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Abstract 

In this study, aspects of the incipient stages of continental rifting, of rift zones around the 

time of continental breakup, and of mature rifted margins are evaluated. We focus on 

structural segmentation at incipient continental rift zones, and its subsequent effect on 

margin deformation. The uplift of rift zones at continental rupture is addressed as well. 

 Using three-dimensional numerical crustal models and analogs from the Rio Grande 

Rift, and the East African Rift System, rift segmentation is studied. The models predict 

that rift-bounding faults nucleate due to a concentration of stresses above weaknesses in a 

heterogeneous lower crust. The orientation of the crustal weak zones with respect to the 

tensional stress field affects the structural development and orientation of rift basins, as 

well as the accommodation zones that connect the basins. The relative positioning of the 

rift basins and their border faults controls the nature and deformation of the 

accommodation and transfer zones. 

 

In contrast with previous studies, we find that continental rupture is marked by uplift or 

reduced subsidence at both volcanic and magma-starved margins. Isostatic calculations 

suggest that this relative uplift is largely due to lithospheric mantle detachment around 

the time of rupture. The resulting uplift increases potential energy, contributing to 

tensional forces required for breakup.  

 

The Somali Basin margin formed as a result of oblique rifting of east and west Gondwana 

in the Mesozoic. The northern part of the margin is oblique, transitioning southward into 

a sheared margin. An Eocene-Miocene unconformity in the basin is analyzed to study its 
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relation to the change in margin structure, and the Afar mantle plume. Seismic lines of 

the Ocean Drilling Program (ODP) have been interpreted, and the tectonic subsidence 

history of seven wells in the Indian Ocean has been calculated. These analyses constrain 

the spatial extent and character of the unconformity that changes along the margin from 

north to south, corresponding to the structural changes along the margin. The timing and 

spatial extent of the unconformity are well explained by the arrival of the Afar plume in 

the Eocene. 
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1 Introduction 

 

1.1 Overview and Research Objectives 

 

The initiation and evolution of continental rifts, and their development into mature rifted 

margins after the onset of seafloor spreading, is a fundamental part of the plate tectonic 

cycle. A key feature of continental rift systems such as the East African Rift System and 

the Rio Grande Rift is the separation into segments of various lengths. The question of 

how these segments are initiated and evolve is a key puzzle that this study aims to 

address. Also mid-ocean spreading ridges are segmented, and the segmentation of 

continental rifts and slow-spreading mid-ocean ridges is quite similar in length scale, 

although somewhat different in structure. The length of segments is about 60-100 km in 

both cases, but mid-ocean spreading ridges are offset by transform faults which are not 

found in continental rifts. Also, at mid-ocean spreading ridges, a relation is found 

between the length of rift segments and the spreading rate: faster spreading ridges tend to 

have longer segments. Such a relation has not been found in continental rifts. Further, 

oceanic transform faults are parallel to the direction of extension, while continental rift 

relay zones tend to be oblique to the extension direction. Earlier studies (Ebinger, 1989; 

Scholz and Contreras, 1998) show that the rheology of the lithosphere (effective elastic 

thickness, thickness of the seismogenic layer) controls the length of the rift-bordering 

master faults. The location and separation of magmatic intrusions may affect 

segmentation during all phases of rift opening, and oblique extension (or the orientation 
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of the stress field) is also believed to play a key role in segmentation (Ebinger, 1989; 

Corti et al., 2007).  

 

Inherited structures in the lithosphere are important in rift evolution. The location of 

shear zones in the Precambrian mobile belt in lakes Malawi and Tanganyika has been 

related to the position of accommodation and transfer zones in the East African Rift (e.g. 

Delvaux, 2012), controlling rift segmentation. In the Rio Grande Rift, accommodation 

zones correlate to pre-existing (Laramide) crustal lineaments (Faulds and Varga, 1989). 

Some studies have found that incipient transfer zones have affected the formation of 

rifted margins and mid-ocean spreading ridge segmentation, and that their remnants are 

buried under thick accumulations of shelf sediments. On some margins, these ancient 

transfer zones have been exposed by seismic data. This is the case on the volcanic rifted 

Norwegian margin, where crustal heterogeneities have been observed to play a key role 

in controlling the location of transform faults (Tsikalas et al., 2002).  

 

It is important to understand the origin and evolution of structural segmentation. 

Segmentation plays an important role in the plate-tectonic cycle, as the segmented rift 

structure is sometimes found to be inherited by seafloor spreading ridges. Secondly, rift 

segmentation affects hydrocarbon migration, groundwater flow, earthquake distribution, 

and the location of volcanic activity in rifts; factors of direct influence to human activity.  
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In this thesis, we also look at the rift-drift transition. During continental separation, 

margins undergo a phase of uplift or reduced subsidence. The McKenzie stretching 

model (McKenzie, 1978), predicts that subsidence will follow thinning of the lithosphere 

during rifting. A closer examination of rifted margins (e.g., West Australia, Iberia 

margin, and the Ethiopian-Somalia plateau) shows that this is not usually the case. We 

investigate the phenomenon of uplift/reduced subsidence related to continental breakup, 

and review evidence that shows that uplift is common on both volcanic and non-volcanic 

margin types (Figure 1.1). A likely cause for this observation is deep mantle lithosphere 

detachment. 

 

Figure 1.1. World map highlighting the distribution of volcanic and magma-poor rifted margins 

The margins indicated on the map (Figure 1.1) are analyzed in the study on uplift/reduced 

subsidence at the rift-drift transition. Even the magma-poor margins show reduced 

subsidence compared to the McKenzie model predictions for the observed lithospheric 

thinning value. 
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Passive margin basins have been important areas for petroleum exploration because of 

their vast resource potential. Understanding the thermal and vertical evolution of these 

margins is important in petroleum system analysis studies. The third research project 

described here focuses on the oblique-rifted and sheared passive margins of the Somali 

basin in the Indian Ocean. This margin and the adjacent ocean basin are characterized by 

an Eocene-Miocene unconformity. The unconformity formed well after continental 

breakup, and its extent and character are examined here. The Somali Basin is located 

offshore east Africa, and formed as a result of the oblique separation of east and west 

Gondwana in Jurassic times. A transform or sheared margin was formed in the southern 

part of the margin, as shearing occurred along the Davie Ridge. Earlier studies (Coffin 

and Rabinowitz, 1983; 1988; Bunce and Molnar, 1977) have defined the character of the 

margin types in this basin. Deep sea deposits are predominantly made up of pelagic 

drapes filling in the relief, while mass movement and erosion products constitute a lesser 

source (Shipley et al., 1989). In margin areas where a marked fall in relative sea-level 

occurs, slumping, erosion and canyon formation dominate. Uplift of the African 

hinterland by tectonic/geodynamic processes might produce the relative sea-level fall 

needed to enhance seafloor erosion in the deep water environment. A prominent Eocene-

Miocene hiatus has also been identified onshore east Africa (Nyagah, 1995) and in DSDP 

well reports from the Indian Ocean. We define the offshore extent of this hiatus and tie its 

origin to the arrival of the Afar plume. 

In summary, the objectives of this study are: 
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 To determine how continental rift segmentation, including accommodation and 

transfer zones, develops 

 To investigate what happens during segmentation: how do the 

accommodation/transfer zones evolve over time, and to what extent is continental 

rift segmentation inherited by mid-ocean spreading ridges 

 To investigate the rift-drift transition to determine key factors driving 

uplift/reduced subsidence during continental breakup  

 To understand the extent and characteristics of the Eocene-Miocene hiatus in the 

deep water Somali Basin, and define the geologic processes responsible for the 

uplift event 

 

 

1.2 Organization of Dissertation Report 

This dissertation is divided into five chapters. Each of chapters 2, 3, and 4 of this report is 

a topic that is related to the overall theme of the dissertation, while also being able to 

stand alone as individual manuscripts for publication in peer reviewed scientific journals. 

Each chapter has its own unique abstract, introduction and list of references. 

Chapter 1 of this document focuses on an introduction to the general theme, key 

challenges around the topic, and report organization. 

Chapter 2: Investigates the phenomenon of segmentation at the incipient stage of 

continental rifting. Three dimensional finite element models of crustal deformation are 

developed, and results are compared to observations of the East African Rift System and 
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the Rio Grande Rift. The results from this study have been presented at the May 2012 

GSA (Geological Society of America) Rocky Mountains section conference in 

Albuquerque, NM. In this chapter, results are presented of a numerical modeling study of 

rift segmentation carried out using the finite element analysis software package 

ABAQUS. The models consist of a (layered) crustal block which upon extension 

deforms, yielding one or multiple rift segments. The models predict deformation within 

the rift segments as well as deformation and stresses/strain within the accommodation 

zones. The models predict where faults will be formed and how the crust deforms within 

and around the fault segment tips. The model observations are then compared to the 

Española Basin of the Rio Grande Rift which is bounded by two structurally different 

accommodation/transfer zones, and to rift units from the western branch of the East 

African Rift. Our analog areas are unique in that they show prominent segmentation, with 

basins that switch in the polarity of the master fault across the accommodation zone. The 

rift areas also show various scales of segmentation, with the area between Aswa and the 

Tanganyika-Rukwa-Malawi lineaments in the western branch of the East African Rift 

marking the highest order of segmentation (the longest rift segment). The models are 

developed to study the incipient stage of rifting (0-2 million years of extension), without 

igneous processes, so the relatively amagmatic western branch of the East African Rift 

and the Rio Grande Rift are valid analogs. 

  

Chapter 3: This chapter was submitted to Geosphere, and published in September 2012 

(Esedo et al., 2012). The chapter discusses uplift related to continental rifting and 

breakup. Observations from mature rifted margins of different types from around the 



7 

world are discussed, as well as geodynamic modeling results and isostatic calculations. 

Several explanations for uplift during rifting are analyzed, including mantle phase 

changes, dynamic uplift, and mantle lithosphere detachment.  

In Chapter 4 the results of the interpretation of 6,000 km of regional 2D seismic data 

from the Somali basin are presented, as well as 1D subsidence modeling of 7 wells from 

the Indian Ocean. Aim of this study is to investigate the Eocene-Miocene hiatus in this 

deep water environment, and determine its extent and intensity. The new interpretations, 

generated maps, and subsidence curves, highlight the extent and character of the 

unconformity, and relate the unconformity to the arrival of the Afar plume. 

 

Chapter 5 is a discussion of the conclusions of this study, including implications of the 

results and recommendations for future work. 
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2 Structural Segmentation of Rifts at the Incipient Stage of 

Continental Rifting 
 

 

Abstract 

 

A key feature of rift zones such as the Rio Grande Rift in the western U.S. and the 

western branch of the East African Rift System is the division of these rifts into 

segments. Segments are typically 50-150 km long. A similar scale of segmentation is 

found at mid-oceanic spreading ridges. Continental rift basins are segmented by 

accommodation or transfer zones, across which the half-grabens switch polarity. How/if 

this segmentation of rifts during the continental rift stage affects the evolution of mature 

margins and mid-ocean spreading ridges is still unclear. In this study, the initiation of 

continental rift segmentation and accommodation/transfer zones is studied with 

numerical models of crustal deformation.  

Three-dimensional layered crustal models were developed with a lower crustal weak 

zone to localize rifting. Several models were tested in which the orientation of the weak 

zone(s) with respect to the extensional stress field, and the amount of overlap/underlap 

and offset were varied. Upon extension, stresses localize above the weak zones, leading 

to the nucleation of basin bounding faults in the upper crust that sole out into the 

upper/lower crust boundary. The character of the accommodation/transfer zone is 

affected by the orientation of the ensuing basins, and their bounding faults. These faults 
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may transition from largely normal, to oblique/strike-slip at the tips. Model results are 

compared to the Rio Grande Rift, and western branch of the East African Rift Zone. 

 

 

2.1 Introduction 

 

 

Along-axis segmentation occurs at both seafloor spreading ridges and continental rift 

zones. At spreading ridge plate boundaries, the length of segments and the spreading rate 

are related (Sandwell and Smith, 2009). Segmentation is best developed in fast spreading 

ridge systems (rates higher than about 60 mm/a), where rift segments are longer. On fast-, 

intermediate-, and slow-spreading ridges, a hierarchy of segmentation has been described 

(e.g., Macdonald et al., 1992; Dick et al., 2003). First order segments (~100-1000 km 

length) are offset by transform faults that can sometimes be traced onto continental 

lithosphere, or the continent-ocean boundary (Figure 2.1; Klitgord and Schouten, 1986; 

Tsikalas et al., 2001; 2002). In the South Atlantic for example, the Romanche and St. 

Paul Fracture Zones can be traced to bends in the continent-ocean boundary (Figure2. 1) 

and terminations of offshore rift basins (Francheteau and Le Pichon, 1972). In the eastern 

North Atlantic, Proterozoic, and Caledonian continental shear zones affected Mesozoic 

rift periods, and major structural lineaments that in turn controlled the location of oceanic 

fracture zones (Talwani and Eldholm, 1972). As an example, the location of the Bivrost 

Fracture Zone was controlled by a Mesozoic transfer system (Tsikalas et al., 2002). 
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Second-order segments in ocean spreading ridges (~80-150 km length) are typically 

offset by a few kilometers, and are represented by over-lapping spreading centers; third, 

and fourth-order segments (~10-50 km length) have lateral offsets of a few kilometers, 

and are characterized by an offset or discontinuity in spreading axis volcanism 

(Macdonald et al., 1992). Ultra-slow, weakly magmatic spreading ridges such as the 

Gakkel Ridge, lack transform faults, and thus first order segmentation (Dick et al., 2003), 

suggesting that melt supply and/or strain rate may play a role in transform development. 

 

Continental rifts are segmented by transfer and accommodation zones, which connect 

asymmetric rift segments (Figures 2.1, 2. 2). The rift segments vary in length; in the East 

African Rift System, typical segment dimensions are about 80-100 km long, and 25-65 

km wide (Upcott et al., 1996; Hayward and Ebinger, 1996). In the Rio Grande Rift, 

segment length varies from about 60 to 200 km, and segment width varies between about 

30 and 65 km (Figure2. 2). Individual rift segments are asymmetric (Figure 2.1), and the 

basins are bordered on one or both sides by one or several master faults (normal faults). 

On the side of the border fault of the basin, the sediment layers are generally thicker and 

the basin has undergone more subsidence than other parts of the basin (Figures 2.1, 2. 2). 

The dip-direction of the basin-bordering master faults alternates between segments 

(Figure 2.1); transfer or accommodation zones connect the border faults. The length scale 

of first-order oceanic segmentation (~100-1000 km) is only found in inferred trans-

continental-scale shear zones such as the Aswa and Rukwa Lineaments in eastern Africa 

(Figure 2.1). These are thought to be Proterozoic transcontinental-scale shear zones 

(Daly, 1986; Versfelt and Rosendahl, 1989), but there is much uncertainty regarding their 
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origin. The length scales of second- and third- order oceanic ridge segmentation 

correspond well to the length scales of continental rift basins. 

 

Several factors control segment length, and width of continental rifts. According to 

Scholz and Contreras (1998), basin width depends on the seismogenic thickness. The 

seismogenic thickness is a function of crustal structure, rheology and temperature, and 

may therefore vary during the evolution of a rift zone, and from location to location. In 

the East African Rift for example, variations in these parameters are observed from south 

to north (Ebinger, 1989). The length of the basins is found to be a function of the 

seismogenic thickness and the effective elastic thickness of the lithosphere (Scholz and 

Contreras, 1998; Ebinger, 1989). Also rift obliquity (or a change in the tensional stresses 

from orthogonal to oblique) and inherited crustal structures have been suggested to affect 

segmentation and basin length (Tron and Brun, 1991; van Wijk, 2005; Corti et al., 2007; 

Corti, 2008). In the western branch of the East African Rift, longer basins (such as the 

Tanganyika Rift, Figure 2.1) are found where extension is orthogonal, and basins tend to 

be shorter where extension is oblique (Albert, Edward and Rukwa Rifts, Figure 2.1).  

 

The master faults of the basins terminate in accommodation or transfer zones that 

facilitate a transfer of strain between different segments. These structural zones are 

commonly oriented obliquely to the direction of regional extension. Rift segments that 

are connected at the accommodation zones may have reversed polarity or the same 

polarity (Figure 2.1). Accommodation zones have been defined as belts where fault 
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terminations overlap (Faulds and Varga, 1998), and transfer zones are discrete zones that 

transfer strain between active non-aligned faults by strike and oblique-slip faulting 

(Faulds and Varga, 1998). While accommodation zones are often oblique or 

perpendicular to the extension direction, the strike of transfer zones is more parallel to the 

direction of extension. The scale and nature of transfer zones in continental rifts is thus 

somewhat similar to the nature and deformation associated with second-order spreading 

ridge segmentation.  

 

This study focuses on the formation and evolution of accommodation zones. Three-

dimensional crustal finite element models are developed to study deformation, rotation, 

and stresses near the tips of rift segments. The results show how rift units may interact 

across a progressively narrowing accommodation zone, when faults lengthen, and the 

distance between fault terminations decreases. 

 

 

2.2 Observations of Continental Rift Segmentation 

 

 

The plan view geometry of continental rifts is largely dependent on the orientation of 

lithospheric inhomogeneities or zones of weakness relative to the direction of extension 

(McClay et al., 2002; Corti, 2011). Rift basins that have been formed as a result of 
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oblique extension show an en echelon arrangement of faults and experience less 

subsidence than rifts formed as a result of orthogonal extension (Corti, 2011). The 

dimensions of rift segments are region specific, affected by heterogeneities of mechanical 

properties of the crust and lithosphere (Ebinger, 1989; Scholz and Contreras, 1989).  

 

 

2.2.1 Structure of Accommodation and Transfer Zones in the Rio Grande Rift 

 

 

The Rio Grande Rift in the southwestern U.S. (Figure 2.2) has formed in response to a 

series of orthogonal and oblique extension events following the Laramide orogeny. 

