated 

datasets shows that these basement crustal features are actually more prominent than it 

seems with elevation up to 3 km (Figure 6.7b, 6.9b). Parallel N-S trending linear features 

can also be traced and some NW-SE trending extensional faults are identified slightly 

north of the prominent Davie Ridge. These features are possibly related to the Davie 

Transform motion and the latter could be Riedel extensional faults as they affect up to 

Lower Cretaceous sediments (Figure 6.34, Figure 6.14, 6.15). It is envisaged that these 

geometries could represent part of a horsetail splay but with only limited 2D dataset this 

cannot be proven.   

 

Essentially, this segment of relatively aseismic DTZ represents the boundary between the 

two oceanic subdomains. Although the ridges are not as prominent as those observed in 

the South to indemnify a transform motion, the aforementioned observations and a 

gradient change in the free-air gravity indicates that it is probable that lateral motion have 

persisted here. Worldwide review of transform margins have noted that the identification 

of marginal plateau and ridges is not a systematic character in transform margins (Mericer 

de Lépinay et al., 2016). In addition, fracture zones identified using VGG data suggest 

that N-S motion is likely to initiate around 350 km away from the Kenyan coast (Figure 

6.3). 
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6.5.1.3 Kenyan Extension 

With two seismic profiles available offshore Kenya and only one of them down to 15 s 

deep, there is insufficient data to conclude on the crustal domains and structural 

geometries along this margin in Kenyan waters. However, it is speculated that the 

presence of thick pre-breakup syn-rift? packages along seismic transect KE1-1000 

(Figure 6.27) point to a continental or hyperextended crustal nature. Such interpretation 

can be implied from the illustration of Cruciani and Barchi (2016) using the same seismic 

line and on a representative geoseismic line with unknown locality by Osicki et. al. 

(2015). There is no unequivocal determination of the COB along this margin (Rabinowitz 

et. al., 1983). Oceanic crust has been inferred underlying DSDP 241 (Coffin and 

Rabinowitz, 1988) without determining its continentward limit while Gaina et. al., (2013) 

have indicated the COB very close to the Kenyan margin. That being said, the NW-SE 

trending DWR gravity high feature has been noted on both seismic lines (Figure 6.27, 

6.28) with transpressional deformation.  

 

 N-S Seagap Fault Zone 

The Seagap Fault zone is a N-S trending strike-slip fault, up to 300 km long, which can 

be traced from offshore Mafia Island towards the country boundary between Tanzania 

and Mozambique. This segment is easily recognised to exhibit strike-slip deformation as 

it is laterally traceable with a master fault that dips steeply (or near vertical) at depth with 

crustal displacement (Harding, 1990). Transpression is seen on the present day seabed 

and our dataset shows that it has possibly been reactivated several times since the Late 

Jurassic, possibly in the Albian, Turonian, Campanian, Eocene, Late Miocene and at 

present day (Figure 6.11, 6.12, 6.24) substantiated by folding geometries and subsequent 

onlap of overlying successions. Our dataset also observed a Late Cretaceous channel 

being transected and subsequently inverted by transpression (Figure 6.25). The Mid to 

Late Jurassic isopach map (Figure 6.26) shows growths within the basin West of Seagap 

suggesting significant subsidence and creation of accommodation space since the Jurassic 

break-up.  

 

It has been interpreted that the lateral movement along the Seagap began in the Bajocian-

Bathonian with inversion as early as the Bathonian (Gray & Sansom, 2016). This appears 

to coincide with the period of strike-slip off Rovuma during 165-151.4 Ma when East 

Gondwana and Western Gondwana started to move with slightly different poles (Reeves, 

2016b). By the Albian, it is thought that movement had been reactivated in a sinistral 
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sense with further indicators of relative motion observed within the Early Palaeocene and 

Oligocene channel complexes (França et al., 2012; Fig 3.4 in Chapter 3). The fault is 

probably still active today as observed from seabed topography. The sinistral reactivation 

resulted in the generation of riedel-related NW-SE trending en-echelon normal faults 

(Higgins and Sofield, 2011, Fig 3.4 in Chapter 3, Figure 6.34).  

 

 

Figure 6.24 An example along the Seagap Fault showing evidence of its multiple phases of compression. 

Contraction has been noted since the Middle Jurassic and is noted again in the Turonian, Intra Campanian, 

Eocene and may be still active at present as the seabed is folded. Refer Figure 6.12 for regional picture and 

locality. 
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Figure 6.25 Inverted channel along the Seagap Fault which appears as an apparent flat spot. Multiple phases 

of compression are observed along the Seagap Fault. 
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Figure 6.26 Two-way-time Base Post-Rift to Near Top Jurassic isopach map overlain with the COB (dashed 

line). The extent of Jurassic rocks appears to be delimited towards the east, probably because the crust in the 

WSB had not yet been formed i.e. N-S spreading had not been initiated in the Jurassic. Note the thinner 

deposition across the ‘elevated basement’ also indicating that this may have been a pre-existing feature. 

Deposition continued in the Davie-Walu Trough from the Jurassic. In the south, the Seagap area shows thick 

Jurassic deposition in the west implying fault control on the deposition and that Seagap has been active since 

the Jurassic. The presence of Jurassic sediments on top of oceanic crust indicates diachronic formation with 

the oceanic crust in the WSB. Abbreviations: DTZ: Davie Transform Zone; EB: Elevated basement; SGP: 

Seagap Fault. 
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The strike-slip zone terminates abruptly offshore Mafia Island delimiting its Northern 

extent. This demise is still not well understood and was implied that the fault zone 

terminates against an ancient diffuse lineament, the Aswa Shear Zone (Rosendahl, 1987; 

Saalmann et al., 2016), but no gravity or magnetic data has brought out this feature 

offshore (Higgins & Sofield, 2011). That being said, a deep traceable NW-SE trending 

feature is observed at crustal levels (Figure 6.31, 6.34) suggesting a possible basement 

control for the Northern extent of the Seagap fault. This imply that the stresses and shear 

experienced would be transmitted onshore. Although there is not enough evidence to 

suggest a correlation with the Aswa shear zone, this hypothesis may not be inaccurate. At 

the same time, the nature of crust identification suggests that the Seagap Fault is an 

intracontinental strike-slip fault.  

 

 Fault Zone A – A NNW-SSE trending basement structure 

A NNW-SSE trending basement structure was first noted as an apparent separation 

between the transitional crust and oceanic crust along line TZ1-4000 marked as Fault 

Zone A. However, this feature can be traced further NNW-wards coinciding with a free 

air gravity low towards the Kenyan margin and equivalently SSE-wards towards the DTZ. 

Starting from around latitude 6°50’S and southwards, the fault zone appears to correspond 

to a free air gravity high. Seismic reflection observations show that fault zone A can be 

separated into three distinct segments.   

 

6.5.3.1 Northern Segment (From 5°15’S towards Kenya) 

The Northern segment of Fault Zone A shows clear evidence of syn-depositional growth 

from the Late Jurassic to the Early Cretaceous (see Chapter 4 for age correlation and 

interpretation). Evidence of later folding is also apparent and although the hangingwall 

remains in extension, the observations fulfil the criteria for inversion structures where 

hanging wall syn-rift sequences and subsequent passive infill are elevated above regional 

marker with an asymmetric monocline facing the footwall (Cooper & Warren, 2010; 

Cooper et al., 1989; Williams et al., 1989). This suggests that the initial extensional fault 

geometry has been compressed and reactivated similar to the Bally (1984) model. Upper 

Cretaceous sediments onlap against the intra-Campanian unconformity suggest that a 

compression period was experienced during the Late Cretaceous (Figure 6.27). The 

overlying seabed topography is also arched with Miocene sediments subcropping onto 

the seabed indicating recent compression. Miocene sequences also showing large incision 
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channels interpreted to be sourced from the North (Pancontinental Oil and Gas, 2012). 

Although there is no additional seismic data available to substantiate this feature in 

Kenya, several industrial presentations have shown similar inversion structures 

(Pancontinental Oil and Gas, 2012; Jeans et al., 2012). Therefore, this segment is 

concluded to represent a zone of dip-slip inversion of a pre-existing NNW-SSE fault. 

 

The origin of the lineament is still being debated. Although the few seismic lines seen in 

the course of this study appear to show a half-graben geometry, Palmer et. al. (2016) 

suggested based on 3D seismic data, that these thick syn-kinematically packages were 

formed by transtension in a releasing bend setting as an interaction between a NNW-SSE 

transform fault with a divergent plate margin (Basile & Brun, 1999). The authors further 

explained the adjacent Davie-Walu ridge as consisting of highly deformed Jurassic 

sequences related to ‘dextral shearing along a horsetail splay rotating previous normal 

faults up to 80° causing local inversion’. However, the dataset used in this study and other 

seismic transects from industrial presentations do not show such deformation geometries 

and the data on which the Palmer et. al. study is based are not yet published. What is 

evident, at least the dataset available, is that there is a large half graben succession which 

has been inverted and appears to be of Cretaceous age. On such basis it is interpreted that 

the early infill geometry is more likely related to an offshore extension of the Anza 

Graben (Frizon De Lamotte et al., 2015). The onshore equivalent of this feature has 

recorded deposition of syn-rift sediments commencing in the Neocomian with a possible 

initiation as early as the Late Jurassic (Bosworth & Morley, 1994).  

 

The adjacent free air gravity high known as the Davie-Walu Ridge, observed even with 

Bouguer correction (Figure 6.2), indicates a crustal basement control. This geophysical 

feature is expressed as a basement high or ridge affecting Late Jurassic sediments to 

recent (Figure 6.27a). The ridge can be traced South Eastwards to seismic transect F1B 

(Figure 6.28). The presence of large offset normal faults detaching into the crust 

underlying the DWT and the large scale rift feature seen adjacent to it suggest that it is 

comprised of continental crust. It is hypothesised that the ridge could be a pre-existing 

basement high. Although Gaina et. al. (2013) has proposed oceanic crust offshore Kenya 

within a magnetic Jurassic Quiet zone, there is not sufficient seismic reflection data to 

study the nature of crust along this margin.  
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Figure 6.27 A. Seismic Line KE1-1000 – TZ1-1000 across the Davie-Walu Ridge and Davie-Walu Trough showing that the crust in this section is broken by large normal faults that are tilted and rotated with syn-rift sequences and is thus interpreted as transitional or 

continental in origin. The DWT hosts large Upper Jurassic and Lower Cretaceous growth packages bounded against a fault which appears to have inverted during the Campanian and is possibly still in compression given the seabed subcrop. The red dot represents 

the null point within the Lower Cretaceous. The DWR is associated with a gravity high observed on free-air gravity and bouger-corrected gravity data and is a basement high feature showing evidence of transpression affecting up to the Late Jurassic sediments. For 

the top box: Black line represents Free-air gravity data; Red line represents the Bouguer-corrected gravity anomaly data; Blue line represents the EMAG2 magnetic anomaly data..
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Figure 6.27 B Seismic line TZ00-230. Example of structural inversion observed along Northern section of fault 

zone A. Note the Intra-Campanian unconformity and the null point observed near the Jurassic-Cretaceous 

boundary. The Turonian is an unconformable surface probably associated to earlier periods of compression. 

The margin is still undergoing compressive forces in recent times noted near the Miocene-Pliocene boundary. 

Refer Figure 6.27A for seismic horizon legend and locality. 
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Figure 6.28 Expression of the Davie-Walu Ridge evident as a basement high feature which can be traced NW-

wards. Towards the NNW, compression is observed affecting up to the Late Jurassic and minor compaction-

driven faulting observed occurring over the ridge. Refer Figure 6.27A for seismic horizon legend and locality. 

 

6.5.3.2 Central Segment (Between 5°15’S to 6°50’S) 

Along the central segment of the lineament, it can be observed that syn-rift deposits have 

been uplifted following the break-up unconformity substantiated by onlapping Late 

Jurassic and Lower Cretaceous packages onto the high created (Figure 6.9, 6.29). In 

addition, Cretaceous folding structures are identified along the Turonian unconformity 

expressed as clear truncation onto the overlying successions indicating a period of uplift 

and erosion. Younger periods of deformation are hypothesised in the Campanian, noted 
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by apparent downlapping geometries onto the intra-Campanian horizon and in recent 

times noted by a bulge in seabed geometry (Figure 6.7). In contrast with the northern 

segment, the deformation here does not appear to show evidence of reactivation along a 

normal fault. An alternative origin for the geometries seen based on observed geometrical 

verticality suggests a transpressive origin or perhaps, a transpressive reactivation of a pre-

existing zone of weakness. The crustal nature is evidently different across this boundary 

separating oceanic crust to the East and hyperextended continental crust to the West. 

 

 

Figure 6.29 Example of transpression observed along the central segment of Fault Zone A. Syn-rift sediments 

are inverted. Reactivation appears to have occurred numerous times, possibly during the Turonian, Intra-

Campanian and Intra-Eocene. Refer Figure 6.9 for the entire section. 

 

6.5.3.3 Southern Segment (Between 6°50’S to 7°30’S) 

The Southern segment also experienced early deformation along the break-up 

unconformity with subsequent successions onlapping onto this basement high (Figure 

6.30). Folding during the Turonian and Campanian may have occurred but the evidence 

suggests that this was milder when compared to the central and northern segment. The 

presence of diverging and dipping reflectors suggest that this structure is still of 

continental origin, possibly comprising inverted syn-rift sediments. The verticality in the 

deformation style suggests a similar mode of reactivation as the central segment that is of 

a strike-slip transpressional origin. Following the crustal determination from long offset 
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seismic data, this segment is sitting within an intra-oceanic setting. This segment appears 

to become less obvious towards the SE (TZ1-3000). 

 

 An ‘elevated basement’ sub-parallel to Fault Zone A  

Crustal observation and interpretation has identified Fault Zone A separating oceanic 

crust from continental crust specifically along the central segment. A clear change in 

crustal architecture along seismic line TZ3-1200 (Figure 6.13) implies that the COB is 

likely to curve SW-wards prior to reaching the southern segment of Fault Zone A.  

 

 

Figure 6.30 A. Seismic line TZ99-154 showing an early transpression event noted along Fault Zone A which is 

observed as a relatively aseismic basement high. Evidence of oceanic crust on the eastern edge is substantiated 

by evidence from intervening seismic line TZ3-1200 (Figure 6.13). Compression is noted near Fault Zone A 

during the Turonian and Campanian and a localised inversion which lasted until the Late Cretaceous. The 

slight elevation in the top crust is noted near the COB. Refer 6.26B for figure location and seismic horizon 

legend. 
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Figure 6.30 B. Seismic line TZ99-158. Uplifted basement ridge developed along Fault Zone A which evidences 

minor reflectively suggesting it contains sedimentary sequences in comparison with 6.30A which is relatively 

aseismic. Compression is noted along the Turonian and Campanian. Crustal nature is substantiated with 

intervening seismic line TZ3-1200. Refer Figure 6.1 for clearer position of these lines. 
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Figure 6.31 A. Example of ‘elevated basement’ subparallel to Fault Zone A. Mild compression is observed in 

the Turonian indicating an initial fracture zone reactivated? The crustal lineament feature is traceable. See 

Figure 6.34. B. Strike line across the elevated basement feature. Refer 6.30 for seismic legend. See text for 

descriptions. 
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Further south however, it appears that there is a crustal boundary change around km 115 

to 130, substantiated with observations from intersecting seismic lines but, along the main 

dip line there is no clear evidence to separate the two different crustal types. Although 

other sub-parallel lines do show evidence of a slightly elevated basement (Figure 6.30, 

6.31a) that appears to separate crustal domains across it, these examples are limited to 10 

s depth thus crustal scale observations are absent. No prominent structures or crustal 

reflectors could be observed to substantiate the nature of this boundary. In addition, this 

feature is also not easily traceable towards the South (Figure 6.12). An explanation is that 

towards the South, this structure gets closer to the Davie Transform Zone on which the 

deformation may have been taken up.  

 

Despite the weak seismic evidences, there is still a suggested change in crustal nature 

across this zone based on extrapolation of this ‘elevated basement’ from long offset 

seismic lines and it is interpreted as separating transitional crust from oceanic crust 

(Figure 6.20). This segment is essentially similar to the central segment of fault zone A 

but in contrast has very minimal deformation affecting the base post-rift horizon and 

possibly a mild reactivation during the Cretaceous (Figure 6.31b). However, there appears 

to be some sedimentation control across this zone (Figure 6.32) suggesting a probable 

basement control represented by this ‘elevated basement’ feature. 

 

 Synthesis of Crustal Domains and Major Structural Elements 

Following the identification of crust along the margin using a three step process as 

mentioned in section 6.3.4 and crustal workflow illustrated in Figure 6.6, the Tanzania 

margin has essentially been divided into three main crustal domains (oceanic crust, 

transitional crust and continental crust) based on their seismic characters, deformation 

styles and rift geometries. The oceanic crust has also been separated into two subdomains 

known as oceanic domain A (i) which is relatively thicker with eminent changes in 

thickness (Figure 6.7, 6.13) and shows deformation close to Fault Zone A, and oceanic 

domain A (ii) which tends to be relatively isopachous and undeformed throughout the 

margin (see section 6.4.1). A separate domain D is further introduced (section 6.4.5) to 

locate the position of the Davie Ridge along the DTZ and it is essentially still part of the 

hyperextended continental crust. 
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Figure 6.32 Two-way-time Cretaceous isopach map overlain with the COB identified in this study using ION 

long offset 2D data (dashed line). Deposition appears to be thinner across Fault Zone A and the sub-parallel 

elevated basement feature. The thick deposition along the Davie-Walu Trough is attributed to the continuation 

of localised rifting up to the Early Cretaceous. There appears to be subtle controls on Cretaceous deposition 

offshore Pemba, Zanzibar and DES in comparison with southern Tanzania. There is no evidence for syn-

kinematic deposition in the Kerimbas Basin in the Cretaceous. For abbreviations: DR: Davie Ridge; DTZ: 

Davie Transform Zone; EB: Elevated basement; SGP: Seagap Fault; KB: Kerimbas Basin. 
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The spatial extent of these domains (Figure6.20) appear to be controlled by major 

lineaments along the Tanzania margin. Oceanic domain A (ii) essentially lies east of the 

DTZ while oceanic domain A (i) is constrained between the Northern Tanzanian DTZ 

segment (section 6.5.1.2) and the central segment of Fault Zone A (essentially an abrupt 

COB). The clear observation of crustal change along seismic line TZ3-1200 (Figure 6.13) 

shows that the COB is not simply a straight line and it actually shows a step like geometry 

with the subparallel boundary noted as the ‘elevated basement’ feature identified further 

South (section 6.5.4). Such expression of the continent-ocean boundary is similar to those 

modelled along the Cote d’Ivoire-Ghana transform margin (Mascle and Blarex, 1987). 

The hyperextended transitional crust lies west of the oceanic crust observing rotated fault 

blocks and crustal detachment faults. Landwards, this is followed by thinned continental 

crust (section 6.4.4) to which the change from transitional crust to thinned continental 

crust is illustrated by the deepening of Moho reflector. 

 

 Nomenclature of Crustal Domain 

Prior to discussing the results of this study with previous works, it is first essential to 

compare and contrast the crustal terminologies applied in this study. I am aware that 

different workers have named their domains slightly differently (Figure 6.5) and workers 

like Pereira et. al. (2011), Peron-Pindivic et. al. (2013) and Nemčok (2012) tend to 

provide a separate nomenclature for crustal domains and structural domains. The latter is 

typically identified using a certain set of comparable architectural elements based on their 

deformation structures and rifting geometries. According to Peron-Pindivic et. al. (2013) 

(Figure 6.5), a rifted margin can be divided into five different rift domains in which, to a 

certain extent, are associated to different crustal domains. Some of these rift domains such 

as the oceanic domain, distal domain (which includes exhumed and hyperextended 

domain) and necking or thinned domain have been introduced, and their corresponding 

association with the crustal domains identified in this study have been discussed 

individually under each discrete domains (section 6.4). 

