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Abstract:  
 
 
Border fault segmentation characterizes nearly all continental rift zones during their early stage 
resulting in discrete basins that form the rift system.  How border faults form and evolve through 
time remains a subject of much interest in the study of continental rifts. This study uses Shuttle 
Radar Topography Mission (SRTM) Digital Elevation Model (DEM) data and previously 
published seismic sections to investigate the along strike variability in border faults and linkages 
along the Malawi rift. The availability of SRTM-DEM data allowed detailed examination vertical 
distance, relationship between basement structures and border fault segments than was previously 
possible.  Detailed topographic profiles were extracted from the SRTM-DEM data at a spacing of 
1.4 km along the entire length of the Malawi rift to determine the fault scarp vertical distance. 
Additionally, seismic cross-sections were used to provide the subsurface structure and 
displacement of the border faults. The results show the following: (1) Eight border fault segments 
were identified from the surface data, with segments length varying from ~230 to ~45 km. The 
general trend observed reveals a decrease in scarp vertical distance from ~2 km in the north to 
~0.2 km in the south, confirming the southward propagation and younging of the rift. (2) Unlike 
the typical cross fault rift model, irregular shaped segments in the Malawi rift show along-strike 
segmentation by changing from half-graben to full-graben geometry. A half-graben with specific 
polarity changes to a full-graben geometry before giving place to another half-graben with 
opposite polarity. (3) Zones of segmentation coincide with pre-existing structures (Permo-
Triassic grabens) that strike at high angle to the trend of the rift inhibiting the fault from further 
propagating. (4) In some cases border faults follow the general structural grain of the basement 
but deviate from basement structures, striking the later at high angles. (5) Transfers between 
border fault segments are characterized by conjugate convergent overlap zones.  Unlike the 
commonly held view of rifts compartmentalize by arcuate/sigmoidal shaped border faults 
alternating in polarity along strike, the results of this study suggest a more complex pattern of 
border faults and segmentation along the Malawi rift.
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CHAPTER I 
 

 

INTRODUCTION 

Continental rift systems are inter-connected groups of half-graben basins bordered by 

steep escarpments formed by extensional border faults. In the early rift stage, these border faults 

accommodate most of the strain, causing asymmetry in the basins (resulting in half-grabens), but 

become abandoned at later stages of rifting (Ebinger and Casey, 2001).  Border fault 

segmentation is a fundamental manifestation of continental extension (Crossley and Crow, 1980; 

Zorin, 1981; Cape et. al, 1983; Baldrige et al., 1984; Ebinger et al., 1984; Reynolds and 

Rosendahl, 1984; Smith and Bruhn, 1984; Bosworth, 1985, Rosendahl et al., 1986, Specht and 

Rosendahl, 1989). Segmentation causes discrete structural basins to form along the rift resulting 

in the eventual tectonic segmentation of divergent boundaries. How border faults form and evolve 

through time remains a subject of much interest in the study of continental rift zones.  Morley 

(1999) describes three variants in the evolution of border faults displacement and propagation 

which include:  (1) maximum displacement at the center of each segment with displacement 

decreasing towards the tips, (2) variable along strike displacement resulting from linkages of en-

echelon fault segments and (3) asymmetric propagation where one tip of a fault segment remains 

fixed whereas the other tip propagates a long distance.   

Typically the dip direction of the main border fault segments alternates in polarity from 

one basin to another forming ~100 km long segments (Ebinger et al., 1987). In cross sectional 

view normal to the trend of the rift, displacement seems to be higher on one bounding fault (main  
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bounding fault), or a system of a few main faults which progress into a low angle detachment 

fault (Bosworth, 1985). Several models have been used to explain the mode of alternation and the 

array of structures produced as the border faults vary in displacement along a segment and 

interchange from one segment to the other (Ebinger et al., 1987, Specht and Rosendahl, 1989). 

These changes in polarity of the basins are connected through a variety accommodation zones. 

For example, Bally (1982) and Gibbs (1984) presents a series of linear faults (in plan view) 

separated by a strike-slip accommodation zone orthogonal to the border fault, the former as a 

conceptual model after looking at various rift zones and the latter for the North Sea. An alternate 

model presented by Chenet and Letouzet (1983) for the Gulf of Suez suggests curvilinear shaped 

border fault systems transferring from one fault to the other through accommodation zones 

formed by between en echelon border fault segments. Similarly Reynolds and Rosendahl (1986) 

describe the fault geometry in the Tanganyika rift as curvilinear fault segments linked through a 

number of accommodation zones which includes half-grabens facing away from each other and 

separated by an interbasinal ridge, and half-graben segments interacting tip to tip. Ebinger et al. 

(1987) also presented a model of fault geometry for the Malawi rift where fault segments are 

linked through a variety of accommodation zones formed by segments interacting tip to tip, en 

echelon segments and segments completely overlapping. Specht and Rosendahl (1989) mapped 

fault segments separated by accommodation zones that are either interbasinal highs or lows 

characterized by segments linked tip-to-tip, en echelon segments, and segments completely 

overlapping. Hence the transition zone between segments is complex and can be represented by 

different style of accommodation. 

The primary objective of this study is to further enhance our knowledge on the geometry 

of the border faults bounding the Malawi rift, accommodation zones linking individual segments 

and examining the possible influence of pre-existing structures on border fault segmentation. The 

Malawi rift (Figure 1) is an ideal place to analyze border fault characteristics, since it displays a 
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network of basins along its length and previous studies suggest the rift is propagating from north 

to south with maximum extension rates in the north (Figure 1, Calais et al., 2006, Stamps et al., 

2008).  This allows for the evaluation of the temporal evolution of the border fault system.  

