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Abstract We present new constraints on rift basin structure in the northern Malawi Rift from a 3-D
compressional velocity model to investigate border fault geometry, accommodation zone structure, and
the role of preexisting structures underpinning this rift system. The velocity model uses observations from the
first wide-angle refraction study conducted using lake-bottom seismometers in one of the East African great
lakes. The Malawi Rift is flanked by basin-bounding border faults and crosses several significant remnant
structures, making it an ideal location to investigate the development of normal faults and their associated
basins. The 3-D velocity model reveals up to ~5 km of synrift sediments, which smoothly transition from
eastward thickening against the Livingstone Fault in the North Basin to westward thickening against the
Usisya Fault in the Central Basin. Greater than 4 km of sediment are imaged within the accommodation zone
pointing to the early development of the border faults. We use new constraints on synrift sediment
thickness to construct displacement profiles for both faults. Both faults accommodate large throws (>7 km)
consistent with their significant lengths. The dimensions of these faults are close to or larger than the
maximum size predicted by models of fault growth. The presence of an intermediate velocity unit with
velocities of 3.75–4.5 km/s is interpreted to represent sediment deposits beneath Lake Malawi from prior
rifting in the Permo-Triassic (Karoo) and/or Cretaceous-Paleogene. The distribution of preexisting basins
implied by these sediments may help account for changes in intrabasinal faulting and border fault
development between the two basins.

1. Introduction

Border faults along theWesternRift of theEastAfricanRift System(EARS) formedwithincold, strong lithosphere
and have achieved fault lengths of over 100 km, making them some of the largest normal faults in the world
(Ebinger et al., 1999). Competing models for fault growth predict different relationships between fault length,
fault displacement, seismogenic layer thickness, and surface processes (e.g., Buck, 1993; Cowie & Scholz, 1992;
Dawers & Anders, 1995; Olive et al., 2014), which have direct implications for the initiation and evolution of rift
systems as well as present-day seismic hazards. The isolated-fault model (e.g., Cartwright et al., 1995; Dawers
et al., 1993; Dawers & Anders, 1995) suggests that displacement should scale linearly with length, while the
constant-lengthmodel (e.g., Curry et al., 2016; Morley, 2002; Nicol et al., 2005; Walsh et al., 2002) suggests that
fault length is established early, such that the ratio of displacement to length can vary (for a review see Jackson
et al., 2017). These end-membermodelsmake different predictions for the distribution of extension along bor-
der faults, and the structure of accommodation zones, where strain is transferred between adjoining border
fault bounded basins. Although several studies evaluate border and intrabasinal fault dimensions along the
Western Rift (e.g., Jackson & Blenkinsop, 1993, 1997; Morley et al., 1992), our understanding of these fault sys-
tems and implications for controls on fault development have been hampered by a paucity of constraints on
total fault throw and how it varies along and between faults in this and other rift systems.

Models for normal fault behavior have direct implications for the evolution of rift basins and the lifespan of
these large border faults. Border faults accommodate significant extensional strain in the brittle crust. Several
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primary factors control the border fault dimensions including the elastic thickness, or integrated strength
envelope, of the continental lithosphere (e.g., Hayward & Ebinger, 1996; Jackson & Blenkinsop, 1997). As rift-
ing progresses, strain migrates inward onto intrabasinal structures as has been shown in many rifts including
in Greece (Goldsworthy & Jackson, 2001) and the Main Ethiopian Rift (Ebinger & Casey, 2001). Modeling stu-
dies have proposed different theoretical limitations on border fault offset before faults become mechanically
unfavorable and may be abandoned in favor of new faults (e.g., Olive et al., 2014; Scholz & Contreras, 1998),
yet limited observations are available on the cumulative offset on large border faults at the scale of the faults
studied here (owing to the few number of faults of this scale as well as difficulty in accessing their locations)
to test these models.

Extensive debate also surrounds the role of inherited structures in the rifting process and suggests that
their influence may be scale dependent (e.g., Kirkpatrick et al., 2013). At the continental scale, rift systems
often develop in regions that are mechanically weaker than the surrounding lithosphere (e.g., Corti et al.,
2007; Delvaux, 2001; McConnell, 1972; Nyblade & Brazier, 2002; Tommasi & Vauchez, 2001). At the basin
scale, studies suggest that favorably oriented preexisting structure or basement fabrics may favor normal
fault formation and growth (e.g., Ebinger et al., 1999; Fagereng, 2013; Kinabo et al., 2008; Morley, 2010;
Ring, 1994), and structures that obliquely cross a rift could limit fault length, impact fault polarity or lead
to the formation of complex intrabasinal structures (Corti et al., 2007; McCartney & Scholz, 2016; Versfelt
& Rosendahl, 1989). Preexisting structures and basement fabrics have also been proposed to influence
the location and architecture of accommodation zones (e.g., Versfelt & Rosendahl, 1989). In detail, the
nature and degree of influence of preexisting structures is highly variable (e.g., Kirkpatrick et al., 2013).
Evaluating the presence and influence of preexisting structures is crucial to deciphering how extension
is accommodated on the scale of individual faults, rift basins, and entire rift systems. Processes associated
with present-day extension often obscure preexisting structures, making it difficult to evaluate
their influence.

This paper presents results from the first seismic refraction survey using lake-bottom seismometers underta-
ken in an East African rift lake. We conduct 3-D first-arrival travel time tomography to constrain basin struc-
ture within the weakly extended Malawi Rift with the aim of constraining patterns of extension and
sedimentation within rift segments and the accommodation zones between them, and the role of preexisting
structures by determining the structure of the rift basins and uppermost crust. Our investigation provides
new insight into border fault geometry, accommodation zone structure, and the role of preexisting structures
underpinning this rift system.

2. Geologic Background
2.1. The EARS

The EARS developed within old, cold, thick lithosphere characterized by large values of effective elastic thick-
ness (Te) and lithospheric strength (e.g., Ebinger et al., 1999; Pérez-Gussinyé et al., 2009; Stamps et al., 2014).
The EARS bifurcates around the Archean Tanzanian Craton into the Western and Eastern Rifts (see inset in
Figure 1a), with both rifts developing within thinner, and mechanically weaker, Proterozoic orogenic belts
(for a review see Fritz et al., 2013). The alignment of rift basins and Proterozoic mobile belts suggests the
large-scale control of preexisting lithospheric structures on rift evolution (e.g., Corti et al., 2007; Nyblade &
Brazier, 2002). At smaller scales, the relationship between rifting and preexisting lithospheric heterogeneities
appears more complex. The EARS developed within terranes that host major shear zones and remnant
extensional/orogenic structures with variable orientations with respect to present-day extension (e.g.,
Catuneanu et al., 2005; Fritz et al., 2013), and debate continues concerning how these structures may influ-
ence basin development and fault growth (e.g., Corti et al., 2007; Daly et al., 1989; Ebinger et al., 1997;
Fagereng, 2013; Kinabo et al., 2008; Smith & Mosley, 1993).

The Western Rift is characterized by a series of >100-km-long asymmetric basins flanked by broad uplifts,
occasionally with alternating polarity (e.g., Rosendahl et al., 1992). Estimates of crustal stretching from
balanced cross sections of rift profiles, forward models of basin and flank morphology, and seismic imaging
indicate ≤20% crustal thinning, or about 10 km of opening in sectors of the Western Rift (Ebinger et al., 1991;
Morley, 1988; Wölbern et al., 2010). These weakly extended rift basins are commonly filled by narrow and
deep freshwater lakes (e.g., Soreghan et al., 1999). While magmatism is widespread in rift sectors north
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and east of the Tanzania craton, the Western Rift is relatively magma poor, with volcanism limited to isolated,
volumetrically small volcanic centers (Furman, 2007).