 

In consideration that the aim of this study is to identify the crustal nature and tectonic 

development of Tanzanian margin, our nomenclature is sufficient towards indicating 

basic crustal domains (and subdomains where appropriate). In addition some of the other 

structural domains introduced for e.g. the outer domain and the proximal margin are not 

easily resolved within the available dataset. The recognition of these domains normally 

requires the determination of crustal reflectors which tend not to be seismically distinctive 
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and hence additional geophysical modelling work and seismic refraction data are 

typically needed for substantiation. This complication is illustrated by the attempt to 

distinguish the thinned continental crust domain (necking domain) from hyperextended 

transitional crust as it requires the identification of a ductile lower crust (section 6.4.4).  

 

However if a proximal margin is to be denoted, it can be hypothesised that the proximal 

margin lies inboard and possibly onshore. This is not unlikely as Karoo and Jurassic syn-

rift deposits have been described in the Selous and Mandawa Basin, Southern Tanzania 

(Wopfner, 2002; Hudson & Nicholas, 2014) and in the Tanga basin Northern Tanzania 

(Kent et al., 1971). Furthermore, recent uplift of the East African craton due to the African 

superplume since the Oligocene (Chorowicz, 2005; Roberts et al., 2012; Ebinger & Sleep, 

1998) may have elevated the proximal margin above the mean sea level. Figure 6.33 

shows how the margin architecture would look like if it is separated into structural 

domains and it is fairly similar to the crustal domain map (Figure 6.20).  

 

 Comparison with Pre-existing Crustal Identification and COB 

The definition of crust and COB by previous workers had been outlined in section 6.2.4. 

Earlier workers have placed the COB close to the continental slope of Kenya along the 

Northern Tanzanian-Kenyan continental margin confining the oceanic crust east of the 

DTZ (Gaina et. al., 2013). Along the Southern Tanzanian margin, Reeves et. al. (2016) 

interpreted the crust between the Davie Ridge and the Seagap fault as Mid Jurassic 

oceanic crust. Using a single N-S seismic transect (TZ3-1200, Figure 6.13), the 

interpretation by Sauter et. al. (2016) also suggests oceanic crust along the Davie Fracture 

Zone. However, Franke et. al. (2015) interpreted that most of the crust up to 150 km east 

of the Davie Ridge as extended continental crust.  

 

In contrast to this study, it is realised that the COB boundary is perhaps more sophisticated 

than previously envisaged with step-like geometries west of the DTZ (Figure 6.20). 

Crustal characterisation had also identified a separate oceanic crust subdomain termed as 

oceanic domain A (i) bounded within Fault zone A and the northern segment of DTZ. 

The difference between the crustal characteristic of oceanic domain A (i) and A (ii) led 

to the hypothesis that oceanic domain A (i) is actually an earlier oceanic crust formation 

generated during the Mid Jurassic break-up hence denoted as the Jurassic Oceanic Crust 

(which could possibly be extrapolated into the Early Cretaceous depending when the 

WSB started spreading). Magnetic anomalies are not available to substantiate this 
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probably because it coincides with the Jurassic magnetic quiet zone (Gaina et. al., 2013) 

and/ or thick overlying sedimentary succession may have weakened the geophysical 

signals. In addition the indication of an extinct ridge along seismic transect TZ3-1200 

(Figure 2, Sauter et. al., 2016) which is not observed along subparallel seismic lines 

further eastward suggests that this palaeo-signature is likely not related to the spreading 

in the WSB. Instead, this palaeo-ridge is correlated to the earlier Jurassic NW-SE 

extension and break-up. However, in order to fully substantiate this hypothesis, conjugate 

seismic lines from Morondava basin, SW Madagascar are mandatory but are 

unfortunately not available in this study. 

 

Figure 6.33 Rift domain map showing that the proposed proximal margin lies onshore represented by the rift 

domains within the Tanga Basin. The necking domain lies approximately where the islands were prior to the 

distal domain. Note the zig-zag geometry of the COB.  
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Within the Southern Tanzanian margin, crustal identification works agree that oceanic 

crust generally lies to the East of the DTZ as suggested by Gaina et. al. (2013). However, 

crustal identification shows that most of the crust between the Davie Ridge and Seagap 

Fault are actually still within the hyperextended domain agreeing with Franke et. al. 

(2015). Careful observation of seismic geometries and deformation styles along seismic 

transect TZ3-1200 (Figure 6.13) further suggests that crustal nature may not be entirely 

oceanic as suggested by Sauter et. al. (2016). The presence of rotated fault blocks and 

deep crustal detachment faults on Davie Ridge along this profile indicates that some of 

these crusts are probably still continental in origin.  

 

 Presence of Davie Transform Zone offshore Tanzania 

Whilst transform margins are typically demonstrating features like marginal plateaus and 

marginal ridges, a worldwide review by Mericer de Lépinay et al. (2016) has noted that 

characteristics along a transform margin are actually not systematic. They are typically 

characterised to display steep continental slopes, narrow necking zone close to the COB 

and exhibit elevated marginal ridge at the top of continental slope as observed along the 

Ivory Coast–Ghana continental margin (Mascle & Blarez, 1987). In fact, transform 

margins display unexpected variability both between margins and along-strike within a 

single margin. This segmented nature is due to the coalescence of several strike-slip 

segments which may represent transpressional and transtensional relays. In addition, the 

global compilation has noted only a third of the transform margins are displaying 

marginal plateaus and only some are observing marginal ridges. Examples from the 

Eastern Ghana slope basin (Figure 9a, Antobreh et. al., 2009), Senja Sheared Margin 

(Figure 4, Faleide et al., 2008), Equatorial Guinea (Figure 3, Rosendahl et al., 1991; 

Figure 2, Rosendahl and Groschel-Becker, 1999), Benguela Transform margin along 

Angolan Margin (Guiraud et al., 2010) and the East Indian Continental Margin (Figure 

14, Nemčok et al., 2016) are in fact not showing marginal ridges or marginal plateaus.  

 

In conjunction with seismic evidence and referencing different seismic characteristics 

observed along transform margin around the world, it is possible to extend the DTZ along 

the Northern Tanzanian margin. Although the picks on magnetic isochrones are varying 

and some authors (Klimke and Franke, 2016) even suggested that they are completely 

unreliable (section 6.2), the vertical gravity gradient derivative (Figure 6.3) clearly shows 

N-S to NNW-SSE trending lineaments implying a N-S dextral translation and oceanic 

spreading within the Western Somali Basin. Vertical gravity gradient has been utilised to 
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identify fracture zones globally noting that extinct and even present day spreading ridges 

are typically supported by low gravity anomalies (Matthews et al., 2011). 

 

However, the timing of this dextral motion is still not well defined. While interpretation 

of magnetic data has identified the oldest anomaly at around Late Jurassic, this does not 

necessary represent the start of a N-S movement. Our interpretation has shown that 

oceanic crust is likely to be present since the Middle Jurassic associated to the earlier 

NW-SE rifting. Mascle et. al. (1987) have interpreted the Southward motion of 

Madagascar to initiate during the Late Jurassic – Early Cretaceous and mapped a regional 

unconformity by the end of the Neocomian. The absence of Jurassic sediments to the 

West of the Davie Transform zone indicates a possibility that the crust was not formed 

yet during this time (Figure 6.26). Therefore, it is suggested that the N-S movement is 

taking place during the Early Cretaceous. Unfortunately, no offshore wells have drilled 

deep enough to ground-truth the timing of Lower Cretaceous and older packages. 

Fundamentally, the transition from NW-SE rifting to N-S spreading is likely to be gradual 

in nature (Reeves et. al., 2016). 

 

With regard to the correlation between the DFZ and Fault Zone A, it is likely that these 

fault zones are diachronous. The interpretation of Jurassic oceanic crust and upper 

Jurassic sediments bounded to the West of Fault Zone A indicates this basement structure 

must have already existed since the Jurassic. Hence Fault zone A is probably an initial 

transfer fault that has been reactivated. Perhaps this fault zone is relatively weaker 

therefore preferentially reactivated throughout the history rather than reactivating along 

the N-S Northern segment of DTZ. It is thereof not unlikely if some of the stresses along 

the DFZ was transmitted along Fault Zone A focussing reactivation along this inner 

transfer zone. Whether or not the DWT is an associated feature to the DFZ (Turner and 

Foum, 2016), the available dataset simply could not lead to this conclusion. 

 

 Discussion 

Although numerous plate kinematic models have been proposed to understand the plate 

kinematic motion, crustal nature and major structural elements along the Western Somali 

basin and Tanzanian continental margin (Coffin and Rabinowitz, 1987; Eagles and Konig 

2008; Gaina et. al., 2013,2015; Segoufin and Patriat, 1980; Cochran 1988; Marks and 

Tikku, 2001; Seton et. al., 2012; Muller et. al., 2008; Sauter et. al., 2016; Davis et. al., 

2016; Klimke and Franke, 2016), no consensus has yet been reached on its evolution. A 
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particularly important point is the extrapolation of DTZ along the northern coastal margin 

of Tanzania which affects the interpretation of rifting architecture along the margin and 

has been challenged by Klimke and Franke (2016). The aim of this study was to use deep 

seismic reflection profiles to image and understand the deep crustal nature and use these 

observations along with gravity and magnetic anomaly data, to derive a model for the 

present-day configuration of the margin. This would then allow the possible evolution of 

the margin through time to be unravelled. 

 

 Present Day Margin Setting 

Crustal determination and structural interpretation have identified different crustal 

domains along the Tanzanian coastal margin (Figure 6.20). These domains are sometimes 

separated by major structural deformation zones (Figure 6.34). As these structural 

elements affect down to the crustal levels, they likely represent major tectonic elements 

and pre-existing zones weaknesses, most likely created during initial rifting of the margin 

but perhaps even earlier given that the East African Orogen had undergone and preserved 

numerous deformation events since the Proterozoic (Fritz et. al, 2013; Torsvik and Cocks, 

2013).  

 

The margin consists of several structural trends with the two most obvious being a NNW-

SSE and a N-S trend. The approximate N-S trend of the present day COB mapped using 

the crustal characteristics and the abrupt nature of this across Fault Zone A and the DFZ 

suggests that most of the E-W trending seismic lines are cutting across transform or 

transfer zones while the NNW-SSE trending lines capture the initial rifting geometries.  

 

This is important to note as it tells us which orientation of lines would be most likely to 

capture each phase of the margin evolution. The crustal segmentation expression is in fact 

similar to transform margins observed along Ivory-Coast Ghana continental margin 

(Mascle and Blarez, 1987; Sage et. al., 2000) and Equatorial Guinea (Rosendahl et. al., 

1991; Rosendahl and Groschel-Becker, 1999; Wilson et. al., 2003). The only difference 

is that the structural styles and characteristics are different where the former show 

evidences of marginal ridges and plateaus while the Equatorial Guinean transfer and 

fracture zones are only showing signs of crustal thickening and crustal-cutting faults 

(Wilson et. al., 2003). 
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Figure 6.34 A structural map of the Tanzanian Continental margin. Yellow faults or lineaments refer to 

crustal geometries associated with crustal heterogeneities or highs highlighted in red. Dotted faults are Post-

Karoo faults obtained from Nicholas et. al. (2007) and Kapilima (2002). The N-S trending lineaments and 

normal faults close to the DTZ are interpreted to be probable riedel-related normal faults.  
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 Early Margin Evolution 

The following section seeks to refine the Tanzanian margin evolution based on the 

available dataset in terms of crustal generation and their structural deformation. 

Therefore, the focus would be to visualise a fit of all the crusts in consideration why they 

form where they do and when they do during the early history prior to the post translation 

‘passive margin’. 

 

6.7.2.1 Rifting 

The domination of faults striking in the NNE-SSW to NE-SW direction as observed from 

syn-rift packages in the Northern margin (Figure 6.7) together with the onshore 

identification of NNW-SSW trending Tanga trend (Kent et. al, 1971) indicates an initial 

rifted margin. The stretched and thinned continental crust appears to be bounded much 

closer towards the coast roughly coinciding with the eastern limits of the offshore islands 

and the offshore margin comprises of hyperextended continental crust (Figure 6.17, 6.19). 

Similarly towards the South, extensional faults shows clear evidences of rotation and are 

detaching down into crustal levels (Figure 6.12, 6.13) and are interpreted to be trending 

roughly in the NE-SW direction.  

 

In consideration of the present day coastal physiography, the Southern coastal margin of 

Tanzania is striking NNW-SSE up to Dar-es-Salaam followed by a protruding step-like 

geometry prior. The coast then deflects NNE-wards continentward of Zanzibar and 

Pemba Island into Southern Kenya before bending towards a NE-wards direction near the 

landward edge of the DWR (Figure 6.1, 6.2). These coastal trends are probably remnant 

physiographic expression from the early Jurassic rifting trends which has been 

documented along Southern onshore as the NNW-SSE Lindi trend and Northern onshore 

as the NNE-SSW Tanga trend (Kapilima, 2002). This further suggests that rifting is likely 

to be oblique along the Tanzanian margin. True orthogonal rifting is probably only 

present along the Northern Kenyan continental margin towards the Somali Basin with 

their conjugates along Majunga and Ambilobe basin in Madagascar. 

 

Therefore, it can be construed from crustal boundary, rift domain maps and structural 

deformation (Figure 6.34) that there is an early NW-SE directed rifting (Kapilima, 2002; 

Reeves et. al., 2016). This continental crustal stretching and thinning event is normally 

attributed to the Early Jurassic lasting from the Pliensbachian to Aalenian (section 2.3). 
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6.7.2.2 Post-rift Margin Prior to Madagascar motion 

The recognition of oceanic domain A (i) interpreted to be an earlier oceanic crust and the 

step-like geometry of the COB inboard of DTZ supports the claim that there is an initial 

NNW-SSE drift following the earlier rifting and break-up event. The COB which 

generally trends N-S as depicted roughly by the location Davie Ridge in the Southern 

margin (Figure 6.21, 6.34) curves NNW-wards as evidenced from crustal changes across 

Fault Zone A and the subparallel ‘elevated basement’. Therefore Fault Zone A, the 

subparallel ‘elevated basement’ and DWR are probably initially transfer faults associated 

to rifting events and some have evolved into minor fracture zones such as the southern 

segment of Fault Zone A which is an oceanic-oceanic crust boundary today. This can 

further be supported by the fact that the extinct ridge axis as observed on seismic line 

TZ3-1200 is not observed in any seismic lines further Eastwards, suggesting that this 

palaeo-signature is probably not related to the spreading in the WSB and perhaps 

correlated to this Jurassic NW-SE extension and break-up. The absence of Jurassic 

sediments to the West of the Davie Transform zone indicates a possibility that the crust 

was not formed yet during this time (Figure 6.26) 

 

6.7.2.3 Translation 

In effect, the transition from NW-SE (oblique) rifting and spreading to N-S drifting is 

likely to have been gradual as observed from the curving fracture zones in WSB which is 

particularly evident offshore Kenya and Somalia (Figure 6.3). The change in extensional 

stresses which results in initial oblique rifting that later evolved into a sheared margin 

observed here is also comparable to those recognised along the Eastern Ghana Slope 

Basin and the Ghana platform (see Figure 14 and Figure 15, Antobreh et. al., 2009). As 

N-S drifting became the dominant stress, oceanic domain A (i) is perhaps no longer 

preferentially generated and oceanic crust accretion is now focussing within the Western 

Somali Basin. This dextral translation event then leaves behind the trace of curvilinear 

DTZ. Thus, the initial oblique-rift related NNW-SSE trending transfer and fracture zones 

are now expressed to truncate against the major N-S to NNE-SSW striking Davie 

Transform Zone. It is unsure when does this period of rifting fully translates into the N-S 

transform motion but was interpreted to occur as early as the Late Jurassic or as late as 

the earliest Cretaceous period, c. 142 Ma (Reeves, 2016a; Davis et al., 2016). However, 

the cessation of spreading is generally agreed during the Aptian (c. 120 Ma, see section 

6.2.1). 
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As to whether the Davie-Walu Trough and Davie-Walu Ridge are associated 

transtensional and inverted horsetail splay structures respectively that is related to the 

dextral motion of the Davie Transform Zone (Palmer et. al., 2016; Turner and Foum, 

2016), the dataset available in this study could not test this. Alternatively, the DWT is 

interpreted as an offshore extension of the Anza Graben (Frizon et. al., 2015) to which 

the onshore equivalent has recorded deposition of syn-rift sediments commencing in the 

Neocomian with a possible initiation as early as the Late Jurassic (Bosworth and Morley, 

1994).  

 

 Compressional events along the deep offshore Tanzanian Margin 

Several major structural elements have been recognised through seismic interpretation 

and these zones of deformations have been affected in some cases by phases of 

contraction (see section 6.5). It can be observed that they are punctuated in nature 

occurring intermittently from immediately after the initial oblique rifting break-up, during 

the Early Cretaceous transition from oblique rifting to N-S dextral transform motion and 

during the passive subsidence stage. However, the deformation style of compression 

observed along the margin differs with dip-slip inversion along the Northern segment of 

Fault Zone A and transpression elsewhere. These are separated using seismic characters 

where the former shows initial extensional graben or half-graben geometries being 

inverted along their bounding normal faults with the determination of null point and 

passive infill in the hanging wall elevated above regional (Cooper and Warren, 2010). In 

contrast the determination of transpression, following Harding’s criteria (1990), requires 

the identification of a straight, throughgoing and solitary Principle Development zone or 

master fault, steep to moderate dip master fault at depth, offset at the top basement, a 

separation sense, narrow fault slices that steepen and joined at depth, flower structures 

and coeval, en-echelon flanking criteria. With only 2D dataset, some of these criteria may 

not be apparent but nonetheless, the verticality of structures observed along these trends 

of NNW-SSE and N-S fault zones are constrained within a narrow zone implying a strike-

slip related origin or reactivation. The following will summarise the contractional events 

temporally considering their spatial extent have been covered in in Section 6.5. 

 

Compressional events have been noted since the post-break up dated in the Middle 

Jurassic corresponding to the Bajocian breakup unconformity and onset of sea-floor 

spreading around 170 Ma (Kreuser, 1995; Geiger et al., 2004). As the margin is believed 

to be rifting obliquely, some elements of shear could have been experienced along these 
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transfer faults resulting in the earliest transpressional motion as recorded from the central 

segment of Fault Zone A (Figure 6.7-6.9) and DWR (Figure 6.27, 6.28).  

 

On the other hand, reactivation phases in the Middle and Late Cretaceous observed along 

the margin are likely to be related to surrounding or far-field stress transmission from 

plate reorganisation. The Albian unconformity is not obvious within our seismic dataset 

but has been noted by Palmer et. al. (2016) using a 3D dataset along the DWT as an 

erosional surface overlain by large Mass Transport Complex. Deformation in the form of 

transpression has been noted along the Seagap Fault at this time (Higgins & Sofield, 2011) 

and Franca et. al. (2012) described the Seagap as behaving sinistrally as early as the 

Albian. This could be related to the demise of Western Somali Basin in the Aptian (~120 

Ma). 

 

The Turonian unconformity event, for instance along fault zone A (Figure 6.7, 6.29) may 

be related to the onset of the movement of India and Seychelles away from Madagascar 

proposed around 86.5 - 90 Ma (Torsvik et al., 2000; Storey et al., 1995; Gibbons et al., 

2013; Reeves et al., 2016). Another major contractional event took place during the Intra-

Campanian dated from Simba-1 well (Figure 4.22). The timing of this event is very close 

to the widespread Santonian ‘squeeze’ event that took place throughout Africa linked to 

the change in poles of rotation for the opening of the Atlantic at ~83-85 Ma, at the end of 

the KQZ (Guiraud & Bosworth, 1997). Although the timing is slightly off, a few of the 

Senonian inversion events documented (see Figure 28, Guiraud and Bosworth, 1997) 

terminate into the Campanian.  