Previous models have utilized gravity and magnetic data covering the western side of the 

rift acquired by the Malawi Geologic Survey (1985). Aeromagnetic data covering the western 

side of the rift and the southern tip made available by the Malawi government. Seismic data 

covering the western side of the rift. Whereas later studies utilized seismic data acquired by 

project probe (Specht and Rosendahl, 1989). The only satellite imagery used were Landsat-5 

Thematic Mapper covering the area between the Rungwe volcanic province and the tip of the 

Malawi rift. Newly available data such as SRTM-DEM data provides an unprecedented view of 

the geomorphology of the rift basin allowing us to examine in greater detail the along strike 

variability of the border faults and linkages than has previously been possible. 
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Figure 1: Global 30 Arc Second Elevation Data (GTOPO30) Digital Elevation Model (DEM) showing the 
East African Rift System (EARS) (A) and the Eastern and Western Branches of the EARS (B). MER = 
Main Ethiopian Rift. ASZ= Aswa Shear Zone. CC= Congo Craton. LA=Lake Albert. LE=Lake Edward. 
TC=Tanzanian Craton. RR=Rukwa Rift. MR=Malawi Rift.UG=Urema Graben. Modified after (Calais et 
al., 2006, Stamps et al., 2008). 
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CHAPTER II 
 

 

TECTONIC SETTING 

II. I East African Rift System 

One of the most remarkable features in Africa is the East African Rift System (EARS) 

(Figure 1A). From the surface the EARS appears as a long succession of individual tectonic 

basins (rift valleys) extending for more than four thousand kilometers, bordered by uplifted 

shoulders and separated by shoals (Figure 1A). Graben valleys are located over major failures in 

the lithospheric mantle, and appear as major border faults on the surface and transfer into a low 

angle detachment fault at depth demonstrating a rollover asymmetric pattern (Chorowicz, 2005). 

The EARS starts from the Afar Depression in Ethiopia in the north, and continues south as a 

single rift represented by the Main Ethiopian rift before it encounters the thick lithosphere of the 

Tanzanian craton where it bifurcates into the Eastern and Western Branches (Figure 1A and 1B). 

The two branches wrap around the thick lithosphere of the Archean Tanzania craton following 

Proterozoic orogenic belts (Figure 1; Ring and Betzler, 1995).  A third, south-eastern branch is 

also defined in the Mozambique channel formed by the N-striking undersea basin located on the 

west of the Davie ridge (Chorowicz, 2005). Although it appears as an extension to the Western 

branch, a south-western branch is also identified south of the western branch, which comprises 

the Mweru, Luangwa, Kariba, and Okavango rift basins (Chorowicz, 2005; Modisi et al., 2000) 

(Figure, 1A).  

II. II The Western Branch:  
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The Western Branch extends between the Tanzanian craton in the east and the Congo 

craton to the west. It extends over a distance of ~2100 km starting from Lake Albert (Mobutu) in 

the north, to Lake Malawi (Nyasa) in the south. Despite the low volcanic activity in the Western 

branch, it is seismically active along its entire length. In the north, the branch terminates against 

the NW-trending Precambrian sinistral strike-slip Aswa Shear Zone (Katumwehe, 2013). The 

northern segment includes Albertine, Edward and Kivu basins. The central segment includes 

basins of lake Tanganyika and Rukwa. Finally the southern segment is mainly comprised of Lake 

Malawi (Nyasa) and the Dombe and Urema grabens in Mozambique (Chorowicz, 2005) (Figure 

1B).  

Extension of the Western Branch is explained by kinematics of the Nubian, Somalian, 

and the Victoria (Tanzanian) micro plates (Calais et al., 2006).  It was developed due to the 

southeastern motion of the Somali plate and anti-clockwise rotation of the Victoria micro-plate 

relative to the Nubia plate. GPS data indicate that the EARS is opening at a rate of ~1 to 4 mmyr-1 

across both the Western and the Eastern branches, increasing from north to south for the Western 

branch and from south to north for the Eastern branch (Stamps et al., 2008).   

II. III Structural Setting of the Malawi Rift: 

The Malawi rift is a Cenozoic-aged rift representing the southernmost segment of the 

Western Branch of the EARS (Figures 1 and 2). The Malawi Rift began subsiding during the late 

Miocene ~8-9 Ma (Harkin, 1960; Ebinger et al., 1984, 1987, 1989, 1993). However, major rifting 

in the northern part of the rift initiated at 6-5 Ma, and increased in length southwards (Flannery 

and Rosendahl, 1990). In the extreme north end of the rift lies the only Cenozoic volcanism 

associated with the Malawi rift (Rungwe Volcanic Province) (Figure 2). It is associated with the 

late Miocene-Quaternary Rungwe complex in Tanzania (Bloomfield, 1966; Carter and Bennett, 

1973; Ebinger et al., 1989).  Although it is suggested to be ~900 km long from the Rungwe 
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volcanic province (Tanzania) in the north to the Urema graben (Mozambique) in the south 

(Figure 1B; Ebinger et al., 1987), the part of the rift that is filled by lake Malawi extends ~550 km 

with a width of ~50 km (Figure 2 and 3). In the northern part of the rift it strikes north-northwest, 

making it parallel to the regional structural grain of the Paleoproterozoic Ubendian belt and 

perpendicular to the Mesoproterozoic Irumides orogenic belt (Figure 3). At its southern boundary, 

the rift meets the Neoproterozoic (Pan-African) northwest-striking Zambezi belt. In the south, the 

regional structural grain of the Neoproterozoic Zambezi belt is parallel to the eastern margin of 

the Malawi Rift (Figure 3) (Daly and Quennell, 1986). 