Few data points exist to date the onset of rifting in the deep Western rift lakes. Extrapolations of present-day
sedimentation rates suggest rifting initiated by ~12 Ma (for a review see Ebinger & Scholz, 2012). However,
recent dating of volcanic rocks from the Rungwe volcanic province (RVP, located at the northern end of
the Malawi Rift) yield ages of ~17 Ma (Mesko et al., 2014; Rasskazov et al., 2003), and dating of airfall deposits
in the Rukwa Rift (Figure 1a) suggests that magmatism started as early as 26 Ma (Roberts et al., 2012).
Together these results indicate that extension in the Western Rift may have begun earlier than
previously thought.

2.2. Lake Malawi and the Malawi Rift

The Malawi Rift in the southern EARS is a seismically active, magma poor, weakly extended continental rift.
Like other African rift lakes, Lake Malawi is narrow (25–80 km wide) and deep (maximum water depth is
~700 m; Figure 1). Border fault-bounded half grabens partition the Malawi Rift into three basins (North,
Central, and South) separated by accommodation zones whose geometries were poorly constrained by ear-
lier seismic reflection surveys (e.g., Scholz, 1989).

These basins developed within and at the boundaries of different Proterozoic terranes (e.g., Fritz et al., 2013;
Hanson, 2003; Figure 1b). The Malawi Rift crosscuts two large-scale Permo-Triassic (Karoo) basins: the Ruhuhu

Figure 1. (a) Overview figure of the study region with locations of interest labeled. Red triangles indicate Quaternary-Recent volcanoes. The location of the study area
is shown within East Africa (regional seismicity is shown as gray circles and volcanoes as red triangles) in the inset. The location of maps in (b) and (c) are shown
by the dashed red rectangle. (b) Simplified onshore geology of the northern Malawi Rift. The Irumide, Ubendian, and Mozambique Proterozoic mobile belts are
shown as well as Karoo group (Carboniferous-Permian) and Cretaceous Red Sandstone (SS) group sediments. Geologic units were mapped following Bennett (1989),
Delvaux (2001), Pinna et al. (2004), Roberts et al. (2010), and Fritz et al. (2013). Intrabasin faults (yellow) and the border faults (red) are shown from
Mortimer et al. (2007), Lyons et al. (2011), and McCartney and Scholz (2016). All of the major intrabasin faults within Lake Malawi are thought to be normal faults. The
pink star shows the location of the profiles shown in Figure 2. (c) Map detailing the Study of Extension and maGmatism in Malawi and Tanzania active-source
experiment. Red lines indicate the lines were reflection/refraction data were acquired. Lake-bottom seismometers locations are shown by the white circles, and
instrument names are labeled. Blue arrows indicate where rivers enter Lake Malawi. Bathymetry of Lake Malawi is shown in both (b) and (c).
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Basin, which intersects the rift at the accommodation zone between the North and Central Basins (Ebinger
et al., 1987; Versfelt & Rosendahl, 1989; Figure 1a), and the Maniamba Trough, which intersects the rift to
the east between the Central and Southern basins (Catuneanu et al., 2005). Karoo-age and Cretaceous-
Paleogene Red Sandstone sediments associated with prior rifting episodes outcrop along the western edge
of the RVP continuing toward the Rukwa Rift (e.g., Jacobs et al., 1990; Roberts et al., 2010).

2.3. The North and Central Basins of Lake Malawi

For this study, we focus on the North and Central Basins of Lake Malawi. Seismic reflection images show that
the North Basin represents a type example of a half-graben structure, with sediments thickening eastward
toward the west-dipping border fault (Livingstone Fault; e.g., Mortimer et al., 2007; Scholz, 1989). The
Livingstone Fault continues for more than 120 km along the eastern lakeshore of the North Basin (Wheeler
& Karson, 1989), with the fault trace terminating in the south near the Ruhuhu Basin. The Livingstone Fault
continues onshore ~30 km north of Lake Malawi (Ebinger et al., 1993; Wheeler & Rosendahl, 1994; Figure 1a).
While the border faults that bound the Central and South basins of the Malawi Rift are oriented approximately
N-S, orthogonal to the inferred E-W extension direction (e.g., Stamps et al., 2014), the strike of the Livingstone
Fault is NNW-SSE. In detail, the trace of the Livingstone Fault contains two small (<5 km) steps that divide it
into three ~30- to 40-km-long segments (Mortimer et al., 2007). The hanging wall is cut by synthetic intrabas-
inal faults both beneath the lake and onshore to the north (i.e., Mbaka Fault), some with significant offset
(Ebinger et al., 1993; Mortimer et al., 2007; Specht & Rosendahl, 1989; Wheeler & Rosendahl, 1994).

Despite previous studies, much uncertainty remains concerning the amount and distribution of sediment
within the North Basin. Previous seismic reflection imaging (hereafter termed legacy) included Project
PROBE, which collected data over the entire lake in the 1980’s (e.g., Scholz, 1989), and high-resolution single
channel programs focused on delta structures in both basins in 1992 and 1995 (Scholz, 1995a, 1995b). While
these data provided important constraints on shallow sedimentary structure and faulting, depth penetration
was limited by small source volumes and did not clearly identify basement reflections (e.g., Flannery &
Rosendahl, 1990; Mortimer et al., 2007). Models of gravity data constrained by seismic reflection data
estimate 4–5 km of total sediment in the North Basin (Ebinger et al., 1991, 1993), but these data could not
discriminate between prerift and synrift sediments.

The Central Basin is bound on the west by the ~140-km-long Usisya border fault, an east-dipping array of
faults (Figure 1b). The Usisya border fault comprises three fault segments, each 40–60 km long, which are off-
set by ~10 km with respect to each other (e.g., Contreras et al., 2000; Ebinger et al., 1987; Scholz, 1989;
Soreghan et al., 1999). These offsets are larger than the steps that separate the segments of the
Livingstone Fault. Prior studies have identified a significant relay-ramp structure that connects the north
and central segments (e.g., Ebinger et al., 1987; Scholz, 1989). Like the North Basin, the Central Basin repre-
sents a single half-graben basin but exhibits more complex intrabasinal faulting. Previous reflection seismic
studies have imaged the structurally complex, north-northwest dipping Lipichilli Fault Zone that extends for
~28 km across the southern edge of the basin (Figure 1b; McCartney & Scholz, 2016; Scholz, 1989). Previous
studies using PROBE seismic reflection data in the Central Basin could not confidently identify crystalline
basement in many areas. Because these data were acquired with a short streamer (maximum length
1,200 m), they cannot constrain velocities for most of sedimentary section, thus estimating sediment thick-
ness from two-way travel time (TWTT) required assuming a velocity (e.g., 2 km/s; Contreras et al., 2000;
Wheeler & Karson, 1989). The deepest bathymetry within Lake Malawi is found within the Central Basin, in
a region bounded to the west by the central segment of the Usisya border fault and the east by an intrabas-
inal high (Figure 1b). Some studies suggest that a second border fault bounds the eastern side of the south-
ern Central Basin, termed the Mbamba Fault (e.g., Flannery & Rosendahl, 1990; Laó-Dávila et al., 2015;
Mortimer et al., 2016). However, McCartney and Scholz (2016) suggest that this feature is not a rift border fault
based on the absence of clear patterns of eastward thickening sediment expected for hanging
wall subsidence.

The character of the accommodation zone between the North and Central Basins and the manner in which
strain is transferred between the Livingstone and Usisya Faults remains enigmatic (Flannery & Rosendahl,
1990). One PROBE seismic reflection line images a possible structural high embedded within an area of over-
all low relief (Specht & Rosendahl, 1989). Studies of the Malawi Rift have suggested that the presence of the
Ruhuhu Basin, which intersects the rift at the accommodation zone, influenced the location and structure of
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the accommodation zone between the North and Central Basins (e.g., Versfelt & Rosendahl, 1989). However,
seismic reflection data do not image the base of synrift sediments over much of this region and are not able
to image prerift sediments anywhere beneath the Malawi Rift (Flannery & Rosendahl, 1990) thus limiting our
understanding of the role of preexisting structures in the nature and development of the
accommodation zone.