 

Alternatively, the DWT compression could also be affected by far field stress from the 

opening of India and Madagascar. Perhaps the increase in spreading rates during the 

Santonian-Campanian with full spreading rates at 55 km/Ma (Norton & Sclater, 1979) 

resulting in this phase of compression and inversion. This would result in a better stress 

orientation for the dip-slip inversion as observed along the DWT. It should be noted that 

the earlier spreading rates were not known due to the presence of KQZ. However the 

earlier continental break-up between Madagascar and India has been dated about 88 Ma 

ago by widespread basalts, dykes and rhyolites eruption and by eye-balling on the area’s 

plate reconstruction, the earlier extensional rates may be lower (Storey et. al., 1995). 
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Contractional stresses persist up to present day as noted by arching seabed geometries. 

The islands of Pemba and Zanzibar have been studied and their surface geology indicates 

that they were structurally inverted during the Late Miocene (see Chapter 4). Comparably, 

the offshore structures also record very recent compressional events such as the DWT and 

along the rest of Fault Zone A. Nicholas et. al. (2007) have also described the presence 

of onshore post-Miocene inversion and sinistral strike-slip movement developing 

‘flower’ structures attributed to clockwise rotation of the ‘Rovuma Plate’ compressing 

and shearing the Southern coastal zone against the Davie Ridge. However, the present 

day compressional structures observed within our studies are mainly noted within the 

Northern Tanzanian margin. Hence, similar to the explanation proposed for the formation 

of the islands, it is proposed that compression may be linked to far-field stresses 

transmitted from the developing East African Rift Zone. The hypothesis is that the 

topographical high of the EARS could have generated enough horizontal deviatoric 

stresses to deform the adjacent margin buttressed by the DTZ.  The opposing stresses 

generated by the Indian Ocean spreading ridge may have also aided in localising 

compression along Fault Zone A and the islands (see section 4.8.2). 

 

 Configuration of the Davie Transform Zone 

Seismic refraction interpretation by Baetzel et. al. (2015) has suggested that the Kerimbas 

basin is still composed of hyperextended continental crust with oceanic crust bounded 

east of the Davie Ridge similar to the Mozambican examples available in this dataset 

(Figure 6.21). Subsequently, the Kerimbas basin is separated from the Lacerda graben 

across a zone of diffuse extension (12-13°S) with no bathymetric relief and no potential 

field data signatures. In contrast, east of the Lacerda graben is revealing a wide sequence 

of half-grabens bounded by listric normal faults indicating continental crust with COB 

located at least 150 km east of the Davie Ridge (Klimke and Franke, 2015). This is 

substantiated by dredging and coring data along the Davie Ridge at 14-15°S revealing, at 

least locally, comprised of crystalline continental basement (Bassias and Leclaire, 1990; 

Bassias, 1992; Leclaire et al., 1989). Assuming their analysis is true, it can be deduced 

that the portion of the Davie Transform zone between Eastern Mozambique and 

Madagascar is continental in origin. In fact, these margins had been interpreted to be still 

in contact as a continent-continent margin whereby the transform motion was terminated 

before the final disruption between two plates (Mascle et. al, 1987). Strictly speaking, no 

fracture zone (the inactive intra-oceanic transform) has yet been formed. This indicates 

that the term Fracture Zone being used on the Davie Fault Zone may be a misnomer.  
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Primarily, following the three stage kinematic evolution of transform margin illustrated 

from the Ivory Coast – Ghana margin by Mascle and Blarez (1987), the DTZ appears to 

be arrested during the progressive drift along a hot accretionary centre. This is the stage 

where thermal exchanges took place between continental lithosphere and oceanic 

lithosphere leading to vertical adjustments i.e. the Cote d’Ivoire-Ghana Ridge (Basile et 

al., 1998; Clift et al., 1998; Clift & Lorenzo, 1999). Figure 6.35 illustrates the different 

transform fault segments along the DTZ following the notation used in Basile (2015). The 

difference is that the DTZ has experienced an earlier spreading phase thus the northern 

segment is a transform margin with diachronous oceanic domains. Mascle et. al. (1987) 

has also explained that the complex polyphase tectonic history along the Mozambican 

Davie Ridge does represent typical features generated by transform motion. They suspect 

that the superficial manifestation of ‘positive flower structures’ and en echelon folds 

illustrated along the Davie Ridge are primarily partial remnants of structures formed 

during the transform motion. Prior to reactivation, they would exist as small basement-

block displacements described as a ‘boudinage effect’ and the subsequent crustal 

discontinuity inherited from the transform motion dictates later deformations.  

 

Likewise, the DTZ is only expressive in the Southern segment of Tanzania due to neo-

tectonics related to the offshore extension of EARS (Mougenot et. al., 1987). The northern 

segment is probably not preferentially reactivated hence no features are observed while 

stresses are being transmitted into Fault Zone A. No steep continental slope development 

is observed along the Tanzanian margin with the Mozambican margin alike. This is 

probably due to termination of transform motion before continental disruption (Mascle 

et. al., 1987).  
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Figure 6.35 A geotectonic sketch map illustrating the transform margin in the study area overlain against the 

free air gravity anomaly (Sandwell and Smith, 2009). Blue line shows the COB identified in this study which is 

extrapolated towards Madagascar following the crustal determination by Klimke et. al. (2015). The margin is 

comparable to a transform margin in which the motion has stopped prior to continental disruption. NNE-SSW 

flowlines indicate a change in spreading direction from the initial NW-SE rifting. Refer Figure 6.1 for 

abbreviations. 
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 Nature of Crust and Controls on later reactivation and Neotectonics 

Seismic interpretation works have identified the different zones of reactivation along the 

Tanzanian margin. Aside from the extensional structures related to the initial NW-SE 

rifting event, some later major half graben and graben features events are recognised –  

the Davie-Walu trough, and the Kerimbas graben. However the peculiarity is on the 

termination of these two features where the Late Jurassic to Early Cretaceous Davie-Walu 

trough only persists along the Northern segment of Fault Zone A, and the Late Neogene 

Kerimbas graben in Southern Tanzania is delimited to the North around 9°30’S. 

According to the crustal interpretation studies, both extensional features appear to 

discontinue when it reaches the oceanic domain. Later reactivation appears to focus on 

Fault Zone A towards the DWT (which is essentially still consist of transitional crust 

denoted as the COB) and not along the transform margin segment offshore Northern 

Tanzania (which is an ocean-ocean transform zone). These imply that oceanic crusts, at 

least locally, are not preferential zones for reactivation or rifting.  

 

A possible explanation for this is that the strength of oceanic lithosphere is much greater 

than that of the continental lithosphere (compare lithospheric strength envelopes in Figure 

3, Molnar (1988) or Figure 1.3, Allen and Allen, 2005).  The stronger oceanic lithospheric 

strength allows it to resist and transmit large slab pull and ridge push forces (Fernandez, 

2016). Hence, rifting and extensional events rarely affects the oceanic lithosphere due to 

the mechanical differences with continental lithosphere. Therefore, the observation of 

hyperextended continental crust underlying the Kerimbas graben and DWT is consistent 

with this explanation. As oceanic crust is much stronger, later phases of rifting are to a 

certain degree controlled by the underlying crustal architectures. This also substantiates 

the finding of oceanic domain to the east of the central segment of Fault Zone A. 

 

The variation in lithospheric strengths as a control on new plate boundaries have also 

been documented from the northern Red Sea region. Steckler and Ten Brink (1986) 

suggested that the increase in strength of lithosphere across the Mediterranean continental 

margin leads to the inability of the Red Sea rift to propagate northwards in the Middle 

Miocene. This results in the shift of relative movements towards the Dead Sea transform. 

Although Bosworth et al. (2005) argued that the explanation may not be as complete as 

originally envisioned, they agree that the greater strength of Mediterranean continental 

margin probably did play a role in determining post-Early Miocene plate boundary 

geometry. The crustal segmentation nature of the Eastern Mediterranean Basin is also 
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comparable to those observed along this margin. On another view, the explanation here 

does not deny the fact that oceanic crust can be deformed as it has been observed in the 

Central Indian Ocean driven by regional intraplate stresses originating from Indo-

Eurasian collision reactivating pre-existing oceanic crustal faults (Beekman et al., 1996). 

Nor do we suggest that oceanic lithosphere could not experience further splitting as the 

Cocos-Nazca spreading centre is an example of the birth of an intraoceanic spreading 

centre within the Farallon plate (Barckhausen et al., 2008). The implication is such that 

if a relatively weaker continental lithosphere is present, rifting is likely to focus on this 

weaker crust rather than breaking into the stronger oceanic lithosphere. Equally, 

reactivation will preferably concentrate on the zone of transform margin with continental 

slivers or components as portrayed along the Kerimbas Graben and Lacerda Graben.  
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 Overall Discussion and Implications 

During this study, a thematic approach has been undertaken to understand the structural 

and stratigraphic complexity within and along the Tanzanian passive margin. This means 

that the assessment of the margin has been divided into 3 main areas of investigation, 

namely: the genesis of Pemba Island and the adjacent waters of offshore Northern 

Tanzania, the formation of the Pemba Inner Basin, which lies between the island and the 

East African Coast, and the crustal architecture and tectonic development of the East 

African Continental Margin itself. This methodology was selected due to the fact that the 

database is comprised of different seismic datasets, each with different depths of 

penetration (long-offset deep ION lines vs standard processing) and density of coverage 

(widely spaced 2D region al lines vs 3D seismic data). There was also an identified need 

to ring-fence and control the specific study area so that the work could be undertaken in 

enough detail and in a timely fashion. The following chapter attempts to summarise the 

results of these discrete themes and evaluate how they challenge or support pre-existing 

work undertaken along the margin. Subsequently, a comprehensive overview is provided 

to link the smaller features into the wider regional picture in the form of a series of 

schematic tectonic sketches. The generic implications of structural geometries identified 

in this margin and their impact on the pre-existing understanding of passive margin 

evolution will also be discussed, along with the impacts that the new understanding may 

have on hydrocarbon prospectivity in the area. 

 

 Introduction 

Evaluation of the literature, maps and industry-published investor presentations as 

documented in Chapter 2 has identified several gaps in knowledge and controversies in 

the understanding of the evolution of the area (see section 2.7). The evolution of offshore 

Northern Tanzania including the Islands of Pemba and Zanzibar and their corresponding 

inboard Channels (Pemba and Zanzibar Channels) are still poorly understood in terms of 

their mode and timing of formation. The structural complexity within the area results in 

no common consensus reached on the margin’s evolution especially on the timing of 

events and the interaction between different structural and crustal domains in the 

Tanzanian margin. 
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Many interpretations of the area were fairly recent but are still not often substantiated by 

subsurface imaging in the form of seismic reflection data. This is probably due to a period 

of quiescence in hydrocarbon exploration in the 1980s and 1990s after an initial early 

exploration campaign largely failed. Although an array of vintage 2D seismic reflection 

data shot during the early exploration phase was made available in the public domain, the 

quality of this survey is relatively poor and is not feasible to study deeper structures and 

features. Most authors have therefore made use of gravity and magnetic data to assess the 

evolution of the margin. As a result, this leads to two groups of authors who study the 

region as they either emphasise the gravity and magnetic anomaly data (which often has 

a non-unique solution) or stress heavily on the vintage seismic data.  

 

With the resurgence of exploration activity at the beginning of the millennia, grids of high 

fidelity 2D and 3D seismic data, including long-offset, deep lines which image crustal 

structures were acquired. The availability of some of these datasets provides an 

opportunity to review the structures and some of the suggested anomalies in the area and 

to test new hypotheses on the evolution of this complex margin. The use of subsurface 

data together with onshore geology and other geophysical surveys such as gravity and 

magnetics has also proved to be effective in seeking resolutions for long standing 

controversies. Nonetheless, it should be noted that the results and models proposed in 

these studies represent the most probable explanation that can be derived with the 

available dataset and most of the time alternative solutions were assessed as well. In areas 

where there is limited seismic data control and ground-truth, pre-existing works are not 

disregarded and often conclusions are left open. This study attempts to resolve and 

provide alternative solutions to the disputes in the area where possible but then again there 

is still a finite amount of data available to conduct this study, especially borehole data. 

 

Early on in the project, a decision point was reached in which it was considered important 

to ring-fence and decide upon a focus area for the study as the seismic data covers a wide 

area. It was decided that the extent of detailed work in this study should remain within 

the Northern Tanzanian and Southernmost Kenyan offshore regime. This is due to the 

presence of Seagap Fault in offshore Southern Tanzania which places it in a separate 

structural domain, complicated by neotectonics and means it is highly probable that the 

tectonic evolution will be dissimilar to the Northern seaboard. In addition, as the Southern 

margin is a proven gas province following major discoveries made in 2011-2016, it has 

attracted the interest of numerous oil and gas companies resulting in more acquisition of 
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3D surveys in the area covering almost the entire extent of Seagap Fault and its periphery. 

In consideration of the availability of these high quality datasets, it was considered 

ineffective to study this intracrustal strike-slip fault in detail. That being said, the fidelity 

of ION long offset 2D data which penetrates depth down to 18 s or 40 km is befitting to 

assess the role of Seagap fault in a regional perspective and how it fits into the wider 

crustal regime of Tanzanian continental margin. 

 

 Methods of Evaluation 

Despite the advantages of a very regional dataset, the number and type of structural 

features and the resolution they can be mapped in is subject to the type and spacing of 

seismic survey. Well-defined structures are demonstrated within the Pemba Channel 3D 

dataset where faults can be mapped throughout the volume. However, this small postage 

stamp does not tell us much about the margin evolution. Conversely, interpretation of the 

widely spaced 2D data in the seaboard regions is only capable of manifesting large 

structural features and faults cannot be reliably mapped and confidently correlated unless 

the fault length is large (exceeding 10 km). Therefore, the lack of faults in TWT surface 

and isopach maps does not mean the absence of faults but these faults could not be 

confidently correlated to other lines. In addition, due to slight differences in processing 

techniques, there is a minor mismatch noted between the Western Geco and ION datasets 

up to 30 ms. However for the purpose of regional studies, such misalliance is acceptable 

and the 2D data allows us to study the full margin evolution. Some areas are more 

uncertain than others, especially the deep offshore regions, which are only intersected by 

ION data. Due to the wide spacing of this data and lack of any other infill, the generated 

maps are highly interpolated and use of them is kept to a minimum. 

 

Overall, around 18 horizons have been identified in this study but not all are regionally 

picked. Again, this is due to decision points being reached and key surfaces defined as 

being most important. For example, although representative surfaces of identified 

importance such as unconformities were mapped, it would be impractical to define the 

full Neogene sequences in Pemba Channel offshore as their structuration represents a 

localised period of tectonic activity and the same surfaces could not be correlated out to 

other areas. Similarly, the deeper sequences defined in the offshore region to capture 

major tectonic elements and evaluate the basin’s development and evolution may not 

necessarily be distinguishable in the trough due to the amount of Neogene sedimentation 

above. It is known that more detailed interpretations of the shallow successions have been 
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carried out in the Mafia Channel (Mpanda, 1997), in the Southern Tanzanian Continental 

Margin (O’Sullivan, 2013) and in the Kerimbas Basin (Franke et al., 2015) but such level 

of detail would be time intensive and does not conform with the aim of this study. 

However, the findings from these studies are utilised and compared with this dataset 

wherever feasible. 

 

One consequence of the decision to focus on Northern Tanzania is a lack of boreholes 

due to a lesser degree of hydrocarbon exploration than to the south. There are some in 

existence but none coincide directly with the seismic surveys and there is only limited 

information available for most. Interpretation in the area was therefore undertaken by 

recognising reflector terminations using a seismic sequence stratigraphic methodology 

which identifies depositional sequences related to major periods of deformation 

(Mitchum, 1977; Mitchum, Vail, and Sangree, 1977; Mitchum, Vail, and Thompson, 

1977; Hubbard et al., 1985a, 1985b). This interpretation was calibrated with exploration 

wells using a variety of methods depending on how close the well was to the line 

(projection) and how much information was available for each well and how deep each 

well penetrated. An example of this is that although checkshot data from wells Pemba-5 

and Zanzibar-1 was advantageous in defining a time-depth relationship, these wells are 

on land and require projection to offshore data. Both wells are also no deeper than the 

Upper Cretaceous (neither are any others in the region) meaning that the pre-Late 

Cretaceous stratigraphy is unknown. As a result, the definition of the age of specific 

seismic horizons has proved to be challenging with different methods and assumptions 

emplaced as illustrated in Section 5.5.  

 

Uncertainties associated to age designation were recognised and therefore compared with 

literature wherever possible. The correlation of these ages were further tested against a 

current understanding of the margin’s evolution. However, the utilisation of public 

domain data was conducted cautiously considering that the amount and form of 

interpretation undertaken to propose age dates is unknown. Some of the more recent wells 

drilled in the offshore region may have better data owing to improved correlation with 

seismic data but this wells information would be expected to be limited release. However, 

these new wells have the potential to refine the stratigraphic controls in the future as a 

recent well Mlinzi Mbali-1 (2014) drilled down to 5782 m deep offshore Tanzania 

encountering Middle Jurassic sediments. Although dry, this well provided the deepest 
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stratigraphic test ever done offshore Tanzania and this information will be crucial in 

future understanding of deep-water basins in Tanzania, its evolution and prospectivity. 

 

Although limited spatially, the study was undertaken to a greater depth than normal due 

to the fidelity of the ION long offset 2D data which penetrates depth down to 18 s or 40 

km. The inclusion of this data enabled an assessment of the crustal nature along the 

Tanzanian passive margin to be made. Specific criteria were used to characterise different 

crustal domains which were then mapped. Crustal identification has always been a subject 

of interest as the definition of Continent Ocean Boundary (COB) is not only important in 

understanding early plate kinematic movements but also affects heat-flow along the 

margin due to the differences in thermal properties of continental and oceanic crust.  

 

 Summary of Results 

Integration of the new seismic surveys with pre-existing stratigraphic data and publicly 

available gravity and magnetic data provides important new insights into the development 

of Tanzanian continental margin. This study concentrates within the Northern Tanzanian 

margin whose chrono- and tectono-stratigraphic evolution is exemplified in Figure 7.1 

which runs from the coastal region, across the Pemba Channel and Pemba Island and into 

the deep offshore basin. The diagram essentially summarises all of the observations and 

interpretations made from both seismic and surface geology. Owing to limited 

stratigraphic information and borehole penetrations only down to the Upper Cretaceous, 

the lithostratigraphy, especially beneath the Pemba Channel and offshore sections is not 

well defined. In consideration of these factors, lithologies are only assigned if they are 

known from well or outcrop studies while elsewhere the strata are illustrated as 

depositional successions. This is admissible in view of the fact that the focus here is on 

structural and depositional evolution.  
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Figure 7.1 A tectono-chronostratigraphic diagram of the Northern Tanzania Coastal Basin built upon evidences from seismic interpretation and borehole data from the Pemba-5 well using chronostratigraphic principles illustrated by Rattey and Hayward, (1993). 

Earlier rift sequences are taken from Geiger et. al. (2004) and Kent et. al. (1971) while regional events are adapted from Reeves et. al. (2016). Timescale and geomagnetic polarity are created using TimeScale Creator (Ogg et al., 2016). Punctuated phases of 

compression lead to structural inversion on Pemba Island and transpression along the NNW-SSE trending high. No Cretaceous outcrops were observed onshore and Neogene successions onlap against earlier Jurassic sediments controlled by the Tanga Fault.  
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Figure 7.1 B Tectono-chronostratigraphic diagram of Northern Tanzania Coastal basin adapted with lithostratigraphy. The lack of well constrain delimits the accurate prediction of lithology and controls are only solid down to the Upper Cretaceous as penetrated by 

the well Pemba-5. Solid colours or symbols represent area where data are substantiated by literature while faded colours are predicted sequences.
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 Pemba Island and Northern Tanzanian Margin (Chapter 4) 

The genesis of the islands of Pemba and Zanzibar are considered first in this thesis as they 

are obvious structural features that very clearly are anomalous along a supposedly 

subsiding passive margin. Hypotheses for their formation included coral islands, 

mainland relicts, structural highs with anticlinal cores and tilted fault blocks (Stockley, 

1942; Kent et al., 1971) but none fitted and were consistent with the subsurface and 

surface geology (see section 4.2). The availability of a seismic profile that transects 

between the islands of Pemba and Zanzibar was important as it allowed investigation for 

the first time into their subsurface geometries.  