The rift is filled with lake Malawi and is bounded by elevated curvilinear border faults 

that can reach a relief in excess of ~1500 m. The border fault throw is between ~2.5 and ~5 km 

partitioned between the topographic escarpment and subsurface extension of the fault. The 

basin’s subsidence reflects accumulation of sediments and rift flank uplift, where the water 

surface is at 474 m above sea level, and the maximum depth is ~700 m (Delvaux, 1995). 

Extension rates in the Malawi region range from 4.5 mmyr-1 in the North to 1.3 mmyr-1 in the 

South (Stamps et al., 2008).  

Earlier models proposed for the rift present a curvilinear or an “S” shape geometry 

formed by opposite concavity segments (Ebinger et al., 1987, Specht and Rosendahl, 1989). 

Alternation of border fault segment presented by previous models suggests “flip-flopping” of the 

basinal asymmetric segments produced (Ebinger et al., 1987, Specht and Rosendahl, 1989). 

Different analyses suggest a different model presenting various number of border fault segments. 

The first model suggests ten segments (Figure 4) (Ebinger et al., 1987). Ebinger et al. (1987) also 

suggests that segments have developed diachronously due to variations along-strike in 

depositional sequences and fault patterns. These difference has been used to divide the rift into 

five structural provinces along the Malawi rift which include: Karonga, Nkhata, Nkhotakota, 

Monkey Bay, and Shire. Moreover, Ebinger et al. (1987) concluded no correlation between rift 
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segmentation and pre-existing structures. A second model suggests seven fault segments (Specht 

and Rosendahl, 1989). Each segment is named based on the half-graben and include: Livingstone, 

Usisya, Mbamba, Bandawe, Mantagula, Mwanjage and Mtakataka. A third model suggests nine 

segments (Rosendahl et al., 1992). This model suggests a correlation between segmentation and 

Proterozoic Chamaliro dislocation zones (Figure 2). Moreover, the rift was also divided into half-

graben segments, which include: Livingstone, Usisya, Mbamba, Likoma, Badawe, Mentangula, 

Mtanga, Makanjila, and Mtakataka. Finally the fourth model suggests four half-graben units 

(Versfelt and Rosendahl, 1989, Chorowicz, 2005). It is clear that the segments vary from one 

interpretation to the other based on the criteria used to define a half-graben segment. Linkages 

between these faults have been characterized in all the previous models by four main modes. The 

first is the most popular cross fault rift model (Bosworth, 1985). Rift segments dipping in the 

opposite direction and facing each other interact tip to tip and do not propagate past each other. 

The second mode is the en echelon transfer mode. The two segments are dipping in the same 

direction and are located on the same side of the rift. The third mode is where the two fault 

segments are dipping in the opposite direction and are connected through a strike-slip fault. The 

fourth mode is when the two fault segments are completely overlapping each other. Full-graben 

geometries are only suggested to form in this type of linkage. 

The rift traverses a complex array of Proterozoic orogenic belts and Permo-Triassic 

(Karoo Grabens) and Cretaceous graben systems (Figure 2). Structural province divisions 

proposed by Ebinger et al. (1984) due to the diachronous development of the various segments of 

the Malawi rift will be used for the purpose of this discussion (Figure 2). Although the Malawi 

rift is bounded by fault systems from north to south only a few have been named. The most 

pronounced fault system in the Malawi rift is the ~120 km long Livingstone fault located on the 

eastern side of the rift at the northern tip (Figure 2). Also the Koronga fault in the north part of 

the rift in the Koronga province ~50 km form the Rungwe volcanic province, which extends for a 
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length of ~17.8 km (Biggs et al., 2010).  This fault is associated with the 2009 earthquake and is 

declared a natural disaster area by the government (Biggs et al., 2010). Another fault is the three 

step ~200 km long Usisya fault system located in the center of lake Malawi (Figure 2) (Contreras 

et al., 2000). Followed by the Bilila-Matakataka fault which is ~125 km and located on the 

western side of the rift at the southern end of lake Malawi (Figure 2) (Jackson and Blenkinsop, 

1997). Finally the last identified major fault on the rift is the insufficiently studies NW striking 

transform Mwanza fault in the southern end of Malawi rift in the Shire province (Castaing, 1991). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Malawi rift. 
Cross section profiles are shown in Figure 5. 
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Figure 3: Geological map of the Malawi rift and surroundings. Ubendian, lrumidian, and Mozambiquan 
refer to tectonic provinces associated with Proterozoic to Precambrian orogenies that affected this region. 
Surface geology is modified from the International Geological Map of Africa 1:5,000,000 scale, Third 
Edition 1985-1990; a co-publication of CGMW/UNESCO with financial support from PRGM. Transect 
sections show locations for Figure 6. 
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Figure 4: Tectonic map of the Malawi rift showing the underlying preexisting structures and the extent of 
the rift segments. Modified after (Ebinger et al., 1987). 
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CHAPTER III 
 

 

DATA AND METHODS 

III. I SRTM data analysis 

Shuttle Radar Topography Mission (SRTM) is classified as the only spaceborne single-

pass interferometric Synthetic Aperture Radar (SAR) imaging system. SRTM was an 

international joint project collected in February 2000 by the United States National Geospatial-

Intelligence Agency (NGA) the National Aeronautics and Space Administration (NASA), and the 

German and Italian Space Agencies. SRTM DEM is distributed by NASA’s Jet propulsion lab 

(JPL) in 1° × 1° tiles.  Available types of SRTM are: one arc data (SRTM-1, 30m X-Y 

resolution); and three arc data (SRTM-3, 90m X-Y resolution and ±30m root mean square error z 

accuracy).  SRTM-3 is the only available data for Africa and hence the dataset used in this study. 