Changes in the stress field and associated orthogonal/oblique extension of the rift have 

been associated with rotations of the far-field, tectonic stress field related to the changing 

western North America plate boundary. The rift‘s present narrow N-S rift-basin 

morphology results from the recent late Miocene-Holocene extensional phase (Morgan et 

al., 1986). These basins overprinted northwestward trending broader basins that formed 

during an earlier extensional phase in the middle Oligocene- early Miocene (Baldridge et 

al., 1994). The narrow right-stepping basins within the ~1000 km long Rio Grande rift 

are separated by accommodation, and transfer zones. The locations of the 

accommodation and transfer zones in the Rio Grande Rift can be correlated with pre-

existing basement structures and igneous activity. For example, the Embudo Fault Zone, 

which separates the Española Basin from the San Luis Basin, is located along the Jemez 
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Lineament that extends in a northeasterly direction from Arizona to the Raton-Clayton-

Capulin volcanic field of NW New Mexico (Muehlberger, 1979). 

 

 

Figure 2.1. Maps highlighting segmentation at the mid-Atlantic ridge, and EARS 

The fracture zones (FZ) terminate at bends in the continent-ocean boundary. B) Major 

basins of the western branch of the East African Rift. The rift is segmented, and 

individual basins are bordered on one or both sides by master faults (indicated in black). 

Two major Proterozoic shear zones, the Aswa and Rukwa Lineaments (inset) may 

separate the eastern and western branch. C) Schematic model of continental rift 

segmentation. Rift segments bordered by normal faults that dip in opposite directions are 

separated by an accommodation zone. The basins are asymmetric (A and B, modified 

from GeoMapApps). 
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The asymmetric Española Basin (Figure 2.2) is located between the San Luis Basin and 

Albuquerque Basin. It is ~120 km long, and 40 km wide (not including the Jemez 

volcano); the volcanic Jemez Mountains (caldera) make up a large portion of the western 

part of the basin. The basin formed from the inversion of the Laramide Pajarito uplift (a 

portion of the greater San Luis uplift), and has up to 5 km of sedimentary fill in the center 

(Figure 2.2, Cather et al., 2004; Golombek et al., 1983). Present day evidence of the 

Pajarito uplift beneath the Española Basin includes an elliptical-shaped low in the 

Bouguer gravity (Grauch et al., 2009), which is interpreted to be a region of structurally 

shallow crystalline basement. Bordering the Española Basin to the east, is the Santa Fe 

range (Sangre de Cristo Mountains, Figure 2), another portion of the greater San Luis 

uplift, which escaped later Rio Grande Rift inversion (Cather et al., 2004).  

 

The NE-SW- trending Embudo transfer zone marks the boundary between the west-

dipping Española basin and the east-dipping San Luis basin to the north. The fault has 

been described as a left-oblique strike-slip system that merges northeastwards into the 

Sangre de Cristo range. The Embudo transfer fault formed during Miocene extension, and 

extends from the Velarde graben (just southwest of Taos, NM) to the Canon fault zone 

(Bradford, 1992; Aldrich and Dethier, 1990; Baldridge et al., 1994; Dungan et al., 1984). 

Interestingly, it was found that the northwest rift boundary of the Española basin did not 

start out as a major border fault as has often been suggested for the East African Rift 

basins. Instead, this rift boundary initiated as a series of high angle normal faults over a 

zone 10-20 km wide (Baldridge et al., 1994) that were later abandoned when activity 
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shifted to the Embudo Fault Zone. Faulting started about 10 Ma, which is also around the 

time that the NS-oriented narrow grabens of the rift zone started to develop.  

The Embudo transfer fault connects two opposing master faults, east-dipping in the south 

and west-dipping in the north (Keller and Baldridge, 1999). Some of the left-lateral shear 

on the Embudo Fault is seen in reactivation of the Picuris-Pecos fault system in a series 

of en echelon counter-clockwise rotated blocks (Cather et al., 2004). The transfer fault 

appears to link with normal faults bounding the eastern flank of the Valles caldera.  

The interaction between the Santa Clara and Parajito fault systems is believed to have 

played a role in the Cenozoic evolution of the Embudo Fault (Ferrill and Morris, 2001); 

the crustal block between the normal fault systems has undergone anti-clockwise rotation 

due to the opposing directions of movement. The southern boundary of the Española 

Basin (indicated with B in Figure 2.2) is different in character. It has been interpreted as a 

poorly defined accommodation zone of distributed faulting (Cather, 1992; Chapin and 

Cather, 1994), and is described as a separate basin (the Santo Domingo basin, Smith et 

al., 2001; Minor et al., 2006). The Santo Domingo Basin is separated from the main 

Española basin by a series of northwest trending normal faults. It is marked by a major 

gravity gradient associated with the NW- striking La Bajada Fault Zone, where the major 

throw is to the west. To the north, the fault merges with the North-South- trending 

Cochiti Cone Fault. Major movement is believed to have occurred in the L. Pliocene- E. 

Pleistocene, affecting sediment delivery to the Santo Domingo basin (Deithier, 1999; 

Minor et al., 2012). The Santo Domingo Basin is symmetric (Minor et al., 2012). The La 
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Bajada fault forms the La Bajada constriction, which is an area of depression between the 

Española and Santo Domingo basins, where the Rio Grande Rift narrows.  

 

As a whole, the Rio Grande Rift is believed to have been affected by rotational stresses in 

a counter-clockwise manner (Kelly, 1978). Evidence of this includes leftwards drag of 

basin bounding faults, and the left sense of offset in oblique faults, folds, and wedges. 

Results of paleostress analysis of strata and faults in the Santo Domingo basin (Minor et 

al., 2012), showed a great fluctuation in direction. The faults range in dip and strike 

values, strike-slip components and anti-clockwise rotations about their tip. 

 

 

 

 



21 

 

Figure 2.2. Map of the RGR showing segmentation, also the Espanola basin 

A) Basins of the northern Rio Grande rift, southwestern U.S. These NS- oriented basins 

result from the most recent rifting phase. Accommodation/transfer zones A and B are 

different in character. B) Depth to base of Santa Fe Group (in m above/below sea level) 

in the Espanola Basin, Rio Grande Rift. Data from USGS. Transfer zone and 

accommodation zone A and B (see Figure 2A) are indicated. The master fault (Pajarito 

Fault Zone) is located to the west of the basin, and not indicated. The basin is deepest in 

the west. The Rio Grande Rift is located in the high elevation southwestern U.S. between 

the Colorado Plateau and Great Plains, but the base of the Santa Fe Group is in some 

places more than 1 km below sea level.    
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2.2.2 Segmentation in the East African Rift Zone 

 

 

In the East African Rift, 3 different groups of accommodation/transfer zones have been 

recognized: anticlinal antithetic; synclinal antithetic, and antithetic 

accommodation/transfer zones (Rosendahl, 1987). The western branch of the East 

African Rift system is highly segmented, with asymmetric basins bound on one or both 

sides by high angle normal faults. Individual rift segments are separated by high strain 

accommodation zones, which are areas of great structural complexity, marked by the 

presence of volcanoes and basement highs (Ebinger, 1989). In contrast to the eastern 

branch, the western branch is relatively devoid of magmatism, and several basins are not 

flanked by the typical uplifted rift margin.  

 

The direction of the extensional stress field in eastern Africa is still debated. Chorowicz 

and Mukonki (1979) and Chorowicz (2005) argue for a NW-SE direction of extension for 

the western branch. Ebinger (1989) proposed an E-W direction of extension, while other 

studies have suggested a changing stress field (E-W; ENE-WSW, and NE-SW) (e.g. 

Dalvaux, 2010). The changing stress fields directions may however be local responses to 

the tensional stress field and not reflect variations in the regional stress field (Chorowicz, 

2005).   
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The Aswa Lineament marks the northern boundary of the western branch. The distance 

between the Aswa Lineament, and the Tanganyika-Rukwa-Malawi inferred shear zone 

(Figure 2.2B) corresponds in scale to the first order of segmentation of mid-ocean 

spreading ridges. The Tanganyika-Rukwa-Malawi shear zone which links the northern 

and southern segments of the western branch of the EARS has been described as an 

intracontinental transform zone, consisting largely of NW-SE- trending right-lateral 

transfer faults (Delvaux, 2012). Some of these faults are linked to volcanic activity, and 

the location of the Tanganyika-Rukwa-Malawi shear zone is believed to be controlled by 

the location of Precambrian mobile belts (Tiercelin et al., 1988). This old belt is made up 

of lithospheric scale steep heterogeneities with predominantly mylonitic rocks 

(Chorowicz, 1989). The Tanganyika-Rukwa-Malawi shear zone is seismically active, 

with earthquakes up to depths of ~ 30 km affecting the brittle crust (Delvaux et al., 2012). 

The highly fractured Cenozoic Rungwe volcano at the southeastern tip of the Rukwa fault 

and the Usangu basin are prominent features within this zone. Within the Usangu basin, 

analyses of sediments indicate that over time, the direction of stress has changed (Mbede, 

2002). This rotation is also reported in the Lake Malawi rift area (Ring et al., 1992), 

based on an analysis of Neogene and Quaternary faults. Delvaux et al. (2012) analyzed 

faults within the Tanganyika-Rukwa-Malawi shear zone, and found three different stress 

regimes that affected the area since the Paleozoic. The most recent stress direction 

responsible for the present day rifting is here oriented NE-SW (Delvaux et al., 2012). The 

Rukwa rift segment is different from other rift segments in that no changing of border 

fault polarity has been observed.  Its origin as a product of strike-slip movements might 

be the reason for this (Kilembe and Rosendahl, 1992).  
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Some studies suggest that incipient transfer zones have affected the formation of rifted 

margins, and that their remnants are buried under thick accumulations of shelf sediments 

(Faulds and Varga, 1998). On some margins, ancient transfer zones have been exposed 

by seismic data (Faulds and Varga, 1998). Studies of magmatic margins such as the 

Norwegian margin (e.g., Tsikalas et al., 2001; 2002; Eldholm et al., 2002) show clear 

evidence of syn-rift and pre-rift mechanical heterogeneities in the crust, and/or mantle 

that control the location of transform faults during the rupture phase. On the Norwegian 

margin, oceanic fracture zones have been traced onto the continents, suggesting the 

possibility of a relationship between them and features present during incipient rifting. 

On other margins such as the Woodlark basin however, there is a poor correlation 

between pre-rift basement structure, syn-rift segmentation, and oceanic transform faults 

(Taylor et al., 2009; d‘Acremont et al., 2005), suggesting that transform faults are formed 

after the onset of seafloor spreading. Mature passive margins are also believed to show 

evidence of segmentation, likely based on their long term strength. A study by Watts and 

Stewart (1998) offshore West Africa, identified distinct segments marked by differing 

bands of gravity highs/lows.  
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2.3 Crustal Models of Rift Segmentation 

 

 

Structural segmentation of continental rift zones is well pronounced in the brittle upper 

crust. Segments consist of half grabens that are bounded on one or both sides by major 

breakaway or border faults (Figure 2.1). The half grabens are oppositely hinged and 

connected by accommodation or transfer zones. The lower crustal structure and Moho 

depth do not show such systematic variation between segments and transfer zones in the 

Rio Grande Rift (Liu et al., 2011; Obrebski et al., 2011) and western branch of the East 

African Rift (Beutel et al., 2010). Seismic wave velocities in the lower crust do vary 

along strike of the rift zone, but these variations do not clearly coincide with segments. 

Many, especially younger continental rift zones, are underlain by low seismic wave 

velocities in the shallow upper mantle (<300 km deep) (Achauer and Masson, 2002). No 

segmentation is visible however within the upper mantle zone of low seismic wave 

velocities in any of the continental rifts where tomographic images are available. This 

could be due to insufficient resolution of the tomographic results, or, more likely, due to 

the absence of segmentation at these depths. In the shallow upper mantle below the 

northern part of the Main Ethiopian Rift, Bastow et al. (2005) did find a segmented 

seismic wave velocity structure, but this segmentation is related to the magmatic 

segmentation of this part of the East African Rift, and not to structural segmentation. So, 

current tomographic images, and geological studies suggest that the upper crust of rifts is 

structurally segmented. Lower crustal segmentation is not as clearly documented and sub-
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crustal segmentation seems lacking. We therefore chose to model the structural 

segmentation of rifts with a crustal-scale model, divided into an upper crust and lower 

crust.  

 

The general purpose finite element software package Abaqus (http://www.simulia.com) 

was used to study extensional deformation of the crust. An elastic rheology was adopted 

for the upper and lower crustal layers. Although the crust is usually modeled as a brittle 

layer overlying a layer of semi-brittle/ductile rheology (Mart and Dauteuil, 2000), we 

found that in the elastic crust, extensional deformation localizes effectively in shear zones 

(Figure 2.4-6), and the early phase of continental rifting is well represented by this 

rheology in the models.  

 

In all models, a weak zone (WZ) was included in the lower crust to localize the 

extensional deformation. The weak zone mimics a body formed by depleted magma. The 

strong elastic upper crust (Table 2.1) overlies a weaker elastic lower crust, representative 

of extension of a stable area such as the East African Rift System or Rio Grande rift. The 

strength of the rheological layers and weak zone was altered by adjusting the Young‘s 

modulus of the layers (Table 2.1). Five groups of models were generated to investigate 

the effects on segmentation (Figure 2.3). The location, orientation, and positioning of the 

weak zone(s) was varied between different groups.  
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In group 1, one weak zone was placed within the lower crust symmetrically with respect 

to the sides of the domain (Figure 2.3). The weak zone dimension for this model is 80x10 

km; this setup mimics the condition at the tip of an isolated rift unit. In group 2, 

interaction between adjacent segments was studied by placing two weak zones within the 

lower crust. The weak zones were aligned in all models, but the distance between the tips 

of the weak zones varied between 20 km, 40 km, and 80 km. Extension was in a direction 

orthogonal to the orientation of the weak zones. The third group of models focuses on 

deformation associated with weak zones that were emplaced off-center in the model 

(Figure 2.3).  Group 4 focuses on interaction between segments which are not aligned. 

Separation of the weak zones in N-S direction is fixed at 20 km, while the lateral offset 

between weak zones is 20 km. The weak zones here are 70x10 km.  In group 5, oblique 

extension is simulated. Two weak zones of dimensions 35x10 km are placed in the lower 

crust with an orientation oblique to the extension direction. Below, only a selection of 

representative results for each group is shown.  

 

Boundary conditions of all models include extension in an east-west direction, while the 

north and south sides of the models are prevented from deformation in the N-S direction 

(Figure 2.3). An extension rate of~5.5 mm/yr. (half rate) was used for the models 

discussed here; changing the extension rate did not affect the results of this study. The 

base of the models is fixed in the vertical direction. Since the base of the model 

represents the Moho, this boundary condition implies that the Moho is held horizontal 

during extension. The phase of extension studied here is short (5 My maximum extension 
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duration, and most tests were 2 My), so the effect on the results are assumed to be 

minimal, but the amount of tectonic subsidence predicted by the models is an 

overestimation as crustal extension cannot be compensated by Moho uplift. Both 

orthogonal and oblique models have been tested; in the oblique models, the weak zone is 

positioned at an angle of ~ 32° to the direction of extension. Most models were allowed 

to run for 2 million years, focusing on the early stages of continental rifting.  
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Figure 2.3. Figures showing the setup of the models  

Figures show the general set up of the 3D layered crustal model. A). The crust is 

extended with a total extension rate of 11 mm/yr. B) Five groups of models were tested 

with varying geometry of the lower crustal inhomogeneity. 

 

5.5 mm/yr 
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The model domain was divided into about 48,000 tetrahedral elements, with a maximum 

element size of by 2x2x2 km. The models are Lagrangian which means that the mesh 

(and the model domain) deform with the crustal deformation. The crustal models thus 

become wider and thinner over time. Since the Moho is kept horizontal during the 

calculations, the surface of the model domain subsides as the crust thins and extends. All 

tectonic subsidence values that are shown in the following figures are therefore absolute 

with respect to the original surface height.  

 

 

2.4 Modeling Results 

 

 

Most results below are shown after 2 million years of extension. In all models, 

extensional deformation localized above the lower crustal weak zone. A basin was 

formed, bordered by zones of high strain localization (which are interpreted to be faults), 

and a depression of the surface. All models focus on amagmatic extension, early in the 

rift phase. At the time scale of this modeling (2 million years), deformation in the 

thermally stable upper and lower crust is modeled by elastic rheological behavior.  In all 

models, basin bounding normal faults are only formed in the upper crust. These separate 

fault segments die out at the upper crust/lower crust boundary, just above which the 

greatest accumulation of ζ11 stresses is observed. Earlier studies (Scholz and Contreras, 

1998) show that the width of this upper crustal zone of deformation is related to the depth 
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of the upper crust/lower crust boundary, but this was not the focus of our models.  At the 

end of 2 million years of extension, the whole region has undergone ~25 % extension. 

 

All models correspond to the boundary fault stage of rifting (Corti, 2012) which is 

characterized by the development of boundary faults whereby the subsiding basin 

remains relatively unfaulted. Extension and strain localization cause a buildup of stress at 

the base of the upper crust. This leads to the nucleation of a pair of normal faults in the 

simplest symmetric orthogonal models. In the upper crust, this is expressed as zones of 

high ζ11 stresses and ε11 strain. The width of this zone of deformation (rift zone) in the 

models is about 48 km; this compares with a rift zone width of 40-70 km for the western 

branch of the East African Rift System and Rio Grande Rift. 

 

In Model 1, the standard model, one weak zone was included in the lower crust (Figure 

2.3). Extension of the crust resulted in the formation of a rift zone above the weak zone. 

After 2 My, a total of ~3.3 km of tectonic subsidence, and 22 km of crustal extension had 

been produced in the model. Extensional deformation is distributed in the lower crust, but 

concentrated in the upper crust (Figure 4B), where most extension occurs in a narrow rift 

zone. In the northern part of the model domain where no weak zone was located (Figure 

2.4C), extension is uniform. 
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The region of subsidence extends beyond the tip of the weak zone. At this tip, there is 

some movement of crustal material toward the rift-tip (Figure 2.4D); this rift-parallel 

deformation is observed in all models, and was found in earlier studies (van Wijk and 

Blackman, 2005). After 2 million years, the maximum amount of movement is ~ 145 m 

toward the tip. Horizontal deviatoric stresses ζ22 (Figure 2.4F, G) concentrate at the tip of 

the rift, where extension is rift-parallel, in accord with the movement of material toward 

the rift tip. This symmetric modeling setup (weak zone emplaced in model center, and 

extension boundary conditions are symmetric) results in the formation of one symmetric 

rift zone (Figure 2.4G). Two high stress ζ11 zones are interpreted as dipping normal 

faults. 