 

Seismic observations clearly highlight the fact that the seabed is gently folded above the 

subsurface expression of two asymmetric anticline geometries coinciding with Zanzibar 

Island and Pemba Island. The anticlines appear to be restricted to the hanging walls of 

pre-existing faults (causing the asymmetric nature) and formed after extensional activity, 

not contemporaneous with it (which might be the case for transtensional structures).  

 

Careful interpretation shows that the faults are likely to represent the original rift 

structures (from orientation and perceived age). There was then an early phase of uplift 

during the Early Post-Rift noted by onlapping geometries against the Jurassic succession. 

Post-rift subsidence and accumulation of sediment took place and in the shallower 

sections, a new set of extensional faults initiated in the Palaeogene and appear to detach 

into some Lower Cretaceous successions. The locus of deposition first shifted basinwards 

but is now moving westwards towards the coast with time and the most recent sequences 

occur only in the inner basin. Some critical observations are made in these shallow 

sequences as Miocene units (PR-10) truncate and subcrop over the anticline axes in the 

subsurface with a series of angular unconformities (Figure 4.25). This pattern of subcrop 

can be correlated northwards and observed on Pemba Island which is shown by surface 

mapping to host an asymmetric anticline with a Lower Miocene inlier surrounded by 

Pliocene and younger sediments. This evidence indicates that uplift of the island was very 

recent and reactivation of the subsurface fault may have been due to a Late Neogene phase 

of compression. Following Cooper and Warren’s (2010) criteria, the recognition of a 

folded passive infill, an elevated marker horizon above the regional and asymmetric 

monocline facing the footwall suggests that Pemba Island is underlain and formed by 

structural inversion.  
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Identification of, and early onlap onto, probable folded syn-rift sequences suggests that 

the early phase of uplift may have been the result of thick-skinned structural inversion. 

The younger phase of inversion is similarly affected by precursor normal faults but their 

compensation may be slightly different due to a decollement layer within the Lower 

Cretaceous that may be taking up some of the compressive strain, folding the overburden 

and creating outer arc collapse. The outer arc faults are young, brittle, small and still in 

net extension and in fact at present day the margin is in an extensional regime. Therefore, 

the compressive events are short-lived and punctuated responding to regional changes in 

horizontal tectonic forces. The early post-rift inversion is attributed to the transition from 

initial NNW-SSE rifting to N-S spreading while the Late Neogene uplift is related to the 

onset of EARS extension in Tanzania and its resultant horizontal deviatoric stresses. For 

the latter, it is proposed that the remnant of Davie Transform Zone as well as the NNW-

SSE trending high may act as a buttress or equally due to the opposing stresses created in 

the Indian Ocean (see section 4.7 for a detailed synthesis). 

 

The timing of compression periods are normally assigned using a chronostratigraphic 

diagram (Figure 4.5) identifying and correlating stratigraphic breaks. Although a major 

unconformity event is noted within the Oligocene, indicating a probable contractional 

event, there is no substantive evidence from seismic data to support this conclusion. The 

identified Lower Eocene unconformity is also unsatisfactorily supported by other 

evidence. The Oligocene unconformity could be related to a worldwide eustatic drop in 

sea level (Miller et al., 2005), although Pemba Island appears to be locally sourcing and 

depositing deltaic sediments, substantiated by uplifting of the East African continent. The 

variability of Lower Eocene depositions have also been noted along the coastal margin of 

Tanzania and an inconsistent unconformity has been proposed between the Palaeocene 

and Eocene sequences (Kent et al., 1971; Mpanda, 1997) (see section 3.4.1). The most 

dominant period of unconformity development was very recent (Neogene) which 

suggests that the islands may have been created recently in response to some compressive 

stress. 

 

 Pemba Inner Basin (Chapter 5) 

With the availability of Afren’s 3D and closely spaced 2D data in this study, structural 

studies within the Pemba Channel were made possible for the first time. However, since 

there is no well control within the trough, age correlation is still conjectural and relies 

upon pulling horizons in from the outboard area. Such constraints are made possible 



321 

 

through seismic line TZ1-4000 which transects between the islands of Pemba and 

Zanzibar and connects the nearshore with the deep offshore basins where wells have been 

drilled (Figure 5.8). It is recognised that the thick successions within the Pemba Basin are 

mainly Neogene in age. Earlier sequences are documented but not at the level of detail as 

in the offshore basin, primarily because these successions are not as thick as their coeval 

counterpart there.  

 

The most important finding in this chapter is that this inner basin does not appear to have 

experienced compression and has existed under an extensional stress field for much of 

the Neogene up to present day. Seismic interpretation shows that the earliest recognisable 

sequences are probable syn-rift deposits (Figure 5.4) followed by early post rift 

successions which are relatively isopachous with slight basinwards thickening. The 

Cretaceous sequences are undifferentiated and the start of higher sedimentation rates took 

place in the Tertiary when thicker successions started to accumulate within the Pemba 

Inner Basin. By the Neogene, a migration of depocentres focussed deposition in this sag-

like basin. In the Uppermost Miocene sequences, active tectonism is apparent with 

extensional faulting. The most obvious expression of this is a long narrow graben believed 

to be associated with the progression of the East African Rift System (EARS) in Tanzania. 

A schematic of this evolution is illustrated in Figure 5.18. The initiation of most of the 

normal faults identified occurred in post-Upper and Middle Miocene but earlier Neogene 

sequences may have experienced some diffuse extension.  

 

The northern extent of the Pemba Channel also hosts an interesting feature termed the 

Central Deformation Zone (CDZ) (see section 5.6) which appears to separate the Pemba 

Inner Basin from the Kenyan Tembo Trough. The thinner Cretaceous succession across 

the CDZ (Figure 5.5) suggests that this likely represents a long-lived (Jurassic?) basement 

high feature (see section 5.8) which may explain the focus of deformation there. 

Pockmarks were documented in this trough as illustrated in Figure 5.15 but are believed 

to be due to localised biogenic methane rather than a thermogenic source considering 

their discrete origin and lack of a subsurface source or obvious fault conduit. 

  

Although structurally complex in the upper part, most documented faults are essentially 

extensional, dipping eastwards, striking N-S with variation up to 20 degrees towards the 

NNW. However seismic evidence close to the edge of Pemba Island (Figure 5.14) shows 

that the Pliocene succession onlaps against the Near Top Miocene reflector (P-8) and the 
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underlying horizons appear to have been uplifted with respect to the footwall bounded to 

an eastwards dipping normal fault with seabed escarpments. This indicates a phase of 

structural inversion experienced by Pemba Island. As a result, the important point from 

Pemba Channel studies is that it supports the interpretation of structural inversion on 

Pemba Island during the Late Neogene (Figure 5.20). It also shows that such compression 

is localised and punctuated and at present day the margin is still within an E-W 

extensional regime substantiated by surface GPS data and earthquake focal mechanisms. 

 

 Crustal Architecture and Tectonic Development of Tanzanian Margin 

(Chapter 6) 

The crustal nature and the continent ocean boundary definition along the Tanzanian 

margin is still not well understood. Earlier workers attempted to identify these crustal 

features but most were interpreted based on plate reconstruction, relying heavily on 

magnetic and gravity data with little substantiation by subsurface seismic data (Gaina et 

al., 2013). There is also work which attempts to use vintage seismic data shot in the 1980s 

to characterise the crust along the margin (Coffin & Rabinowitz, 1987) but the low 

resolution of these seismic datasets in the deep section has led to dispute by recent 

workers (Klimke & Franke, 2016). The subset of long offset 2D seismic reflection data 

acquired by ION used in this study allows a thorough examination of the crust along the 

Tanzanian margin for the first time. Although earlier workers like Reeves et. al. (2016) 

and Sauter et. al. (2016) have used the same survey to substantiate their findings, they 

tend to only simulate results from a single profile. The aim here is to identify the crustal 

domains using all three geophysical data types i.e. seismic reflection, gravity and 

magnetics, making use of the high fidelity, regional ION survey which penetrates down 

to 18 seconds TWTT. Crustal domain recognition is undertaken by categorising the crust 

based on seismic characteristic (Figure 6.6) and subsequent subdomains are introduced 

provided that there are distinct structural and geometrical features. 

 

Fundamentally, the crustal domains are separated into oceanic crust, hyperextended 

continental crust or transitional crust, and continental crust (section 6.4). The oceanic 

crust is further divided into two separate domains known as oceanic domain A (i) which 

is relatively thicker and deformed near major structural lineaments such as the NNW-SSE 

trending high, and oceanic domain A (ii) which is relatively isopachous with only minor 

deformation across the margin. The expression of the Davie Ridge is also separated and  

denoted as Domain D but the seismic characteristics suggest that the crust here is 



323 

 

essentially still continental in origin (within the transitional crust domain). Figure 6.20 

shows the resulting crustal domain map and it can be observed that the COB (margin 

between oceanic crust and transitional crust) is illustrated in a step-like manner.  

 

Several major structural features were identified and this allowed an independent 

assessment and comparison with descriptions of their morphology and evolution 

described in the literature to be made (section 6.5). It has been demonstrated that these 

lineaments appear to bound distinct crustal domains and subdomains. For instance, a 

NNW-SSE trending high and subparallel piece of ‘elevated basement’ which appear on 

basement structure maps, appear to be bounding the western limit of oceanic domain A 

(i) with its eastern extent delimited by the northern segment of the Davie Transform Zone 

(DTZ). Seismic observation and interpretation further note that most of the crust between 

the Seagap Fault and Davie Ridge is hyper-extended continental crust. Structurally, these 

lineaments appear to have experienced deformation since their early history indicating 

that they have an early and continued impact on the margins evolution and have been 

reactivated multiple times in both extension and compression. Examples of reactivation 

of these basement, through going, long-lived structural lineaments include: the Late 

Jurassic – Early Cretaceous half graben which was inverted during the Campanian along 

the Davie Walu Trough, the Late Neogene graben in the Kerimbas Basin, and punctuated 

transpressional reactivation along the central segment of Fault Zone A and the Seagap 

Fault Zone. It appears that these structures are either situated within hyperextended 

continental crust or along the continent-ocean boundary.  

 

The crustal identification studies together with the major structural lineaments provide an 

insight into the early margin development and also can be used to test pre-existing models. 

Seismic interpretation indicates that there is an early component of NW-SE (oblique) 

rifting and drifting prior to the transition to N-S dextral translation as illustrated in Reeves 

et. al. (2016) plate reconstruction. This Jurassic spreading led to the generation of oceanic 

domain A (i) before oceanic crustal accretion in the Western Somali basin denoted by 

oceanic domain A (ii). Such proposition indicates that the NNW-SSE trending high, 

subparallel ‘elevated basement’ and Davie-Walu Ridge are probably earlier transfer faults 

from rift margin segmentation that later evolves to become transform zones or fracture 

zones during the drifting stage. Secondly, it can be envisaged that reactivation appears to 

be preferential along (hyperextended) continental crust while reactivation is mild or non-

existent along oceanic crust and boundaries.  
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 Overall Synthesis 

Overall, the results from the thematic evaluation of the Tanzanian continental margin 

shows that the development of this margin is actually more complicated than previously 

thought. The thermal subsidence or post-rift phase appears to be affected by discrete 

phases of compression and renewed extension events. The spatial extent of these 

contractional events are illustrated in Figure 7.2. Generally, structural inversion structures 

are noted along Pemba Island (Figure 4.25) and the Davie-Walu trough (Figure 6.27) 

where their subsequent contraction reactivation appears to be focussing along the earlier 

normal fault system. Using gravity data, it is proposed that structural inversion trend could 

be extrapolated towards the genesis of Zanzibar Island and the offshore bathymetric highs 

offshore Kenya. Some constraints can be observed seismically for Zanzibar Island (Figure 

4.25) while seismic evidence for the ones offshore Kenya rely on a published section 

(Figure 4.22 and 4.27). In addition a N-S trend of minor compressional features during 

the Campanian are also noted offshore Dar-es-Salaam (Figure 4.18 and 6.30). 

 

Transpressional uplift has also been noted along a NNW-SSE trending high during the 

Turonian and Campanian and contractional stresses still persisted very recently as noted 

by the arched seabed and subcrop. Similarly, compressional features were also observed 

along the Seagap Fault which has possibly been reactivated several times since the Late 

Jurassic, possibly in the Albian, Turonian, Campanian, Eocene, Late Miocene and at 

present day (Figure 6.11, 6.12, 6.25a).  

 

In addition, the margin has experienced periods of extension. The Kerimbas Basin is an 

example of Late Neogene graben formation in Southern Tanzania which is believed to be 

propagating southwards into Mozambique (Franke et al., 2015). This extensional event is 

commonly associated to the southeastern branch of the EARS (Mougenot et al., 1986; 

Chorowicz, 2005). A renewed period of extension is also noted along the transect TZ1-

4000 (Figure 4.25) in which expanding seismic packages are seen from Eocene-Recent. 

The locus of deposition slowly shifts landwards and extensional geometries are observed 

today within the Pemba Channel which became active in the Upper Miocene (although 

the Trough itself is older). 

 

Owing to the lack of shallow detachment zones and fact that the compressional 

reactivation appears to be occurring along earlier fault systems it can be assumed that 
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most of the deformation is related to thick-skinned tectonics. That being said, some 

compensation by thin-skinned tectonics is also observed such as during the Late Neogene 

phase of compression at Pemba Island.  

 

Different periods of punctuated uplift have been identified along the margin during the 

post-rift thermal subsidence phase. They have been variously attributed to a number of 

causal mechanisms and tectonic drivers. These include transpression, strike-slip related 

origin, tilted fault block, vertical uplift and lithospheric folding have also been envisaged. 

The unique insights provided by the new seismic data, the structural features identified 

across the seismic profile TZ1-4000 (Figure 4.25) and the scale of Pemba Island anticline 

(see section 4.8.2), however, provide the opportunity to examine and discount many of 

the alternatives and propose a new model in which tectonic inversion dominates. 

 

In this study, we attributed these compressive strains to being related to far-field 

horizontal stresses and buttressing effects. Although the East African Margin has been in 

a passive state since the termination of Madagascar’s dextral translation, numerous major 

plate reorganisations were occurring along the periphery of the area such as the Santonian 

‘squeeze’ event (Genik, 1993)(Guiraud & Bosworth, 1997) and the onset of spreading 

between India and Madagascar. The latest phase of shortening observed on Pemba Island 

and the NNW-SSE trending high is believed to be related to the onset of EARS extension 

in Tanzania. However, present day focal mechanisms (Figure 5.1) (Craig et al., 2011; 

Davison et al., 2016) and GPS studies (Saria et al., 2014; Stamps et al., 2014) demonstrate 

that the margin is sitting within an extensional regime. All these events are summarised 

in Figure 7.3 which shows a temporal illustration of events along the Tanzanian margin. 

 

During the study of the crustal nature (Chapter 6), it has been recognised that continental 

crust (both thinned and hyperextended) are apparently areas which are preferentially 

reactivated. This is likely because they contain the precursor faults which have a role in 

controlling subsequent reactivation deformation geometries. For instance, structural 

inversion is observed where basement fabrics consist of normal faults formed during the 

initial rift such as in the Pemba Channel while transpression geometries are noted if their 

underlying structures are strike-slip in origin. Evidently, the mode of reactivation would 

also depend somewhat upon the direction of compressional stress. The deduction here is 

that crustal nature and structural inheritance play a role in the localisation of these tectonic 

stresses. 
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Figure 7.2 Spatial extent of contractional events along the Tanzanian margin. Reactivation appears to be 

focussed within (extended) continental crust and along continent-ocean boundaries. Compressional 

reactivation either occurs transpressionally or via structural inversion which is evidently controlled by 

structural inheritance. 
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Figure 7.3 Temporal illustration and summary of events along the Tanzanian margin. 
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 Anomalies Resolution and New Insights 

Following the synthesis of observations and interpretations from the available dataset, it 

is proposed that the thermal subsidence history of the coastal margin of Tanzania 

following the demise of active rifting is much more complex than the standard model 

would suggest and is punctuated by discrete phases of compression associated with far-

field horizontal tectonic forces. After investigation of the literature and publicly available 

industrial data, several areas of controversy have been outlined and most of these 

discrepancies have been discussed in each thematic chapter. The attempt here is to outline 

a summary of the work done to test and add to the debate surrounding the controversies 

identified in the area i.e. how the results differ, support or provide new insights towards 

the margin development.  

 

 Genesis of Pemba Island and Trends of Inversion  

Seismic observations (Chapter 4) have shown that the present day geometry of Pemba 

Island can now be interpreted to result from a phase of punctuated compression during 

the Late Neogene, which led to structural inversion along precursor normal faults. This is 

proposed to be related to the onset of EARS extension in Tanzania. Earlier hypotheses 

for these large islands (section 4.2.3) have been considered (Kent et al., 1971) and do not 

fit with the data as well as the current model.  

 

Another anticline structure is also observed and can be traced southwards to Zanzibar 

Island (Figure 4.25). Thus, the origin of Zanzibar Island is also hypothesized to be related 

to structural inversion. Although there is no seismic data to fully support this claim, the 

surface geology shows a similar folded geometry to Pemba with a Lower Miocene inlier 

and similar gravity signatures.  

 

The high gravity signature is thought to correspond to the elevated older rocks because 

sediments which have previously been deeply buried have relatively higher densities and 

sonic velocities than the surrounding rocks, manifested as gravity anomalies as observed 

along the axes of Cleveland and Solepit inversions (Donato and Megson, 1990). Using 

this interpretation, the same gravity signature can be seen in other bathymetric highs that 

run approximately parallel to the coastal margin of Kenya and Tanzania in a NNE-SSW 

trend. This suggests the possibility that a series of segmented normal faults of similar 

orientation reactivated in compression (Figure 4.26). 
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The fact that inversion structures also appear to be segmented supports the hypothesis 

that they are underlain by initial precursor rift-related normal faults as these grow by 

segment linkage separated by transfer faults. Considering the subcrop patterns observed 

on line TZ1-4000 (Figure 4.26), the width of Miocene subcrop is much smaller compare 

to the center of the island as illustrated by the surface geology map (Figure 4.2) indicating 

that maximum contraction is concentrated at the center of the fault segment where 

typically maximum extensional displacement previously existed. The segmented style of 

inversion and the compartmentalization of strain along fault displacement have been 

observed along the Purbeck-Isle of Wight Disturbance, Southern UK (Turner & Williams, 

2004; Underhill & Paterson, 1998) and recreated using sandbox model analogues 

(Yamada & McClay, 2004). 

 

 Pemba Channel Development  

The origin of Pemba Channel has commonly been attributed to an offshore extension of 

the EARS (Mougenot et al., 1986; Chorowicz, 2005) or more recently suggested to be 

associated with compressional synclinal pairs linked with the Pemba and Zanzibar high 

(Clark et al., 2005). If the former is true, this implies that Pemba Channel was a Miocene 

rift system initiating as early as the Oligocene to Early Miocene (Jeans et al., 2012; 

Parsons et al., 2012) or in the Middle Miocene (Mougenot et al., 1986; Chorowicz, 2005; 

Danforth et al., 2012).  