SRTM DEM data were analyzed using a software for processing and analyzing spatial imagery 

called Environment for Visualizing Images (ENVI). A mosaic was formed by combining data 

scenes and registered using image-to-image techniques (Chen and Lee, 1992).  

Topographic profiles were extracted perpendicular to the rift direction, at approximately 

1.4 km spacing along the whole length of the rift lake.  These profiles contain z-values, which 

represent the vertical distance of the escarpment (Figure 5). In some areas Lake Malawi marks the 

eastern and western bounds of the rift, hence the eastern and the western border faults correspond 

to the edges of the lake. However in other areas border faults are beyond the edge of the lake. 

Values of the east and west vertical distance of the border faults were plotted against their  
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location from north to south. Smoothing of the data was performed by local regression using 

weighted linear least squares and a second degree polynomial model. Critical information was 

extracted from the plot. This includes vertical distance of escarpment, number of segments along 

the rift, length of the border fault segments, mode of linkage, style of accommodation, polarity of 

the structure formed, locations of full-grabens, general trend of vertical distance from east to 

west, and potential location of rift termination. Border faults were then identified based on the 

vertical distance profile across that area which determines if the fault is a master border fault or 

just a minor fault. Profiles clearly showed which fault has the higher vertical distance and hence 

representing the mater border fault. In the case of the half-graben, one border fault accommodates 

most of the vertical distance and subsurface displacement while the other boundary does not have 

a well developed border fault and remains as a hinge zone, which can be referred to as a rollover 

fold. On the other hand, a full-graben is expected to have almost equal vertical distance and 

subsurface displacement on both border faults bounding it. Each segment has minimum 

displacement at the tips and maximum in the middle and represents a half graben. This was the 

criteria used to identify the segments. Segments lengths were identified based on the distance 

measured as a transect from north to south . Values plotted in the Y-axis represent the vertical 

distance for each segment. Scarp height was used as a proxy for vertical distance. A segment 

having a higher vertical distance on the east escarpment dips to the west, and a segment having a 

higher vertical distance on the western escarpment dips to the east.   

In addition, the SRTM data was processed using Geosoft’s Oasis Montaj software 

system. Several edge enhancement filters (including derivative, analytical signal, tilt derivative) 

typically used for enhancing shallow structures in gravity and magnetic data were applied to the 

SRTM.  The produced X-derivative map was then used to map the border fault segments and 

basement structures based on abrupt changes in color, and tonal patterns. Master border faults had 

a higher rank (based on color) in the derivative scale and so were identified from minor faults. 

These faults were then compared to the border faults obtained from the plot extracted from the 
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SRTM DEM data. 

III. II Seismic data analysis 

STRM provides information on the surface morphology of the faults. To determine the subsurface 

variation of the faults, fourteen multifold seismic reflection profiles acquired as part of Project 

PROBE and available in the published literature (Specht and Rosendahl, 1989) were digitized 

using Canvas. These sections only cover the lake section of the rift and were acquired in time and 

converted into depth sections using the 3:1 vertical exaggeration scale provided in the literature 

(Specht and Rosendahl, 1989). Seismic data were used to map the subsurface continuation of the 

border faults displacement, their geometries and associated dip directions using the same criteria 

used for the surface (Figure 6). Rosendahl et al. (1992) presented line drawings of seismic 

sections exceeding in number the sections presented by Specht and Rosendahl (1989). Although 

those line drawings presented by Rosendahl et al. (1992) were in time and could not be converted 

into depth they were utilized to obtain major observations on subsurface geometry and dip 

directions. Length of the segments were obtained from the line drawings aided by the subsurface 

geometry showing the transfer from segment to the other. Approximate lengths were measured 

based on the locations where the line drawing were obtained. Measurements were made from a 

north-south transect from the northern tip of segment 1. 
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Figure 5: Examples of profiles mapped at several locations across the rift showing different geometries 
profile locations are shown in Figure 2. 
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Figure 6: Representative visual interpretation of Seismic sections collected across the Malawi rift by 
Specht and Rosendahl (1989) (Vertical Exaggeration 3:1), integrated with topographic profiles along the 
same base line from SRTM DEM. Inset maps of Lake Malawi show the orientation of each transect. 
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  CHAPTER IV 
 

 

  RESULTS 

Border fault length and vertical distance is summarized in Figure 7 (from the 1.4 km 

spacing profiles extracted from the SRTM), which shows the east and west fault scarp vertical 

distance versus distance along the length of the Malawi rift extending from north to south and 

Figure 5 shows example profiles.  The SRTM data suggests the following: (1) Eight border fault 

segments (marked on Figure 8) that vary in length from a maximum of ~230 km at segment two 

and five to a minimum of ~45 km at segment seven and eight in the South. All the lengths were 

measured from a north-south transect from the start of segment one. Segment one extends from 

the northern tip of the Malawi rift to ~130 km. The eastern border escarpment starts with a high 

vertical distance of ~2 km while the western escarpment starts from ~1.2 km (Figures 5 (A-A’) 

and 7). Both escarpments then decrease abruptly and level off at ~25 km from the tip. The eastern 

escarpment reaches to a vertical distance of ~0.8 km, while the western escarpment reaches a 

vertical distance of ~0.65 km suggesting a difference in escarpment of ~150 m. This segments 

presents a west dipping half-graben since the eastern escarpment has a higher vertical distance 

(~0.8 km) than the western escarpment (~0.65 km).  At ~ 125 km across both the eastern and the 

western escarpments have a vertical distance of ~0.8 km. This represents the formation of a full-

graben (Figures 5; B-B’). Segment two extends from ~50 km to ~280 km extending for 230 km. 