 

In the next series of models (Model 2, Figures2. 3 and 2.5), two aligned weak zones were 

emplaced within the lower crust, with varying distance between the tips of the weak 

zones (20, 40, and 80 km separation). This enables us to study deformation in a 

developing accommodation zone. Stresses and deformation localized again 

symmetrically above the weak zones in these models, and two rift basins were formed. 

Between or at the tips of the rift basins, crustal deformation in the direction of the rift tips 

(Figure 2.5A-C) results in extension of the accommodation zone, in the rift–parallel 

direction (ζ22, Figure 2.5M-O). The accommodation zones are loci of high strains, and 

shallow basement depths. While the deepest parts of the rifts undergo more than 3 km of 

subsidence, the accommodation zones stand out as zones with a small amount of 

subsidence.  
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Figure 2.4. Model group 1 results 

A) Sketch of model setup. B). Vertical transect through model domain, crossing 

the weak zone. Shown is horizontal component of deformation, parallel to 

extension direction. A total extension velocity of 11 mm/yr. was prescribed to the 

left and right sides of the model domain (5.5 mm/yr. half rate). C) Same, but cross 

section through the north side of the model where no weak zone is present. 

Deformation is uniform here. D) Map view of surface, with rift-parallel (N-S 

parallel) deformation. E) Tectonic subsidence. About 3400 m of subsidence is 

predicted in the rift. Since the Moho is held horizontal during crustal extension, 

this is likely an overestimate of the amount of subsidence. F) Horizontal 

deviatoric stresses ζ22 (rift-parallel). Stresses concentrate near rift tip. 5500 MPa 

and G) Horizontal deviatoric stresses ζ11 (rift-perpendicular).  
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Figure 2.5. A, B, C). Map view of surface, with rift-parallel (N-S parallel) deformation. 

D, E, F) Tectonic subsidence. About 3400 m of subsidence is predicted in the rift. Since 

the Moho is held horizontal during crustal extension, this is likely an overestimate of the 

amount of subsidence. G, H, I) Horizontal deviatoric stresses ζ11 (rift-perpendicular). The 

areas where the stresses concentrate are interpreted as areas of fault nucleation. The zones 

of high stress concentration are interpreted as fault zones. J, K, L) Maps of rift-parallel 

strain for the models. It shows how the concentration of strain in the accommodation 

zone varies with the distance between fault tips, from a largely undisturbed AZ in (J), to a 

narrow region of concentration in (L). M, N, O) Horizontal deviatoric stresses ζ22 (rift-

parallel). The distribution of stresses is mirrored in the strain figures explained above. 
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Figure 2.5. Model group 2 results 
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The separation between the rift basins affects the character of the accommodation zone. 

In the model with 80 km separation between the weak zones, normal faults bordering the 

rifts underlap and are not affected by each other. There is some subsidence of the region 

between the rifts. When the rift tips are bordering or closely spaced, high ζ22 stresses are 

predicted in the accommodation zone, which may be a precursor to future shearing. 

 

One weak zone is asymmetrically positioned in Model 3. The results (Figure 2.6) show 

an asymmetric distribution of stresses and strain. One asymmetric basin forms above the 

weak zone, with a steeper slope in the west and a gentler slope on the east side of the 

basin. The maximum amount of subsidence recorded in this model is 3.2 km. The von 

Mises stresses show that the zone of maximum stress extends beyond the northern limit 

of the basin, and rotates at the basin tip. The border fault is formed on the west-side of the 

basin (Figure 2.6F) 

 

 

. 
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Figure 2.6.  A). Map view of rift parallel deformation, highlighting the asymmetric 

distribution of deformation in this model. B) With the Moho being held horizontal, the 

model predicts a maximum subsidence of 3.2 km. C). Cross section along path X1-X2, 

through the model, showing the asymmetric nature of subsidence. Side X1, being steeper, 

is where our interpretation predicts that the master fault will localize. D). Map of von 

Mises stresses, again highlighting the asymmetric distribution of forces, due to the WZ 

setup in this model. E). Map view of rift parallel stresses indicate that the free end of the 

basin will likely be marked by the development of normal fault component. F). The 

layered crustal model showing a 3D distribution of horizontal deviatoric stresses ζ11 (rift-

perpendicular). The highest concentrations of stresses are encountered at the upper/lower 

crust boundary, above the WZ, and on the west side of the model. Our interpretations on 

the map, predict that half-graben master fault will localize as shown, which will sole into 

the area of high basal stresses. 



38 

 

Figure 2.6. Model group 3 results 

 

 

In Model group 4, two weak zones are emplaced en echelon within the lower crust 

(Figure 2.7). The separation and lateral offset between the weak zones is 20 km in one 

model; in a second model, the weak zones overlap by 20 kilometers. Two basins form 

above the weak zones, and an accommodation zone forms in between the en echelon 

basins. The accommodation zone is characterized by some subsidence and high 

deviatoric stresses, both rift-parallel and rift-perpendicular. A zone of high stresses 

connects the basin tips across the accommodation zone (Figure 2.7E). The 
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accommodation zone is under overall extension (Figure 2.7E), but the outer tips of the rift 

basins are under compression in the rift-parallel (ζ22) direction. In this model 

configuration, the border normal faults are arranged in an alternating pattern (Figure 

2.7D). Stresses and strain rotate in the accommodation zone between the tips of the 

basins. In the second model (with weak zone overlap), an accommodation zone develops 

with faults showing oblique characteristics (not shown). These results are similar to the 

models by Faulds and Varga (1989), see discussion below. The accommodation zone that 

is developed in the non-overlapping case is characterized by strike-slip faulting, 

corresponding to an antithetic transfer zone. In the second model, an oblique anticlinal 

accommodation zone develops, marked by low relief and interference of fault tips. 

Table 2.1. Modeling input parameters 

 Dimensions 

(km) 

Density (kg/m
3
) Poisson 

ratio 

Young‘s Modulus 

Upper Crust 160x80x12   2700 0.25 70 GPa 

Lower Crust 160x80x18 2800 0.25 50 GPa 

Weak Zone Height is 15 

km. 

2650 0.25 10 GPa 
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Figure 2.7. A). Map view of deformation in the E-W direction, showing that the model is 

stretched by ~ 20 km in the direction of extension after 2 ma. B). Map view of model 

result, with rift parallel deformation. C). In the basins, a subsidence of 3.17 km is 

predicted. The AZ between the rift basins is at a higher elevation that the main rift units. 

D). Horizontal deviatoric stresses ζ11 (rift-perpendicular) distribution map. We have 

interpreted half-graben bounding faults where the highest concentrations of stresses 

occur. E). Horizontal deviatoric stresses ζ22 (rift-parallel) distribution map. The highest 

concentrations of stresses occur in the AZ, with a trend oblique to the direction of 

extension. Also observed is the apparent rotation of stress about the edges of the basin 

(unfaulted side). F). Map of distribution of von Mises stresses also highlights the 

asymmetric distribution of forces, the result of the position of the crustal WZ. G). 

Horizontal deviatoric stresses ζ11 (rift-perpendicular). The zones of high stress 

concentration are interpreted as fault zones. H). Map of distribution of oblique strain in 

the model. The concentration of strain is in the intervening AZ, where we predict the 

development of faulting with oblique/strike-slip nature.  
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Figure 2.7. Model group 4 results 

 

 

In Model 5 extension is oblique. Two weak zones are emplaced diagonally in the model 

domain. Two rift basins form above the weak zones (Figure 2.8B), but their orientation is 

rotated with respect to the orientation of the weak zones, to be more perpendicular to the 

extension direction (Figure 2.8). The tensional stress field thus controls the orientation of 

rift basins. This is supported by the strikes of the normal faults; they are almost 

orthogonal to the extension direction (Figure 2.8C). Shear stresses are high at the outer 
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borders of the accommodation zone (Figure 2.8E). The upper crust deforms strongly 

around the basins, and deformation in the direction orthogonal to the extension direction 

is as much as 390 m at the tips of the basins (Figure 2.8A). Most strain concentrates at the 

border faults.  

 

Model group 5 shows a somewhat concentric, but asymmetric distribution of ζ11 stresses. 

Each rift zone is bounded by two zones of high ζ11 stresses. For example, the 

southernmost rift basin (Figure 2.8) shows that the two bounding stress zones (faults) 

form a relay pattern: going northwards from the southern edge of the model domain, the 

highest stresses concentrate along the western edge of the basin. Further northwards, the 

eastern bounding arm comes into play. This eastern arm has a further northwards reach 

than the western arm: this pattern repeats in the other rift basin zone. The border faults 

are predicted to change polarity.  

 

 

 

 

 

 



43 

 

 

Figure 2.8. Model of oblique rift opening. A) Map view of rift parallel deformation. B) 

Map view of the distribution of tectonic subsidence. The models predict a maximum 

subsidence of 2.39 km, after extension for 2 million years. C) The asymmetric 

distribution of horizontal deviatoric stresses ζ11 is shown on this map. Two faults will 

nucleate (per basin) at the regions of high stress concentrations. The higher stress 

concentrations are the locations of border fault formation. Also the accommodation zone 

is a region of high stress concentration. D) Map of the distribution of horizontal 

deviatoric stresses. E) Map of the distribution of oblique stress. The tips of the main basin 

bounding faults have a strike-slip component. F) Map of the distribution of strain along 

the direction of extension.   
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Figure 2.8. Model group 5 results 
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2.5 Evolution of Transfer and Accommodation Zones 

 

 

The characteristics of the accommodation, and transfer zones are largely controlled by 

the geometrical relationship of interacting rift units (Corti, 2012). Faulds and Varga 

(1987) propose that the location of accommodation zones is dominantly controlled by 

pre-existing structures, and magmatism. Model groups 2, 4, and 5 feature pairs of 

interacting rift units. In all of these model cases, the accommodation zones experience 

some subsidence, but are elevated with respect to the rift basins. In the zero-offset model 

group 2, the relief varied as a function of the distance between interacting rift units. 

Model 1, with the greatest interaction between units, forms the lowest relief high 

accommodation zone, while the highest relief is recorded in model 3, with little/ no 

interaction between rift units.  In the asymmetric and offset model group 4, (Figure 2.9), 

a rotation occurs within the accommodation zone. These models are marked by a change 

in fault polarity across the accommodation zone; the major bounding faults are antithetic 

to each other, and potentially could grow to overlap (beyond 2 million years). Upon 

further development, this accommodation zone, though relatively high relief at this time 

could develop into a low relief transfer zone, in agreement with Rosendahl (1987). 

Shearing of the accommodation zone and polarity reversal of faults across it is also found 

in model group 5.  
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Figure 2.9. 3D map of σ11 stress distribution 

Three-dimensional view of the model domain, showing horizontal deviatoric stresses. 

Our interpretations indicate the asymmetric distribution of the developing basins (half-

grabens) and master fault development. The polarity of the master faults switch across the 

accommodation zone. The master faults sole into the upper/lower crust boundary 

 

In agreement with the Faulds and Varga (1989) classification of AZ types in the EARs, 

our models have been of the anticlinal-antithetic and transverse antithetic types, in which 

oblique oriented accommodation zones develop. Rotations have been observed in faults 

and strata (Section 2.1), but these have been primarily attributed to be in response to 

changing regional stress directions. In cases where we have overlapping fault segments 

(second model in model group 4), the faults interact and with fault lengthening will 
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further modify the accommodation zones. In model group 5 the models predict a curving 

of the master faults towards each other at their tips, and a component of strike slip 

movement that characterizes this region. Similar structures have been observed in the Rio 

Grande Rift, (Figure 2.10) and the East African Rift Zone. The normal Pajarito fault 

bends toward its northern end, and transitions into the strike-slip dominated Embudo 

Fault Zone. In the Rukwa Basin, right-stepping strike- slip movement is observed along 

the tips of rift bounding faults, although some studies (Delvaux et al., 2012) interpret this 

to be the result of inherited effects of Mesozoic transpressional movements (Delvaux et 

al., 2012). The curved fault terminations are also found in the Lake Tangayika Rift Zone, 

where half graben master faults are seen to curve in plan view. The accommodation 

zones that separate these basins are marked by oblique-slip and strike-slip faulting, in 

agreement with our modeling results (Sander and Rosendahl, 1989). 
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Figure 2.10. Interpretation of fault development in model group 5. 

Interpretation of oblique modeling results and the Embudo Fault Zone of the Rio Grande 

Rift (transfer zone north of the Española Basin). A) Interpretation of fault development in 

model group 5 (Figures 2.8 A-F). The ends of the main basin bounding faults are 

predicted to develop a strike-slip component, with sense of motion as indicated. This 

interpretation is compared to the Embudo transfer zone of the Rio Grande Rift (B). While 

differences may exist due to our model setup (unidirectional stress; shorter rifting 

duration), the models explain the character of the Española Basin bounding Embudo 

Fault Zone (EB). The intervening accommodation zone (predicted to be characterized by 

strike slip faulting) separates basins across which the master faults switch polarity. 
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2.6 Inheritance of Continental Rift Segmentation 

 

 

There is evidence that continental segmentation molds (initial) segmentation of seafloor 

spreading ridges (Corti et al., 2007). On some margins, accommodation/transfer zones on 

the margin continue into the traces of oceanic fracture zones, which possibly points to 

their relation with the continental rift stage (Etheridge et al., 1989). In the Atlantic 

margins of the USA, an oceanic fracture zone continues into the transfer zone separating 

the Blake plateau from the Carolina basin (Lister et al., 1991). On the Norwegian 

margins, the landward extension of the Jan Mayen fracture zone segments the Norwegian 

margin into the Møre margin towards the south and the Vøring margin to the north 

(Berndt et al., 2001). The segments differ markedly across the fracture zone: differences 

exist in the thickness of magmatic underplating, crustal thickness, and rift structures 

(Fernandez et al., 2005). This SE end of the fracture zone area is interpreted as a 

synthetic transfer zone (Gomez et al., 2003). 

 

In the Equatorial Atlantic region of offshore west Africa, the Romanche Fracture Zone is 

believed to continue into the onshore Benin hinge zone (Lehner and De Ruiter, 1978), 

while the Chain and Charcourt Fracture Zones trend with major faults in the Benue 

trough, and the Cameroun volcanic line trends with the Ascension Fracture Zone (Emery 

et al., 1975; Lehner and De Ruiter, 1978). In the Woodlark basin, an oceanic transform 
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fault is currently propagating towards the continent, suggesting the absence of inheritance 

(Benes et al., 1994). 

Continental rift segmentation develops early on in the rifting phase, and continues to 

develop when rift opening progresses. The accommodation and transfer zones that 

connect the rift basins, however remain oriented oblique with respect to the extension 

direction and orthogonal transfer zones do not develop in any of the models, nor do the 

models predict a rotation of the accommodation/transfer zones from the oblique to 

orthogonal position in the 2 million years of crustal extension. There is no indication in 

the models that this order of segmentation is inherited after continental breakup. Large 

(sub-)continental scale shear zones, such as the Tanganyika-Rukwa-Malawi shear zone in 

Africa, are found to affect margin structure on many rifted margins (Norwegian, US East 

coast), but no models were developed with shear zones of these dimensions. 

 

 

2.7 Conclusion 

 

 

Three-dimensional crustal models were developed to study the onset of rift segmentation. 

A simple, two-layered rheology was used, and crustal inhomogeneities were introduced 

in the lower crust to localize deformation. The strength of this simple model is that it 

captures the main expected observations of rifting. The models only focus on the first 2 

million years of extension, and more evolved rift structures cannot be simulated. This is 
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expected to result in differences between the modeling results and the chosen analog rift 

systems which have been undergoing extension for 12 million years (East African Rift 

System) and 30 million years (for the Rio Grande Rift). The following conclusions are 

drawn: 

 Under extension, stress will localize over a crustal mechanical 

heterogeneity, leading to the formation of rift basin units, bounded by 

faults. High stresses develop at the upper crust/lower crust boundary, from 

where 1 or 2 faults nucleate. 

 Asymmetry is a key feature of the East African Rift System. Asymmetric 

distribution of strains and stresses were predicted when the weak zones 

were placed in asymmetric positions within the model, and during oblique 

extension. Oblique oriented weak zones nucleated rift basins that are 

oriented more perpendicular to the extension direction; the heterogeneities 

dictated the location of the rift basins, but their orientation was strongly 

affected by the regional stress field. 

 Rotation and shearing are predicted in the accommodation zones between 

the basins. Accommodation zones were formed that trended obliquely to 

the direction of extension. 
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3 Uplift Prior to Breakup: Indication for Removal of Mantle 

Lithosphere? 

 

* Esedo, R., van Wijk, J., Coblentz, D., Meyer, R., 2012: Geosphere, v. 8; no. 5; p. 1078–1085; 

doi:10.1130/GES00748.1 

 

Abstract 

 

Uplift or reduced subsidence prior to continental breakup is a key component of the rift-

drift transition. This uplift causes lateral variations in the lithospheric potential energy, 

which can increase intraplate deviatoric tension, thereby facilitating continental rupture. 

There is a growing body of evidence that pre-breakup uplift is a global phenomenon 

characteristic of magmatic and magma-poor rifted margins. Evidence is provided by the 

subaerial extrusion of lava interpreted from drill logs, stratigraphic records, the presence 

of breakup unconformities, and the spatial extent of uplift associated with Afar (the 

Ethiopian-Somali plateau), which may be at the stage of rupture. Previously discussed 

mechanisms contributing to this uplift include phase transitions, dynamic uplift from 

mantle plumes, and magmatic underplated bodies. We show in this study that dynamic 

uplift resulting from passive upwelling asthenosphere below the rift is limited (~200 m). 

Isostatic arguments suggest that removal of mantle lithosphere is a necessary and 

effective mechanism for uplift coincident with rupture. The combination of mantle phase 

transitions and a very thin mantle lid produces an excess potential energy state (as 

evidenced by a positive geoid anomaly) and leads to tensional forces favorable for 

rupture. These results underpin our proposed model for continental breakup where 
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removal of mantle lithosphere by either detachment or formation of gravitational 

instabilities is a characteristic process. Observations of depth-dependent thinning and 

geochemical data support this model.  

 

 

3.1 Introduction 

 

 

Passive margins are formed by horizontal extension of continental lithosphere that results 

in lithospheric thinning and subsequent subsidence or uplift to maintain isostatic balance. 