 

Seismic observations indeed show thick sequences of Neogene deposits within the Pemba 

Inner Basin. However, these are poorly dated and faults appear brittle and post-

depositional as there are no thickening packages into the hanging walls. Most of the 

normal faults identified are post Upper and Middle Miocene (Figure 5.14) (section 5.8) 

and therefore could be linked to a pulse of extension from EARS but the main evolution 

of the Channel does not fit temporally. The only possible evidence within the Pemba 

Channel that may signify a rifting event is a narrow symmetrical graben that developed 

in around the Late Miocene (Figure 5.16a; Figure 5.14) exhibiting minor thickening 

coastward (Figure 5.7f). Therefore, the Pemba Inner Basin is interpreted to have 

developed as a sag-like basin (Figure 5.18).  

 

The localised Pliocene ‘graben’ portrayed as an elongated sigmoidal narrow basin in plan 

view has apparent similarity with pull-apart basins. However, with thorough evaluation 

both in plan and cross-section, and the consideration of alternative explanations using 
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their respective analogues from sand box models and natural examples (Figure 5.19), it 

is concluded that this is still a rift-related feature perhaps with an element of obliquity. 

The initiation of this graben is perhaps related to the onshore onset of EARS in Tanzania. 

It is undeniable that the coast is sitting within a greater scheme of extension and earlier 

Neogene sequences may have had some diffuse extension but seismic evidence shows 

that true rifting is only shown during the Pliocene or as early as the Late Miocene.  

 

 Existence of DTZ offshore Northern Tanzania 

One of the most recent debates in offshore Tanzania is the existence of DTZ offshore 

Tanzania. This is because its expression differs along its length with the segment along 

Southern Tanzania into Mozambique expressed as prominent ridges which are not 

disputed. However, the northern extension proposed by Rabinowitz et. al. (1983) using a 

clear gravity minimum signature was challenged by Klimke and Franke (2016) due to the 

lack of prominent transform zone features as described by Bird (2001). The latter further 

suggested that there is no dextral translation in Northern Tanzania and the Western Somali 

basin opens in an oblique rifting and drifting manner. 

 

However, seismic evidence shows that the subsurface along the interpreted northern 

Tanzanian DTZ trend is not completely featureless although recent activity is not seen. 

Crustal thicknesses anomalies can be observed along this zone along with cross-cutting 

crustal reflectors (Figure 6.7-6.11) (see section 6.5.1.2). Although transform margins are 

usually characterised by marginal plateaus and marginal ridges, their absence does not 

rule out the presence of a transform zone. A recent worldwide compilation of transform 

zones has noted that characteristics along a transform margin are not systematic (Mericer 

de Lépinay et al., 2016) and in fact only a third of the transform margins actually display 

marginal plateaus and only some have marginal ridges. It is difficult to determine and not 

conclusive from the seismic data but there is structural complexity in the region suspected 

to host the DTZ so it is believed that DTZ does exist in some form offshore northern 

Tanzania as illustrated in numerous plate tectonic models (Reeves et al., 2016; Cochran, 

1988; Gaina et al., 2013; Davis et al., 2016). In addition, the vertical gravity gradient 

derivative (Figure 6.3) clearly shows N-S to NNW-SSE trending lineaments indicating 

that N-S oceanic spreading occurred within the Western Somali Basin despite the 

relatively weak magnetic anomalies. 
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 The Davie-Walu Trend 

Workers who suggested that the DTZ did exist offshore Tanzania and continued into 

Kenyan waters had also tried to correlate them with the offshore gravity high, the Davie-

Walu Ridge (Reeves, 2016a) or with the Davie-Walu Trough (Palmer et. al., 2016). The 

DWT had been explained as an accommodating feature that allowed the transition into 

the Davie Transform Fault (Turner & Foum, 2016) and the interaction between this 

transform fault with a divergent plate margin generates pull-apart basins creating the 

offshore expression of the Anza Graven (Palmer et. al., 2016). However there are also 

authors who suggest that the Davie-Walu trend is an offshore prolongation of Anza Rift 

(Klimke & Franke, 2016; Frizon De Lamotte et al., 2015). 

 

The results of this study (Figure 6.27) illustrate that the Davie-Walu Trough is more likely 

to be related to the offshore extension of Anza Graben although this is not conclusive, 

just the scenario most consistent with the observations made at present. This is interpreted 

on the basis of a major precursor normal fault exhibiting a half graben geometry that has 

been structurally inverted during the Campanian. However, with only two seismic 

profiles (Figure 6.27, 6.28) in offshore Kenya and dependence on a published seismic line 

(Figure 4.2, 4.27) that transects across this trend, it is acknowledged that there is 

insufficient data to fully conclude on structural geometries in Kenyan waters and the 

outcome presented is based on the given data. 

 

 DTZ as the COB 

The DTZ has also been depicted as the COB along the Tanzanian margin (Mascle et al., 

1987; Gaina et al., 2013). Crustal identification studies in Chapter 6 has demonstrated 

that a section of oceanic crust is identified west of the northern segment DTZ delimited 

by a NNW-SSE trending high (Figure 6.20). This suggests that in places, if it exists there, 

the DTZ would be an ocean-ocean boundary. Along the Southern Tanzanian margin, 

oceanic crust is clear to the east of the Davie Ridge and hence here it can be considered 

the boundary between continental and oceanic crust (COB). However, the width of 

hyperextended crust along the DTZ appears to widen southwards as illustrated by Franke 

et. al. (2015) and Baetzel et. al. (2015) (Figure 7.35).  

 

Pre-existing work in the Mozambique region shows a dominance of continental crust and 

it can be envisaged that towards the south, the structural features such as the Seagap Fault 

and Kerimbas Graben are intra-continental. If the DTZ continues along the suggested path 
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then it would also be intra-continental indicating that the term Fracture Zone (an inactive 

intra-oceanic transform) being used on the Davie Fault Zone may be a misnomer. 

 

 Early evolution of Tanzanian Margin 

Following the identification of Oceanic Crust A (i) (Figure 6.20), it is interpreted that the 

margin was initially rifting and spreading in the NNW-SSE direction as demonstrated in 

Reeves et. al. (2016) reconstruction. This phase of extension then passed progressively 

into N-S spreading during the Late Jurassic to Early Cretaceous resulting in the opening 

of Western Somali Basin which arrested during the Aptian. The crustal relation of the 

transition is technically still not well understood and unfortunately the available data 

could not constrain this. A possible hypothesis could be suggested on the basis of the 

vertical gravity gradient derivative (Figure 6.3) which shows N-S to NNW-SSE trending 

lineaments interpreted to derive from the opening of WSB (interpreted as fracture zone) 

which come very close to the Kenyan and Tanzanian margin. Having separated two 

oceanic crustal types, oceanic domain (i) might comprise an earlier oceanic crust 

generation separated by the Northern DTZ and if a ridge jump took place during the 

transition to dextral translation, oceanic spreading would now focus within the WSB (see 

section 8.6). A suggested extinct spreading ridge is seen along seismic transect TZ3-1200 

(Figure 6.13). However, the above is based on little evidence from this study and is 

proposed as a model to be tested.  

 

 Is East African Margin truly passive?  

Punctuated phases of uplift have been documented along the Tanzania continental margin 

long after the cessation of direct tectonic activity from break-up in the Middle Jurassic 

and Early-Middle Cretaceous dextral southward translation of Madagascar. The spatial 

and temporal distribution of these uplifted structures are illustrated in Figure 7.2 and 7.3, 

and their cause has been attributed to far-field horizontal stresses. One of the most 

interesting correlations is that the onset of EARS in Tanzania appears to have translated 

stresses into the coastal region of Tanzania, possibly augmented by buttressing effects 

from the DTZ or opposing tectonic forces from the Indian Ocean leading to short-lived 

period of compression. Essentially, the present day state of stress is still extensional noted 

from earthquake focal mechanisms and GPS velocities. 

 

It is also noted that the contractional events, especially structural inversion and large 

offshore islands are only observed along the Northern Tanzanian continental margin into 
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Southern Kenya. In Southern Tanzania, it is speculated that majority of compressional 

forces may have been taken up by the Seagap Fault and thus reactivation is mainly 

transpressional inheriting the pre-existing fault geometries.  

 

Equally, the limitation towards the north offshore Kenya is not well understood. 

Contractional events were identified offshore Kenya as deepwater-fold and thrust belts 

(Cruciani & Barchi, 2016) but these are formed differently to those observed offshore 

Tanzania and along the Davie-Walu Trough. It can be envisaged that the limits of Davie 

Tranform Zone and Davie-Walu trend may have an indirect impact on this but it cannot 

be concluded whether this is causative or coincidental. 

 

 Schematic Evolution 

Numerous plate kinematic models have been proposed to explain the evolution of the 

East African margin and break-up of East Gondwana (Coffin & Rabinowitz, 1987; Coffin 

& Rabinowitz, 1992; Cochran, 1988; Reeves et al., 2002; Reeves et al., 2016; Seton et 

al., 2012; Müller et al., 2008; Eagles & Vaughan, 2009; Leinweber & Jokat, 2012; Eagles 

& König, 2008; Davis et al., 2016; Gaina et al., 2013). It is acknowledged that these works 

include many different data types and generally agree on the large scale picture just not 

the specifics and timing. With new seismic datasets available, these models can be refined 

so as to fit better with the structures observed within the East African region and several 

important observations that may affect the models have been defined (see section 6.7.2).  

 

The attempt here is to demonstrate the development of the Tanzanian margin through a 

series of schematic sketches since early break-up (Figure 7.4). It should be stressed that 

these illustrations are used to visualise how the crustal and intra-basinal structures formed 

and to fit the observations from the data in this study with observations from other 

sources. These diagrams should not in any circumstances to be treated quantitatively as 

palaeo-latitudes, rotation poles or plate spreading rates would be inaccurate. 

 

In this schematic model, it is proposed that the early fit of Gondwana is similar to those 

illustrated by Reeves et. al. (2016). This is substantiated by the similarity of rock 

assemblages between the Vohibory domain and the Eastern Granulites in Tanzania (Fritz 

et al., 2013; Collins et al., 2012) leading to the suggestion that the Vohibory belt is 

regarded as a Southward continuation of the Arabian Nubian Shield (Boger et al., 2015) 

(Figure 2.9A, B). 
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A NW-SE rifting event took place during the Early Jurassic leading to the break-up of 

Gondwana. This is illustrated by the NE-SW to NNE-SSW trending normal faults and 

syn-rift packages identified to the north of the offshore Tanzanian margin and observed 

onshore as the Tanga fault trend. Considering the faults are trending similarly to the 

earlier Karoo rift events, it is suggested that the Early Jurassic Gondwana break-up 

included some element of reactivation of Karoo structural features. Initial extensional 

fault events are also believed to have been segmented and separated by transfer zones and 

it is possible that one of these was re-used to accommodate the dextral translation of 

Madagascar as the DWR (although equally it could possibly be an inherited earlier rigid 

basement feature). 

 

Following the break-up event during the Bajocian, oceanic spreading took place offshore 

Tanzania in a NNW-SSE. The initial transfer zones may have evolved into transform and 

fracture zones (represented by the NNW-SSE high lineament and subparallel ‘elevated 

basement’) causing the margin to develop in a step-like geometry as illustrated by the 

COB. 

 

By the Late Jurassic or Early Cretaceous, stress reorganisation along the margin is 

suggested by plate models to lead to the transition from an initial NW-SE (oblique) rifting 

and drifting to N-S directed extension. Nothing within the data available to the study 

disproved this and such a change in in extensional stresses which results in initial oblique 

rifting that later evolves into a sheared margin is comparable with those suggested along 

the Eastern Ghana Slope Basin and the Ghana platform (see Figure 14 and Figure 15, 

Antobreh et. al., 2009). 

 

As the N-S extension completely dominated the stress regime, drifting and spreading in 

the NNW-SSE direction ceased and oceanic accretion focused within the Western Somali 

Basin. Dextral translation resulted in the southwards motion of Madagascar and left 

behind a curvilinear lineament known as the Davie Fracture Zone or Davie Transform 

Zone. Such a direction of motion is demonstrated by the obvious N-S to NNE-SSW 

trending lineaments observed in the WSB using VGG data (Figure 6.3b). Spreading then 

ceased in the WSB during the Aptian and the extinct ridge is noted as gravity lows 

highlighted in the VGG data (Figure 6.3b). This schematic model also shows that 

continental disruption was not yet reached when spreading in the WSB had terminated. 
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Figure 7.4 Schematic evolution of the break-up of the Tanzanian coastal margin as described in section 7.6. 

Grey areas are Precambrian Gondwana continental fragments taken from Reeves (2014). (A) Early fit of 

Madagascar prior to NW-SE break-up during the Early Jurassic (c. 180 Ma). Southwest Madagascar is 

positioned close to the coastal margin of Tanzania as the Vohibory Block is similar in composition with the 

Eastern Granulite Nappe Complex (Fritz et al., 2013; Boger et al., 2015). (B) Late Jurassic – Early Cretaceous 
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(c. 150 – 140 Ma) gradual transition from NW-SE spreading to N-S opening of Western Somali Basin with the 

offshore extension of the Anza Rift along the Davie-Walu Trough. Early drift oceanic crust is formed close to 

the Tanzanian margin. (C) Dominant extensional stresses now aligned N-S with the opening of Western Somali 

Basin (WSB) and the dextral translation of Madagascar southwards with flowlines, fracture zones and 

extinction ridges identified using vertical gravity gradient data (Figure 6.3). Oceanic accretion along the WSB 

ceased during the Aptian (c. 120 Ma) and the Tanzanian passive margin truly developed as a passive margin. 

(D) Present day configuration of the East African margin which has not changed significantly the Late 

Cretaceous. However, Pemba and Zanzibar Islands were only uplifted recently, associated perhaps with the 

onset of EARS (taken from Frizon De Lamotte et al., 2015). Abbreviations are: Ant: Antananarivo; AN: 

Androyen; ANS: Arabian Nubian Shield; AS: Anoysen; B: Bemarivo; DWR: Davie-Walu Ridge; EARS: East 

African Rift System; EGNC: Eastern Granulite Nappe Complex; I: Ikalamavony; NA: Nampula Block; 

NTDZ: North Tanzania Divergence Zone; Ra: Ranotsara Shear Zone; SI: South Irumide Belt; WSB: Western 

Somali Basin. 

 

Fundamentally, no direct tectonic forces have been experienced within the Tanzanian 

seaboard ever since. East Gondwana continued to break-up with the separation of India 

and Madagascar in the Turonian followed by the emplacement of the Reunion Plume 

during the Early Palaeogene leaving behind the Mascarene Plateau and opening of the 

Central Indian Ocean. It was not until the onset of the EARS in the Oligocene in response 

to which, the East African continent was uplifted that tectonism is seen in the Tanzanian 

area again. The Eastern branch of the rift reached Tanzania during the Late Miocene 

known as the North Tanzanian Divergence Zone and may be responsible for many of the 

recent faults and structures in the area.  

 

 Generic Implication 

The results of the research have demonstrated several features and insights which have 

generic implications for the global understanding of passive margin development, 

structural inversion and transform margins. In general, we have shown that far-field 

stresses can have a much greater impact on a region than previously considered and we 

should not consider an area ‘passive’ simply because it has no obvious direct tectonic 

forcing being applied at that moment. Also, pre-existing lineaments are found to be 

consistently reactivated demonstrating the importance if these underlying trends in the 

development of margins. Standard models could be adapted to take on these implications 

as they are not unique to this margin. 

 

Standard models and pre-existing works are good sources for reference but their 

application should be used cautiously as any new dataset acquired in a margin typically 

provides additional insights or at least refines current models. When complex features are 

observed, consideration of all possible mechanisms is crucial and then some can be 
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eliminated based on the fit to the actual observation. This is particularly important with 

structurally complex areas as there is a tendency to attribute them to strike-slip origin 

owing to the structural diversity in wrench faulting (Harding, 1990). Nevertheless, the 

important message here is that one should always keep an open-mind and ground truth 

work is essential not only to test new hypotheses but to revisit the sensibility of earlier 

works. Therefore, whilst it remains possible that there are alternative origins for the 

features described in this work, the structural evolution proposed is consistent with all the 

data and evidence available to undertake this research. 

 

 Passive Margin Development 

In an ideal passive continental margin, initial short-lived stretching (rifting) is succeeded 

by an extended period of gentle thermal subsidence allowing thick sequences of post-rift 

sediments to be accumulated resulting in a characteristic rift-drift subsidence curve (Allen 

& Allen, 2005). However, this has proved not to be the case along the Tanzanian margin 

as the locus of deposition moved slowly towards the ocean as would be expected during 

(Figure 4.26) thermal subsidence but when rifting started to take place along the EARS, 

the locus of extension started to shift landwards. 

 

More importantly, thermal subsidence was not continuous and was punctuated by discrete 

phases of compression attributed to external horizontal forces and far-field stresses 

associated with regional tectonism, particularly within the East African Rift System. This 

is similar to many margins around the world such as the Norwegian and Northwest 

European margins (Badley et al., 1989; Underhill & Paterson, 1998; Mosar et al., 2002; 

Doré & Lundin, 1996; Lundin & Doré, 2002), West Natuna basin (Burton & Wood, 2010; 

Ginger et al., 1993; Phillips et al., 1997) and the Falklands (Lohr & Underhill, 2015) 

which do not follow a standard passive margin development. It can be envisaged that 

punctuated phases of compression require a trigger, perhaps associated with a major 

tectonic force, which exerts a short-lived pulse of horizontal stress that results in 

shortening. 

 

Likewise, the proposed segmented margin development along coastal Tanzania conforms 

with current understanding of rift basin development where initial faults grow by linkage 

as rifting continues with extensional strains localising at optimal fault arrays (Gawthorpe 

et al., 1997; Gupta et al., 1998; Cowie & Shipton, 1998). This results in a segmented 

basement structure with tilted fault blocks controlled by the development of large normal 
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fault systems. The transfer faults which separate initial fault segments can later evolve 

into transform zones (Lister et al., 1986; Gibbs, 1984). 

 

Subsequent reactivations along the margin are also affected by the original crustal 

structure and basement fabric. For instance, structural inversion beneath Pemba and 

Zanzibar Islands appear to be against two segmented and offset precursor normal faults. 

The width of Miocene subcrop is much wider at the centre of Pemba Island when 

compared to those observed in subsurface data because Pemba represents the cenral 

portion of the precursor normal fault strand and offshore it is reaching the tip. This 

demonstrates that strains compartmentalise following initial normal fault length-

displacement geometries (Walsh et al., 2001) where inversion is greatest at the location 

with largest displacement, and inherited segmentation delimits the distribution of 

subsequent reactivation. Such geometries have been observed along the Purbeck-Isle of 

Wight Disturbance, Southern UK (Turner & Williams, 2004; Underhill & Paterson, 1998) 

and simulated using sandbox model analogues (Yamada & McClay, 2004). In addition, 

crustal nature appears to have a control on subsequent reactivation considering the extent 

of Late Neogene Kerimbas graben which is not seen along Northern Tanzanian margin 

as it encounters oceanic crust. Similarly, the half graben feature along Davie-Walu 

Trough with its subsequent inversion are confined within hyperextended continental 

crust. 

 

 Structural Inversion, Transpression or Footwall uplift 

One of the main debates when proposing the origin of the islands is the mechanisms of 

formation. The new seismic data in this study led to interpretation of the island as a 

structural inversion feature along precursor normal faults following the criteria outlined 

by (Cooper & Warren, 2010; Cooper et al., 1989). However the structural complexities 

had also raised question whether it could be of strike-slip origin as illustrated by Antrim 

Energy presentation (2010) (Figure 2.6). However, tested against the criteria set out by 

Harding (1990) in which geometries are considered from both profile and plan view this 

did not seem the most likely explanation. One of the most important features in 

identifying strike-slip faults in this criteria set is the demonstration of a principal 

development zone which has a straight trace, lateral length, and throughgoing continuity. 