After the formation of the full-graben the western escarpment increases in vertical distance to 

reach a peak of ~1.2 km, whereas, the eastern escarpment decreases in vertical distance to reach a 

minimum of ~0.55 km. This location presents the formation of half-graben dipping to the east 
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with a difference in escarpment vertical distance ~0.65 km between the east and west of (Figure 

5; C-C’). Once a half-graben is reached both the escarpments behave oppositely to reach the same 

displacement and present a full-graben geometry (Figure 5; D-D’). This transfer in geometry from 

a half-graben to a full-graben followed by a half-graben of the opposite polarity is repeated 

throughout the following segments. Segment three begins at ~160 km and ends at ~330 km 

extending for 170 km. Both the east and west escarpments decrease in vertical distance to reach a 

minimum of ~0.9 km and ~0.6 km respectively, this segment presents a west dipping half-graben 

(Figure 5; E-E’).  Both escarpments then increase in vertical distance to reach ~1 km and form a 

full-graben. Segment four extends from ~300 km and ends at ~400 km extending for 100 km and 

presenting an east dipping half-graben (Figure 5; F-F’). The western escarpment reaches a 

maximum of ~1.2 km and then decreases to reach ~0.6 km, while the eastern escarpment 

decreases in vertical distance from ~1 km to ~0.6 km, where they form a full-graben. The 

maximum difference in scarp vertical distance between the two is ~0.3 km. Segment five extends 

from ~370 km to~600 km extending for 230 km and presents a west dipping half-graben. Where 

the east escarpment has a maximum vertical distance of ~0.9 km and the western escarpment has 

a minimum of ~0.6 km and the maximum difference in scarp vertical distance between the two is 

~0.3 km. A full-graben is then formed with a vertical distance of ~0.8km (Figure 5; G-G’). 

Segment six extends from ~475 km to ~650 km extending for 175 km. Unlike the other segments, 

segment 5 doesn’t segment after the formation of the full-graben; it continues to overlap with 

segment 6. Both the east and the west escarpment increase in vertical distance, the west 

escarpment has a maximum of ~1.1 km, and the east escarpment increases from ~0.6 to ~1 km. 

The rift then bifurcates into two basins, an eastern and a western basin and accordingly we have 

both an east and a west border fault (Figure 5, H-H’). Segment 5 then terminates at ~600 km and 

segment six forms an east dipping half-graben (Figure 5; I-I’). Segment seven extends from ~625 

km to ~670 km extending for 45 km and presenting a west dipping half-graben. Both the east and 

west escarpments decrease in vertical distance abruptly to reach ~0.2 km where they form a full-
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graben (Figure 5, J-J’). Finally segment eight extends from ~655 to ~700 km extending 45 km 

and presenting an east dipping half-graben with a maximum vertical distance of ~0.5 km (Figure 

5;). The western escarpment has a slightly higher vertical distance (~0.3 km) than the eastern 

escarpment (~0.2 km). The general trend observed reveals a decrease in vertical distance of 

escarpment from ~2 km in the North to ~0.2 km to the South (Figure 7).  

Seismic data suggests that the first segment extends for ~125 km from the North and 

shows a west dipping half-graben geometry with displacement increasing from ~1.5 km to ~2.5 

km on the eastern border fault (Figure 6 A and B). This half-graben segment is called the 

Livingstone half-graben. Following is a full-graben geometry with a displacement of ~2.5 km 

(Figure 6 C). Next is segment two extending for ~220 km dipping to the east and identified as the 

Usisya half-graben unit. Following is a full-graben geometry increasing in displacement from 

~0.5 km to ~2.5 km (Figure 6 D and E). Segment three then shows a west dipping half-graben 

and extends for ~170 km corresponding to the Likoma half-graben. A full-graben geometry is 

then followed by that with a displacement of ~1.5 km (Figure 6 F). Following is a segment four 

which extends for ~100 km dipping to the east with a displacement of ~1.5 km and corresponds 

to the Bandawa half-graben (Figure 6 G). A full-graben geometry is then observed at the end of 

segment five. Segment five then extends for ~80 km, and dips towards the west with a 

displacement of ~2.5 km representing the Metangula half-graben (Figure 6 H). Segment six, and 

seven extend for 30 km and 40 km respectively. Both segments represent west dipping half-

grabens corresponding to the Mtanga and the Makanjila half-graben respectively. The final 

segment represents the Mtakataka half-graben and extends for ~10 km dipping also dipping 

towards the west. Segments six, seven and eight all dip in same direction and as segment five and 

so they can all be summed into a one segment (Segment five) and not four separate segments. 