The stretching model of McKenzie (1978) provides a first-order estimate of the amount 

of tectonic subsidence associated with continental rifting (Figure 3.1). When the crust and 

mantle lithosphere layers are thinned a relatively equal amount, subsidence of the surface 

and formation of a basin are expected. Uplift during extension is possible when the high-

density mantle lithosphere thins relatively more than the crust (Figure 3.1). During the 

continental rift phase, the surface usually subsides, and a comparison of the predicted 

basin subsidence and tectonic subsidence curves obtained from sediment layers generally 

gives good agreement (North Sea rift; McKenzie, 1978). For many rifted margins, 

however, the observed tectonic subsidence near the breakup axis is less than predicted. 

For example, subsidence curves of the Norwegian Vøring margin (e.g., Skogseid and 

Eldholm, 1989) show reduced subsidence of the margin and even uplift above sea level 

close to the continent-ocean boundary. Here, uplift initiated several million years before 

continental breakup, and normal subsidence resumed shortly after the onset of seafloor 
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spreading. This finding is confirmed by the presence of subaerially erupted basalt flows 

(Menzies et al., 2002) drilled during the Integrated Ocean Drilling Program and Ocean 

Drilling Program on both conjugate margins of the northeastern Atlantic Ocean. Breakup 

elsewhere in the North Atlantic occurred at shallow-marine or subaerial conditions. 

Stratigraphic evidence and apatite fission track studies demonstrate latest Cretaceous–

earliest Paleocene (i.e., just preceding rupture) uplift in East Greenland, around the 

British Isles, the Møre margin, and the Faeroe Shetland Basin (see Meyer et al., 2007, for 

an overview). There is also compelling evidence that the magma-poor Iberia-

Newfoundland margin underwent reduced subsidence; sediments were deposited at shelf 

or outer shelf conditions instead of at 2–5 km depth around the time of breakup (Péron-

Pinvidic and Manatschal, 2009).  

 

Such uplift prior to breakup results in lateral variations in the lithospheric potential 

energy, which contributes to deviatoric tension within the plate. Although these stress 

changes are small compared to the extensional strength of the lithosphere, they can 

facilitate continental breakup (Sandiford and Coblentz, 1994). Buck (2006) found that the 

tectonic force required for rifting of normal thickness lithosphere is larger than available 

from plate tectonic forces in the absence of magmatic intrusions. Additional tensional 

forces associated with lithospheric potential energy variations produced during the pre-

rupture uplift stage may provide the extra tensional stresses required for breakup.  

In this study, we analyze the uplift history of rifted margins. There is strong evidence 

from the literature that uplift of rifts prior to continental breakup is a global phenomenon 

that occurs on both amagmatic and magmatic margins. Several mechanisms contribute to 
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uplift during rifting, e.g., magmatic underplating, phase transitions, deep necking of the 

lithosphere, dynamic uplift and loss of mantle lithospheric material, and they can 

contribute as much as several kilometers of uplift. We present results from numerical 

models that show that passive asthenospheric upwelling below a rift may also result in 

uplift, although the amount of dynamic topography is relatively small. Isostatic 

arguments for uplift during rifting suggest that the most effective uplift mechanism that 

results in an increase in the potential energy of the rift relative to the mean plate potential 

energy is thinning or loss of mantle lithosphere. Consequently, we propose that this 

mechanism is a normal process accompanying rupture.  
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Figure 3.1. Figure of isostatic balance models 

Isostatic balances show that surface uplift may result if the mantle lithosphere is 

proportionally thinned more than the crust during extension (McKenzie, 1978). β= crustal 

thinning, δ= mantle lithosphere thinning. A) Reference column. Crust is 35 km thick with 

density 2800 kg/m
3
, mantle lithosphere is 65 km thick with density 3300 kg/m

3
, 

asthenosphere density is 3200 kg/m
3
, water density is 1000 kg/m

3
. B) Thinning the crust 

and mantle lithosphere with a factor 2 (β=δ=2) results in ~1.7 km subsidence. C) ~1.3 km 

uplift is expected when β=1 and δ=3.  

 

 

3.1 Uplift Prior to Seafloor Spreading: Observations 

 

 

A survey of rifted margins worldwide, including both magmatic and magma-starved 

margins, demonstrates that uplift (or at least reduced subsidence) prior to continental 

breakup is common (Table 3.1). On the magmatic margins of the North Atlantic Igneous 
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Province, an uplift event before breakup in the latest Cretaceous–earliest Paleocene is 

well documented. Lava flows were deposited subaerially on the Norwegian margin 

(including the Møre and Vøring Basins), and there is evidence for influx of coarse 

sediment into the Møre Basin in response to regional exhumation and denudation of the 

mainland (Martinsen et al., 1999). A regional hiatus and erosion features are observed 

along the outer Vøring Basin (Skogseid et al., 1992). Stratigraphic evidence implies a 

similar subsidence pattern on the conjugate East Greenland margin (Larsen et al., 1999). 

In West Greenland, uplift of as much as 1.3 km prior to rupture was documented as 

having occurred 5–10 m.y. before the onset of volcanism. The uplift was associated with 

fluvial peneplanation, exhumation of deep-marine sediments, valley incision, and 

catastrophic deposition (Dam et al., 1998). Apatite fission track studies have identified an 

exhumation event in the late Cenozoic–Early Paleocene around the British Isles (Green et 

al., 2001). This uplift coincides with the Danian Maureen Formation deposition in the 

North Sea. Dynamic uplift by the Iceland mantle plume and magmatic underplating are 

the current explanations for the pre-rupture uplift in the northern North Atlantic (e.g., 

White and McKenzie, 1989). Farther south, several kilometers of uplift must have 

occurred on the magma-poor Iberia-Newfoundland margins, where Tithonian sediments 

were deposited at <~800 m depth, instead of at the expected 2–5 km depth (Péron-

Pinvidic and Manatschal, 2009). This uplift has been explained by phase transitions in the 

mantle lithosphere (Simon and Podladchikov, 2008). The spinel-plagioclase transition in 

particular would be responsible for uplift of strongly extended lithosphere (Simon and 

Podladchikov, 2008). On the north Namibia magmatic margin uplift is inferred from the 

presence of a breakup unconformity (Gladczenko et al., 1997). The northern Gulf of 
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Aden margin (Yemen) underwent a change from marine to fluvial to fluviolacustrine 

sediments, indicating uplift prior to breakup (Chazot et al., 1998). Further evidence for 

pre-breakup uplift of rifts is provided by the South China Sea margin, where Xie et al. 

(2006) found evidence of anomalous thermal subsidence, which they explained by a 

magmatic event.  

 

The Afar region, where the Ethiopian rift part of the Red Sea–Gulf of Aden–East African 

rift system dissects the uplifted Ethiopian plateau, is currently at the point of continental 

breakup (Yirgu et al., 2006, and references therein). The magma-assisted rifting is 

thought to result in an evolving magmatic margin, although the long period of active 

volcanism is not typical for magmatic rifted margins. Volcanism started 45 Ma and 

continues today, giving rise to an igneous province ~1000 km wide covering Ethiopia and 

Yemen. The Afar depression has an elevation of ~200–1000 m above sea level. There is 

tomographic evidence for the presence of only a very thin mantle lithosphere below Afar 

(~15 km; Dugda et al., 2007). The current high elevation of the Afar region is attributed 

to dynamic support of the Afar mantle plume (Lithgow-Bertelloni and Silver, 1998).  

The Afar region, where the Ethiopian rift part of the Red Sea–Gulf of Aden–East African 

rift system dissects the uplifted Ethiopian plateau, is currently at the point of continental 

breakup (Yirgu et al., 2006, and references therein). The magma-assisted rifting is 

thought to result in an evolving magmatic margin, although the long period of active 

volcanism is not typical for magmatic rifted margins. Volcanism started 45 Ma and 

continues today, giving rise to an igneous province ~1000 km wide covering Ethiopia and 

Yemen. The Afar depression has an elevation of ~200–1000 m above sea level. There is 
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tomographic evidence for the presence of only a very thin mantle lithosphere below Afar 

(~15 km; Dugda et al., 2007). The current high elevation of the Afar region is attributed 

to dynamic support of the Afar mantle plume (Lithgow-Bertelloni and Silver, 1998). 

  

Two periods of rifting are identified in the western Australian margin, Middle Jurassic 

and Neocomian (Falvey and Mutter, 1981), and they are marked by distinct breakup 

unconformities onshore. In the Perth Basin, formed during the separation of India and 

Australia, breakup-related uplift has resulted in the erosion of pre-rift sedimentary 

sequences (Table 3.1). This uplift has been found to be greater in the offshore parts of the 

basin, where it is estimated that ~3200 m of pre-rift sediments have been removed. Both 

plume and non-plume models have been proposed to explain the rifting-related uplift in 

Western Australia (Mihut and Müller, 1998). The absence of substantial volcanism 

onshore and a lack of evidence of a hotspot track point toward a non-thermal explanation. 

The volcanic eastern and southeastern margins of Australia underwent uplift related to 

the 95 Ma breakup event, during which an estimated 1–3 km of section were eroded 

(Table 3.1). In southern Australia, a breakup unconformity is dated as 99 Ma, marking 

the separation from Antarctica. The uplift along this margin is interpreted to be due to 

underplating (Veevers, 2000; Song and Cawood, 2000).  

 

Earlier studies (White et al., 1987) have pointed out that magmatic margins would largely 

remain close to sea level during rupture, while magma-starved margins would tend to 

subside by as much as 2 km. However, the compilation in Table 3.1, that includes more 

recent work, shows that amagmatic rifted margins undergo uplift as well. This body of 
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evidence motivates us to revisit the role of uplift in continental rupture.  

 

 

3.2 Mechanisms of Uplift 

 

 

Uplift of magma-dominated margins before the time of continental breakup has been 

explained by magmatic underplating and dynamic support of a mantle plume (e.g., White 

and McKenzie, 1989; Skogseid et al., 1992; Saunders et al., 1997). Magma that results 

from partial melting of warm plume material intrudes the lithosphere, and may freeze 

below the Moho or in the lower crust. The density of the frozen magma is estimated to be 

~3000 kg/m
3
, less than the density of continental mantle lithosphere, and therefore 

magmatic underplating results in permanent uplift (Skogseid and Eldholm, 1989). 

Isostatic balances show that this uplift is ~10% of the thickness of the underplated 

material (Maclennan and Lovell, 2002). The rising plume material is predicted to 

dynamically uplift the surface. When the rising diapir of hot mantle impinges on the base 

of the lithosphere, a domal uplift of between 500 and 1000 m is expected over an area 

~600 km in diameter (Campbell, 2005). The high elevation of the Afar region has been 

explained by its proximity to the African superplume, and the Norwegian margins are 

thought to have been uplifted by the Iceland plume. This mechanism cannot explain the 

laterally elongated uplift pattern of the northern North Atlantic margins, or the uplift of 

magma-poor margins that are inferred to be formed outside the influence of mantle 
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plumes or high-temperature mantle.  

 

At magma-poor margins, uplift or reduced subsidence has been explained by phase tran-

sitions in the mantle during rifting. Phase transitions within the mantle lithosphere result 

from a temperature increase during rifting, and they affect material densities. Simon and 

Podladchikov (2008) determined the effects of mantle composition on lithospheric 

densities, and found that mantle garnet-spinel and the spinel-plagioclase transitions, 

especially, affect the density of the lithosphere during thinning. The lithospheric density 

reduction in the garnet-spinel transition during thinning may cause initial synrift uplift, 

while the density reduction in the spinel-plagioclase transition in highly extended areas 

may result in late synrift uplift (Simon and Podladchikov, 2008) or reduction of 

subsidence by ~1000 m.  

 

The necking depth is defined as ―the level of no vertical motion in the absence of gravi-

tational forces‖ during stretching of the lithosphere (Keen and Dehler, 1997, p. 744). 

Tectonic isostatic studies (e.g., Braun and Beaumont, 1989; Kooi et al., 1992) suggest 

that if the depth of necking is within the crust, it gives rise ultimately to subsidence of the 

rift area. Such a shallow depth of necking implies that the crust is thinning proportionally 

more than the mantle lithosphere. In cases where the necking depth is subcrustal, and the 

mantle lithosphere thins proportionally more than the crust, the response is a regional 

flexural uplift. This mechanism could contribute to uplift of both magmatic and magma-

poor margins. Geophysical data show that non-magmatic margins such as the Iberia 

Abyssal Plain are characterized by strongly thinned crust, with crustal blocks separated 
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by exhumed mantle lithosphere. This would be described as shallow necking, although 

considerable uplift occurred on this margin (Péron-Pinvidic and Manatschal, 2009).  

 

Uplift during rifting may also result from upward flow beneath the rift (dynamic uplift) 

and from excessive thinning of continental mantle (Figure 3.1). The uplift or subsidence 

as a result of depth-dependent thinning of continental lithosphere is calculated using an 

isostasy model (see Isostasy discussion). We use two-dimensional (2D) diagrams of 

crustal and mantle lithosphere thickness (called fc/fl diagrams, developed by Sandiford 

and Powell, 1990) in which the simultaneous isostatic effect of depth dependent crust and 

mantle thinning is analyzed. In the diagrams, uplift and subsidence paths show the effect 

of progressive depth-dependent thinning and phase transitions. Dynamic uplift during 

rifting is studied with upper mantle convection models (discussion following), as this 

uplift results from upper mantle flow induced by the rifting process.  

 

 

3.3 Models of Dynamic Uplift 

 

 

During rifting and lithosphere thinning, asthenosphere wells up below the rift zone, and 

this flow may exert a stress on the base of the lithosphere, driving dynamic uplift during 

rifting. Dynamic uplift or subsidence results from stresses imposed on the lithosphere by 

mantle flow. Large upwelling structures in the mantle may produce ~1.5 km dynamic 

topography (Gurnis et al., 1998; Conrad and Gurnis, 2003; Moucha et al., 2009), while 
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small-scale convection in the upper mantle related to lithospheric instabilities may 

produce as much as ~100 m dynamic topography (Elkins-Tanton, 2005). Does upward 

mantle flow during rifting result in dynamic topography? We calculated dynamic 

topography during rifting using a geodynamic model of upper mantle flow. Astheno-

sphere upwelling during rifting was modeled using the finite element software package 

CitCom (Moresi and Gurnis, 1996; Zhong et al., 2000; van Hunen and Zhong, 2003). A 

2D model was used, with a model domain that is 660 km deep and ~1500 km wide, 

divided into a viscoplastically deforming high-viscosity lithosphere overlying a viscous 

upper mantle. The viscoplastic lithosphere rheology combines linear temperature- and 

pressure-dependent viscous Arrhenius-type rheology for diffusion creep with a 

pseudoplastic rheology for Byerlee‘s law. More detailed descriptions of this model can be 

found in van Hunen and Zhong (2003) and van Wijk et al. (2008). We used the following 

rheological parameters: activation energy E* = 360 kJ/mol and activation volume V* = 5 

cm
3
/mol. The reference viscosity (the viscosity at mantle temperature of 1350 °C and 660 

km depth) was η0 = 1.76 · 10
22

 Pa·s. Other parameters that were used include thermal 

expansion coefficient α = 3.5 · 10
–5

 K
–1

, diffusivity K = 1 · 10
–6

 m
2
s

–1
, specific heat cp = 

1250 J · kg
–1 

· K
–1

, density ρ = 3300 kg/m
3
, and gravitational acceleration g = 9.8 m/s

2
. 

These model parameter values were adopted from van Hunen and Zhong (2003); the 

activation energy and volume are from Karato and Wu (1993). Thermal boundary 

conditions are 0 °C at the free surface, 1350 °C at the bottom of the model domain, and 

zero diffusive heat flux at the side boundaries. Constant velocities are prescribed on the 

left and right sides of the model domain to extend the lithosphere. A small weak zone 
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(with ~10% thinner lithosphere over a ~100-km-wide zone) is present in the center of the 

domain to localize the formation of the rift zone.  

 

In the model on extension, a rift zone is formed where the small weak zone was initially 

prescribed. Because we are only interested here in the resulting dynamic topography, one 

representative simulation (extension rate 16 mm/yr.) is shown in Figure 3.2. Upon 

formation of the rift zone, the lithosphere thins and asthenosphere is emplaced at shallow 

depths. The upward flow of asthenosphere below the rift has a maximum vertical velocity 

of almost 30 cm/yr (indicated by the arrows in Figure 3.2); this maximum amplitude is 

found late in the synrift stage and results in dynamic topography. Dynamic topography 

resulting from this upward flow is calculated from the stress exerted by mantle flow on 

the lithosphere. For calculating the dynamic topography, we used a time step where 

upward flow is at a maximum (shown in Figure 3.2).  

 

We find that a maximum dynamic uplift of ~200 m is predicted during the late synrift 

stage, centered around the rift axis; during the earlier rift phase the amplitude of the 

dynamic uplift is less. The dynamically uplifted zone is in this test ~300 km wide, and 

therefore also affects the margins of the rift or breakup zone. Simon and Podladchikov 

(2008), found that phase transitions may account for ~1000 m of uplift, and magmatic 

underplating may contribute an amount equal to ~10% of the thickness of the underplated 

body. Compared to these mechanisms, dynamic uplift resulting from upwelling 

asthenosphere below the rift is a relatively small contribution.  
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Figure 3.2. Dynamic uplift model 

Dynamic uplift resulting from late syn-rift mantle flow. Arrows are mantle flow lines; 

gray scale is temperature in °C. About 200 m maximum dynamic uplift is predicted 

centered on the rift. 
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3.4 Model for Removal of Mantle Lithosphere during Late-stage Rifting 

 

 

Isostasy  

 

Depth-dependent thinning of the lithosphere affects the elevation of the rift zone at conti-

nental rupture. How the lithospheric thinning is partitioned between the crust and mantle 

lithosphere has an important impact on the surface displacement. For example, thinning 

of only the crust results in subsidence of the rift zone, while thinning of only the mantle 

lithosphere results in uplift during rifting (McKenzie, 1978; Figure 3.1). Huismans and 

Beaumont, 2011 showed that lithosphere thinning is likely highly differential. Here we 

analyze uplift and subsidence patterns during rifting using a lithospheric model in 

isostatic balance with variations in the crustal and mantle lithospheric strains. As many 

margins have undergone various rifting episodes, and estimates of crustal and mantle 

lithosphere thicknesses during and prior to rifting are not well constrained, only 

representative layer thicknesses will be considered here to calculate isostatic balances. 