Strike-slip geometries are highlighted by the Seagap Fault, NNW-SSE trending high and 

DTZ, but it is clear that such features are not observed along or beneath the islands or the 

DWT.  
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The proposal of structural inversion to explain the origin of the islands does not 

necessarily suggests that there is a complete absence of lateral slip but it means that the 

dip-slip component is dominant. Cooper and Warren (2010) have outlined that if 

compressional stresses is at high angle to the strike of extension then dip-slip motion will 

dominate and the degree of strike slip will be limited. Analogously, sandbox experiments 

on basin inversion have shown that normal faults are only reactivated as oblique-slip if 

the direction of compression and the extension trend is smaller than 45° (Brun & Nalpas, 

1996). This has been replicated again with different materials and set up by Panien et al. 

(2005) indicating no strike-slip movement within the graben structure even when it is at 

30° with the mobile wall. 

 

In the case of the Pemba Channel, one of the main hypotheses proposed by workers to 

explain its origin is that it represents a Miocene rift event (Chorowicz, 2005) and Pemba 

Island is a tilted fault block (Kent et al., 1971; Jeans et al., 2012). This would attribute  

the folding on Pemba Island to footwall uplift and drag folds similar to those observed in 

the Newark Basin and Gulf of Suez (Schlische, 1995; Sharp et al., 2000). However, 

seismic observations have shown that faults generally dip towards the east as illustrated 

in seismic line TZ1-4000 (Figure 4.26) thus an eastward tilted fault block as suggested 

by Kent et. al. (1971) is invalidated. The width of footwall uplift depicted in the examples 

above is around 1-3 km and the zone of uplift much narrower than those observed in the 

seismic data between the islands which exhibit a much broader area of uplift. Bowing of 

the seabed across the island stretches for around 20-30km. Other subsurface examples 

like the Strathspey-Brent-Statfjord fault array (Figure 3, McLeod et al., 2000) and 

Beatrice field (Figure 5, Jackson and McKenzie, 1983) also show footwall uplift and 

erosion but the extent of this never exceeds more than 3 km. 

 

 Transform Margin Development 

Whilst most transform margins have identifiable prominent features such as marginal 

ridges and marginal plateaus, a recent worldwide review by Mericer de Lépinay et al. 

(2016) has noted that only a third of the transform margins actually display marginal 

plateau and only some have associated marginal ridges. Characteristics along transform 

margins are not systematic meaning that there is unexpected variability both between 

margins and along-strike within a single margin as they normally form by the coalescence 

of several strike-slip segments (Sylvester, 1988; Christie-blick & Biddle, 1985). Thus in 
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this study, it is believed that the lack of obvious features does not necessarily suggest that 

the DTZ does not exist along the Northern Tanzanian segment as other global examples 

from the Eastern Ghana slope basin (Antobreh et. al., 2009), Senja Sheared Margin 

(Faleide et al., 2008), the Chain Fracture Zone (Davies et al., 2005) and Equatorial Guinea 

(Rosendahl and Groschel-Becker, 1999) also do not showing these features (see section 

6.6.3). In addition, an appreciation of surrounding evidences are critical where N-S to 

NNE-SSW fracture zones flow lines are clearly indicated in the Western Somali Basin by 

Vertical Gravity Gradient data. However, it is recognised that the definition of crustal 

types in this study does not correspond with the DTZ being a fracture zone as it moves 

from oceanic to continental crust. Therefore it may not represent a true fracture zone for 

its full length.  

 

Mascle et. al. (1987) have further suggested that only segments of DTZ which have been 

reactivated would show prominent ridges, ‘positive flower structures’ and en echelon 

folds. As continental disruption was not achieved when Madagascar stopped its motion 

in the Aptian, it is possible that the Northern Tanzanian segment is still existing as the 

early remnants of small basement-block displacements described as a ‘boudinage’ effect 

inherited from the initial transform motion.  

 

Crustal identification using the deep seismic profiles has shown that crustal types and 

structural inheritance has an influence on subsequent reactivation. As the northern 

segment of the DTZ is an ocean-ocean boundary, it is perhaps not preferentially 

reactivated as the strength of oceanic lithosphere is much greater than that of the 

continental lithosphere (Molnar, 1988; Allen and Allen, 2005). Vertical adjustments 

along transform margins such as those observed along the Cote d’Ivoire-Ghana Ridge 

(Basile et al., 1998; Clift et al., 1998; Clift & Lorenzo, 1999) are also commonly attributed 

to thermal exchanges between continental crust and oceanic crust during transform 

motion (Basile, 2015; Antobreh et al., 2009; Nemčok et al., 2016). It is hypothesised that 

perhaps because there is little to no heat contrast between different segments of oceanic 

crust, there are no large vertical adjustments resulting in the apparent aseismic nature of 

the DTZ along northern Tanzania. This would require thermal modelling to substantiate 

the idea. 
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 Hydrocarbon Implication 

The coastal margin of Tanzania is currently a successful hydrocarbon province following 

the resurgence of exploration activities and better seismic imaging in the early 2000s. 

Massive (biogenic?) gas accumulations such as the Mzia, Jodari, Chewa and Zafarani gas 

fields were discovered in the southern Tanzanian offshore blocks by Statoil, Exxon 

Mobil, BG Group (now Shell) and Ophir Energy which cumulatively hold about 47 Tcf 

gas (GIIP). These gas fields are identified within Cretaceous and Tertiary deep-marine 

turbiditic, slope canyon complexes and submarine channel sand bodies with structural 

traps formed by the Seagap Fault Zone. At present day, the estimated natural gas reserves 

is at 55 Tcf which includes early discoveries such as Mnazi Bay and Songo-Songo gas 

fields. 

 

The lack of any liquid hydrocarbons in southern Tanzania has led to the supposition that 

these gas discoveries are biogenic in origin and there is no thermogenic system. Biogenic 

gases are essentially dry gas consisting of almost entirely methane formed at shallow 

depths by anaerobic microbial decomposition. However, numerous oil seeps along the 

coast of Tanzania such as Pemba Island Tundaua oil seep, Wingayongo, Okuza Island 

and Nyuni Island, and oil shows within well like Pemba-5 (Appendix C) and 

Wingayongo-1 have been source-typed to be of Lower Jurassic origin (Oygard, 1984, 

Shell Internal Report; Pereira-Rego et al., 2013) and attest to a working petroleum system. 

Doubts have been raised as to whether the oil seeps on Pemba Island are actually pollution 

from passing oil tankers though. The following section attempts to provide some insights 

from the results in this study into the prospectivity along northern Tanzania and Kenya 

which are relatively unexplored when compared to southern Tanzania and Mozambique 

region. 

 

Biogenic Gas Potential 

There could be a potential for biogenic gas offshore northern Tanzania such as the eastern 

seaboard of Zanzibar Island provided that the deltaic sequences which host the 

methanogenic organisms also exist there. The offshore broad domed area and N-S 

trending buried folds could be possible areas that this gas might be trapped within. 

However, shallow gas often has seismic amplitude support which is not seen here and one 

would have to check the seismic data to determine if this is due to another factor or not. 

Definition of traps would also require a 3D dataset.  Suitable reservoir sands would have 

to exist to contain any gas, coupled with low heat flow and high sedimentation rates to 
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allow seal to form and become competent at temperatures when microbes can still 

operate. One would have to ensure that no faults come to the seabed considering the area 

around the islands and in the Pemba Inner Basin which often appear to do so. 

 

All of these factors could be better constrained with 3D seismic data and one of the 

underlying factors leading to success in southern Tanzania was the acquisition of large 

3D seismic datasets. As mentioned above, seismic amplitude analysis has proven critical 

to de-risk prospects and contributed to the exploration success. Technological 

advancements in processing (multiples of shallow channels and pre-stack depth migration 

data to tackle lateral velocity contrast), pre-stack seismic data analysis (AVA or AVO 

analysis) and global interpretation (a seismically derived a geological model) have all 

also enabled the identification of potential prospects (Selvage & Bolton, 2015). 

 

Thermogenic Hydrocarbon Potential 

Along with the seeps, gas condensate has also been discovered in the Songo-Songo wells 

(Pereira-Rego et al., 2013) and is thought to have been sourced from post-mature organic 

material of Jurassic or Early Cretaceous age. The Sunbird-1 discovery in offshore Kenya 

in 2014 also shows that there is indeed a potential for thermogenic plays in the region. 

This well encountered 14 m of gross oil column beneath a gross gas column of 29.6 m in 

a Miocene carbonate (reef?) reservoir with a 900 m thick overburden (Pancontinental Oil 

and Gas Annual General Meeting Presentation November 2014). The oil has been 

suggested to be sourced from a post-Barremian age deltaic source rock due to 

identification of the presence of Oleanane biomarker while the gas is dry and believed to 

be from two thermogenic sources, oil-associated type II and coal-derived type III. 

Collectively, the sources are considered to be Palaeocene-Eocene in age (Beavington-

Penney & Rowles, 2015). These non-commercial discoveries do point to several possible 

plays and the next section uses some of the observations from this study to provide more 

insights into the potential of them. 

 

With the potential sources in mind, the recent thick Neogene deposition in the Pemba 

Channel and offshore Zanzibar depression may place Palaeocene—Eocene source rocks 

deep enough for oil maturity (provided that the source rock in the Tembo Trough extends 

towards the Pemba and Zanzibar region). Oil may then migrate towards high points such 

as Pemba Island or coastal Pemba, and the eastern seaboard of Zanzibar Island 
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respectively. The seeps would then represent oil leaking from pre-existing traps breached 

due to inversion or just oil leaking up faults that now come to the surface. 

 

Following the carbonate discovery in the Tembo Trough, such reefs may also be present 

along the flanks in Pemba Channel and in fact some prospectivity studies have been 

carried out within the Tanga block (Nelson, 2006). However, the seismic evidence seen 

is from published sections and is not conclusive so it is difficult to extend the reservoir 

further when one is unsure what it consists of as carbonates have a very specific 

depositional model. Having said that, pre-existing structural highs may be a possibility as 

shallow water carbonates would form on/around these first. 

 

These are positive indicators but there are also some negative ones alluded to previously. 

Seismic interpretation in this study has also identified a recent structural inversion event 

that led to the creation of Pemba Island. Structural inversion is often but not always 

detrimental to petroleum prospectivity as it may result in breaching of pre-existing traps 

but these could also be continuously charged if there is an active hydrocarbon kitchen 

(provided that the kitchen is not uplifted above the maturation window). Uplift also leads 

to depressurisation and a tendency towards a gas prone system. Considering that the 

Pemba-5 well encountered only oil shows, it is possible that the recent structural inversion 

may have destroyed an earlier accumulation (if there’s any) and what is left today are 

traces of oil seeps. Alternatively the recent faults may simply come to seabed and the oil 

migrates to the highest point. 

 

A 3D dataset is definitely needed to improve confidence and reduce the risk for 

exploration. Considering that the margin is not as passive as previously thought, basin 

modelling works would need to take into account these periods of punctuated 

compression and uplift as well as to account for the underlying crustal types which will 

have effects on heat flow. Sunbird-1 discovery further proves the potential of an 

additional Tertiary source rock on top of the commonly considered Middle Jurassic 

source rocks (which are now probably buried too deeply offshore and sitting within the 

gas window or over-cooked). Fundamentally, there is little doubt that thermogenic 

sources and oil plays are present and remain in play for exploration success. However, 

the key questions that remain include: Where are the thermogenic source kitchens 

situated? When were they activated? How much oil or gas could they deliver and is it in 

commercial quantities? 
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 Opportunities for Further Research Study 

Despite the high fidelity dataset used in this study, it is recognised that there are 

uncertainties. One of the major difficulties faced was age correlation because well 

constrains were limited. Deep wells drilled in offshore basin like Mlinzi Mbali-1 which 

encountered Middle Jurassic rocks would be instrumental towards understanding the 

stratigraphic evolution offshore Tanzania. Future crustal identification work could also 

be substantiated with gravity and magnetic modelling, and seismic refraction data 

improve and to support interpretation from seismic reflection data (though the fidelity of 

ION dataset are already good enough for crustal scale interpretation).  

 

It is known that 3D datasets have been acquired in Southern Kenya and these would be 

extremely valuable in leading to an understanding of the geometries along the DWT and 

DWR and how the Tanzanian margin links and continues to the north. In addition, some 

seismic datasets within the Zanzibar Channel would be beneficial to support claims that 

Zanzibar Island is structurally inverted in the same way that Pemba has been shown to 

be. 2D surveys have been acquired in this region and even some seismic profiles shot on 

Pemba Island itself (TPDC, 1989) and although these datasets are likely to be old, any 

additional information would be important towards the evaluation of the origin of these 

offshore islands and the development of the northern Tanzanian margin. 

 

 Conclusions 

Regional interpretation of high fidelity 2D and 3D seismic data, including a subset of 

long-offset, deep lines provides new insights into the margin’s crustal structure and 

demonstrates geometries not normally attributed to passive margins. Due to the lack of 

borehole data, seismic interpretation work was undertaken using a seismic sequence 

stratigraphic methodology and the identification of depositional sequences was related to 

the major periods of deformation (sensu Mitchum, 1977; Hubbard et al., 1985a, 1985b). 

Although well data was limited, it was still capable of providing some constraints on 

stratigraphic age correlation along the Tanzanian margin. 

 

Genesis of the Spice Islands 

1. The initial observation of anticlines forming the cores of Pemba and Zanzibar (Spice) 

Islands are unusual on a passive margin which ought to be experiencing thermal 
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subsidence. Interpretation along a seismic profile which transects between both 

islands shows a gently folded seabed with seabed subcrop and a series of angular 

unconformities in the shallow section, and an underlying zone of intense deformation 

where the hanging wall of a precursor normal fault appears to be elevated with respect 

to the footwall. This is suggestive of the margin having undergone a hitherto 

unrecognized phase of structural reactivation and basin inversion thought to have 

taken place in the early post-rift (Late Jurassic – Early Cretaceous) and Late Neogene 

(Late Miocene – Pliocene). 

 

2. These short-lived compressional events are envisaged to be related to external 

horizontal forces and far-field stresses where the most recent is attributed to the 

interplay between the onset of EARS in Tanzania, and the buttressing effect against 

DFZ and/or horizontal stresses from Indian Ocean.  

 

Pemba Channel Development 

3. Inboard of the zone of structural inversion, the Pemba Channel represents a protected 

remnant of extension and is still influenced by an E-W extensional regime. This 

trough contains thick Neogene sequences in a sag-like basin development with 

apparent (oblique) extension occurring in the Uppermost Miocene and Pliocene. 

 

4. Seismic evidence close to the edge of Pemba Island shows Pliocene successions 

onlapping against the Near Top Miocene reflector and the underlying horizons appear 

to have been uplifted with respect to the footwall bounded by an eastwards dipping 

normal fault with seabed escarpments. This supports the hypothesis of Pemba Island 

being structurally inverted and more importantly it shows that these contractional 

events are punctuated. At present day the margin is still sitting within an E-W 

extensional regime substantiated by surface GPS data and earthquake focal 

mechanisms. 

 

Crustal Architecture and Major Tectonic Elements  

5. Inversion and transpression structures are also recognised along NNW-SSE striking 

lineaments such as the Davie-Walu Trough documenting additional compressional 

phases during the Cretaceous analogous to the Anza Graben onshore. These are 

tentatively associated with the onset of India separation from Madagascar during the 

Turonian and Santonian ‘squeeze event’ in Central Africa. 
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6. Recent workers have doubted the presence of Davie Transform Zone along the 

Northern Tanzanian margin due to the lack of prominent features associated with 

transform margins. However, seismic interpretation work shows that this segment of 

DTZ is not entirely aseismic as it exhibits crustal thicknesses anomalies and the depth 

migrated dataset shows that the basement crustal features are more prominent than it 

seems. At present day the DTZ along Northern Tanzania appears as a bifurcating 

feature with the NNW-SSE trending high but these lineaments are in fact diachronous 

and of different origin. 

 

7. Crustal domain investigation further provides insights into the early margin 

development. The recognition of an anomalous, thicker and deformed oceanic domain 

west of the DTZ with a step-like continent-ocean boundary led to the conclusion that 

the East African margin was initially rifting in a NW-SE to NNW-SSE direction prior 

to the southwards dextral translation of Madagascar. 

 

Overall synthesis 

8. Overall, this study shows that the Tanzanian passive margin is affected by punctuated 

periods of compression and does not conform a standard passive margin model of pre-

, syn- and post-rift sequences and a rift-drift subsidence history. Their subsequent 

spatial distribution and style depend on the pre-existing fault configurations, crustal 

types and direction of compressional forces. Late-stage structural inversion, 

transpression and renewed extension also appear to be concentrated on deeply-buried 

precursor normal faults belonging to the passive continental margin and structures 

that lie along continent-ocean crustal boundary (COB). 
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APPENDICES 

Appendix A – Seismic Line and Processing 

List of all the seismic lines and their respective processing available in this study. 

PoTM/PSTM = Post-stack time migration; PrTM = Pre-stack time migration; PoDM = 

Post-stack depth migration. Pemba Channel 2D and Afren 3D are available in time 

without any other versions. Those highlighted in yellow are shown in this thesis. 

 

ION EAST AFRICAN SPAN 2D Data 

 

ION GXT_2012 2D Data 
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Western Geco TZ Lines 1999-2000 2D DATA 

 

 

 

 

 

 

 

 

Full_T_Kirch_r Full_T_Kirch_32_r

F1B Y 160.6

TZ00-200 Y Y Y 198.8

TZ00-201 Y Y Y Y 82.5

TZ00-202 Y Y 151.2

TZ00-203 Y Y Y 288.8

TZ00-204 Y Y 146.3

TZ00-205 Y Y Y 272.0

TZ00-206 Y 146.1

TZ00-207 Y Y Y 278.2

TZ00-208 Y Y 182.5

TZ00-209 Y Y Y Y 183.4

TZ00-210 Y Y 173.0

TZ00-211 Y Y 177.3

TZ00-212 Y Y 210.8

TZ00-214 Y Y 210.3

TZ00-216 Y Y Y 210.0

TZ00-218 Y Y Y Y 207.9

TZ00-220 Y Y 200.6

TZ00-222 Y Y Y 174.3

TZ00-224 Y Y Y Y Y 177.2

TZ00-226 Y Y Y 156.8

TZ00-228 Y Y Y Y 148.7

TZ00-230 Y Y Y 144.5

TZ00-232 Y Y Y 139.6

TZ00-234 Y Y Y 136.9

TZ99-100 Y 135.8

TZ99-103_old Y 141.3

TZ99-108 Y 28.5

TZ99-108A Y 178.4

TZ99-111 Y 372.0

TZ99-114 Y 220.1

TZ99-122 Y 223.1

TZ99-128 Y 204.9

TZ99-134 Y 204.7

TZ99-140 Y 140.0

TZ99-144 Y 155.8

TZ99-148 Y 157.9

TZ99-154 Y Y Y 168.7

TZ99-158_old Y 29.6

6919.3

fnmig1601_r gcp000001_r pha080001_r
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Vintage
Length 

(km)
12_12_PrTM
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Western Geco Tanzania 1999 2D DATA 
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TZ99-130 Y 159.1

TZ99-132 Y 159.3

TZ99-136 Y 176.6

TZ99-138 Y 156.6

TZ99-142 Y 138.1

TZ99-146 Y 140.9

TZ99-150 Y 139.1

TZ99-152 Y 168.1

TZ99-156 Y Y Y 142.9

TZ99-158 Y 130.7

4720.1

12_12PoTM99_00PoTM_Full_T_Ru_

TVF_16bit_r

Vintage

Name
Length 

(km)
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Appendix B – Well List 

List of wells in coastal Tanzania, coastal Southern Kenya and coastal Northern 

Mozambique. Green represents key wells while yellow represents mentioned wells. 