Hence segment five represents a west dipping half-graben and extends for ~160 km to cover part 

of the Monkey bay province . Formation of full-grabens at the end of each segment is consistent 
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with observations at the surface (Figure 5 and 6). The naming of the last three segments was then 

adapted to segment six, seven and eight that extend beyond the lake.  

 

 

Figure 7: (A) Escarpment vertical distance of the Malawi rift extracted from Shuttle Radar Topography 
Mission (SRTM) Digital Elevation Model (DEM) sampling interval of 1.4 km on EW profiles. (B) 
Smoothing of the original data to avoid misrepresentation of the escarpment vertical distance due to mass 
wasting FG=Full-graben. 
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Figure 8: Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Malawi rift 
showing the extent of the proposed rift segments. 
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(2) Zones of segmentation coincide with regions where the pre-existing structures (Permo-

Triassic grabens) strike at high angle to the trend of the rift (Figures 2 and 9). Two Permo-

Triassic Grabens Ruhuhu trough and the Maniamba trough trending SW at a high angle to the 

eastern border fault system of the Malawi rift (Figure 2).  The Ruhuhu trough interferes with the 

end of segment one, forming a barrier and preventing the Livingstone fault from further 

propagating. Similarly the Maniamba trough trends SW at a high angle to the trend of the rift 

specifically at the end of the third segment. Suggesting the interference of the Maniamba trough 

and inhibiting further propagation of the fault . Moreover, it suggests the possibility of the zone 

deflecting or modifying the strain field in the upper crust causing strain localization and 

termination of the fault segment. 

 

 Figure 9: (A) SRTM DEM showing the segmentation of the Malawi Rift at its intersection with the Pre-
Existing structure of the Karoo Rift. (B) Structural interpretation of the SRTM DEM showing the 
segmentation of the Malawi Rift at its intersection with the Pre-Existing structure of the Karoo Rift.  

(3) In some cases border faults follow the general structural grain of the basement but deviate 

from basement structures, striking the later at high angles in other cases (Figure 10 and 11). 

Basement structures bordering the Livingstone fault (Segment 1) trend in the same NW direction 

to the trend of the rift (Figure 10). Basement structures are also observed to strike the border fault 



23	  
	  

at an angle. Figure 11 provides an example of Precambrian structures trending NE at a high angle 

to segment six, suggesting that the orientation of Proterozoic basement structures relative to the 

active principal stresses determines the potential of reactivation.  

 

 

 

 

 

 

 

 

 

 

Figure 10: (A) SRTM DEM showing the Livingstone fault trending parallel to Preexisting Precambrian 
structure. (B) Structural interpretation of the SRTM DEM showing the Livingstone fault trending parallel 
to Preexisting Precambrian structure. 

 

 

 

 

 

 

 

 

 

 

Figure 11: (A) SRTM DEM showing an example of segment 6 not following Preexisting Precambrian 
structure. (B) Structural interpretation of the SRTM DEM showing an example of segment 6 not following 
Preexisting Precambrian structure. 
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(4) Transfers between border fault segments are characterized by conjugate convergent 

overlapping transfer linked through interference accommodation zones. Half-graben segments in 

the Malawi rift are formed by the overlap of two consecutive half-graben segments dipping 

inwards towards each other in the opposite direction to form a conjugate overlapping transfer 

forming an interference accommodation zone characterized by a full-graben (Figure 12). For 

example, in segment 1 the eastern border fault has a higher vertical distance  (0.9km) than the 

western border fault (0.7km) (Figure 7). However, the western border fault has a significant 

vertical distance (0.7km) compared to the eastern border fault. Moreover, the increase in vertical 

distance of the western border fault indicating the start of the second segment begins 

approximately half way through segment 1. Unlike a Conjugate Convergent approaching transfer 

where one border fault has a significantly higher vertical distance compared to the other and the 

second segment only start to increase in vertical distance near the end of the first segment (Figure 

12). Moreover, this geometry as opposed to the synthetic en echelon is indicative of the 

propagation of border faults through hard linkage. 

 

 

 

 

 

 

 

Figure 12: Visual representing different fault linkage transfers: (A) Conjugate Convergent Approaching 
(B) Conjugate Convergent Overlapping (C) Conjugate Convergent Collateral (D) Conjugate Divergent 
approaching (E) Conjugate Divergent Overlapping (F) Conjugate Divergent Collateral (G) Synthetic En 
Echelon approaching (H) Synthetic En Echelon Overlapping (I) Synthetic En Echelon Collateral (J) 
Conjugate Convergent/Divergent Collinear. Modified after (Morley et al., 1990).
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   CHAPTER V 
 

 

DISCUSSION 

V. I Border fault segments length, escarpment vertical distance from surface and displacement 

from subsurface data 

Our results show a different pattern than that observed previously in literature. Eight 

segments were identified from the along strike segments and the seismic data (Figure 7). Each 

segments starts at the low point and increases to reach a maximum vertical distance and then 

decreases again to reach a point where the vertical distance is equal to the escarpment on the 

opposing side of the rift. This in the graph is where the two curves intersect which identifies the 

location of a full-graben. The segment continues to decreases again to a low point. The next 

segment starts before the location of the full-graben, specifically where the previous segment was 

at its maximum vertical distance. The segment continues in the same trend and ends after the 

formation of the next half-graben. Segments one to eight correspond to: Livingstone, Usisya, 

Likoma, Badawe, Mentangula, Mtanga, Makanjila, and Mtakataka half-grabens. The trend shows 

a variation in the length from a maximum of ~230 km in segment two and five to a minimum of 

~45 km in segment seven and eight Clearly the length of segments are consistent from the two 

data sets (SRTM DEM and seismic). The only major difference in length occurs in segment 5, 

and that is due to the limitation of the seismic data to cover only the portion of segment five 

covered by the lake.  However, lengths obtained from the subsurface data are only 
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approximations based on the limited available profiles which are at a very high separation. 