Typically, models consider only the independent effects of changes to either the crust or 

mantle lithosphere without accounting for simultaneous modification of both 

components. It is the competing isostatic influences of both lithospheric elements that 

will dictate the magnitude of elevation changes. The fc-fl diagram (Sandiford and Powell, 

1990; Coblentz and Stüwe, 2002) provides a convenient way to evaluate how vertical 

strains in the lithosphere may be decoupled between crustal and mantle components 

(Figure 3.3). Following Sandiford and Powell (1990), we defined fc as the ratio of 
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deformed to referenced crustal thickness and fl as the ratio of the deformed to reference 

total lithospheric thickness. Thus, the origin of the fc-fl plane (fc = 0, fl = 0) corresponds 

to an undeformed equilibrium lithosphere, a state that the crust and lithosphere will tend 

toward in the absence of deformational forces. Here, we assume a reference lithospheric 

column represented by 30 km of 2800 kg/m
3
 crust overlying mantle lithosphere with a 

density of 3300 kg/m
3
 extending to a depth of 100 km. Density varies linearly as a 

function of temperature (and depth) in the column. Completely undeformed lithosphere is 

at the center of the fc-fl plane (Figure 3.3) with larger and smaller values of fc and fl 

corresponding to thicker and thinner crustal or lithospheric thicknesses, respectively.  

Thinning of the crust and/or mantle lithosphere during rifting produces a path in the fc-fl 

diagram indicating the amount of uplift or subsidence. Figure 3.3 illustrates the variations 

in surface elevation and geoid anomaly corresponding to variations in fc and fl values 

representing plausible crustal and mantle lithosphere configurations during rifting. In this 

analysis, the predicted geoid is based on the approach of Haxby and Turcotte (1978), 

which showed that in the limit of long wavelength and complete isostatic compensation, 

the geoid anomaly caused by density variations above the depth of compensation is 

proportional to the vertical dipole moment of the mass distribution above the depth of 

compensation:  

 

2
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where ΔN is the geoid anomaly, G is Newton‘s gravitational constant, g is the value of 

gravitational acceleration on the reference ellipsoid, D is the depth of compensation (the 
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depth below geoid at which pressure becomes equal beneath columns in isostatic balance, 

or here, where lateral density differences cease), S is the surface elevation, z is the depth, 

and Δρ (z) is the lateral difference in density from a reference lithosphere, including 

crust.  

 

Three deformational paths (A, B, and C) are considered in Figure 3.3: path A corresponds 

to equal amounts of thinning of the crust and lithosphere. It begins at the reference state 

(the unextended state, point R). Path B delineates subsequent deformation where the 

lithosphere thins more than the crust. In this case, the predicted subsidence of the rift is 

less than expected if the direction of path A would have been continued. This is 

interpreted as reduced subsidence or relative uplift of the rift. The column B′ (δρ) is a 

modification of path B that includes the effect of a mantle that has been modified by 

phase transitions, with resulting reduction in density (Simon and Podladchikov, 2008). In 

these calculations (B′) the entire mantle lithosphere column density has been modified; 

this is an upper limit as only a small part of the mantle lithosphere is normally expected 

to undergo a phase transition (Simon and Podladchikov, 2008). The reduction in density 

results in uplift (or reduced subsidence) of the rift. Path C represents the effect of 

subsequent crustal thickening. This could be a result of formation of lower crustal 

magmatic bodies. For simplicity, crustal density was not modified to calculate path C. In 

this case, the deformation results in absolute uplift of the rifted area and a positive geoid 

(and gravitational potential energy) anomaly. Lithospheric density variations (producing 

variations in the gravitational potential energy) result in long-wavelength lithospheric 

stresses (Coblentz and Sandiford, 1994). These tectonic stresses can be compressional or 
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tensional; tensional stresses correspond to regions of high potential energy and positive 

lithospheric geoid (Coblentz and Sandiford, 1994), suggesting that the lithosphere is in a 

favorable state for rupture (paths B, B′, and C). We note that a positive geoid anomaly is 

obtained when the mantle lithosphere is thinned considerably more than the crust.  
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Figure 3.3. Isostatic diagrams to illustrate the effects of depth dependent thinning and 

lithospheric modification on the isostatic response of the lithosphere, and predicted geoid 

anomalies. fc: crustal thinning, fl lithosphere thinning (calculated as % strain). Values < 1 

indicate thinning. Units on the color bar are elevation in km (left panel) and geoid in m 

(right panel). Points 1, 2, and 3 in the figure are end points of the different paths. A) 

Surface elevation changes in response to crustal and lithospheric thickness variations. 

Right panel: geoid anomaly (see Coblentz et al., 2011 and text for description of how this 

geoid is calculated). The arrows (paths) show the uplift/subsidence trends. B) Isostatic 

columns corresponding to paths A, B, and B‘. B‘ is a modification of path B, including 

density variations due to phase transitions. R is the starting point (undisturbed 

lithosphere); the red arrow labeled MT connects the starting and end points. In path B‘ 

the density of the entire mantle lithosphere has been decreased by 2.3%. See text for 

further explanation. 
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Figure 3.3. Isostatic model diagrams  

. 
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Model for Removal of Mantle Lithosphere during Late-stage Rifting  

 

Several factors contribute to uplift during rifting, and the combined effect of phase 

transitions (path B′, Figure 3.3), crustal thickening by magmatic underplating (path C, 

Figure 3.3), and mantle lithosphere that has thinned more than the crust (path B, Figure 

3.3) will produce (relative) uplift and a positive geoid anomaly favorable for rupture. 

According to the isostatic calculations discussed here, excess thinning of mantle 

lithosphere with respect to the crust is very effective in causing uplift and a positive geoid 

anomaly. The traditional models (McKenzie, 1978) assumed that the mantle lithosphere 

is expected to thin approximately relatively similar amounts as the crust during rifting, 

but larger portions of mantle lithosphere can be lost during rifting by the formation of an 

instability at the lithosphere-asthenosphere boundary below the rift margin (Sleep, 2007), 

or by detachment (Figure 3.4). Gravitational instabilities (downwellings) may grow by 

lateral feeding of mantle lithosphere into the drip, which removes mantle from the 

continental lithosphere. The result is a mantle lithosphere that has thinned more than the 

crust at the time of continental breakup.  

 

Detachment of mantle lithosphere may follow the formation of high-density magmatic 

cumulates during the rift phase. Impregnation by substantial volumes of asthenospheric 

melts has been documented for the extending continental lithospheric mantle of the 

Jurassic Ligurian Tethys Ocean (Piccardo et al., 2009). The lithospheric mantle may 

evolve similarly in other rifts. Asthenospheric basanite magmas generated by 

decompression melting of rising asthenosphere, infiltrate the continental mantle during 



85 

the late synrift phase, and undergo continued fractional crystallization during ascent. The 

denser igneous material is trapped in the continental mantle lithosphere, forming igneous 

cumulates, while the evolved lighter magmas rise toward shallower cooler layers. Such a 

high-pressure fractionation model is consistent with experimental petrology (Irving and 

Green, 2008) and natural lherzolite xenolith-bearing evolved phonolitic magmas within 

extensional settings, such as the Veste Heldburg (Cenozoic Heldburg dike swarm, 

Germany). The trapped melts form high-density bodies, and the mantle lithosphere is 

rheologically modified and weakened, facilitating detachment or removal of large mantle 

blocks along mantle lithosphere shear zones.  

 

Gravitationally unstable mantle lithosphere will detach and be replaced by warmer 

asthenosphere, resulting in surface uplift and generation of mid-oceanic ridge basalt–like 

(MORB) magmas (Meyer et al., 2009a, 2009b). Detachment will occur above the high-

density cumulates in the lower mantle lithosphere, and below the region where the 

density is reduced by phase changes during the advanced stages of rifting. The density 

effect of phase transitions is mostly pronounced in the uppermost part of the mantle 

lithosphere during advanced stages of rifting (Simon and Podladchikov, 2008), and 

detachment will occur between these layers of opposite direction of buoyancy. Pre-

detachment rift-related magmas such as found in the East African Rift have a steep rare 

earth element (REE) pattern (Figure 3.5). All continental rift-related magmas are light 

REE enriched, and this fractionation of the REEs reflects significant high-pressure partial 

melting in the garnet stability field. In contrast, continental breakup melts such as the 

seaward-dipping reflector sequences found on magma-dominated margins (Menzies et 
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al., 2002, and references therein) are subaerial magmas with MORB-like REE enrichment 

patterns (Figure 3.5), illustrating melting of a shallow asthenosphere at the rift to drift 

transition.  

 

In the model for continental rupture proposed here (Figure 3.4), a major difference 

between magma-starved and magma-dominated margins is the volume of magma that 

intrudes crustal levels or eventually erupts, and the conceptual model therefore applies to 

both margin end members. The structural difference between these margin types was 

described in Reston (2009) and Menzies et al. (2002), and is not discussed here. During 

extension, the lithosphere is thinned in continental rifts, and upward flow of astheno-

sphere below the rift results in decompression melting. Differentiation of magma forms 

high-density cumulates in the mantle lithosphere, while lower density magma rises to 

shallower levels, ponds in subcrustal magma chambers, and may erupt. The continental 

mantle is rheologically altered by the melt infiltration, weakened and affected by thermo 

chemical or mechanical erosion. Following detachment of the high-density continental 

mantle, rapid surface uplift occurs, and the resulting tensional force will assist continental 

rupture. Melting of upwelling asthenosphere below the remaining continental lithosphere 

forms oceanic crust. At magma-dominated margins large volumes erupt as basalt flows.  
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Figure 3.4. Conceptual model of rifted margin formation  

A) Decompression melting of upwelling asthenosphere accompanies lithosphere thinning 

during continental rifting. Magmatic differentiation in the lithosphere results in the 

formation of high density cumulates. B) The high density cumulates destabilize the 

mantle lithosphere. This results in extra subsidence of the rifted area during detachment. 

C) After detachment, the surface is uplifted while melting continues, followed by 

continental rupture. Sub-Moho intrusions are future fast seismic wave velocity lower 

crustal bodies, lava flows are emplaced at the surface. At magma-poor margins there are 

no (or few) magmatic eruptions at this time. D) Following continental breakup, 

―lithospherization‖ of upwelled asthenosphere below the margin occurs.    
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Removal of mantle lithosphere during the late synrift phase by detachment or 

development of lithospheric downwellings will appear in subsidence curves as extra 

thinning of the mantle lithosphere; this is depth-dependent thinning of the lithosphere. 

Depth-dependent thinning is lithosphere thinning where the mantle part has been thinned 

more than the crust; it has been inferred on many margins (Kusznir and Karner, 2007), 

supporting the hypothesis that loss of mantle lithosphere is a normal process during 

rifting.  

 

When the continental mantle lithosphere is removed during the final stages of rifting, it is 

replaced by asthenosphere. After breakup, the margins cool, and lithospherization of 

asthenosphere takes place. The process of lithospherization involves cooling of the 

asthenosphere such that it becomes part of the tectonic plate, analogous to formation of 

oceanic lithosphere near mid-ocean ridges. This is accompanied by subsidence of the 

margin. This newly formed lithosphere from depleted asthenosphere is similar in 

composition to oceanic mantle lithosphere, and underlies the outermost parts of the 

continental margin crust (Figure 3.4).  
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Figure 3.5. Chart of C1-normalized chondrite REE distribution from various environments  

Average C1-chondrite normalized rare earth element abundances in melts from a typical 

rift system (East African Rift), the rift-drift transition at a volcanic rifted margin (seaward 

dipping reflector sequence (SDRS) from the Vøring margin) and the normal mid-ocean 

ridge (N-MORB), illustrate the strongly LREE to HREE enriched pattern of the rift 

magmas pointing to garnet as a residual phase in the melting source and the flat REE 

patterns of the SDRS and the N-MORB due to shallow melting in the mantle. Data: C1-

chondrite (Palme and O‘Neill, 2004); average E-African Rift System (average ICP-MS 

and INAA data from East African Rift GEOROC website dataset); N-MORB (Hofmann, 

1988); SDRS (average from Meyer et al., 2009b). 
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Margin Uplift/reduced subsidence evidence? Rift-drift age Reference(s) 

U.S East Coast (Carolina-Nova 

Scotia) (V) 

Uplift of 1.5-2 km interpreted from basin 

erosion 

185-200 ma 1 

Namibia and S. America (V) Uplift inferred from evidence of erosional rift 

unconformity and subaerial lava flows 

Aptian 2 

Galicia Bank (NV) Uplift inferred from stratigraphic evidence Aptian 3,4,5 

W. Australia (NV) ~1-2 km uplift and erosion of pre-breakup 

sediments 

E. Cretaceous 6 

E. Australia (NV) 1-3 km of uplift from fission track evidence 95 ma 7 

Norway and E. Greenland (V) Uplift inferred from drilled subaerial lava 

flows, fission track and stratigraphy 

54 ma 8,9,10,11 

W. Greenland (V) ~1-3 km of sediments eroded: uplift 

interpreted from fluvial peneplanation, valley 

incision 

Early –Late 

Paleocene 

12 

Yemen (V) Stratigraphy shows change from marine to 

fluviolacustrine. Base level inferred to 

change by 10s of meters. Ethiopian-Yemen 

plateau uplifted ~1.6 km 

35 ma 13,14 

South China Sea (V) Uplift inferred from evidence of breakup 

unconformity and tectonic subsidence 

analysis 

30 ma 15, 16 

Afar (V) Uplift of ~ 1.6 km for Ethiopian plateau 

region 

0 ma 14 

 

Table 3.1. Characteristic evidence of uplift/reduced subsidence from margins around the world 

(V) refers to volcanic margins; (NV) refers to non-volcanic margins 
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3.5 Conclusions 

 

 

Uplift of margins prior to breakup is typical, and an expected process accompanying 

continental breakup. It results from several factors, including phase transitions, dynamic 

uplift, and removal of mantle lithosphere. Removal of mantle lithosphere is most 

effective in producing uplift or reduced subsidence in combination with phase transitions, 

and we suggest that mantle lithosphere removal is a common process accompanying 

rupture. This finding is supported by geochemical data that indicate MORB-like REE 

enrichment patterns resulting from shallow asthenospheric melting, and observations of 

depth-dependent thinning. The positive geoid anomaly and increase in tensional forces as 

a result of this uplift are expected to assist breakup. After breakup, new oceanic mantle 

lithosphere is formed below the continental margin, and normal subsidence resumes.  
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4 Investigation into the Nature of the Eocene-Miocene Unconformity 

in the Somali Basin and its Link to the Afar Plume 
 

 

Abstract 

 

 

Stratigraphic evidence from East African continental and coastal marine areas indicates 

that the Oligocene is largely missing from rock records. An Eocene-Miocene hiatus has 

also been found in the deep water Somali Basin of the Indian Ocean. This suggests that a 

large-scale event leading to a marked drop in relative sea level occurred prior to the onset 

of this hiatus. The changing character of the Eocene-Miocene unconformity along the 

Somali margin may be related to the change in margin structure from oblique-rifted in the 

north to sheared/transform in the south.  

 

Seismic and well data obtained during the V3618 scientific cruise, and deep sea drilling 

program (DSDP) wells in the Indian Ocean were used in this study to investigate the 

character of the Eocene-Miocene unconformity along the segmented east African margin 

of the Somalia Basin.  About 6,000 km of seismic data were interpreted, and tectonic 

subsidence curves were calculated for 7 wells in the Somali Basin to define the extent of 

the Eocene-Miocene unconformity surface.   



105 

It is found that the unconformity event is in some areas marked by intense channeling and 

canyon formation, while in other locations along the margin lower relief canyons 

dominate. It is speculated that the arrival of the East African plume (~ 45 Ma) is the key 

driver for the far reaching uplift event that affected the relative sea level, leading to the 

deposition of sediments beyond the shelf, onto the basin floor areas. 1D subsidence 

modeling of DSDP wells in and around the Somali Basin shows the extent of this 

unconformity in areas beyond the reach of the 2D seismic data. The spatial extent is 

supportive of the Afar plume explanation for the uplift. 

 

 

4.1 Introduction 

 

 

The origin of the Somali basin is linked to the separation of east and west Gondwana in 

Jurassic times (Figure 4.1). Rifting and continental breakup led to the creation of oblique-

rifted and transform-rifted margins along the east African coast of the Somali Basin. 

Rifted margins after breakup generally experience subsidence, but the east African coast 

of the Somali Basin is characterized by a prominent post-breakup erosional surface of 

Eocene-Miocene age indicating a period of uplift. This erosional surface is marked by 

terminations of seismic reflections, and hiatuses in a number of DSDP wells, is further 

analyzed in this study to determine its extent, character, and implications for the 

segmented east African margin and the Afar plume. 
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The origin of the deep water Eocene-Miocene unconformity on the Somali margin has 

been addressed in several studies. Davies et al. (1975) identified Tertiary unconformities 

in the Somali basin, and found they were of regional significance. Coffin and Rabinowitz 

(1984) reported on a regional 2D seismic study in the Somali basin, focusing on key 

structural, and stratigraphic features related to the rifted Somali basin margin. They noted 

relict channels, and turbidity flows, and highlighted the Lac Dera and Guiba rivers which 

empty into the Indian Ocean as potential sources. The unconformity is followed by a 

marked increase in sedimentation across the basin. Burroughs III (1977) established a 

link between this increase in Neogene sedimentation, and the initiation of ocean bottom 

flows related to plate tectonic movements. Kidd and Davies (1977) also pointed to the 

possibility of ocean bottom currents as being the cause of the widespread hiatus observed 

in the Indian Ocean. DSDP ship board scientific party initial reports for Well 241 tie the 

periods of increased sedimentation to uplifts in the East African continental area; with the 

most recent event being the Victoria Falls uplift (Sclisch et al., 1974). These 

unconformities were also identified in Coffin and Rabinowitz, 1984, where they mapped 

an event defining the Eocene- Lower. Miocene hiatus, which based on character; they 

interpreted to have been deposited in a high energy setting. In addition, various other 

cruise and scientific reports from DSDP legs 24 and 25 summarize the lithologies 

penetrated by wells drilled largely in the continental rise/abyssal areas: They broadly 

indicate an interruption in deposition in this deep marine environment between the Lower 

Eocene-Oligocene/Miocene. 
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Hiatuses and unconformities in the deep water environment have been studied by various 

researchers in the past, (e.g.  Rona, 1973, and Vail et al., 1980) who identified them as a 

by-product of marine low stands during which the shelves are exposed, leading to an 

increased supply of sediments to deeper water basinal areas, primarily by the increased 

action of turbidity currents. Other causative factors identified include: action of ocean 

currents (Rona, 1973; Moore et al., 1978); tectonism, which affects the shape of the 

basin, hence slope stability also (Angstadt et al., 1983), and the switching of sediment 

points of entry. 
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Figure 4.1. Map showing Africa, Madagascar, and the Indian ocean and the location of the Somali 

Basin margin. 