3. Data and Methods
3.1. SEGMeNT Active-Source Seismic Experiment

An active-source seismic experiment was conducted in the North and Central Basins of Lake Malawi in the
spring of 2015 as a part of the multidisciplinary Study of Extension and maGmatism in Malawi and
Tanzania (SEGMeNT) project (Shillington et al., 2016). Thirty-two lake-bottom seismometers (LBS) were
deployed in February 2015 by the F/V Ndunduma. The LBS array comprised 26 Scripps Institute of
Oceanography (SIO) four-component (three-component geophone and hydrophone) short-period instru-
ments and six SIO four-component (three-component seismometer and differential pressure gauge) broad-
band instruments. The instruments recorded data at 100 Hz (broadband) and 200 Hz (short period). The 26
short-period instruments were recovered in April 2015 by the F/V Ndunduma, and the six broadband instru-
ments were recovered in November 2015 by the M/V Chilembwe, and thus all instruments recorded the entire
active-source seismic program. Instruments were deployed in 200–650 m of water and along three main
transects (see Figure 1c) with a spacing of ~7–15 km.

During a 29-day cruise aboard the M/V Katundu in March 2015, seismic reflection data were acquired,
and seismic sources were generated for the wide-angle reflection/refraction study, which is the focus of
this paper. The primary acoustic source for the refraction work consisted of six air guns from the
Geological Survey of Greenland and Denmark and Aarhus University with a combined shot volume of
2,580 in.3 (42,278.63 cm3) firing at a pressure of 180 bars. Shot spacing for the refraction work was
250 m to mitigate previous shot noise. In total, we acquired >1,500 km of data at this large shot
volume including the primary profile lines, additional refraction lines, turns between reflection lines,
and during streamer and ship maintenance.

Over 2,000 km of seismic reflection data were acquired with a variety of source configurations (volumes
between 500 in.3 [8,193.53 cm3] and 1,580 in.3 [25,891.56 cm3]) fired at pressures of ~120 bars. Shots were
recorded on a digital Hydroscience Technologies streamer from Syracuse University with a group interval
of 12.5 m, yielding a common midpoint spacing of 6.25 m. Streamer length was usually 1,200–1,500 m,
though a few lines were acquired with a much shorter streamer (<700 m) configuration. Shot spacing during
the reflection acquisition varied between 12 and 50m. LBS were in place for the entirety of the Katundu cruise
and recorded all shots. Whereas the larger volume shots were recorded on LBS to offsets>230 km, the smal-
ler volume shots were generally limited to offsets of ~25 km due to interference from previous shot noise.

3.2. Seismic Reflection Processing

Here we present three examples of seismic reflection profiles from the SEGMeNT project for comparison with
velocity models derived from seismic refraction data. Processing of these data involved the following steps:
geometry assignment and common midpoint binning, data cleaning, suppression of lake-bottom multiples
using surface-related multiple elimination (Verschuur et al., 1992), velocity analysis, normal moveout, stack-
ing, and poststack Kirchoff timemigration (McCartney et al., 2016; Shillington et al., 2016). The quality of these
images is better than older legacy data, primarily owing to the larger source volume used in this study.
However, these data can only constrain velocity to maximum depths of ~1,200–1,500 m due to the limited
aperture of the streamer. Thus, they cannot constrain velocities throughout the entire sedimentary section
and sediment thickness. As discussed in section 5.1, the ability of these processed seismic reflection data
to image of the base of synrift sediments varies throughout the basin, and no prerift sediments can be
imaged, similar to legacy data sets.

3.3. Seismic Refraction Data Processing and Phase Interpretation

Processing of LBS data was conducted using the Seismic Unix software package (http://www.cwp.mines.edu/
cwpcodes/) and involved the following steps: (1) minimum-phase band-pass filter with corners at 2, 4, 15, and
20 Hz; (2) reduction velocity of 6 km/s; (3) trace balancing; and (4) offset-variable gain to all traces. On five of
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the 32 LBS, we utilized the hydrophone channel rather than the vertical-
component geophone due to significantly higher signal-to-noise ratio.
Instruments were not relocated because water depths are relatively shal-
low (<700 m), and relocation tests on instruments did not yield signifi-
cantly different positions. The times of direct arrivals on near-offset
traces indicate that the instrument deployment positions were consistent
with the data.

First arrivals were picked on all instruments to offsets of 50 km (Table 1).
Arrivals were visible to offsets >220 km, but we did not use them in this
study, which is focused on basin structure. The uncertainty of each travel
time pick was assigned via visual inspection. Uncertainties ranged from
25 to 200 ms with a median uncertainty of ~100 ms. The largest uncertain-
ties were limited to picks at far offsets on the reflection lines (~25-m shot
spacing) where previous shot noise was significant. To ensure that picks
from lines with shorter shot intervals did not dominate the inversion, we
decimated our initial data set (101,496 picks) such that picks had a mini-
mum spacing of 150 m along all profiles leading to a data set of 45,208
picks that were used in the inversion (Table 1). We made all picks within
the Universal Transverse Mercator (UTM) coordinate system and then
applied a linear operator to convert to a local coordinate system for the
remainder of this study. The origin of the local coordinate system is
�12.03N, 33E. We set the Z = 0 km in the local coordinate system to corre-
spond to the elevation of the surface of Lake Malawi, which is at 454 m
above sea level.

We took several steps to ensure high-quality, accurate picks. In 2-D
refraction work, reciprocity checks are commonly used to ensure consis-
tent phase identification (e.g., Zelt, 1999). While this approach is applic-
able to our three 2-D refraction lines, the 3-D experiment geometry
precludes reciprocity checks for most picks. To ensure consistent phase
identification, we checked that picks at line intersections were consis-
tent for a given station. Additionally, after picking all data, we visually
inspected maps of travel time picks for each individual instrument in
unreduced time to ensure that there were no abrupt lateral variations
in travel time and thus the same first-arriving phase was consistently
picked (see supporting information).

3.4. Monte Carlo First-Arrival Inversion Methodology

To obtain a 3-Dmodel of Pwave velocity structure based on travel time picks, we implemented a Monte Carlo
methodology using the iterative first-arrival tomographic inversion code FAST (First Arrival Seismic
Tomography; Zelt & Barton, 1998). A Monte Carlo approach to refraction imaging involves both perturbing
the data set of travel time picks (adding random noise scaled by pick error) and constructing numerous ran-
domized initial models to perform the inversion (e.g., Delescluse et al., 2015; Korenaga et al., 2000, Watremez
et al., 2015; Zhang & Toksoz, 1998).
3.4.1. Construction of Initial Models and Perturbed Travel Times
We constructed 200 unique 3-D starting models. Each initial model is parameterized with three layers where
Layer 1 represents the water layer of Lake Malawi, which was constructed by fitting a surface to the estimated
lake bottom in depth from >10,000 km of existing reflection lines (Figures 1b and 1c; Lyons et al., 2011) and
assigned a velocity of 1.5 km/s. Layers 2 and 3 are intended to approximate sedimentary and crustal layers,
respectively. All models extend from the lake surface to a depth of 15 km. To construct the 200 starting mod-
els, we randomly perturbed three defining parameters of the velocity model: (1) velocity at the base of Layer
2, (2) velocity at the base of Layer 3, and (3) the ratio between the thickness of Layer 1 (held constant) and the
thickness of Layer 2. The ratio between the thicknesses of Layer 1 and Layer 2 is always >1 meaning that
water depth and the thickness of the sedimentary layer is correlated. Parameters were varied between

Table 1
Instrument Names, Locations, Total Number of Picks, Chi-Square, and RMS
Values Associated With the Final Velocity Model

LBS Lon Lat
Water

depth (m) # Picks
Chi

squared RMS (s)