 

Lat (S/N) Long (E)
Total Depth 

(m)
Formation Age

Tanzania Offshore

RAS MACHUISI-1 AGIP 06°00'56" S 38°51'19" E 3370 RUARUKE LATE CRET. 13/02/1974 P & A gas shows

SONGO SONGO-1 AGIP 08°28'33" S 39°28'33" E 4426 MTUMBEI LATE JUR. 21/05/1974 P & A gas shows

SONGO SONGO-5 TPDC 08°31'18" S 39°28'53" E 2978 MTUMBEI LATE JUR. 08/10/1981 Gas Well

SONGO SONGO-7 TPDC 08°31'56" S 39°29'15" E 3377 MTUMBEI LATE JUR. 31/03/1982 Gas Well

SONGO SONGO-8 TPDC 08°33'08" S 39°30'56" E 3268 MTUMBEI LATE JURASSIC 12/06/1982 P & A

MNAZI BAY-1 AGIP 10°19'45" S 40°23'48" E 3489 RUARUKE LATE CRET. 16/11/1982 Gas discovery

SONGO SONGO-9 TPDC 08°30'54" S 39°28'45" E 2057 KIPATIMU EARLY CRET. 27/01/1983 Gas Well

TANCAN-1 PCIAC 06°56'58" S 39°36'40" E 4685 PALEOCENE 05/03/1983 P & A gas shows

LUKULIRO-1 SHELL 08°21'32" S 38°25'45" E 2367 MADABA JURASSIC 12/11/1985 P & A gas shows

DIRA-1 SHELL 07°32'32" S 39°33'58" E 3529  EARLYMIOCENE 23/11/1991 P & A

PWEZA -1 OPHIR/BG 08°23'00" S 40°6'51" E 4082 KIPATIMU EOCENE 16/10/2010 Gas Well

CHEWA -1 OPHIR/BG 08°19'21" S 40°4'32" E 3076 KIPATIMU EOCENE 30/11/2010 Gas Well

CHAZA -1 OPHIR/BG 10°11'15" S 40°31'35" E 4600 K-SAND LATE JUR. 01/02/2010 Gas Well

NYUNI-2
NDOVU

RESOURCES
08°23'23" S 39°34'53" E 3450 KIPATIMU NEOCOMIAN 30/10/2011 P & A

ZETA-1 PETROBRAS 07°49'29" S 40°14'24" E 4832 RUARUKE UPPER CRET. 28/12/2011 Dry Well

ZAFARANI-1 STATOIL 09°14'12" S 40°26'23" E 5150 SAFFRON
EARLY 

CRETACEOUS
03/2012 Gas Well

LAVANI-1 STATOIL 09°22'56" S 40°26'13" E 3537
Saffron -

EOCENE
 L.CRETACEOUS 13/06/2012 Gas Well

JODARI-1 BG 10°05'47" S 40°29'36" E 4350 K-630  CRETACEOUS 18/03/2012 Gas Well

MZIA-1 BG 09°52'49" S 40°28'0" E 4860
H570- 

CAMPANIAN
CRETACEOUS 21/05/2012 Gas Well

PAPA-1 BG 08°44'21" S 40°26'21" E 4855
BELOW BASE

COMPANIAN
E. Cretaceous 04/08/2012 Gas well

JODARI SOUTH BG 10°07'31.631" S 40°28'43.158" E 3441
K490-

OLIGOCENE
Tertiary 11/2012 Gas Well

JODARI NORTH BG 10°02'19" S 40°28'47" E 3389
K490-

OLIGOCENE
Tertiary 12/2012 Gas Well

LAVANI -2 STATOIL 09°25'02" S 40°27'28" E 5270
SAFFRON-

PALAOGENE
Tertiary 12/2012 Gas Well

Tangawizi-1 STATOIL 09°18'03" S 40°30'48" E 3030 Early Miocene Tertiary 28/03/2013 Gas well

Zafarani- 2 STATOIL 09°15'01" S 40°27'30" E 3039
SAFFRON-

PALAOGENE
E. Cretaceous 15/02/2013 Gas well

Mzia- 2 BG 09°54'05" S 40°29'43" E 4341
LS -

CAMPANIAN
E. Cretaceous 19/01/2013 Gas well

Ngisi-1 BG 08°17'02" S 40°5'40" E 4640 H510 L. Cretaceous 27/06/2013 Gas well

Mkizi-1 BG 10°00'56" S 40°26'41" E 2860 Oligocene Tertiary 26/07/2013 Gas well

Pweza-2 BG 8°24'7.186" S 40°7'13.109" E 3159 EOCENE Tertiary 20/08/2013 Gas well

Pweza-3 BG 08°23'58" S 40°4'46" E 3153
M500-

Paleocene
Tertiary 03/09/2013 Gas well

Mronge-1 STATOIL 09°03'56.97" S 40°28'33.146" E 6110 Saffron L. Cretaceous 01/12/2013 Gas well

Mzia-3 BG 09°49'46.726" S 40°27'35.154" E 4803
LS- 

CAMPANIAN
L. Cretaceous 24/11/2013 Gas well

Mlinzi Mbali-1 Dominion 06°50'8.333" S 41°10'37.69" E 5782 Mlinzi Mid Jurassic 30/12/2013 Dry well

Zafarani-3 Statoil 09°13'14" S 40°27'54" E 4695 Saffron Lower Cretaceous 04/04/2014 Gas well

PIRI-1 Statoil 09°23'44" S 40°25'38" E 5695 Saffron Lower Cretaceous 13/06/2014 Gas well

Taachui-1 BG
Neocomian 

Sands
Lower Cretaceous 26/06/2014 Gas well

Kamba-1 BG 08°21'31" S 40°6'0.39" E
PH  2810m

ST  3971m
M560 Early Cretaceous 30/03/2014 Gas well

Binzari-1 Statoil 09°07'08" S 40°25'41.32" E 5580m SG-K17 Lower Cretaceous 13/07/2014 Dry hole

Giligiliani-1 Statoil 09°12'15" S 40°2'50.8" E 6003MD
WS-KU04 & 

WS-KL01
Upper Cretaceous 26/09/2014 Gas well

Tende-1
Ophir/East 

Pande
4153

Valenginian 

sand
Lower Cretaceous 05/11/2014 Dry well

Mkuki-1
Dominion/ 

Block 7
06°57'32" S 40°31'13.5" E 3229.0MD

Paleogene 

sand
Tertiary 20/11/2014 Dry well

Kungumanga-1 Statoil 09°13'32" S 40°30'17.75" E 5653MD
Santonian 

sand
Upper Cretaceous 2/11/2014 Dry well

Piri-2 Statoil 09°13'52" S 40°24'19.94" E 5 195.8MD
Vanilla & 

Saffron
Lower Cretaceous 11/01/2015 Gas well

Mdalasini-1 Statoil 09°28'50" S 40°29'34.49" E 5556m MD

SG-O6,  SG-

K24 and SG-

K25

Upper Cretaceous Gas well

MB-4
MAUREL 

&PROM
10°19'09" S 40°24'59" E

Upper 

Miocene

&Mid 

oligocene

Cretaceous 17/06/2015 Gas Well

Tangawizi-2 STATOIL
Drilling on 

progress
Drilling

OperatorWell

Location Bottomhole Formation
Completion 

Date
Status
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Lat (S/N) Long (E)
Total Depth 

(m)
Formation Age

Tanzania Onshore

MANDAWA-7 B.P. 09°24'58" S 39°25'4" E 4065 NONDWA EARLY JUR. 31/01/1959 P & A oil shows

PEMBA-5 B.P. 05°16'11" S 39°41'53" E 3886 RUARUKE LATE CRET. 30/06/1962 P & A oil-gas shows

KIMBIJI MAIN-1 TPDC 06°58'19" S 39°28'31" E 4408 MAKONDE  EARLYCRET. 23/06/1983 P & A gas shows

SONGO SONGO-2 TPDC 08°31'00" S 39°31'0" E 990 MAFIA EOCENE 1976 Gas Blowout

SONGO SONGO-6 TPDC 08°31'26" S 39°30'4" E 2048 KIPATIMU  EARLYCRET. 29/04/1981 P & A gas shows

MITA GAMMA-1 DUBLIN 08°54'56" S 39°9'53" E 2390 BASEMENT  PRECAMBRIAN 11/12/1996 P & A 0il shows

EAST LIKA-1 DUBLIN 09°16'26" S 39°4'4" E 2002 BASEMENT  PRECAMBRIAN 22/01/1997 P & A

MBATE-1 DUBLIN 08°55'08" S 38°58'29" E 3317 MBUO SST EARLY JUR. 31/01/2001 P & A

NYUNI-1
NDOVU/

AMINEX
06°22'57" S 39°34'26" E 3905 KIPATIMU LATE JUR.

12/05/2004 P & A

MNAZI BAY-2 ARTUMAS 10°19'36" S 40°24'57" E 2012 D-SAND OLIGOCENE 09/09/2006 Gas Well

MKURANGA-1
MAUREL & 

PROM
07°10'50" S 39°11'5" E 3622 KIPATIMU EARLY CRE.

25/01/2007 Gas Discovery

MNAZI BAY-3 ARTUMAS 10°19'36" S 40°24'57" E 2749 A-SAND OLIGOCENE 08/01/2007 Gas Well

MSIMBATI  X-1 ARTUMAS 10°20'29" S 40°26'10" E 2003 D-SAND OLIGOCENE 20/03/2007 Gas Well

SONGO SONGO-

10
PANAFRICA 08°30'59" S 39°29'31" E 1689 KIPATIMU  CRETACEOUS 02/11/2007 Gas Well

KILIWANI-1
NDOVU/

AMINEX
08°32'21" S 39°30'46" E 2570 KIPATIMU NEOCOMIAN 12/02/2008 P & A

KILIWANI NORTH-

1

NDOVU/ 

AMINEX
08°33'33" S 39°30'46" E 2030 KIPATIMU NEOCOMIAN 27/03/2008 Gas Well

MBEZI-1
MAUREL ET

PROME
07°11'53" S 39°14'’3" E 2945 KIPATIMU EARLY CRET. 23/09/2008 P & A gas shows

MINANGU-1
MAUREL ET

PROME
07°20'30" S 39°7'46" E 2883 KIPATIMU  EARLYCRET. 31/12/2008 P & A

MAFIA DEEP-1
MAUREL ET

PROME
07°53'05" S 39°45'9" E 5632 KIPATIMU EARLY CRET. 30/04/2010 P & A gas shows

MIHAMBIA-1
MAUREL ET

PROME
09°17'35" S 39°13'12" E 2503 NONDWA  MIDDLEJUR. 26/03/2009 P & A

MOHORO-1
MAUREL ET

PROME
08°06'00" S 39°8'0" E 3200 KIPATIMU  EARLYCRET. 25/01/2009 P & A

LIKONDE-1 TULLOW 10°19'35" S 40°1'42" E 3647 KIPATIMU  EARLYCRET. 14/04/2010 P & A

KIANIKA-1
MAUREL & 

PROM
08°22'54" S 39°6'46" E 3100 MTUMBEI Mid Jurassic 2010 P&A

Mandawa 6 BP 9°25'6.866" S 39°25'3.061" E   P&A/Susp Dry/Shows

Ruvu Bridge 2 BP 6°44'7.728" S 38°46'2.986" E 213   P&A/Susp Dry/Shows

Morogoro-Dar-es-

Salaam Road 1
BP 6°40'7.752" S 38°51'2.992" E 107   P&A/Susp Dry/Shows

Kiswere 2 BP 9°27'35.352" S 39°30'10.667" E   P&A/Susp Dry/Shows

Lukinga 1 BP 7°20'7.537" S 38°42'2.981" E   P&A/Susp Dry/Shows

Ruaruke G-1 BP 7°47'7.39" S 39°5'3.016" E   P&A/Susp Dry/Shows

Ruaruke G-2 BP 7°43'7.414" S 39°7'3.022" E   P&A/Susp Dry/Shows

Ruvu 13 BP 7°17'7.555" S 38°13'2.942" E   P&A/Susp Dry/Shows

Ruvu 02 BP 7°20'7.541" S 38°21'2.952" E   P&A/Susp Dry/Shows

Chole 1 BP 7°19'7.543" S 38°42'2.981" E   P&A/Susp Dry/Shows

Chole 2 BP 7°19'7.543" S 38°42'2.981" E   P&A/Susp Dry/Shows

Mandawa 1 BP 9°19'6.899" S 39°23'3.055" E 769   P&A/Susp Dry/Shows

Mandawa 2 BP 9°19'6.899" S 39°23'3.055" E 765   P&A/Susp Dry/Shows

Mandawa 5 BP 9°25'6.866" S 39°25'3.061" E   P&A/Susp Dry/Shows

Masaki 2 BP 7°5'7.616" S 38°58'3.004" E   P&A/Susp Dry/Shows

Pugu 1 BP 6°53'7.678" S 39°7'3.018" E   P&A/Susp Dry/Shows

Kianika 1 DOMINION OIL 8°23'9.164" S 39°6'52.711" E 3040   P&A/Susp Dry/Shows

Ruaruke 1 BP 7°45'7.402" S 39°8'3.023" E 762   P&A/Susp Dry/Shows

Vikumburu 1 BP 7°27'7.502" S 38°35'2.972" E 61   P&A/Susp Dry/Shows

MAFIA-1 B.P. 07°52'40" S 39°45'21" E 3368 RUARUKE LATE CRET. 21/01/1956 P & A oil/gas shows

KISANGIRE-1 AGIP 07°29'09" S 38°32'42" E 3296 NGERENGERE EARLY JUR. 25/02/1976 P & A

KISARAWE-1 AGIP 07°00'19" S 39°3'32" E 4057 BAGAMOY LATE JUR. 09/07/1976 P & A

SONGO SONGO-3 TPDC 08°31'19" S 39°29'46" E 2286 KIPATIMU EARLY CRET. 28/07/1977 Gas Well

SONGO SONGO-4 TPDC 08°31'01" S 39°29'30" E 2011 KIPATIMU  EARLYCRET. 22/08/1978 Gas Well

KIZIMBANI-1 AGIP 09°02'25" S 39°22'30" E 2697 BASEMENT PRE CAMBRIAN 30/09/1979 P & A

ZANZIBAR-1 B.P. 06°03'26" S 39°13'2" E 4353 RUARUKE LATE CRET. 17/03/1957 P & A gas shows

KIMBIJI EAST-1 TPDC 06°59'16" S 39°32'40" E 3582 RUARUKE LATE CRET. 12/06/1982 P & A gas shows

MAKARAWE-1 IEDC 05°33'10" S 38°52'11" E 3821 TANGA TRIASSIC
09/11/1984

P & A gas-0il

shows

RUARUKE

NORTH-1
SHELL 07°43'10" S 39°10'16" E 2000 KIPATIMU EARLY CRET.

25/09/1984 P & A

LIWALE-1 SHELL 09°25'53" S 37°31'16" E 1762 KAROO  PERMO-TRIASSIC 25/08/1985 P & A

KIWANGWA-1 IEDC 06°21'43" S 38°32'56" E 3514 TANGA TRIASSIC 04/01/1986 P & A gas shows

GALULA-1 AMOCO 08°33'34" S 32°54'24" E 1524 RED BEDS  CRETACEOUS 03/08/1987 P & A

IVUNA-1 AMOCO 08°15'25" S 32°18'27" E 2316 BASEMENT  PRECAMBRIAN 04/09/1987 P & A

MBUO-1 SHELL 09°26'41" S 39°16'51" E 3313 BASEMENT  PRECAMBRIAN 15/05/1990 P & A

LUKULEDI-1 TEXACO 10°09'56" S 39°39'58" E 1941 BASEMENT PRE CAMBRIAN 30/10/1990 P & A

NTORYA-1
NDOVU

RESOURCES
10°27'05" S 40°2'53" E 3150 K-630  UPPERCRET.

11/04/2012 Gas Well

Chalinze 1 BP 6°38'7.764" S 38°22'2.95" E 914   15/09/1955 P&A/Susp Dry/Shows

Morogoro-Dar-es-

Salaam Road 2
BP 6°45'7.726" S 38°50'2.99" E 107   

P&A/Susp Dry/Shows

Pemba 3 BP 5°17'8.189" S 39°45'3.06" E 762   P&A/Susp Dry/Shows

Msanganya 1 BP 7°9'7.596" S 38°55'3" E 762   P&A/Susp Dry/Shows

Operator

Location Bottomhole Formation

Well
Completion 

Date
Status
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Lat (S/N) Long (E)
Total Depth 

(m)
Formation Age

Pemba 1 BP 5°14'8.203" S 39°46'3.061" E 762  Miocene P&A/Susp Dry/Shows

Ruaruke G-3 BP 7°42'7.416" S 39°7'3.022" E 232   P&A/Susp Dry/Shows

Wingayongo 1 BP 7°49'17.378" S 38°54'3.002" E 914
Kipatimu 

Formation
Aptian

1954
P&A/Susp Dry/Shows

Pemba 2 BP 5°16'8.195" S 39°47'3.062" E 762   P&A/Susp Dry/Shows

Masaki 1 BP 7°5'7.616" S 38°58'3.004" E 58   P&A/Susp Dry/Shows

Pemba 4 BP 5°16'8.195" S 39°44'3.059" E 888   P&A/Susp Dry/Shows

Pindiro 1 BP 9°30'8.842" S 39°18'50.054" E 922

Nondwa 

Evaporite 

Formation

Lias

30/08/1957 P&A/Susp Dry/Shows

Lindi 2 BP 10°3'18.659" S 39°38'5.086" E 904   29/10/1956 P&A/Susp Dry/Shows

Kimbiji 1 BP 6°59'7.645" S 39°32'3.052" E 764   P&A/Susp Dry/Shows

Pugu 2 BP 6°52'7.687" S 39°7'3.014" E 547   P&A/Susp Dry/Shows

Kiswere 1 BP 9°27'35.449" S 39°29'47.666" E 762   P&A/Susp Dry/Shows

Songo Songo-11
PANAFRICAN

ENERGY
08°31'28" S 39°29'41" E 2390 NEOCOMIAN E. Cretaceous

25/05/2012 Gas Well

Msanga 1 BP 7°18'7.549" S 38°48'2.992" E 611   P&A/Susp Dry/Shows

Kiswere 5 BP 9°27'22.45" S 39°31'37.772" E 366   P&A/Susp Dry/Shows

Kiranjeranje 1 BP 9°30'59.832" S 39°28'10.063" E 762   20/11/1957 P&A/Susp Dry/Shows

Mandawa 4 BP 9°25'6.866" S 39°25'3.061" E 84   P&A/Susp Dry/Shows

Morogoro-Dar-es-

Salaam Road 3
BP 6°45'7.722" S 39°10'3.018" E 143   

P&A/Susp Dry/Shows

Mandawa 3 BP 9°19'6.899" S 39°23'3.055" E 765   P&A/Susp Dry/Shows

Ruvu Bridge 1 BP 6°41'7.746" S 38°41'2.976" E 214   P&A/Susp Dry/Shows

Msimbazi Creek 1 BP 6°50'7.692" S 39°15'3.028" E 91   P&A/Susp Dry/Shows

Lindi 1 BP 10°2'6.666" S 39°42'3.089" E 534   P&A/Susp Dry/Shows

Kiswere 3 BP 9°27'30.352" S 39°30'40.266" E 618   P&A/Susp Dry/Shows

Ruaruke G-4 BP 7°43'7.414" S 39°9'3.024" E 86   P&A/Susp Dry/Shows

Kiswere 4 BP 9°27'19.854" S 39°31'8.868" E 757   P&A/Susp Dry/Shows

Lake Kitere 1 BP 10°21'6.566" S 39°42'3.092" E   P&A/Susp Dry/Shows

Mecupa 1ST1 ANADARKO 10°57'50.88" S 40°20'14.247" E   22/11/2009 P&A/Susp Dry/Shows

Narunyu 1 BP 10°13'9.61" S 39°31'33.078" E   25/05/1957 P&A/Susp Dry/Shows

Mecupa 1 ANADARKO 10°57'50.88" S 40°20'14.247" E   25/10/2009 P&A/Suspended

ZIWANI-1
MAUREL ET

PROME
10°19'33" S 40°17'50" E 2700

MIOCENE/OLI

GO

CENE

TERTIARY 05/05/2012 P & A

Mtwara 1 BP 10°18'6.577" S 40°10'3.133" E 849   P&A/Susp Dry/Shows

Mambakofi-1 Dodsal 06°43'14" S 38°39'45.8" E 3064m TVD
Cretaceous 

and
Triassic Apr-11 Gas Well

Kenya Offshore

SIMBA-1 TOTAL 04°00'07" S 40°34'04" E 3604 CAMPANIAN 1978
P&A with gas shows in 

Tert./ Cret

Pomboo-1 WOODSIDE 01°57'16" S 41°56'28" E 4887 Campanian 2007 P&A/Suspended

Sunbird 1 BG 04°18'37.105" S 39°58'18.822" E 2350  Aquitanian 2014 P&A/Suspended Oil

Kiboko 1 ANADARKO 04°20'46.118" S 41°41'5.386" E 6907   2013 P&A/Suspended

Mbawa-1 Apache 03°21''17.7" S 40°50'4.07"" E 3275   2012 P&A/Suspended Gas

Kubwa-1 ANADARKO 02°09''9.4" S 41°35'45.2"" E   2013 P&A/Suspended Oil

KOFIA-1 UNION 02°32'32" S 40°56'18" E 3629 MAASTRICHTIAN 1985
P &A with flour. And gas 

shows in Tert./ Cret

MARIDADI-1B CITIES 02°53'09" S 40°24'08" E 4198 Kipini OLIGOCENE 1982
P &A with gas shows in 

Tertiary

Kenya Onshore

WALU - 1 BP/ SHELL 01°38'04" S 40°15'09" E 1768 SENONIAN 1960 P&A

PANDANGUA -1 BP/ SHELL 02°05'51" S 40°25'15" E 1982 PALEOGENE 1960
P&A with gas show in 

tertiary

MERI - 1 BP/ SHELL 00°20'36" N 40°11'00" E 1941 PALEOGENE 1961 P& A

MARARANI-1 BP/ SHELL 01°34'57" 41°14'10" E 1991 PALEOGENE 1962
P&A with fluorescence in 

tertiary

RIA KALUI-1 MEHTA & CO. 1538 KAROO 1962
P & A with oil stain in 

Permo-Trias Karoo?