Lengths of the segments and the number of segments are consistent from both data sets. 

The trend also shows a decrease in displacement from ~2 km in the North to ~0.2 km in 

the South as shown by the surface data (Figure 7). Although we had a limited number of 

subsurface profiles these profiles show that vertical distance from the surface extended to the 

subsurface and a somewhat consistent high displacement in the basin. Which can indicate the 

surface topography being affected by mass wasting and other erosive processes. As observed 

from the Malawi rift, both full and half-grabens characterize the structure of the rift. A half-

graben with specific polarity changes to a full-graben geometry before giving place to another 

half-graben with opposite polarity. Hence, half-graben and full-graben geometries are described 

as end members. In the case of the half-graben one border fault accommodates most of the 

vertical distance and displacement while the other boundary does not have a well developed 

border fault and hence remains as a hinge zone, which can be referred to as a rollover fold. On the 

other hand, a full-graben is expected to have almost equal vertical distance and displacement on 

both border faults. However, the plot of the SRTM DEM data (Figure 7) shows that there is a 

whole array of rift geometries between a full-graben and a half-graben where vertical 

distance/displacement of different magnitudes is observed at both border faults. 

Decrease in vertical distance from North to South is an indication that the border faults 

are less developed in the South compared to the North. GPS data presented by Stamps et al. 

(2008) indicate that extension across the Malawi rift decreases from 4.5 mmyr-1 to 1.3 mmyr-1 in 

the South at the Mozambique costal plain. Hence suggesting that the rift is younging to the south. 

This supports our data since both the vertical distance and length of segments are decreasing to 

the south. 

V. II Possible influence on Zones of segmentation 
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Zones of segmentation of two border faults on the eastern Malawi rift coincide with 

regions where Permo-Triassic Karoo grabens are at high angle to the trend of the rift (Figure 8). 

This points out that further propagation of major border faults segments one and three was   

prevented by the Ruhuhu and the Maniamba Troughs. Permo-Triassic graben zones were not 

reactivated by the rifting event these structures were able to modify the strain field in the upper 

crust (Rosendahl et al., 1992), and cause the border faults to segment and alternate sides to avoid 

these stronger units. Permo-Triassic karoo graben reactivated by the rifting event would portray 

the pattern observed in the Rukwa Rift. Where Permo-Triassic karoo grabens surround the 

boundaries of the rift and act like a boundary between extended and non extended terranes 

indicating that the zone was reactivated by the rifting event (Rosendahl et al.,1992). Not all 

border fault segmentation is caused by Karoo grabens. However, all Karoo graben locations 

intersect with border fault segmentation. Segmentation of the other border faults in the eastern 

and western boundary of the rift do not appear to be associated with any interference from 

preexisting structure. Cessation of activity is more prolonged and caused by the restriction of the 

displacement to narrow areas of the fault causing border fault segmentation (Morley, 2002). 

V. III Precambrian Basement structure 

The role of Precambrian structures was also studied. Border fault seems to trend in the 

Same NW direction of preexisting Precambrian structures in some locations giving the example 

of the Livingstone border fault (Figure 9). However, in some locations preexisting basement 

structures seem to trend at a high angle to the trend on the border fault (Figure 10). Border faults  

appear to be trend irrespective of the trend in preexisting Precambrian basement structure. A 

possible explanation for the variation in trend of the Precambrian structures relative to the trend 

of the border faults may be the pre-rifting trend of the Proterozoic basement relative to the 

principal stresses. Structures oriented closest to the mechanically ideal orientation of prevailing 

stresses will be favored for reactivation (Morley, 2004). Implying that Precambrian structures in 
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the northern tip of the rift were oriented in a favored orientation to the principal stresses and 

reactivated in the rifting event. Contrarily, structures in the southern tip were not oriented at 

favored orientation to the principal stresses and not reactivated.   

V. IV Transfers and associated Accommodation zones  

As segments flip in polarity from one segment to the other extensional strain is 

transmitted from one segment to this next through “Accommodation Zones”. The primary 

subdivision of transfer geometry can be divided into two main categories, “synthetic” and 

“conjugate” systems based on the relative dip direction of consecutive major faults along the rift 

(Morley et al., 1990, Figure 12). Synthetic is used where the transfer occurs between two faults 

that dip in the same direction (Figure 12 G-I). On the contrary, conjugate is used to classify a 

transfer occurring between two faults dipping in the opposite direction (Figure 12 A-F, J). 

Conjugate is further classified into two types based on whether the two main faults are facing 

towards each other or away from each other and hence classified as convergent and divergent 

respectively. Both conjugate and synthetic transfers are further classified based on the locations 

of the faults relative to each other: approaching, overlapping, collateral, and collinear. An 

approaching transfer occurs where two fault tips are linked tip to tip and fail to propagate past 

each other (Figure 12 A, D, G). Overleaping transfers occur when the two faults propagate past 

each other (Figure 12 B, E, H). Collateral transfers occur where faults run parallel to each other 

completely overlapping each other (Figure 12 C, F, I) and collinear transfers occur where faults 

follow a line (Figure 12 J) (Morley et al., 1990). Previous models suggest the formation of 

various types of accommodation zones based on the transfer (Faulds and Varga, 1998, Rosendahl, 

1987, Scott and Rosendahl, 1989, Versfelt and Rosendahl, 1989 ). Interference accommodation 

zones (INAZ) are areas where two half-grabens are dipping in the opposite direction inwards. 