122 34.448 �11.648 458 765 0.6453 0.0717
121 34.441 �11.598 450 931 1.9746 0.1259
120 M 34.443 �11.523 475 1,058 0.7513 0.0814
120 34.437 �11.456 518 1,576 0.6642 0.0911
119 34.444 �11.336 560 1,615 0.9067 0.1134
118B 34.430 �11.214 605 2,628 1.0306 0.1156
117 34.427 �11.089 683 911 0.8836 0.0682
116 34.419 �10.965 679 1,600 0.7271 0.0758
301 34.259 �10.859 500 1,598 1.7035 0.1372
302B 34.308 �10.853 512 2,110 1.8653 0.1188
303 34.359 �10.847 584 2,048 0.4889 0.0794
115 34.414 �10.841 563 2,051 1.1493 0.0923
305 34.523 �10.829 490 849 0.8001 0.0995
306 34.579 �10.825 397 1,120 3.6149 0.1903
114 34.410 �10.737 514 1,718 0.6533 0.0869
113 34.407 �10.633 472 1,892 0.5995 0.0716
112 34.403 �10.529 454 998 1.3684 0.1226
111 34.410 �10.426 458 1,332 1.1896 0.0993
110B 34.396 �10.322 485 1,595 0.3902 0.075
109 34.393 �10.218 492 1,578 0.7875 0.1077
108 34.345 �10.134 466 1,402 1.0803 0.1103
201 34.066 �10.098 132 571 0.3309 0.0626
202 34.111 �10.065 212 1,293 0.6341 0.0877
203B 34.158 �10.031 312 1,135 1.6518 0.1372
107 34.298 �10.048 450 1,561 0.8802 0.0876
204 34.204 �9.997 386 1,556 0.9535 0.0975
106 34.250 �9.963 375 1,476 0.4034 0.0668
205 34.286 �9.939 400 970 0.621 0.0765
206B 34.320 �9.912 402 1,449 0.8549 0.0954
105 34.205 �9.881 331 1,271 0.7602 0.0824
104 34.157 �9.799 321 1,545 1.0694 0.0934
103B 34.112 �9.716 265 974 1.8801 0.113

Note. LBS = lake-bottom seismometers; RMS = root-mean-square.
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30% and 50% (Figure 2). For each initial model, we constructed a modified
data set of travel time picks defined as the original travel time picks with
added random Gaussian noise, where the standard deviation of the distri-
bution was equal to the estimated pick uncertainty (e.g., Zhang & Toksoz,
1998).
3.4.2. Travel Time Tomography With FAST
The FAST tomographic code (Zelt & Barton, 1998) aims to find the model
with the least amount of structure that fits the data within their uncertain-
ties. This is a linearized inversion where the velocity model and raypaths
are updated after each iteration until the normalized misfit (χ2) equals 1
or data misfits stop improving. χ2 is defined as

χ2 ¼ 1
N
∑

tobs � tpre
� �2

σ2obs
; (1)

where tobs and tpre represent the observed and calculated arrival times,
respectively; N represents the total number of picks; and ?obs represents
the estimated uncertainty of the pick.

The forward step of FAST utilizes the 3-D finite difference Eikonal solver of
Vidale (1990) on a 0.5-km grid. For the inverse step, cell sizes are made lar-
ger (3 × 3 × 0.5 km in the x, y, and z directions, respectively) as larger cells
have increased control on model parameters. Model updates during the
inversion are calculated via a least squares conjugate gradient method.
The trade-off parameter, ?, which controls the regularization between data
misfit and model smoothness, is systematically reduced with each itera-
tion. This process stabilizes the inversion by first constraining long-
wavelength structure before allowing finer structure in later iterations.

We applied constraints on vertical and horizontal smoothness to ensure realistic Earth structure.
Smoothing increases with depth in themodel, with the lower 7.5 km having a 50% larger smoothness weight.
Typical inversions required four to five iterations before they were stopped because either χ2 reached 1 or the
data misfit stopped improving (Figure 3). Of the 200 models, 198 models successfully converged. We present
a single final model that is constructed by averaging all models with a χ2 < 1.25 (105 models), and we limit
our discussion of results to this averagedmodel. To confirm the fit of this average model to the data, we trace
rays through the model (Figure 4) and calculate predicted travel times, χ2 and root-mean-square (RMS) misfit
(Figures 4 and 5). To quantify uncertainty, we calculated the standard deviation of the final velocity in each
grid cell and present it as a percent uncertainty of the final velocity.

4. Results

The 3-D velocity model provides unique constraints on the deep basin structure of the northern Malawi Rift.
The final model has a χ2 = 1.08, RMS = 102 ms, and traces 93.6% of all rays (Figures 6 and 7). Uncertainty esti-
mates broadly mirror hit count and are lowest within the center of the model (<2%), particularly in the loca-
tions of slow velocities, interpreted as sedimentary basins. Uncertainties increase around the edges of the
model and at greater depths. Larger uncertainties are also associated with parts of the model with large velo-
city gradients (i.e., the boundary between sediments and crystalline basement; Figures 7d, 7f, and 7h), which
we attribute to the limited ability of the smooth first-arrival tomography method to recover sharp changes
in velocity.

Our model reveals clear differences in the velocity structure between the North and Central Basins (Figure 6).
In the North Basin, a shallow layer characterized by slow velocities (Vp < 3.75 km/s) thickens to the east
toward the Livingstone border fault (Figures 6, 7b, and 7d). The deepest occurrence of slow velocities is
observed near the southern part of the Livingstone Fault (Figure 7d); this region is also the location of the
deepest bathymetry within the North Basin. A fast velocity ridge in the center of the basin that roughly par-
allels the border fault separates the swath of low velocities against the border fault from a more limited

Figure 2. Comparison of all 1-D Vp profiles for a given location from the
initial models (gray lines) and the final models (red lines). One hundred
five total models are shown. The black solid line indicates the average of all
final velocity models, and the black dashed lines indicate one standard
deviation around the mean velocity. The location where these profiles were
taken is shown by the pink star in Figure 1b.
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region of slow velocities to its west (Figures 6a, 6b, and 7c). West of this
fast-velocity ridge, low-velocity material thins and shallows to the west
consistent with the geometry of a typical half-graben basin (Figures 6a
and 7c). In the northern part of the North Basin, a circular region (diameter
~20 km) of slow velocities persists to depths >4 km. This feature is asso-
ciated with abundant ray coverage (>50 rays), low uncertainty
(Figure 6d), and clear changes in observed arrivals in LBS data (e.g.,
Figure 4c); thus, we consider it robust. At the southern end of the North
Basin (south of Y = 175), the package of slow-velocity material shifts sinu-
ously westward until it abuts the relay ramp between northern and central
segments of the Usisya Fault at Y = 155. No high-velocity ridges or other
structures are observed within the accommodation zone. Within this zone,
slow velocities can be seen to thicken toward both the east and west sides
of the basin (Figure 7e).

The Central Basin is significantly more complex than the North Basin in
both the types of structures present and the strike of the structures.
Layers with relatively slow velocities thicken against each segment of the
Usisya Fault (Figures 7e–7g). This slow-velocity material is bounded on
the east by a series of faults that define an intrabasinal high (Figure 6d).
Slow velocities persist to depths >5 km within the region bounded by
the central segment and this intrabasinal high (between Y = 80 and
Y = 120, Figures 6a, 6d, and 6g), which corresponds to the deepest water
in Lake Malawi (698 m). The intrabasinal high is expressed in these profiles
as a high-velocity structure (Vp> 5.5 km/s; Figure 7f) separating the region
of low-velocity material against the border fault to the west and a shal-
lower section of slow-velocity material to the east. Other complex intrabas-
inal structures in the Central Basin that were previously recognized in
legacy seismic reflection data can also be observed in our models (e.g.,

the Lipichilli Fault Zone; McCartney et al., 2016; Figures 1b and 7g). In the southern Central Basin, slow velo-
cities are nearly absent at depths >2.5 km, and instead velocities remain fast (Vp > 5.5 km/s; Y = 0–50;
Figure 6a). In the northern Central Basin and accommodation zone (Y = 130–175), cross sections reveal a rela-
tively thick (~2 km) layer with velocities intermediate between those expected for synrift sediments and crys-
talline basement (~3.75–4.5 km/s, Figures 7e and 7f). This material is clearly distinct from other locations of
slow velocities where the transition from slow (~3 km/s) to fast (~5 km/s) velocities occurs over very narrow
depth ranges (i.e., ~1 km; Figures 7c and 7d).