The study area is highlighted (box). The position of the relict Somali Basin ridge is based 

on interpretation of the oceanic magnetic anomalies. Earthquake foci line the oceanic 

ridges that demarcate the African and Indian-Australian plates. The earthquake locations 

also highlight the East African rift system (EARS) and the Davie Fracture Zone. 

Locations shown on the African plate include Afar and Lamu. (Modified from 

GeoMapApp). 

 

 

In onshore areas of east Africa, an age correlatable hiatus has been observed. The Lamu 

embayment (Figure 4. 2), is a sub-basin of the greater Somali Basin, and its history is tied 

to the evolution of the Somali Basin passive and transform margins. The basin area marks 
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the region along the East African margin, where the Davie Ridge interacts with the 

oblique-rifted passive margin, thereby modifying the local geology. Evidence from the 

basin in Kenya (Nyagah, 1995), show widespread erosion events largely in the Paleogene 

and Neogene (Figure 4. 3). The age of sediments range from Permian to Quaternary, 

while thicknesses range from 3250 m onshore to 13,000 m offshore (Nyagah, 1995). An 

older Paleocene hiatus seen in the Lamu area also exists in some of the DSDP wells (239 

and 249; inferred in 241); although a number of the DSDP wells terminated short of this 

marker. Offshore Mozambique, unconformities of mid-Miocene and Pliocene-Holocene 

age have been identified in wells (Nairn et al., 1991), though the area may have been 

affected by more local rifting. The Oligocene in onshore Somalia is characterized by 

widespread erosion, marked by unconformities, interpreted to have been as a result of 

tectonic uplift (Bosselini, 1982).  

 

The economic potential of the east African margin, of which the Somali Basin is a part, 

has been highlighted by recent discoveries of huge hydrocarbon accumulations offshore 

Mozambique. The implications for the possibility of good sand development basinwards 

of the unconformity is an additional motivation for this study. Using available 2D seismic 

data from the V3618 scientific cruise of the Indian Ocean, and well information from 

DSDP legs 24 and 25 drilling programs of the Indian Ocean, we track this unconformity 

across the basin and describe how its character changes from the oblique-rifted to the 

transform-rifted margin areas of the Somali Basin.  Mature margins respond to sediment 

loading by subsiding; this response is defined by the Airy or flexural loading models 
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(Watts and Ryan, 1976). Thermal effects, crustal properties, and geodynamics also play a 

key role in subsidence. Using 7 DSDP wells in the western Indian Ocean, we generated 

1D subsidence curves that highlight the effect of the hiatus on sediment distribution. We 

used this to document the areal extent of this unconformity and hence speculate that 

based on the timing and its extent, the arrival of the Afar plume in east Africa might be 

the cause of the drop in relative sea level (RSL), which gave rise to this far reaching 

event. 

 

 

Figure 4.2. The figure shows the location of the Lamu Basin in Kenya. 

Also shown are the interior East African Rift basins of Kenya. The Lamu Basin extends 

offshore into the Indian Ocean. (Modified after Nyagah, 1985) 
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Figure 4.3. Chronostratigraphic correlation across the Lamu Basin, including the deep water well, DSDP 241 

The multiple periods of hiatus are highlighted and correlate across the basin. The arrival of the Afar plume (~ 45 mya) is indicated 

on the plot and coincides with the start of the Eocene-Miocene hiatus (Modified after Nyagah, 1985).
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4.2 Somali Basin Regional Geologic Setting 

 

 

The Somali Basin is bound to the west by the East African coastal margins of Somalia, 

Kenya, and Tanzania (Figure 4.1), while the Carlsberg ridge forms the eastern and north-

eastern margins. Rifting, which led to the relative southeast slip of Madagascar from 

Africa along the Davie Ridge at 2.5 cm/yr (Hirtszler and Burroughs, 1971), ceased in the 

early Cretaceous (Bossellini, 1986). The East African margin of the Somalia Basin is 

oblique in the north and sheared in the southern part where Madagascar separated from 

the rest of Africa. Rabinowitz et al. (1982) found that salt diapirs mark the rifted margins 

of this coast, and its conjugate in Madagascar (Figure 4.4). These diapiric features have 

been dated as Early Jurassic, just younger than the earliest known sediments from the 

basin: The location of the diapirs is approximately coincident with the observed Jurassic 

magnetic quiet zone (Rabinowitz and Coffin, 1982, Rabinowitz et al., 1982). The 

southern part of the coast (Kenya and Tanzania), was formed by shearing, and shows a 

more ramp-like profile, characteristic of sheared margins. Magnetic anomalies in the 

basin (Figure 4.4) clearly show the presence of oceanic basement in the basin. The 

character of the transitional lithosphere however remains obscured by the thick sediment 

load and poor data quality. 
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Figure 4.4. The East Africa Margin of the Somali Basin. 

The figure shows the oblique (Somali and northern Kenya) and transform rifted (S. 

Kenya and Tanzania) segments of the Somali Basin. Also shown are Oceanic magnetic 

anomalies, Jurassic quiet zone the salt deposits in the conjugate East African and 

Madagascan margins (with modifications from Coffin and Rabinowitz, 1988). The Davie 

FZ marks the sheared margin along which Madagascar drifted away from the African 

plate. The interpretation of relict Somali Basin ridge is based on the youngest anomaly 

(modified from GeoMapApp). 
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Rift-drift History of the Somalia Basin 

 

The assembly of Gondwanaland during the pan-African orogeny event (~520 Ma) led to 

the creation of lithospheric weak zones and sutures, where future rifts preferentially 

localized. The separation of the Africa and Madagascar land masses (East and West 

Gondwana) during the M25 magnetic anomaly (~156 Ma) followed a phase of 

continental rifting, and ended during the period of the M10 anomaly (Coffin and 

Rabinowitz, 1983; 1988). The direction of motion of the drift of Madagascar was oblique 

with respect to the Somali coast (Bossellini, 1986). The sheared margin southwards of 

Mombasa, Kenya, formed over a period of 30 my during the Jurassic-Cretaceous 

(Bosellini, 1986). The Davie Fracture Zone marks the area along which the island of 

Madagascar slid in a southward direction relative to Africa (Bunce and Molnar, 1977). 

This transform ridge trends in a north-south direction across the Mozambique Channel 

(Figure 4.4). Along the Somalia Basin margin, it is faulted to the east (Scrutton, 1978).  

Nairn et al. (1991) found from analyses of ridge sediments that the transform ridge has 

been at its present depth (about 2 km in the Mozambique Channel) since about the 

Eocene. The most prominent expression of the ridge is towards the south: between 9°S 

and 5°S the ridge is expressed in buried mounds, and is marked by a gravity high that 

projects onto the coast around Lamu (Rabinowitz and Coffin, 1987). The age of the ridge 

is believed to be between 160-130 million years old (Coffin and Rabinowitz, 1982). 

Further south around Mozambique, the Davie Fracture Zone adopts a more prominent 

character and is elevated (Mougenot et al., 1986). Available seismic data show that the 
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area has been affected by mass movements; intense channeling, salt deposition, thrusting, 

and other salt related tectonics (see section 4.3). 

 

The Afar plume 

 

The widespread volcanism in East Africa, starting in the Cenozoic, has been suggested to 

result from the Afar mantle plume impinging upon the base of the lithosphere (Ebinger 

and Sleep, 1998). Mantle plumes are described as upwellings of hot material that 

originate in the deep mantle or D‖ layer (Campbell, 2007; Burke et al., 2008). Upon 

reaching the base of the lithosphere, they spread out laterally, and could potentially affect 

an area 500-2000 km in dimension (Campbell, 2007; Burov, and Guillou-Frottier, 2005). 

Analogue and numerical modeling studies have shown that mantle plumes not only cause 

partial melting in the upper mantle, but also uplift of the surface (Skogseid and Eldholm, 

1989; Lithgow-Bertelloni and Silver, 1998; Sengor, 2001), and the Afar plume is 

suggested to be responsible for significant uplift of northeastern Africa since the Tertiary. 

The relative timing of uplift, and volcanism in northeastern Africa is debated; some 

studies suggest that it preceded the formation of the trap basalts, and the rift (e.g. 

Beydoun, 1970), while others argued against major uplift preceding the volcanism 

(Menzies et al., 1997). This puzzle underlies the complexity of deciphering the local 

geology.  
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The uplift caused by rising mantle plumes results in tensional stresses in the upper 

lithosphere that may onset rifting (Sandiford and Coblentz, 1994; Burov, E., and Guillou-

Frottier, L., 2005). Doming is then followed by rifting, and the release of volcanic 

material. The uplift in the Afar area has been estimated at ~1 km during the Oligocene 

(Beyene and Abdelsalam, 2005), reaching a maximum elevation of 3.5 km (Sengor, 

2001). It should be noted that the African continent has been uplifted by as much as 1 km 

relative to the surface of the other continents (Nyblade and Robinson, 1994), while the 

average elevation of the east African region is of the order of 2-3 km. A number of 

thermal plume models have been proposed for this region: 

 According to Burke (1996), the distribution of volcanic centers in northeastern 

Africa requires the impingement of multiple mantle plumes. The African plate has 

remained stationary since 30 Ma (Burke, 1996), so that one plume would not be 

able to cause volcanism in the entire region and time span. In the model by Burke 

(1996), the first plume gave rise to the 45 million years old Ethiopian basalts; 

subsequent Afar and Kenya plumes impinged at around 30 Ma and around 20 Ma 

respectively.  

 A single plume model with trailing arms was proposed by Ebinger and Sleep 

(1998). In this model, a single plume impinges upon the base of the lithosphere, 

and spreads along the inverse valleys of the base of the lithosphere. This plume 

centered in Ethiopia, and starting around 45 Ma, produced the traps, accounting 

for the widely distributed volcanism in the region. Other studies (e.g., Lin et al., 

2004) have pointed out the compositional differences between the Afar traps 
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basalts and the igneous rocks from Kenya. They suggested therefore that different 

depth sources for the different provinces are required, and proposed a multiple 

plume model where the Afar plume is sourced from deep, while the Kenya plume 

is from a shallower source. 

 The latest model based on tomographic evidence (Burke et al., 2008; Torsvik et 

al., 2005 for an overview) suggests the presence of a large low velocity zone 

(LLVZ) beneath South Africa, likely connected to a large low velocity anomaly in 

the upper mantle below east Africa. These tomographic results suggest large-scale 

whole mantle upwelling below Africa, possibly connected to the Afar region, 

emanating from the Large Low Velocity Zone in the mantle. However, the shape 

and dimensions of these upwelling systems have not been fully constrained yet. 

 

Although plume models are being debated, the uplift event of northeastern Africa is 

widely accepted (Ebinger and Sleep, 1998; Burke, 2005; Yirgu et al., 2006). The arrival 

of the Afar plume, or east Africa plume, around 45 Ma has resulted in widespread uplift 

of the northeast-African continent. Below, the spatial extent of the contemporaneous 

Eocene-Miocene offshore unconformity is investigated to determine if it can be linked to 

the plume uplift event. 
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4.3 Data Description 

 

 

The Eocene-Miocene uniformity in the Somalia Basin margin is further analyzed using 

seismic and well data. The seismic data were recorded during the V3618 scientific cruise 

in the Indian Ocean (Rabinowitz et al., 1983), and were re-interpreted. The well data 

were obtained from the Deep Sea Drilling Project (DSDP) (www.deepseadrilling.org). 

 

 

4.3.1 Seismic Data 

 

 

Six thousand km of 2D seismic data from the V3618 scientific cruise in the Indian Ocean 

(Figure 4.5) have been used in this study. The seismic data extend down to about 12 

seconds TWT (two-way travel time), and were obtained from the University of Texas 

Institute for Geophysics marine data center. The data were used primarily to assess the 

stratigraphy of the Somali Basin in order to decipher the properties of the underlying 

crust, the nature of the Eocene-Miocene unconformity, and aspects of the margin‘s rifting 

history. The seismic lines trend largely in an east-west direction, along the structural dip. 

Nine of the lines trend in a north-south direction. Line 81 trends in a NE-SW direction, 

oblique to the coastline (Figure 4. 6a). The lines are spaced about 80-100 kilometers 

apart, and the N-S-trending lines connect the dip-oriented lines. The dataset covers both 

the rifted and transform margins of the Somalia Basin. The data were processed at the 
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Lamont Doherty Earth Observatory facilities; the common depth point (CDP) gathers 

were binned at 50 m intervals (http://www.ig.utexas.edu/sdc). 

 

 

Figure 4.5. Map showing 2D seismic data coverage 

The 2D seismic lines obtained during the V3618 scientific cruise. The data covers ~ 1, 

000 km of East African oblique-rifted and sheared margins (modified from 

GeoMapApp). 
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4.3.2 Well Data 

 

 

Well locations used for this study are shown in Figure 4.6. The following is a summary of 

key Legs 24 and 25 wells used for this study: 

 

 DSDP well site 241, located on the continental rise of east Africa (Figure 4.6), 

was drilled in water depths of about 4,000 m, with a total penetration of 1743 m. 

Its main objective was to define the post Karoo stratigraphic context (bio- and 

litho-) of the region, and the evolution of the east African margin (Schlich et al., 

1974). A total interval of 256 m was cored, with 136.7 m recovered. 

Gridley et al. (1974) summarize the stratigraphy and description of lithologies 

penetrated by this well. They note that the Eocene-Oligocene unconformity is marked 

by a facies change from clastic to more biogenic components.  This is then overlain 

by a zone of clay rich nanno oozes, nanno ooze and silty clays, deep water Upper 

Cretaceous turbidites, and volcanics of Cretaceous age. 

 

 Well 240 (A&B): The Oligocene is entirely absent here, as Miocene deep water 

sediments rest on Eocene deposits. The well is located in about 5,000 m of water, 

and turbidites were interpreted here, 800 km from the continent, in the abyssal 
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plain (Kent, 1974). A poor recovery of cores from this well is blamed in part on 

the coarse nature of encountered sands (Leg 25 shipboard scientific party, 1974).  

 

 Well site 235 was drilled in water depths of over 5,000 m, in the abyssal plains of 

the Somali Basin, just east of the Chain Ridge. The total penetration of the well 

was 648 m, reaching basaltic basement (shipboard scientific party). 

 

 Well site 242 is located along the Davie Ridge, in the Mozambique Channel, in a 

water depth of 2275 m (Site 242 shipboard scientific party). The well penetrated 

676 m of foram-rich nanno oozes, clayey nanno chalk, divided into 3 stratigraphic 

units. 

 

 Well site 237 sits on top of the Mascarene plateau in the Indian Ocean (Site 242 

shipboard scientific party), in water depths of 1640 m. The well was terminated 

short of the basement, and the oldest sampled lithology is of Paleocene age. 

 

 Well site 236, located north of the Seychelles (Figure 4.6), was drilled in water 

depths of 4487 m (Site 236 shipboard scientific party). Acoustic basement was 

encountered in the well, and penetrated sediments are divided into 6 lithologic 

units composed of nanno oozes, clays, and chalk. 

 

 Well site 245 is located in the Southern Madagascar basin in water depths of 4857 

m. The well penetrated the basaltic basement, and the encountered sedimentary 
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lithology is divided into 5 units made up of silty clays, clay-rich nanno oozes, and 

clay-rich nanno chalk (Site 245shipboard scientific party). 

 

Figure 4.6. Map of the Indian Ocean showing DSDP well locations 

During the Deep Sea drilling program legs 24 and 25, wells were drilled in the Indian 

Ocean and made available to the public.  The map shows the location of drilled wells. 

Red numbers show wells used in this study (modified from GeoMapApp). 
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4.4 Analysis of the Eocene-Miocene Unconformity 

 

 

4.4.1 Seismic Data Interpretation 

 

 

In the basin-wide mapping of the unconformity surface, our employed interpretation 

methodology follows the principles of seismic stratigraphy as introduced by AAPG 

memoir 26 (and subsequent works, e.g., Veekens, 2007), as it pertains to the treatment of 

reflector patterns and relationships.  

Seismic interpretation was done using SMT‘s Kingdom suite package. Our interpretation 

builds upon earlier work by Coffin and Rabinowitz (1982; 1984) in which 3 key 

stratigraphic markers, the top of the basement, and seafloor reflectors were identified and 

mapped. Although only 3 events (seafloor, Eocene-Miocene unconformity event, and top 

basement) were needed for this study; the others levels were mapped for completeness. 

The unconformity surface was interpreted based on reflection terminations, truncations, 

and onlap relationships.  Line 81 (Figure 4.7a) shows the interpreted events and the 

character of the Eocene-Miocene unconformity in this area. This study specifically 

focuses on the unit between the Eocene-Miocene unconformity and the seafloor, termed 

unit 1. Due largely to poor imaging related to data quality, we encountered difficulties in 

interpreting the events landwards of the upper slope regions over some areas. Based on 

our interpretations, the unconformity surface forms part of the growth strata in the salt-

driven detachment folds. A depth to detachment was calculated in order to determine the 
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existence of single or multiple detachment surfaces; the salt layer likely plays a role in 

the character of this unconformity. Maps of the interpreted events are then analyzed for 

information that they may contain on how the unconformity is affected by the regional 

geology of the different margin types. The interpreted events are: 

 The seafloor marker 

 The Eocene-Miocene event (Green marker of Coffin and Rabinowitz (1982; 

1984)). This forms lithologic unit 1, bound by the seafloor marker 

 The mid-Cretaceous event (purple marker of Coffin and Rabonowitz (1982; 

1984)) 

 The mid-Late Jurassic event (Red marker of Coffin and Rabinowitz (1982; 1984)) 

 The top of basement event: this combines the oceanic, transitional, and 

continental crustal types  

The maps were gridded and two-way time isochor maps (seafloor to Eocene-Miocene 

unconformity, and Eocene-Miocene unconformity to top basement) were generated from 

the interpreted events. Depth conversion was done using relationship determined by 

Letorneau (1992), from analysis of data from 70 sonobuoy stations across the Somali 

Basin, established by the U.S navy oceanographic cruise: 

v =1.540+1.649T, 

Where v= velocity, and T is one-way travel time of event, relative to the seafloor. 