WALU-2 BP/ SHELL 01°38'02" S 40°15'10" E 3729 APTIAN 1963
P&A with fluorescence in 

cret.

DODORI-1 BP/ SHELL 01°48'07" S 44°11'04" E 4311 CAMPANIAN 1964
P&A with oil-gas shows in 

Tertiary/Cret

WALMERER-1 BP/ SHELL 00°05'35" S 45°35'05" E 3794 NEOCOMIAN 1967
P&A with gas shows in 

Cret.

GARISSA-1 BP/ SHELL 00°22'04" S 39°48'43" E 1240 BATHONIAN 1968 P&A

PATE-1 BP/ SHELL 02°03'54" S 41°04'52" E 4188 EOCENE 1971
P&A with gas shows in 

Eocene

KIPINI-1 BP/ SHELL 02°29'24" S 40°35'51" E 3663 CAMPANIAN 1971

P&A with flour. &

gas shows in Tert.

/ Cret.

HAGARSO-1 TEXAS PACIF. 00°47'44" S 40°26'41" E 3092 ALBIAN 1975
P&A with gas shows in 

Cret.

ANZA-1 CHEVRON 00°55'11" N 39°41'43" E 3662 CENOMANIAN? 1976
P & A with oil stain in 

Cretaceous

BAHATI-1 CHEVRON 00°26'33" N 39°47'06" E 3421 CENOMANIAN? 1976
P & A with oil stain in 

Cretaceous

KENCAN-1 PETRO-CANADA 00°18'57" S 39°46'17" E 3863 KARROO 1986 P & A

Completion 

Date
Status

Bottomhole FormationLocation

OperatorWell
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Total Depth 

(m)
Formation Age

ELGAL - 1 AMOCO 01°22'47" N 39°53'09" E 1280 KARROO 1987
P & A with (Stratigraphic 

well)

ELGAL - 2 AMOCO 01°27'33" N 39°58'40" E 1908 KARROO 1987
P & A with (Stratigraphic 

well)

NDOVU-1 TOTAL 01°59'58" N 38°52'57" E 4269 HAUTERIVIAN 1988
P &A with flour. &

gas shows in Cret

SIRIUS-1 AMOCO 02°35'00" N 37°32'49" E 2638 Lower Cret 1988 P & A

BELLATRIX-1 AMOCO 02°42'13" N 37°32'22" E 3480 Lower Cret 1988 P & A

DUMA-1 TOTAL 01°39'36" N 39°30'20" E 3333 Early Cret 1989
P & A with gas shows in 

Cret

HOTHORI-1 AMOCO 01°11'17" N 39°29'38" E 4392 LATE CRET 1989

P & A with flour. &

gas shows in

Tert./ Cret.

CHALBI - 3 AMOCO 03°01'51" N 37°24'43" E 3644 Lower Cret? 1989 P & A

ENDELA-1 WALTER 00°45'30" N 39°28'52" E 2779 PALEOGENE 1989
P & A with gas shows in 

Paleogene

KAISUT-1 TOTAL 01°31'04" N 38°16'29" E 1450 PALEOGENE 1989 P & A

LOPEROT - 1 SHELL 02°21'46" N 35°52'24" E 2950 Palaeocene 1992 P & A with oil shows

ELIYE SPRINGS - 1 SHELL 03°13'51" N 35°54'40" E 2964 Upper Miocene 1992 P & A

Mozambique Offshore

Collier 1 ANADARKO 11°26'35.264" S 40°58'18.97" E 0  Paleocene 20/04/2010 P&A/Susp Dry/Shows

Barquentine 2 ANADARKO 10°46'4.496" S 40°59'44.923" E 4125  Oligocene 12/03/2012 P&A/Suspended Gas

Barquentine 3 ANADARKO 10°47'39.65" S 40°59'42.408" E 4083  Oligocene 28/11/2011 P&A/Suspended Gas

Tubarao 1 ANADARKO 11°9'32.257" S 40°48'1.821" E 4236  Eocene 10/02/2011 P&A/Suspended Gas

Camarao 1 ANADARKO 10°50'58.904" S 40°58'25.07" E 3850  Oligoene 05/10/2011 P&A/Suspended Gas

Barquentine 4 ANADARKO 10°43'19.186" S 40°56'2.898" E 5145  Palaeocene 04/04/2012 P&A/Suspended Gas

Mamba Northeast 1 ENI EA 10°52'2" S 41°5'0" E 4560  Eocene 26/03/2012 P&A/Suspended Gas

Coral 1 ENI EA 11°9'7" S 41°10'16" E 4869  Eocene 15/06/2012 P&A/Suspended Gas

Cachalote 1ST STATOIL MZ 12°28'51.689" S 40°43'7.803" E  Permian 23/07/2013 P&A/Suspended Gas

Golfinho 4 ANADARKO 10°35'34.819" S 40°52'44.16" E 4400  Oligocene 25/08/2012 P&A/Suspended Gas

Golfinho 2 ANADARKO 10°37'23.093" S 40°50'49.137" E 4160  Oligocene 25/07/2012 P&A/Suspended Gas

Buzio 1 STATOIL MZ 12°15'23.7" S 40°49'5.4" E  Upper Cretaceous 25/08/2013 P&A/Susp Dry/Shows

Manta 1 ANADARKO 10°42'20.29" S 40°46'56.676" E  Cretaceous 25/11/2013 P&A/Suspended

Orca 2 ANADARKO 10°49'55.13" S 40°53'6.096" E   Well active

Lagosta 1ST ANADARKO 10°59'22.721" S 40°59'36.995" E 4970  Eocene 01/03/2011 P&A/Suspended

Perola Negra 1 ANADARKO 11°57'35" S 40°49'41" E 5500   05/12/2012 P&A/Susp Dry/Shows

Mamba Northeast 3 ENI EA 10°54'8.48" S 41°9'8.82" E   05/09/2013 P&A/Suspended Gas

Orca 1 ANADARKO 10°46'32.379" S 40°51'1.4" E 4996   18/04/2013 P&A/Suspended Gas

Windjammer 1 ANADARKO 10°46'43.089" S 40°57'10.288" E 3271  Cretaceous 30/12/2009 P&A/Susp Dry/Shows

Mamba South 1 ENI EA 10°58'44.26" S 41°0'25.69" E 5000 Limestone Eocene 18/11/2011 P&A/Suspended Gas

Lagosta 3 ANADARKO 10°59'8.606" S 40°58'2.536" E 4180  Eocene 15/02/2012 P&A/Suspended Gas

Windjammer 2 ANADARKO 10°46'41.814" S 40°57'11.282" E 5160  Tertiary 25/01/2010 P&A/Susp Dry/Shows

Lagosta 2 ANADARKO 10°55'33.878" S 40°59'11.075" E 4335  Oligocene 15/09/2012 P&A/Suspended Gas

Mamba South 2 ENI EA 11°0'0" S 41°5'0" E   30/10/2012 P&A/Suspended Gas

Windjammer 2ST2 ANADARKO 10°46'41.814" S 40°57'11.282" E   15/03/2011 P&A/Suspended Gas

Mamba North 1 ENI EA 10°46'30" S 41°0'30" E 5329  Cretaceous 15/02/2012 P&A/Suspended Gas

Agulha 1 ENI EA 11°22'12.334" S 41°12'35.939" E  Cretaceous 25/08/2013 P&A/Suspended Gas

Mamba Northeast 2 ENI EA 10°49'23" S 41°8'42" E 5365  Paleocene 15/08/2012 P&A/Suspended Gas

Golfinho 6 ANADARKO 10°39'6.535" S 40°45'3.438" E 3500   25/10/2013 P&A/Suspended Gas

Atum 2 ANADARKO 10°39'57.506" S 40°49'0.502" E 3867  Oligocene 25/09/2012 P&A/Suspended Gas

Ironclad 1 ANADARKO 11°34'20.761" S 40°49'44.336" E 5301  Cretaceous 12/08/2010 P&A/Susp Dry/Shows

Windjammer 2ST3 ANADARKO 10°46'41.814" S 40°57'11.282" E   25/04/2011 P&A/Suspended Gas

Atum 1 ANADARKO 10°42'24.277" S 40°49'52.854" E 3860  Oligocene 11/06/2012 P&A/Suspended Gas

Barquentine 1ST ANADARKO 10°45'43.746" S 40°58'16.106" E 5140  Palaeocene 01/03/2011 P&A/Suspended

Cachalote 1 STATOIL MZ 12°28'51.689" S 40°43'7.803" E 2475  Permian 25/06/2013 P&A/Suspended Gas

Barquentine 1 ANADARKO 10°45'43.746" S 40°58'16.106" E 5140  Oligocene 15/05/2012 P&A/Suspended Gas

Golfinho 1 ANADARKO 10°33'47.048" S 40°47'26.514" E 4537  Oligocene 15/05/2012 P&A/Suspended Gas

Atum 3 ANADARKO 10°39'33.148" S 40°55'11.378" E 4224   25/10/2013 P&A/Suspended Gas

Espadarte 1 ANADARKO 10°33'27.541" S 40°39'17.23" E 3548   25/07/2013 P&A/Suspended Gas

Barracuda 1 ANADARKO 11°31'44.6" S 40°54'16.35" E 4500   25/01/2013 P&A/Susp Dry/Shows

Mamba South 3 ENI EA 10°55'30" S 41°1'0" E 4948  Paleocene 24/04/2013 P&A/Suspended Gas

Tubarao 2 ANADARKO 11°10'41" S 40°58'37" E   15/02/2013 P&A/Susp Dry/Shows

Coral 2 ENI EA 11°5'0" S 41°3'0" E 4725  Eocene 05/12/2012 P&A/Suspended Gas

Coral 3 ENI EA 11°11'45" S 41°9'0" E 5270  Eocene 18/02/2013 P&A/Suspended Gas

Windjammer 2ST1 ANADARKO 10°46'41.814" S 40°57'11.282" E 5162  Tertiary 16/03/2010 P&A/Suspended Gas

Golfinho 5 ANADARKO 10°29'50" S 40°44'30" E 3853   25/10/2013 P&A/Suspended Gas

Lagosta 1 ANADARKO 10°59'22.721" S 40°59'36.995" E 4970  Oligocene 19/12/2010 P&A/Suspended Gas

Golfinho 3 ANADARKO 10°36'18.676" S 40°45'44.359" E 4000  Oligocene 05/08/2012 P&A/Suspended Gas

Linguado 1 ANADARKO 10°16'47.122" S 40°56'42.099" E 5256   15/05/2013 P&A/Susp Dry/Shows

Mocimboa 1 ESSO 11°26'13.081" S 40°16'47.91" E 3492  Albian 30/06/1986 P&A/Susp Dry/Shows

DSDP

DSDP 242 IODP 15°50'30" S 41°49'13.8" E 676 Early Late Eocene 1972

DSDP 241 IODP 02°22'14.4" S 44°40'46.2" E 1174 Claystone Turonian 1972

Well Operator

Location Bottomhole Formation
Completion 

Date
Status
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Appendix C – Well Descriptions 

1. Zanzibar-1 Well Summary taken from Nelson et. al. (2006) 
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2. Pemba-1 Well Summary taken from Nelson et. al. (2006) 
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3. Simba-1 Well Summary taken from Shell Internal Report (1991) 
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Appendix D – Well Projection to Seismic Calculation 

The following section will outline the methods in projecting well tops to seismic data 

including the calculations that have been applied. 

 

1. Pemba-5 Checkshot and Correlation 

The Pemba-5 well was drilled in 1962 by BP and encountered dead oil and gas shows. It 

was drilled down to 3886 m on Pemba Island reaching Maastrichtian rocks. The 

associated stratigraphic information has been well documented in Kent et. al. (1971) and 

summarised in Chapter 4. The corresponding ages of well tops are identified via 

biostratigraphy. The surface geology map from Kent et. al. (1971) shows that the dips 

vary between 1°-7° and evidence from photogeology shows a dominance of dips of 1-3° 

towards the east. In addition, an unidentified horizon of depth approximately 600 m 

contoured using 1959 seismic reflection surveys was described to fall from 600 to 1500 

m in 16 km giving a dip at 3.2°. Since the checkshot data for this borehole is available in 

this study (obtained from Shell Internal Report (1991)), the time-depth relationship can 

be analysed. Therefore, the following steps are taken to project the well tops to the 

adjacent seismic line presuming a dip of 2°-3°. 

 

a. Identify individual well tops in depth with their corresponding time based on 

checkshot data. 

b. Calculate the average interval velocity of these for specific successions. 

./012�0	34501/26	70689:5;	�<=>?
 = 	
34501/26	@0A5ℎ	�<


34501/26	C:<0	�=

 

c. Project well tops to nearest seismic line assuming a constant dip and convert the 

depth point to TWT using the average interval velocity. 

d. Compare the TWT projected-well tops with seismic horizons interpretation. 

 

This method allows a slightly more accurate estimation of ages considering the dipping 

anticline on Pemba Island. The assumption implied is that there is minor faulting or no 

major deformation between the Pemba-5 well and the seismic section. Projection towards 

the east (approximately 14600 m) is more reliable than towards the west (18500m) 

because it is nearer (hence minimising errors) and the Pemba Channel syncline geometry 

may add additional complication.  
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Pemba-5 checkshot data from Shell Internal Report (1991). Vertical axis in feet and horizontal velocity in feet/s. 

 

Pemba-5 checkshot data recalculated in meters and meters per second. 
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2. Zanzibar-1 Checkshot  

Zanzibar-1 is drilled on Zanzibar Island. The same projection method can be applied as 

with well Pemba-5 but the presence of an offshore Zanzibar Channel and the absence of 

data inboard of Zanzibar Island suggest that such approximation here may not applicable. 

However, the average velocities calculated here can act as a proxy to understand the 

velocities across the dataset. The majority of age-specific successions show minor 

difference in velocities (±100 m/s) except for the Mid Eocene succession which is 

significantly higher velocity here due to the presence of carbonate. Similarly the check 

shot data is obtained from a Shell Internal Report (1991). 

 

 

 

Interval velocities of successions from Pemba -5

Reflectors MD (m) Vertical Time (s) Velocity (m/s)

Pliocene? 0 0.000 2407

Mid Miocene 27 0.011 2407

Lower Miocene 93 0.039 2839

Oligocene 475 0.173 3306

Upper Eocene 900 0.302 2560

Mid Eocene 1032 0.353 3097

Palaeocene 2935 0.968 3845

Cretaceous 3070 1.003 3845

3655 1.155

Projection from Pemba-5 to adjacent seismic data over 14600 m

Reflector MD (m) Z (m) Z (m) TWT (ms) Z (m) TWT (ms) TWT (ms)

Pliocene 0 -34 727 982 727 982 Seabed 982

Top Miocene 27 -7 503 796 758 1008

Top Oligocene 475 441 951 1120 1206 1332 PR-8 1258

Top Upper Eocene 900 866 1376 1377 1631 1589

Top Mid Eocene 1032 998 1508 1480 1763 1692 PR-7 1783

Top Palaeocene 2935 2901 3411 2709 3666 2921 PR-6 2858

Top Cretaceous 3070 3036 3546 2779 3801 2991 PR-5 3208

2° 3°

Dip
Pemba-5 Well

Corresponding 

Nearest 

Reflector
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Zanzibar-1 checkshot data from Shell Internal Report (1991). Vertical axis in feet and horizontal velocity in 

feet/s. 
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Zanzibar-5 checkshot data recalculated in meters and meters per second. 

 

3. Zeta-1 and TZ1-3000 Correlation  

Drilling of exploratory well Zeta – 1 commenced in August 2011 and was drilled to a 

total depth of 4824 m reaching Albian sequences. The well was reported dry. The well 

tops were made available to this study by Shell and their respective ages are probably 

determined by biomarkers. No additional well log data was made available. The well tops 

were projected onto the nearest singularly available depth-migrated seismic line (TZ1-

3000) approximately 6400 m away. Reflectors picked and interpreted along the time 

domain (PoTM) were then translated into the depth-migrated data (PoDM) to give a rough 

approximation of the ages. Such correlation is therefore made on the assumption that the 

depth migrated data is reliable with respect to the time migrated data and it is also 

important to note that this well is approximately 6400 m away from the seismic profile. 

The time-depth relationship was analysed by identifying similar reflectors between the 

PoDM and PoTM profiles and the velocity profile can be seen as a simple 2nd order 

polynomial at least true within the calculated section. 
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Time-depth relationship between PoDM and PoTM profiles based on identification of similar reflectors along 

seismic transect TZ1-3000. 

 

However, in this case other estimation methods were considered to be required as 

interpretation of seismic data surrounding the wells had shown the key reflectors picked 

were varying in depth as they were dipping. The first method involved identifying similar 

reflectors on the adjacent seismic line TZ99-142. The reflectors were converted to depth 

using the calculated velocity profile and then projected along the same trend towards the 

well. This method captured the changes in depths trending N-S. 
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The second method was similar but considered the changes in depths trending E-W. The 

same reflectors were interpreted along the downdip seismic line of TZ99-107 and then 

projected up-slope with dips calculated along the line TZ99-142 over the same distance. 

As the margin is generally dipping basin-wards, this method is probably the most 

appropriate approximation.  

 

 

 

The corresponding results when matched with the Zeta-1 marked horizons still do not 

provide a unanimous answer. This is due to the nature of the stratigraphy of these 

reflectors which is not isopachous and the dips of the horizons varies due to faulting and 

sedimentary processes. The results prognosis is shown in Section 4.5. 