5. Interpretation
5.1. Velocity Interpretation

To constrain the thickness of sedimentary sequences from our smooth 3-D tomographic model, which does
not have interfaces, we approximate the sediment/basement boundaries as velocity contours as discussed
below (e.g., Moeller et al., 2013). It is necessary to constrain this interface from the refraction-derived velocity
model because basement reflections are often ambiguous in seismic reflection profiles from both the
SEGMeNT experiment and previous studies without the aid of other constraints (e.g., seismic velocity) and
are completely absent in some parts of the rift, notably the accommodation zone and northern Central
Basin (Figure 8b). Thus, seismic reflection data cannot be used to provide the comprehensive and consistent
constraints on 3-D basin geometry provided by the 3-D velocity model presented here. Further, all of these
seismic reflection data were acquired with short streamers (maximum length = 1,500 m) and thus can only
constrain velocities up to ~1.5 km below the lake surface (water depth over Lake Malawi reaches 700 m in
the Central Basin). Because of this limitation, the reflection data cannot be used alone to accurately estimate
sediment thickness even in locations where basement is identified. Finally, seismic reflection data are not
able to image prerift sediments beneath the synrift section from the most recent phase of extension. As a
result, this study uses the refraction-derived seismic velocity model to constrain large-scale 3-D patterns in
the thickness of synrift and prerift sediments, which cannot be accurately provided by any other data set.

Figure 3. Data misfit for the final model shown for each instrument (y axis)
against the offset of the air gun shot. Gray boxes indicate where no picks
were available for instruments. Locations of the instruments are given in
Figure 1c.
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Figure 4. Examples of seismic receiver gathers (top) and predicted raypaths (bottom) for shots along the primary 2-D
along-strike transect within the 3-D survey (for location of the profile see Figure 1c). The top plots show the record
sections with observed picks in blue and predicted picks in red. The height of the observed pick indicates the observational
error for each observation. Bottom plots show the predicted raypaths (red) for the shown picks against contours of
the final velocity model (black lines). Instrument names are given in the top left of each record section and can be located
within the study region by referencing Figure 1c. Zoom-ins are provided for each receiver gather, and the locations
of the zoom-ins are shown by the yellow boxes. LBS = lake-bottom seismometers.
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From both the LBS receiver gathers and the resulting velocity model, we identify three layers (not including
the water) based on variations in velocity and velocity gradient. We interpret a ubiquitous shallow layer, with
velocities gradually increasing from 1.5 to ~3.75 km/s, as a synrift sediment layer. These velocities are consis-
tent with a normally compacting sedimentary section (progressive loss of pore space and subsequent
increase in seismic velocity of sediments compacting under the weight of overlying sediments) as is observed
in ocean basins and other rift systems (e.g., Hamilton, 1976; Moeller et al., 2013). Regions of the model with
velocities of 1.5–3.75 km/s also correspond to synrift sediments where they are imaged in SEGMeNT seismic
reflection profiles (Figure 8), although the thickness of the full sequence of synrift sediments cannot always
be imaged or quantified by the seismic reflection data. Figure 9 shows a map of the depth to the base of this
sedimentary sequence defined by the 3.75-km/s velocity contour.

In most of the study region, this sedimentary layer is directly underlain by a rapid increase to velocities of 5.5–
6 km/s, consistent with upper crystalline crust (Christensen &Mooney, 1995). We choose a velocity contour of
4.5 km/s to approximate the top of crystalline basement, which lies within this high gradient zone. Over the
majority of the basin, our choice of 4.5 km/s for the top of the crust matches a prominent, low-frequency
reflection in SEGMeNT seismic reflection profiles from both the North and Central Basins where deep reflec-
tions are observed (Figures 8e and 8g). The only places where there are differences between the 4.5-km/s

Figure 5. Examples of seismic record sections recorded along turns and lines of non-2-D geometry. The x axis is in terms of shot number and thus scales with the
length of a given refraction line. The orientation of the line is shown by labels in the top right/left corners of each record. Observed picks are shown in blue
where the height of the tick mark scales with observational error reported. Predicted picks are shown by the red points. To ensure ease of comparing the
predicted/observed picks to the data only every fifth pick is marked. A map for instrument/line locations is shown in (a) where the color of the instrument matches
the color of the line for which shots are shown. The background gray lines show the entire 3-D survey. Instrument numbers are labeled in the bottom left
corner of each record section, and the color of the label matches the associated symbols in (a).
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Figure 6. Depth slices through the final model in terms of Vp (a, d, and g), percent uncertainty (b, e, and h), and hit count (c, f, and i). Thick black lines indicate faults
mapped in Mortimer et al. (2007), Lyons et al. (2011), and McCartney and Scholz (2016). The shoreline for Lake Malawi is shown by the light gray line in all plots.
The locations of the instruments are shown by the blue triangles in the right column. Color scales stay constant along the columns. Note that the hit countmaps use a
color scale with a maximum value of 20 rays to allow easier viewing of low-ray coverage areas. Locations of interest are highlighted in (a), (d), and
(g). U.F. = Usisya Fault; L.F. = Livingstone Fault.
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contour and the basement reflection in seismic reflection data are near the edges of the model where ray
coverage is more limited. For example, near the border faults, the 4.5-km/s contour is sometimes locally
shallower than the interpreted basement reflection in multi-channel seismic (MCS) data; thus, we consider
our estimates of synrift sediment thickness, and fault throws derived from them, as conservative estimates.
Where this low-frequency reflector is most clearly visible (for example, Figures 8e and 8g), our model
contains a high-velocity gradient between the 3.75- and 4.5-km/s contours (e.g., they are separated by
<0.5 s in TWTT). However, where this reflection is weak or absent, and imaging of the deep rift sediments
is generally poor, as in the accommodation zone (Figure 8c), velocity gradients are lower, and the 3.75-
and 4.5-km/s contours are separated by >1 s in TWTT.

In the accommodation zone, northern Central Basin and northernmost North Basin, a 2- to 4-km-thick
layer is observed between the slower-velocity synrift sediments (1.5–3.75 km/s) and the crystalline base-
ment (>4.5 km/s; Figure 7e). First-arriving refractions with apparent velocities of ~4 km/s are clearly
observed on receiver gathers from several LBS in the Central Basin (Figure 4b; 113, 114, 115, 116, 117,
301, 302B, and 303) as well as instrument 103B in the northernmost North Basin. This interval has higher
velocities and lower-velocity gradients than expected for compacting synrift sediments from the modern
rift, making it distinct from velocities associated with sediments throughout much of the basin; accord-
ingly, we interpret this intermediate velocity layer as sediment deposited during prior rifting episodes.
This interpretation is consistent with the inference of preexisting sediment beneath the Malawi Rift based
on outcrops onshore around the lake and locations where reflection imaging shows weak or absent
acoustic basement.

Figure 7. Cross-section slices through the final model in terms of velocity (top panels) and percent uncertainty (bottom panels). Locations of slices are shown on the
map in (a) and are labeled on the individual cross sections. The locations of border faults (red) and intrabasin faults (gray) are shown in (a). All cross sections are
shown going from west on the left to east on the right. Color scales are constant among all cross sections. The velocity cross sections are contoured with thick black
lines labeling every 1 km/s and thin black lines every 0.5 km/s. Features of interest are marked on the cross sections. LF = Livingstone Fault; UF = Usisya Fault;
C. = Central; N. = North; Int. Vp. Mat. = intermediate velocity material.
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Crossley (1984) was one of the first to postulate that the Malawi Rift is underlain by preexisting sediment
where it is crosscut by the Ruhuhu Basin and the Mwembeshi Shear Zone. Estimates of the thickness of this
sedimentary package range from 1 km on the western shore in Malawi (Kemp, 1975) to ~3 km in the Ruhuhu
Basin (Kreuser et al., 1990; Wopfner, 2002), suggesting that several kilometers of Karoo sequences may also be
present beneath Lake Malawi. However, legacy reflection data were unable to image any Karoo sequences
beneath the modern rift fill (Flannery & Rosendahl, 1990; Mortimer, Paton, et al., 2016).