Other depth conversion methods available include interval times from DSDP well 241.  
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Figure 4.7a. Regional Seismic line 81 with location on figure 6, showing the mapped events 

The interpreted events were picked following Coffin and Rabinowitz, (1988). The Eocene-Miocene unconformity marker is a focus of this 

study. The vertical scale is TWT and the horizontal scale is shot points (shot points at 50 meters apart). Also shown on the line is well 241 that 

penetrated the unconformity. The highlighted area shows a canyon (fig. 8b) that in places characterizes this interval (seismic data courtesy 

University of Texas Institute for Geophysics).

1
2

5
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4.4.2 Subsidence Modeling 

 

 

McKenzie‘s (1978) stretching model describes the calculation of theoretical rift 

subsidence for given β (stretching) values of the crust and mantle lithosphere. Rift 

subsidence is a function of tectonic processes, and thermal heating/cooling, and sediment 

infill. Removing the effects of sediment infill allows for the calculation of synrift 

tectonically driven subsidence, and the subsidence caused by the post-rift thermal cooling 

(McKenzie, 1978). 

 

Tectonic subsidence curves were calculated for the 7 wells described above, using 

Schlumberger‘s PetroMod1D (www.slb.com/petromod). The chosen wells cover a broad 

area within, and beyond the Somali Basin (Figure 4.6).  Table 4.1 lists the age, thickness, 

and generalized lithologic data used as input to construct the burial-history curves. Rock 

matrix density and porosity-depth function were generated by the program using the input 

lithology types. Age and thickness were estimated from DSDP legs 23, and 25 initial 

shipboard scientific party reports, while paleo-water depths estimation was based on the 

same DSDP reports and the study by Kidd and Davies (1978). Some of the challenges 

and limitations with 1D tectonic subsidence modeling include (Roberts et al., 1998) 

determining paleo-water depth and the amount of erosion. Fossil remains indicate a 

relative age range, while the tectonic subsidence software requires an absolute age, and 

deep water sediments have a greater uncertainty range. There is often not enough 
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information available to accurately estimate the amount of erosion; here the hiatus is 

treated as a period of non-deposition (as in Westphal and Aigner, 1997). 

 

 

4.5    Results: Character and Spatial Distribution of the Unconformity 

 

 

The interpretation of the data highlights the changing character of the unconformity 

surface between the oblique northern, and sheared southern parts of the Somalia margin.  

Discussion of the seismic lines has been grouped into oblique-rifted, transitional areas, 

and transform-rifted margins. 

 

 

4.5.1 Seismic Lines from the Oblique-rifted Somali Basin Margin 

 

 

Seismic Line 81:  

This line trends in a NE-SW direction. The interpreted events are shown in Figure 4.7a. 

The line features a multi-channel canyon (~ 600 ms relief), with truncation/erosional 

surfaces of younger than Miocene age, likely of local significance (Figure 4.7b). 
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Seismic Line 82:  

DSDP well 241 indicates that the sediments that make up the sequence from the Eocene-

Miocene unconformity to the seafloor (Unit 1) are largely made up of clays and clay-rich 

nanno oozes. The line profile shows a very steep faulted slope (Figure 4.8a), and the 

seafloor topography around the toe of slope area has likely been affected by the buried 

Cretaceous thrusts. The unconformity surface is marked by erosion, truncation, and 

reflector onlaps unto the unconformity event. Basinwards (towards the abyssal plain) an 

onlap of high amplitude reflectors (HAR) is observed (Figure 4.8b). This is interpreted to 

be a toe of slope/basin floor fan. Above and basinwards of the thrust domain, 

transparent/semi-transparent chaotic reflectors, interpreted to be MTCs (mass transport 

complexes) are observed. No multi-channel canyons were observed on this line. 
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Figure 4.7b. Uninterpreted and interpreted seismic sections highlighting the multi-channel canyon on 

line 81. 

The unconformity event truncates older sediments, with younger channels showing 

lateral migration. The canyon dimensions are ~ 15 km by 600 ms (TWT). The 

interpretation of the seismic facies is as follows: 1) Chaotic /discontinuous seismic facies 

forms base of multi-story channel; 2) Continuous high amplitude events; 3) Largely 

continuous high amplitude events; 4) Chaotic, somewhat transparent discontinuous event 

– (mass transport complexes). 
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Seismic Line 84:  

The unconformity event on this transect is marked by truncation/erosion surfaces, multi-

channel canyons with down-slope migration, and an onlapping of HARs onto the 

unconformity surface (Figure 4.9a, b, c). In areas where the HARs onlap, 

transparent/semi-transparent chaotic seismic facies that are possibly MTCs overlie them. 

We interpret these slope onlaps to be slope fans; just basinwards of the thrust front, is the 

first multi-channel canyon on this line. This canyon, of which the bottom 400 ms is 

confined, migrates down-dip. The total depth of the canyon is ~ 700 ms, and it contains 3 

interpreted seismic facies types. Further basinwards, a second and third canyon are 

interpreted. The second multi-channel canyon shows 4 interpreted seismic facies types, 

while the third canyon is a HAR overlain by chaotic MTC. The line shows distinct thrust, 

diapir, and detachment fold domains. The interpreted unconformity marker forms part of 

the growth strata of the detachment fold. 

Seismic Line 86:  

The seismic data quality along the very steep slope in this area is poor (Figure 4. 10a). 

Towards the abyssal plain, a series of HARs onlaps against the unconformity marker 

(Figure 10b).  These HARs are in turn overlain by semi-transparent chaotic seismic 

facies. Detachment folds are also observed on this profile, while a number of Miocene 

and younger erosional features are observed towards the basin. 
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Figure4.8a. Seismicline82 

Seismic line 82, showing the unconformity event, We highlight an area basinwards of the thrust domain. (Seismic data courtesy 

University of Texas Institute for Geophysics) 
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Figure 4.8b Enlarged view of box in figure 8a.  

Interpreted and uniterpreted sections, showing onlaps against the unconformity surface.  

We divide the facies as follows: 1) High amplitude reflectors; 2) Lower amplitude 

onlapping reflectors 
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Figure 4.9a. Seismic line 84, showing the unconformity event, and location of well 241. 

Three areas of focus (boxes) highlight discussed sedimentary relationships. The line 

crosses the thrust fault, diapirs and detachment fold structural domains. The detachment 

is interpreted to be at top of salt (Fig. 5) that also borders the conjugate margin in 

Madagascar. The first multi-channel canyon on this line is just basin-ward of the thrust 

front. The seismic profile shows a very steep slope. 

(Seismic data courtesy University of Texas Institute for Geophysics) 
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Figure 4.9a. Seismic line 84 
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Figure 4.9b. The highlighted line section (uninterpreted and interpreted) is located in the mid- to toe 

of slope area. 

The unconformity is marked by truncations and onlap of high amplitude reflectors 

(HAR). The unconformity has clearly been affected by the movement of the thrust faults. 

Three seismic facies are interpreted in the section: 1) Continuous, parallel, high 

amplitude – likely slope fans; 2) Hemi-pelagic drapes; 3) Chaotic semi-transparent MTC. 
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Figure 4.9c. Enlarged view of box 9c, line 84, shows truncations, infilling of canyon by multiple 

channels. 

Main canyon dimensions are ~ 40 km by ~750 ms (TWT). The view (uninterpreted and 

interpreted seismic sections) shows multiple canyons in a down dip direction. 

Interpretation of different seismic facies follows: 1) High amplitude continuous event; 2) 

Discontinuous transparent fuzzy event. 
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Figure 4.9d. The highlighted seismic section (uninterpreted and interpreted) shows truncations and 

high relief multi-channel filled canyons. 

Multiple canyons are obvious, showing some difference in the seismic character of the 

fill. The main canyon seismic facies is interpreted as: 1, 3) Semi-transparent fuzzy event; 

2, 4) High amplitude continuous event. 
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Figure 4.10. Seismic line 86 shows a very steep continental slope. 
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Figure 4.10b. This is the highlighted view from seismic line 86. 

The section (uninterpreted and interpreted) show the unconformity marker truncating 

older stratigraphy, while itself being onlapped by HARs, which show a bulge in profile. 

The section is beyond the toe of slope, so the onlapping HARs are interpreted to be toe of 

slope/basin floor fans. 
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4.5.2 Seismic Line from the Transitional Zone between the Oblique- and 

Transform-rifted Margins 

 

 

Seismic Line 88:  

On this line we can observe a ramp, with a short steep slope area. It is likely that the 

thrusts have affected seafloor topography (Figure 4. 11a), and possibly had a role to play 

in triggering MTCs observed basinwards of the thrust front. The unconformity surface on 

this transect is marked by truncations, and erosion/valley cuts. The key feature on this 

line is a ~ 75 km wide canyon, with ~ 700 ms relief (Figure 4. 11b). We observe that this 

canyon is coincident with places where the basement shows a marked change in relief: 

the relationship was not further investigated for this study. Seismic data of largely 

transparent character lie between the basement and the unconformity reflector. 
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Figure 4.11a. Seismic line 88 lies. 

The line shows a ramp profile, with a steep narrow slope area. The seafloor has obviously been affected by fault movements. The 

line features a major canyon/gully; the unconformity is marked by major truncations. (Seismic data courtesy University of Texas 

Institute for Geophysics) 

1
4

1
 

 



142 

 

Figure 4.11b. View of section of line 88. 

The Eocene-Miocene unconformity marker shows major truncations, with ~ 700 ms 

relief. The difference in thickness of infill points to active syn-depositional faulting. The 

canyon is ~ 70 km wide and infill seismic character shows a marked difference. 
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4.5.3 Seismic Lines from the Transform-rifted Margin 

 

 

Seismic Line 90: 

The profile shows a faulted shelf-ramp area, and a short steep slope area (Figure 4.12). 

The unconformity is marked by truncation/erosion surfaces, and the seafloor topography 

has been affected by movement along still active normal faults. 

Seismic Line 94: 

This transect covers the toe of slope-abyssal plain areas (Figure 4. 13a). The lower relief 

canyons (~200 ms), are filled with a transparent facies. MTCs are observed, as well as a 

noted increase in the thickness of Unit 1 (Figure 4.13b). 

Seismic Line 98:  

The line covers the toe of slope-abyssal plain (Figure 4.14a). The seafloor topography has 

been affected by movement along faults, some of which can be traced to the basement. 

Compared to the lines discussed above, the thickness of Unit 1 is greater in this area, with 

the interpreted lower relief erosional features being in-filled with a transparent seismic 

facies (Figure 4.14b). 

Seismic Line 100: 

Along this transect, seafloor topography has also been affected by fault movements, some 

of which intersect the ocean floor (Figure 4.15a). The unconformity event is marked by 

erosion, and truncation. An active basement is evidenced by the sea mount feature that 
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has affected sediments of up to Miocene age. Around 4.5 seconds (TWT), between shot 

points 4000-4500, Miocene to younger erosional features filled in with a transparent 

seismic facies have been interpreted. Basinwards, a series of reflectors onlapping against 

the unconformity marker are interpreted as basin floor fans (Figure 4.15b): these have 

younger channel features cutting into them. 

Seismic Line 102: 

This line starts around the toe of slope area, with ocean floor topography obviously 

affected by movement along still active faults (Figure 4.16a). The unconformity surface 

is marked by truncations, and relatively lower relief (~100 ms) canyons that are filled 

with a somewhat chaotic seismic facies with strong amplitude. Along this profile, a 

number of seismic unconformities of Miocene to later age are observed (Figure 4.16b). 
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Figure 4.12. Seismic line 90: The seismic line trends NW-SE, shows a more ramp-like margin profile 

The sea floor topography has been affected by fault movements. Some faults are interpreted to intersect the seafloor in areas. 

(Seismic data courtesy University of Texas Institute for Geophysics). 
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Figure 4.13a. Seismic line 94 trends in a NE-SW direction 
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Figures 4.13b. Enlarged views of features from seismic line 94 

The section in figure 13b1 shows the unconformity surface as a major truncation surface. 

The relief of the canyon is lower than that interpreted in the oblique-rifted margin area. 

Note the semi-transparent canyon fill. 

Section 13bii also shows truncations and semi-transparent seismic facies filling the lower 

relief canyons formed as a result of this unconformity event. Also highlighted in the 

section is a region of MTC. 
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Figure 4.14a. Seismic line 98 trends in an E-W direction across the sheared margin 

The seafloor topography in this area has been affected by movement along faults. As in the preceding line, an increase in thickness 

of the Eocene-Miocene unconformity to sea floor strata (unit 1) is observed. (Seismic data courtesy University of Texas Institute 

for Geophysics) 
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Figure 4.14b. Enlarged view of highlighted section from figure 14a. 

The section shows a truncation of older strata by the unconformity surface. Note the 

lower relief of canyons, and semi-transparent low amplitude infill. 
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Figure 4.15. Seismic line 100 is oriented in an E-W direction. 

The increased thickness of unit 1 is also observed. The unconformity surface is highly faulted and affected by a basement uplift 

that was active post Miocene. (Seismic data courtesy University of Texas Institute for Geophysics). 
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Figure 4.16a. Seismic line 102 shows seafloor topography that is affected by fault movements. 

The highlighted areas show lower relief canyons on the toe of slope and abyssal plain areas. (Seismic data courtesy University of 

Texas Institute for Geophysics). 
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Figure 4.16b. Enlarged view of section highlighted in figure 16a. 

The highlighted areas show the truncation of older sediments by the unconformity 

marker. The location of faults around the canyons might suggest a local enhancement of 

relative sea-level by fault movements? 

 

 

4.5.4 Maps 

 

 

A series of maps were generated based on our interpretations to highlight the distribution 

of structural and sedimentary features across the study area. The following segment 

summarizes the key features of the maps: 
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Seafloor Time Structure Map: 

The time structure map of the seafloor shows scaring on the slope, and canyons that are 

likely related to basement features. The gradient of the slope in the transform margin area 

in the south is gentler than that of the oblique-rifted margin areas in the north (Figure 4. 

17).  Note that the data density only allows the interpretation of the large-scale features. 

Eocene-Miocene Unconformity Marker Time Structure Map:  

The key features on this map are a pair of large canyons; the first one in the region where 

the oblique-rifted margin transitions into transform-rifted margin. At this location, a 

marked difference in basement relief is observed (see basement map segment). The 

second canyon lies adjacent to a spur in the transform margin areas (Figure 4.18). 

Top Basement Event Time Structure Map: 

The basement topography on the transform margin shows features that are possibly 

seamounts projecting from the surface (Figure 4.19).  Along a line in an almost E-W 

direction, we observe a marked shallowing in transform-rifted margin area basement, 

relative to that of the oblique-rifted margin area. 

Seafloor to Top Basement Time Isochor Map: 

On this map, we note a tapering of sediment thicknesses towards the abyssal plain. 

Overall, thicker sediments are located in the oblique-rifted margin, with the greatest 

thicknesses landward of the thrust front. Where the margin types interact, low sediment 

thicknesses are found (Figure 4.20). The key features on this map are a zone of thick 
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sediments between lines 82-88 and between lines 94-96, and zones of low sediment 

thickness around line 90 (where the margin transitions from oblique to sheared) and 

towards the abyssal plain in all the lines. 

 

Figure 4.17. Two-way time (TWT) structure map of the sea floor 

The map shows that the deepest parts of the basin are in the oblique-rifted margin areas. 
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Figure 4.18. Time (TWT) structure map of the Eocene-Miocene unconformity event. 

The map shows deep canyons on both margin areas. It is possible that the position of the 

canyons is controlled by basement structures 

 

Figure 4.19. The figure shows the time (TWT) structure map of the top basement marker. 

The basement topography seen on seismic profiles is reflected in the undulating character 

of the basement map. 
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Figure 4.20. The sea floor-to basement time isochor map 

Sediment thickness tapers towards the abyssal plain. Overall, the thickness of sediments 

in the oblique-rifted margin is greater, and it is thickest sediments landward of the thrust 

front. Where the margin types interact, we see low sediment thickness values. 
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Eocene-Miocene Unconformity Event-to the Seafloor Time Isochor Map  

In well 241, the thickness of this unit is ~450 m; while further offshore in well 240 the 

unit is only 157 m thick. The unit is largely made up of clays, silty clays, and nanno 

oozes (ship board scientific party initial report, 1974). The unit includes a number of 

Miocene and younger unconformities, slumps, etc. The key observations of this map 

(Figure 4.21) are: 

 The thickness of unit 1 sediments is greater along the transform margin in the 

south 

 The greatest thicknesses correspond to areas with large canyons/multi-channel 

canyons 

 Large sediment thickness is also observed on the slope between lines 84-86 

 In areas of the oblique-rifted margin, the sediments have been affected by 

thrusting and the development of detachment folds. 

 

Eocene-Miocene Unconformity Event-to the Top Basement Marker Isochor Map 

This map (Figure 4.22) shows indications of a great accumulation of sediments in the 

oblique-rifted margin area in the north. Areas of low sediment thickness values 

correspond to the canyons, abyssal areas where we expect sediment thickness values to 

be reduced. The area around line 90, where the margins transition, is noted to have low 

sediment thickness values in the slope regions. 
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Figure 4.21. The Sea floor to Eocene-Miocene unconformity time isochor map. 

The map shows areas of increased sediment thicknesses corresponding to the major 

gullies/canyons in the oblique-rifted and transform-rifted margin areas. 
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Figure 4.22. Eocene-Miocene unconformity to top basement isochor. 

The increased thickness (TWT) of sediments in the oblique-rifted margin area is partly to 

do with the greater depth to top basement in this area. The low sediment thicknesses in 

some areas also correspond to the major gullies. 
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Figure 4.23a.The figure shows a sea level curve for the Paleocene to the recent 

We highlight the timing of the arrival of the Afar plume, even as we speculate later on 

about its effect on the relative sea level in the Somali Basin area. (Adapted from 

www.redbox.rutgers.edu). 
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Figure 4.23b. Eocene-Miocene unconformity time map with interpreted sedimentary features. 