Formed by conjugate convergent transfers (Figure 12 A-C). Isolated accommodation zones 

(ISAZ) are areas where two half-grabens are dipping in the opposite direction outwards and are 
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separated by a country rock associated with pre-rifting. This can be formed by conjugate 

divergent transfers (Figure 12 E-G). Strike-slip accommodation zones (SSAZ) occur in areas 

where half-grabens flip in polarity within a shared zone. Formed either by conjugate convergent 

or divergent collinear zone linked through a strike slip fault (Figure 12 J). Last is a synthetic 

accommodation zone (SAZ) which are areas in between two half-grabens dipping in the same 

direction. This can be formed through synthetic transfers (Figure 12 G-I). 

 The only transfer observed from our data is the conjugate convergent overlapping zone. 

Unlike the typical cross fault rift model (Bosworth, 1985) (figure 13), suggesting the formation of 

interference accommodation zones with conjugate convergent approaching zone, observation 

both from surface and subsurface irregular shaped segments in the Malawi rift show along-strike 

segmentation by changing from half-graben to full-graben geometry linking through interference 

accommodation zones (Figure 14), and so segments are overlapping and not approaching. Also as 

observed from SRTM-DEM data all the segments transferred from east to west and no two 

consecutive segments occurred on the same side hence the possibility of forming a synthetic en 

echelon was crossed out. Moreover, all the segments dipped inwards toward each other, which 

was both evident from surface and subsurface data eliminating the possibility of a conjugate 

divergent overlapping transfer. Finally none of the segments completely overlapped also 

eliminating the possibility of forming a conjugate convergent collateral transfer. Transfer mode 

between the eight segments of the rift is identified as a conjugate convergent overlapping transfer 

linked through interference accommodation zone (Figure 12). Structures observed in the 

interference accommodation zone display equal displacement of border faults bounding the basin 

geometry and a symmetric basin geometry in the subsurface. Indicating that the geometry formed 

by the interference accommodation zone displays a full graben. Smaller normal faults are 

observed to increase in density as we get to the center of the full graben structure in the 

subsurface. 
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If we go back to the evolution of fault linkage, the development of faults can be divided 

into three stages. First being early linkage, followed by establishment of boundary faults and 

finally the termination of the fault activity (Morley, 2002). Early linkage of the faults includes the 

linkage of en echelon faults through synthetic accommodation zones (Morley, 2002). Suggesting 

the establishment of major boundary faults through linkage of minor fault previously linked 

through soft linkage at the synthetic accommodation zones and later developing into a hard 

linkage. Since no en echelon faults are observed in the Malawi rift propagation of border faults 

along the rift is through hard linkage. 

Finally, the Malawi rift appears to terminate against a NW-SE trending Karoo basin 

which is bounded to the NE by the NW-SE Mwanza fault located in the Shire province (Castaing, 

1991). The rift does not continue to the Urema graben as previously suggested (Ring et al., 1992). 

The Mwanza fault links the southern end of the Malawi rift to the line formed by the basins of the 

Dombe and the Urema (Chorowicz and Sorlien, 1992). Hence transmitting the rifting of the 

Malawi to the Urema graben (Casting, 1990). Observations based on the X-derivative map 

(Figure 8) and topography profiles (Figure 5), suggest that the trend of the rift is clearly been 

truncated by the Karoo basin. Suggesting that the Malawi rift extends for a total length of ~700 

km. As mentioned earlier the Malawi rift is younger and less developed in the South giving a 

possible explanation for the rift not being able to cut through the Karoo basin. 
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Figure 13: Idealized representation of a segmented and overlapped rift with alternation half-graben 
polarity. (A) Map view. (B) Idealized cross sections across the rift (note the diminishing of vertical distance 
on both border faults at the overlap zone). (C) Vertical distance variation of the border faults escarpment. 

 

 

 

 

 

 

 

 

 

Figure 14: Idealized representation of the presented model for a segmented and overlapped rift with 
alternation half-graben polarity. Segments shown as half moon for easier comparison with figure 11. (A) 
Map view.  (B) Idealized cross sections across the rift (note the formation of full-grabens at overlap zone). 
(C) Vertical distance variation of the border faults escarpment. 
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CHAPTER VI 
  

 

CONCLUSION 

The Malawi rift represents a unique succession of half-graben structures forming the 

basin architecture of the rift. Half-graben systems don’t portray the pattern represented by the 

cross fault rift model, suggesting half moon curvilinear structures flipping in polarity forming 

half-grabens interacting tip to tip. However, it shows a pattern of eight half-grabens giving place 

to the next system of the opposite polarity through interference accommodation zones represented 

by a full-graben geometry (Figure 16). Portraying the pattern suggested by conjugate convergent 

overlapping transfer. Location and the orientation of the Karoo grabens (Ruhuhu trough and 

Maniamba trough) at high angle to the trend of the rift, was proposed as a possible influence on 

strain localization in those areas preventing the fault from further propagating. Pre-rifting trend of 

the Proterozoic basement indicate reactivation of these structures or not by the rifting event. 

Malawi rift terminates against the NW-SE trending Karoo graben forming a total distance of 

~700 km. 
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