Evidence for sediments deposited during prior rifting episodes is also documented north of Lake Malawi in
the region between the Rukwa Rift and Lake Malawi. Karoo sediments and Cretaceous-Paleogene Red
Sandstone Group sediments are widely distributed along the western side of the North Basin and RVP and
continue northward into the Rukwa Rift (e.g., Jacobs et al., 1990; Roberts et al., 2010). These preexisting basins
appear to strike subparallel to the trend of the North Basin, whereas the Ruhuhu Basin strikes nearly perpen-
dicular to the trend of the Central Basin. Seismic reflection, borehole, and biostratigraphic data from the
Rukwa Rift show that the Late-Pliocene-modern lake sediments are underlain by up to 10 km of

Figure 8. Comparison between time migrations of Study of Extension and maGmatism in Malawi and Tanzania MCS reflection lines and coincident 2-D profiles
through the final velocity model in two-way travel time. The reflection lines are shown in (b), (c), and (d). On some profiles, a deep low-frequency reflection can
be observed, which we interpret as representing the top of basement (dashed blue line). On other lines, basement is ambiguous (dotted blue line and question
marks) or absent altogether (question marks). Even on profiles where a strong deep reflection is observed, the independent velocity model presented here greatly
strengthened confidence in interpretations. The velocity model is plotted on top of the collocated reflection lines in (c), (e), and (g). Five velocity contours are
shown as thick colored lines at 0.25 km/s intervals between 3.5 and 4.5 km/s. Locations of the profiles are shown in the inset map (a). The velocity color scale and
spatial scale are the same for all profiles. The velocity model is masked where there is no ray coverage.
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Cretaceous to Paleogene Red Sandstone and Karoo sediments (Kilembe & Rosendahl, 1992; Peirce & Lipkov,
1988; Roberts et al., 2004, 2010; Wescott et al., 1991). Cretaceous- to Paleogene-age Red Sandstones also crop
out along the northwestern side of the North Basin (e.g., Roberts et al., 2010). These onshore basins do not
extend south past the northwest shore of the North Basin.

Although previous studies have hypothesized the presence of sediment associated with older extensional
basins beneath Lake Malawi, no direct observations were previously available and the single drill core in
the Central Basin reached a maximum depth of 380 m (Scholz et al., 2011), well within the synrift sediment
package. We assert that sedimentary structures associated with older extension provides the most plausible
interpretation for the intermediate velocity layers beneath the North and Central Basins. Figure 10 illustrates
the thickness between the estimated base of synrift sediment and top of crystalline basement, which we
interpret as sediment deposited during previous rifting episodes.

5.2. Estimating Cumulative Displacement Profiles for the Livingstone and Usisya Faults

Our 3-D velocity model provides unique constraints on 3-D patterns of synrift sediment thickness in a
weakly extended rift. Together with constraints on footwall height from a 30-m digital elevation model
from the Shuttle Radar Topography Mission (Farr et al., 2007), these estimates of synrift sediment thick-
ness can be used to constrain variations in the throw of the border faults bounding the North and
Central Basins.

Figure 9. Depth to the base of synrift sediment defined by the 3.75-km/s velocity contour. Regions with no ray coverage
are masked. Traces for the Livingstone and Usisya Faults are shown by the thick red lines (Lyons et al., 2011; McCartney &
Scholz, 2016; Mortimer et al., 2007) and by dashed red lines where our refraction imaging indicates that the faults extend.
The onshore extent of the Livingstone Fault is approximated by the dashed red line. Locations of interest are labeled
including the accommodation zone between the two basins, the Lipichilli fault zone (LFZ), the southern segment of the
Livingstone Fault, and the central segment of the Usisya Fault. Onshore elevation is shown at 200-m contour intervals.
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Here we estimate cumulative vertical offset along the inferred lengths of the Livingstone and Usisya border
faults. We calculate vertical offset along the border fault as the sum of the elevation of the footwall escarp-
ment above lake level and the estimated depth to the base of synrift sediment below lake level. As this study
is only concerned with cumulative vertical offset, we measure both footwall elevation and depth to the base
of synrift sediment with respect to an arbitrary reference elevation—modern lake level. For more detailed
analysis of the magnitude of footwall uplift compared to hanging wall downdrop, a calculation of a long-
wavelength reference elevation would be needed. We do not calculate vertical offset for the onshore portion
of the Livingstone Fault north of the lake due to a lack of sediment thickness constraints. To estimate footwall
elevation, we extract profiles of elevation orthogonal to the strike of the border fault (the structural dip direc-
tion) from the Shuttle Radar Topography Mission following the procedure in Ellis and Barnes (2015). Themax-
imum elevation for each dip profile is identified and then combined with all other measurements to create a
strike profile along the border fault. We then adopt an iterative procedure to down-weight anomalously low
elevations due to erosional features, such as river valleys (see the supporting information for details). Such
erosional features suggest a reduction in the present-day elevation of the footwall, and thus, our estimates
of footwall height represent a minimum. Our final elevation profile matches the overall shape of the original
elevation profile well (Figure 11).

To estimate depth to the base of synrift sediment, we use the continuation of the same profiles (orthogonal
to the strike of the border fault) into the lake and identify the maximum depth of the 3.75-km/s velocity con-
tour, interpreted as the base of synrift sediments (see Figure S5). Locations with no ray coverage are
excluded. Neither reflection nor refraction data were acquired close to the shorelines to minimize impacts
on fishing activities close to shore, so sediment thickness immediately against the border fault is not con-
strained. Additionally, estimates of sediment thickness with low ray coverage near the edges of the velocity
model are sometimes locally thinner than suggested by reflection data where basement can be imaged. For
these reasons, our estimate of total throw represents a minimum. Total vertical offset is then estimated as the

Figure 10. Map of thickness of sediments related to previous rifting episodes with simplified geologic map for comparison.
Sediment thickness is contoured at 1-km intervals. Locations within the model with no ray coverage or velocity uncertainty
>10% have been masked out. Geologic units were mapped following Bennett (1989), Delvaux (2001), Pinna et al.
(2004), and Roberts et al. (2010). RVP = Rungwe Volcanic Province; Acmd Zone = accommodation zone.
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sum of the elevation of the footwall escarpment and the depth to the base of synrift sediment beneath the
lake, with maximum values of 6.3 ± 0.5 and 6.4 ± 0.4 km on the Usisya and Livingstone Faults, respectively. By
assuming a dipping fault, we estimate fault throw from the vertical offset measurements. Previous reflection
studies that were limited to the top few kilometers of the basins predict dip angles of 60°–70° for the
Livingstone Fault (Wheeler & Rosendahl, 1994), and onshore measurements of fault dips are 60°–75°
(Ebinger, 1989). Additionally, focal mechanisms from the Malawi Rift indicate that fault dips of ~60° continue
to lower crustal depths in some parts of the Malawi Rift (Ekström et al., 2012; Jackson & Blenkinsop, 1993).
Given fault dips between 75° and 60°, the fault throw would be between 6.5 and 7.3 km for the Usisya
Fault and 6.6 and 7.4 km for the Livingstone Fault. Hereafter, we assume a dip of 60°.