The interpreted features show the absence of multi-channel canyons in the transform 

margin area. The position of the multi-channel canyons is limited to basinward areas of 

the thrust front. The position of the major gullies (fig. 18) against basement high 

locations would suggest that basement structures play a role in their evolution. The key 

structural features of the oblique-rifted margin area are the thrust fault, diapirs and 

detachment folds domains. Their location coincides with that of the Jurassic salt deposits 

in the Somali Basin. The second map further shows interpreted fairways, based on the 

positions of sedimentary features and isochor maps. 
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Figure 4.23c. A cartoon showing a multi-channel canyon (from figure 9d). 

The development of its fill as a function of relative sea-level is depicted. The seismic 

view and last cartoon figure is present day; the first cartoon figure shows the initiation of 

unconformity as a result of falling relative sea-level (RSL). 
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4.5.5 Burial History Modeling 

 

 

A total of 7 wells were used for the 1D tectonic subsidence modeling (Figure 4.6 for well 

locations). Four of the wells show evidence of a period of hiatus/non-deposition that 

corresponds to the timing of the Eocene-Miocene event in East Africa. Below follows a 

summary of the key results: 

Well 235: 

The age of the oceanic crust here is ~55 my. The tectonic subsidence curve shows 

continuing rapid subsidence, without any evidence of the Eocene-Miocene unconformity 

(Figure 4.24). 

Well 236: 

The subsidence profile for this well (Figure 4.24) shows 2 periods of marked 

erosion/non-deposition in the Paleocene (57-55 Ma), and in the Eocene (50-42 Ma). The 

age of the oceanic crust is ~58 my. 

Well 237: 

The well subsidence curve shows a period of high sedimentation and subsidence in the 

Paleocene (Figure 4.24). No evidence of the Eocene-Miocene unconformity is found in 

this well. The subsidence profile shows a tapering off in the mid-Miocene. 
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Well 240: 

This well is located in the abyssal plain, on the edge of the Somali Basin, and sits on crust 

of ~ 67 my of age. The subsidence profile (Figure 4.24) shows a high rate of subsidence, 

low sedimentation rate, and a period of non-deposition/erosion from the Miocene (~52 

Ma) to the Miocene (~9 Ma). 

 

 

Well 241: 

The age of the oceanic crust, not penetrated by this well is ~ 147 my old. The subsidence 

profile (Figure 4.24) shows a hiatus/non-deposition period from the Eocene to the 

Miocene. This is the key well in this study: it sits just along depositional dip, and the 

great age of the crust it sits upon means that it would have experienced thermal decay, 

meaning that subsidence will be due to the load of sediments and water. 

Well 242: 

The age of the basement in this area located in the Davie Fracture Zone area is ~ 146 

million years. The subsidence profile shows no evidence of a hiatus/erosion (Figure 

4.24). Seismology evidence, and reports (Bosselinni, 1982) show that the Davie Ridge is 

still active based on earthquake foci, leading to the possibility that fault movement could 

have enhanced subsidence and hence reduced the effects of the falling relative sea level. 
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Well 245: 

This well is located south of Madagascar, and its subsidence profile shows a period of 

hiatus/erosion from the Eocene to the Miocene (Figure 4. 24). 

 

 

Figure 4.24. Tectonic subsidence curves generated during this study. 

Wells 235 and 235 show anomalous trends: possible explanation for this is given in the 

main text. Well 242 shows a gradual subsidence, while the other wells show a flattened 

trend, indicating a hiatus for various periods between the Eocene and Miocene. 
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Table 4.1. Input parameters for 1D subsidence modeling 

Data comes from DSDP initial well reports and result summaries for respective wells 
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4.5 Discussions 

 

 

A key pointer to the difference between the oblique-rifted and sheared margin types of 

the Somali Basin is the distribution of sediments. This distribution is affected by a 

number of factors, including the age/type of the underlying crust; tectonic history of the 

ocean crust, and structural trends in the basement. These factors also affect the relative 

sea-level, and hence the sediment layer thickness in a basin. 

 

 

4.5.1 Structural and Depositional Elements 

 

 

Marine unconformities may result from sea-level fluctuations, tectonism, and changes in 

oceanic circulation patterns. A drop in the relative sea level will expose the shelf, and 

lead to sediment bypass of the shelf, focusing deposition in deeper water areas. Tectonic 

events produce unconformities/hiatus due to the uplift, and, or rotation of fault blocks; 

ocean currents erode sedimentary strata, and may inhibit deposition. These effects could 

happen simultaneously and enhance each other, or cancel each other out. For example, a 

rise in eustatic sea-level combined with an increase in basin subsidence will result in a 

large increase in relative sea level, while the converse would produce a larger fall. Basin-

floor fans are the products of a lowering of the relative sea-level, where the shelf is being 

bypassed and sediments are deposited further offshore. In a period of stationary or 
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increasing sea levels, this effect can also be achieved by a tectonic uplift of the 

continental areas. The global eustatic sea-level chart (www.redbox.rutgers.edu) shows 

that in the period from the Eocene to Oligocene (corresponding to the time of the Somali 

basin unconformity), sea levels were at a high, while they started to fall in the mid-

Miocene (Figure 4.23a). The uplift accompanying the arrival of the east African plume in 

the Eocene around 45 Ma would have led to a local drop in relative sea-level, leading to 

the creation of the observed widespread unconformity. 

 

In this study, we have carried out both structural and stratigraphic interpretations, and 

generated maps that show the key structural and stratigraphic features (Figure 4. 23b).  

Our interpretation shows that the thrust, diapir, and detachment folds domains are 

restricted to the oblique-rifted Somali Basin margin to the north. The key structural 

features on the transform segment in the south are the basement expressions of the Davie 

Fracture Zone (mounds?), normal faults, and transform fault flower structures. The maps 

show elements of the major erosional features, canyons and slump features/MTCs related 

to the Eocene-Miocene unconformity surface. The seismic interpretation shows that the 

Eocene-Miocene unconformity is quite regional in this deep water environment. The 

character of the surface marking this event changes along strike from the oblique- to 

transform rifted margins: multi-canyon channels are limited to the rifted margin in the 

north, and the intensity of channeling and erosional canyon relief decreases to the south. 

It is possible that local thrust and salt movements have enhanced this marker around the 

oblique-rifted margin. Basinwards of the oblique rifted margin, towards the toe of slope 



169 

and abyssal plain, onlapping HAR have been interpreted as basin-floor fans (Vail et al., 

1977). DSDP initial onboard scientific party reports for well 240 indicate the presence of 

turbidites in DSDP well site 240 that are lacking in the more in-board well 241. Our maps 

show that these turbidites/BFFs are located basinwards of well 241, largely missing the 

well. In some of the lines (L81; 82; 84; 102) we find 2 components of the lowstand 

system: the canyon and basin floor fan. In Figure 4.23c, we recreate canyon formation, 

and filling as a function of relative sea level, noting the establishment of complex 

stratigraphic relationships. Within the Eocene-Miocene unconformity- seafloor unit, an 

abundance of erosional surfaces is observed, indicating a still active interplay of the 

factors that affect relative sea level. 

 

 

4.5.2 Depth to Detachment 

 

 

Using established geometric relationships for detachment folds, the depth to the 

detachment beneath the folds could be calculated (Figure 4.24a). The folds are limited to 

lines 82, 84, and 86. Due to imaging difficulties, calculations were done on 3 folds on 

line 84 (Figure 4.24a, b). The results are posted in time (TWT) on seismic line 84 (Figure 

24c), and the calculated depth is within the range of the decollement defined during the 

interpretation of the thrust faults. Salt deposits affect the sedimentary signature of an area 

due to its movement. The intensity of deformation is governed by initial thickness of the 

salt layer, the rate of sedimentation and subsidence (Schollnberger, 2001). By using the 
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amount of shortening of a number of detachment folds, it was determined that the 

decollement is at depths of 1.9-2 km below the reference line (Figure 4.24c).  

 

 

 

Figure 4.25a. View of detachment folds from line 84, used for the calculation of depth to the 

detachment layer. 

The incompetent, competent/pre-growth, and growth strata are interpreted. The seismic 

section is in depth and the calculations and results for each fold are shown. 
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Figure 4.25b. Seismic section in depth showing another fold used for the depth to detachment layer 

calculation. 

The incompetent, competent/pre-growth, and growth strata are interpreted. Note that the 

Eocene-Miocene unconformity surface is included within the growth strata. 
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Figure 4.25c. Time section of seismic line 84, showing the interpreted events. 

The depth to detachment from calculation results is sketched in, and shows a fit to that interpreted based on the thrust faults. 
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4.5.3 1D Subsidence Modeling 

 

 

The tectonic subsidence curves (Figure 25) indicate that most of the wells in the area 

underwent a period of non-deposition contemporaneous with the Miocene-Eocene hiatus. 

Some wells (237, and 235) show anomalous trends. Well 237 is located on the Mascarene 

plateau, accounting for its shallower depth to seafloor. This region has been affected by 

volcanism since the L. Paleocene (Well 237 ship board scientific party report). The rapid 

subsidence shown on the curve between 55 Ma and ~18 Ma was discussed in the same 

report. Well 235 is located on the chain ridge, on crust of ~ 55 million years of age. This 

location is still thermally subsiding, as shown by the steep subsidence curve profile. Well 

242, located on the Davie Ridge shows almost no subsidence until ~45 Ma, when it 

started a gentle subsiding phase. The Davie Ridge area is tectonically still very active, as 

indicated by earthquake foci (Figure 1); it is speculated that this may have modified 

subsidence in the region. Well 236 underwent a brief period of non-deposition from ~ 48- 

45 Ma, followed by rapid subsidence. Its location, between the Dhow Fracture Zone; 

Mascarene plateau, and Carlsberg Ridge may have affected the subsidence. The age of 

the basaltic basement in this area is ~ 59 million years; this young age might indicate that 

it is still rapidly thermally subsiding, and that the brief hiatus indicated might possibly be 

related to tectonic processes related to the surrounding structures. Wells 240, 241, and 

245 show a hiatus over the period when the Afar plume is believed to have impacted 

northeastern Africa. Well 245 is located a great distance from the Afar area, and close to 

the Southwestern Indian Ridge. The subsidence curve shows that the region rapidly 
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subsided between ~58- 48 Ma. The hiatus is followed by another period of rapid 

subsidence starting from ~ 10 Ma.   

 

Wells 240 and 241 are, because of their position relative to Afar region, and their location 

with respect to other structures, the best indicators for the effect of the Afar plume. These 

wells show a long period of non-deposition from the Eocene to the Miocene. The wells 

are located in the Somali Basin abyssal plain, away from the effects of halokinesis that 

marked the slope region of the oblique-rifted margin. The wells are located 1,000 – 1,500 

km from the Afar depression, which falls within the range estimated to be possibly 

affected by mantle plumes (Campbell, 2007). The interruption to normal burial indicated 

by their 1D subsidence modeling curves is therefore interpreted to result from the Afar 

plume. 

 

 

4.5.4 Implications for Regional Uplift 

 

 

Analogue and numerical modeling studies have found that the area affected by domal 

uplift due to a plume impinging upon the base of the lithosphere could cover up to 2,000-

2,500 km in diameter (Campbell, 2007; Burov and Guillou-Frottier, 2005). This domal 

uplift, highest at the plume center, is then followed by one or more periods of igneous 

activity. The uplift is believed to be controlled by the average temperature of the plume, 
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and its ascent into the lithosphere (Campbell, 2007). The sedimentary record of this uplift 

is characterized by unconformities and periods of hiatus. Evidence establishing the 

connection between an interpreted plume and regional unconformity is given in Rainbird 

and Ernst (2001): They note that the arrival of the Central Atlantic plume (Camp plume) 

~200 Ma, is believed to have led to an interruption in the deposition of the Newark 

Supergroup, and the formation of a hiatus covering a region of ~ 1,000 km radius from 

the plume center. They also note in NW Canada, that an unconformity marking the 

erosion of hundreds of meters of sediments underlies the Natkusiak province basalts (720 

ma). These examples of are of comparable scale to our findings for the effect of the Afar 

plume. The intensity of erosion is at a maximum towards the center of the plume, and 

decreases away from it (Campbell, 2007). The arrival of the Deccan plume affected the 

relative sea level in the western Nemada valley region (Widdowson, 1997). During a 

period of global high stand in the late Cretaceous, this region was marked by marine 

regressions. In the east Africa region, uplift related to the ~ 45 Ma Afar plume is believed 

to have been up to 3.5 km in the Oligocene (section 4.2). Uplift as a result of the Afar 

plume led to the removal of Oligocene strata onshore east Africa. In the deep water 

Somali Basin, the widespread Eocene-Miocene unconformity surface is evidence of the 

uplift.  

 

Unconformities formed by ocean currents tend to be long and narrow, which is not in 

agreement with the broad region of the hiatus. While it is possible that ocean currents 

may have enhanced erosional features produced by a falling relative sea level, the areal 
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extent of our erosional feature leads us to conclude that it is the Afar plume-induced 

uplift that led to its formation. 

 

 

4.6 Conclusions 

 

 

The deep water Eocene-Miocene hiatus is time correlative to unconformities identified on 

the shelf and onshore east Africa. The far reaching extent of this unconformity and its 

existence onshore and on shelf areas, suggests that it is related to a large uplift event. 

Since the timing of the unconformity coincides with the arrival of the Afar plume in 

northeastern Africa, we propose that plume related uplift has caused the period of non-

deposition. Earlier studies mentioned the possibility of ocean bottom currents being part 

of the cause of the widespread hiatus, but the extent of the region affected by the hiatus 

does not correspond with this explanation as the primary cause of the hiatus.  

This study finds a segmentation of structural character between the oblique-rifted and 

transform-rifted margin areas. The transform margin in the southern Somali Basin 

underwent a complex history of subsidence and uplift, and the developed canyons in this 

area do not show the intensity of canyons from the oblique-rifted margin area in the 

north. 
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The main findings from this study include: 

 Salt deposits are limited to the oblique-rifted margin in the north. Based on salt 

related tectonics, we divide this region into the thrust and diapirs/detachment fold 

domains. 

 Maps of the basement show a shallower basement towards the transform-rifted 

margin areas. The lowest values obtained in the seafloor to basement time 

thickness map were found in the region where the oblique-rifted margin in the 

north transitions into the sheared margin in the south of the Somali Basin. 

 The thickness of Miocene to Recent sediments is greater in the transform margin 

areas. 

 The intensity, frequency and relief of canyons is greater in the oblique-rifted 

margin areas, perhaps related to halokinesis. 

 The major canyons likely reflect a basement control on their locations. 

 The Miocene to Recent sediments have been affected by multiple relative sea-

level fluctuations that affected this deep water region. 

 Our depth to the detachment calculations shows the presence of one decollement 

layer. The development of the folds has affected the development of the 

unconformity surface. 

 Some of the wells in the Indian Ocean show tectonic subsidence curves that 

reflect the hiatus in the Eocene-Miocene. 
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5 Research Summaries and Conclusions  

 

 

In this study of the initiation and evolution of structural segmentation in continental rifts 

and mature rifted margins, and the vertical motions around the time of continental 

breakup, a variety of methods has been used. Numerical models of crustal deformation 

were developed to study the initiation of segmentation in continental rifts.  In generating 

these models, a very complex geological system (rifting) was simplified to include first-

order processes of rifting that take millions of years to develop in nature. The models 

predicted that the orientation of crustal inhomogeneities with respect to the tensional 

stress field affects the heterogeneous distribution of stresses and the orientation, location 

and structure of continental rift basins. Although the crustal models were allowed to 

deform for only 2 million years, they showed that rift zones develop a pattern of 

segmentation and connecting accommodation zones that are affected by crustal 

heterogeneities and their orientation with respect to the tensional stress field. The 

character of the accommodation zone varies strongly and is affected by the en echelon 

positioning of master faults bordering the rift segments. In comparison to segmentation 

scales observed at mid-ocean ridges, continental rift segmentation correspond to the 

second and third order of mid-ocean spreading ridge segmentation. This order of 

segmentation is characterized by overlapping and offset spreading centers. How the 

structural segmentation observed at the continental rift stage is inherited by the mid-

ocean spreading ridge is still unresolved. One possible scenario is that the continuously 
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interacting rift units may merge to form larger (longer) systems, and that transform zones 

form after the onset of seafloor spreading. Major transform zones in spreading ridges may 

be inherited from continental shear zones or lineaments. 

 

The processes taking place at the stage of continental rupture, as rift systems transition 

from the rift to drift stage, were the subject of the second study described in this thesis. 

While rifted margins can be grouped as volcanic or magma-starved, isostatic calculations 

have shown that the process of detachment of parts of the lithospheric mantle is a process 

that accompanies the transition in both groups.  This delamination of parts of the mantle 

lithosphere will lead to uplift or reduced subsidence at the continental rupture stage. In 

some margins, this uplift is marked by the breakup unconformity, a change to more 

continental sedimentary facies types or the deposition of sediments in depths shallower 

that that predicted form the McKenzie stretching model. The uplift due to this 

delamination process is largely due to the loss of lithospheric mantle, replacement with 

asthenosphere, and differential thinning resulting from it. The implication is that uplift is 

not a unique feature of volcanic rifting, and lithospheric instabilities are an integral part 

of continental rupture. 

 

The uplift of the East African continental region following the arrival of the Afar plume ~ 

45 Ma left the whole region without the Oligocene rock record. We suggest that this same 

uplift enhanced a relative sea-level fluctuation that affected a wide region, leading to a 
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widespread hiatus, and the deposition of turbidites in the abyssal plain of the Somali 

Basin. Our interpretation of 2D seismic data highlights the nature of this unconformity, 

the character of which was found to change from the oblique-rifted to the sheared margin 

areas of the basin. Tectonic subsidence curves were calculated of DSDP wells to track 

this hiatus in the Indian Ocean areas beyond the coverage of the 2D seismic data. A 

number of wells show a hiatus that largely covers the Oligocene, ending in the Miocene. 

This study generated maps that indicate that in areas localized in the oblique-rifted 

region, the effects of thrusting and halokinesis may have enhanced the severity of 

erosion. In the sheared margin areas, movement along the still active Davie Fracture 

Zone (enhancing subsidence) served to blunt the effect of the falling relative sea level, 

leading to a decreased severity in the intensity of erosion here, compared to the oblique-

rifted margin. We propose that the arrival of the Afar plume was the key driver for the 

formation of this unconformity surface, with minor modifications by contour currents and 

the prevailing sediment fairways. 

 

 

 