Figure 11 shows estimated displacement profiles for the North and Central Basins. The Livingstone Fault mea-
sures ~140 km long with an additional ~30 km continuing onshore north of Lake Malawi and into the RVP, for
a total length of 170 km. The Usisya border fault system measures ~140 km. Our estimated fault throw of
7.3 km for the Usisya Fault is higher than the 6.4 km reported by Contreras et al. (2000), estimated by using
an average velocity of 2 km/s to convert from two-way travel time to depth in the absence of velocity con-
straints. Importantly, our analysis shows that more than two thirds of the total displacement accommodated
on these faults sits below lake level, a result in contrast to the one-to-one ratio of displacement above and
below lake level assumed by Contreras et al. (2000). However, the overall shape of the displacement profile
is similar to Contreras et al. (2000).

6. Discussion
6.1. Fault Dimensions and Implications for Fault Lifespan

Our 3-D velocity model of synrift sediment distribution and estimated displacement profiles for the two
faults provides insight into how strain is accommodated within and between the two basins. The large
vertical offsets on the Usisya and Livingstone Faults (~6.3–6.4 km) confirm that these faults have facili-
tated a significant proportion of the total opening of the basins. For fault dips of between 60° and 75°,
these faults have accommodated between ~3.6 and ~1.7 km of the total opening consistent with the
2.7–3.5 km of crustal extension estimated from previous studies (Ebinger, 1989). As described in

Figure 11. Profiles of elevation, depth to base of synrift sediments, and vertical offset for the Usisya (left, east dipping) and
Livingstone (right, west dipping) faults plotted together. Profiles of elevation (top row) are taken along the footwall
escarpment. The full elevation profile is shown as the thin gray line, the locations where elevation was taken for the final
elevation profile are shown by the gray dots, and the final elevation profile is shown by the black line. Profiles of the
depth to the base of synrift sediment (middle row) are shown for a range of velocities whereby the velocity defines the base
of the sediment column. Profiles of total vertical offset (elevation above lake level + depth to the base of synrift sediment)
are shown for the same range of velocity contours in the bottom row. Our preferred model is shown as the thick blue
contour. The yellow rectangle shows the approximate region of fault overlap within the accommodation zone. The vertical
scale on all three plots are consistent between each other.
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section 5.2, this is a minimum estimate. The dimensions of these faults are also consistent with relatively
large elastic thickness estimated for this area (35–55 km, Ebinger et al., 1991; Pérez-Gussinyé et al., 2009);
as shown by many previous studies, long faults form in regions of large Te. Importantly, our imaging
shows no indication for thickening of sediments against the proposed Mbamba Border Fault along the
southeastern edge of the Central Basin (Figure 9), in agreement with McCartney et al. (2016). This result
reinforces a fundamental similarity between the two basins in that both represent half-grabens with
>7 km of fault throw on their solitary basin-bounding border fault.

Comparisons with the small number of available constraints on displacement for other large faults in strong
lithosphere indicate that these fault throws are similar to those of other large normal faults of similar length.
For comparison, other faults in the Western Rift with fault throw constraints (the Kivu-Rusizi Rift and Bunia
Fault in the Albertine Rift) have lengths of ~100 and 75 km and fault throws of 2–5 and 5.3 km, respectively
(Ebinger, 1989; Upcott et al., 1996). In the Baikal Rift, basin lengths are between 160 and 240 km, and synrift
sediment deposits vary from 4 to 7.5 km (Hutchinson et al., 1992). While fault displacement has been broadly
observed to scale with fault length (e.g., Dawers & Anders, 1995; Schlische et al., 1996), some faults reach large
lengths with small throws consistent with the constant length model of fault growth. For example, the Kanda
Fault in the Rukwa Rift is 160 km long and has a maximum fault scarp elevation of only ~45 m (Delvaux et al.,
2012), and the Bilila-Mtakataka border fault in the southern Malawi Rift is ~100 km long and has only ~1 km of
sedimentary strata (Jackson & Blenkinsop, 1997).

Long, large-offset faults such as those observed along the Western Rift are thought to form through the
growth and linkage of smaller fault segments (e.g., Cartwright et al., 1995; Dawers & Anders, 1995), which
results in a displacement profile in the shape of a flattened bell curve where displacement increases from 0
at the fault tips to a central maximum. The combined displacement profile for the two faults suggests that
the Livingstone and Usisya Faults both broadly resemble this model (Figure 11). While both faults contain dis-
crete segments, these segments are now thought to be presently linked in agreement with models of fault
growth via segment linkage, though the timing of the linkage is debated (Contreras et al., 2000; Mortimer
et al., 2016). Interestingly, the greatest displacement observed on the Livingstone Fault occurs along its south-
ern segment (Figure 11), where water depth is greatest in the North Basin (>450m, Figure 1b) and also where
the fault is oriented approximately orthogonal to present-day extension direction (W-E; Saria et al., 2014).

Improved constraints on the dimensions of the Livingstone and Usisya Faults are also important for under-
standing whether the two faults continue to accommodate extension today. Several factors may control
the maximum length and/or displacement that a fault can achieve. Numerous studies have shown that con-
tinuedmotion on a normal fault is favored by the difficulty in breaking a new fault but resisted by the need to
overcome flexural restoring forces and the weight of the accumulated topography (e.g., Buck, 1993; Forsyth,
1992). Scholz and Contreras (1998) proposed an empirically constrained model for estimating maximum fault
length/displacement in the context of rift systems. Utilizing a constant displacement-length scaling of ~0.03,
and a modest value of Te, this simple model predicts a maximum fault throw of ~5 km for the Usisya Fault.
This value is smaller than the throw we observe (7.3 km).

Olive et al. (2014) propose an alternative theoretically based model, which suggests that surface processes of
footwall erosion and hanging wall deposition may increase the life of a fault and hence its maximum achiev-
able throw. Normal fault systems with a high rate of footwall uplift relative to erosion rate predict fault aban-
donment after relatively small total displacement, while systems with higher erosion rates relative to uplift
can produce much greater total throw. The latter produces systems with a muted topographic change
between the hanging and footwall, while the former retains a distinct topographic profile. For the Malawi
Rift, the significant topographic profile suggests that erosion has been relatively slow compared to uplift
rates, despite moderate present-day rainfall in the region (>1.5 m annually in some regions; Nicholson et al.,
2013). With an estimated characteristic faulted layer thickness of ~30 km (Foster & Jackson, 1998), Olive et al.
(2014) predict fault abandonment after only a few kilometers of displacement for the no-erosion end mem-
ber. Their models with modest erosion such that significant relief is retained suggest maximum fault displa-
cements of ~5 km prior to abandonment, again below our estimates of present-day fault throw. The large
observed offsets on both the Livingstone and Usisya Faults compared to maximum offsets predicted by both
empirical (Scholz & Contreras, 1998) and theoretical (Olive et al., 2014) studies imply that both faults are very
close to, if not at, their maximum throw.

10.1029/2018JB016504Journal of Geophysical Research: Solid Earth

ACCARDO ET AL. 17



Importantly, both models discussed here are 2-D and make several simplifying assumptions like homoge-
neous sedimentary infill of the hanging wall, no preexisting topography or inherited structures, and no
large-scale loads (i.e., volcanic centers), all of which are factors that may act to influence fault lifespan in
our study region. Nevertheless, our observations of significant offset suggest that Livingstone and Usisya
Faults are likely near or at their maximum size suggesting that a migration of strain inward onto presently
active intrabasin structures may be imminent or occurring.

6.2. Accommodation Zone Structure and Implications for Models of Fault Growth

Our velocity models also provide new constraints on accommodation zone structure and the growth of the
Livingstone and Usisya Faults. In the accommodation zone, we estimate a 4.3-km-thick package of synrift
sediment, which smoothly shifts from an eastward thickening section within the North Basin to a westward
thickening section in the Central Basin (Figures 9 and 11). Footwall elevation on either side of the accommo-
dation zone is modest where the Ruhuhu River enters Lake Malawi to the east and the S. Rukuru River enters
to the west. Cross sections across the accommodation zone reveal a nearly symmetric basin, suggesting that
the border faults overlap and both faults influence this region (Figures 6d and 7e), which is not possible to
discern from onshore elevation alone. Synrift sediment thicken both to the west and the east in our velocity
model over a 20-km-long sector along the rift (i.e., Figures 6a and 6d), which we interpret as the area of over-
lapping influence of the two border faults.

Our observations are broadly consistent with imaging of the accommodation zone by Project PROBE (Scholz,
1989), which show it to be a broad low relief feature (Specht & Rosendahl, 1989) similar to accommodation
zones observed in other parts of the Western Rift (Rosendahl, 1987); however, PROBE data did not clearly
image the base of synrift sediment in the accommodation zone. A small topographic high is also interpreted
within this broad low relief zone (Specht & Rosendahl, 1989), which Flannery and Rosendahl (1990) attributed
in part to the intersection with the Ruhuhu Basin. We do not observe any positive relief feature within this
zone in our velocity model, but it may be too small to resolve with our study.

Analogue clay models and previous field studies suggest that in regions of fault tip overlap, accommodation
zones tend to be narrow and strike nearly parallel to the trend of the basins (e.g., Faulds & Varga, 1998; Morley
et al., 1990; Paul & Mitra, 2013). Where no overlap exists, accommodation zones are wide and strike parallel to
the extension direction. Our imaging shows that the accommodation zone strikes nearly parallel to the trend
of the basins and is ~20 km wide (Figure 6d), consistent with predictions, and yielding a broad depositional
apron between the two depocenters (e.g., Scholz, 1995b). We conclude that significant fault tip overlap exists
at the accommodation zone between the Livingstone and Usisya Faults and the combined motion on these
faults results in deep, continuous sediment infill between the two basins.

In the region of fault tip overlap, our profiles of displacement show a thick sedimentary section (~4.3 km) and
relatively large vertical throw (~4.5 km). We hypothesize that the southern end of the Livingstone Fault and
northern end of the Usisya Fault must have been active in the region from a very early stage to generate this
much vertical offset at their intersection. Using reflection imaging, Morley (1999) showed that many basins
within the EARS achieved their fault length early leading to nearly stationary locations of fault tips for most
of the lifespan of the basins. Within the Central Basin, McCartney and Scholz (2016) similarly found that intra-
basinal faults established their length rapidly through the linkage of fault segments. These observations
match predictions from the constant-length model, whereby fault length is established rapidly and varies lit-
tle afterward, allowing displacement to accrue through time (e.g., Curry et al., 2016; Morley, 2002; Nicol et al.,
2005; Walsh et al., 2002). In detail, the thermochronological study of the Livingstone Fault by Mortimer,
Kirstein, et al. (2016) found that some segments may not have linked until very recently (~1.6 Ma), and the
stratigraphic analysis of Contreras et al. (2000) on the Usisya Fault argued for alternating periods of increasing
fault length and/or fault displacement on some smaller-scale segments. At the full basin scale, our observa-
tion of significant displacement across the overlapping fault tips of the Livingstone and Usisya Faults signifies
the early establishment of their overall respective fault lengths.

6.3. Influences on Basin Structure and the Role of Preexisting Features

Nearly every aspect of the rifting process is thought to be influenced by preexisting structures, from rift initia-
tion through to plate rupture. However, obtaining direct constraints on the relationship between remnant
structures and rift evolution is challenging as recent extensional processes often overprint remnant
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structures. Our 3-D velocity model of the Malawi Rift provides unique new constraints on influential preexist-
ing features beneath this early stage rift, in particular the distribution and character of prerift sediments and
basin structure. As introduced in section 5.1, Late Paleozoic Karoo-age and Cretaceous basins are observed
onshore, and our velocity model reveals associated thick packages of interpreted preexisting sediment in
both the North and Central Basins (Figure 10).

In the northern Central Basin and accommodation zone, prerift sediments are estimated to have an average
thickness of ~1.5–2.5 km covering an area of ~250 km2 and likely reflect the offshore continuation of the
Karoo-age Ruhuhu Basin. Within the North Basin, estimated preexisting sediments are much more spatially
limited (localized within the northernmost part of the basin) but, where they exist, they are much thicker
(up to 4.6 km; Figure 10). Seismic reflection data and LBS receiver gathers show that the southern edge of this
North Basin feature is sharp (Figures 8d and 8e). The presence of a thick package of preexisting sediment in
the northernmost North Basin likely reflects the offshore continuation of one or both Cretaceous to
Paleogene Red Sandstone and Karoo-age basins, which are preserved onshore along the northwestern edge
of the North Basin and north into the Rukwa Rift (Kilembe & Rosendahl, 1992; Peirce & Lipkov, 1988; Roberts
et al., 2004, 2010), and these rocks outcrop along the northwestern edge of the North Basin (Figure 10). The
observation of preexisting sediment in the northernmost part of the North Basin expands on evidence for
prior rifting-related sediments onshore (e.g., Jacobs et al., 1990; Roberts et al., 2010), and is consistent with
predictions from balanced stratigraphic cross sections (Ebinger et al., 1989). We suggest that this preexisting
material represents the remnants of larger extensional basins that continue from the Rukwa Rift into the
northern North Basin (Figure 10). These prior rifting-related packages of sediment mapped by this study
are further evidence of a long-lived corridor of intermittent extension along the Tanganyika-Rukwa-Malawi
segment of the EARS (Delvaux, 1991, 2001) active over multiple rift phases since the Late Paleozoic.

These preexisting structures appear to influence the development of intrabasin and basin structure in both
the North and Central basins (Mortimer et al., 2007; Mortimer, Paton, et al., 2016; Wheeler & Karson, 1989)
and the accommodation zone between them. We highlight the correlation between the relatively simple
intrabasinal faulting of the North Basin and the limited extent of prior rifting-related material there (~5%
of the basin) compared to the complex faulting within the Central Basin and the broad extent of prior
rifting-related material there (~25% of the basin). These observations support the argument of Mortimer,
Paton, et al. (2016) that the increased complexity of structure within the Central Basin is due to the presence
of Karoo-age preexisting structures that crosscut the basin. However, McCartney and Scholz (2016) instead
suggest that complex intrabasinal faulting may have been primarily influenced by the underlying
Proterozoic basement fabric, similar to what others have observed in different rift settings (e.g., Gulf of
Corinth; Nixon et al., 2016). The variation in intrabasinal complexity between the Central and North basins
likely results from a combination of factors, including the presence of inherited Karoo-age to
Cretaceous/Paleogene structures mapped in this study.

Large-scale preexisting structures, like basins and shear zones, likely also influence how extension is accom-
modated during the rifting process and specifically restrict or promote border fault growth (e.g., Manighetti
et al., 2001). Many authors highlight the marked parallelism between the trend of the Livingstone Fault and
the underlying Ubendian basement foliations (e.g., Ebinger et al., 1999; Morley, 2010; Mortimer et al., 2007;
Ring, 1994; Wheeler & Karson, 1989; Figure 1b), whichmay reflect the rapid establishment of the 170-km-long
fault trace along preexisting zones of weakness (e.g., Corti et al., 2013; Morley, 2010; Reeve et al., 2015). In con-
trast, there is no clear relationship between inherited faults/foliations and synrift structure beneath the 140-
km-long Usisya Fault, where the underlying basement rock is characterized by more moderately dipping
foliations with no single preferred orientation (Fritz et al., 2009; Theunissen et al., 1996). Additionally, the
Central Basin is bound to the south by the Karoo-aged Maniamba Trough and to the north by the Karoo-aged
Ruhuhu Basin (Catuneanu et al., 2005; Ebinger et al., 1987), both of which obliquely cross the Malawi Rift.
Versfelt and Rosendahl (1989) postulated that intersection of the Ruhuhu Basin with the Malawi Rift may have
influenced the opposing polarity of the Usisya and Livingstone Faults given that structures associated with
the Ruhuhu Basin are likely oriented nearly orthogonal to the Central Basin. Our study demonstrates that
these structures continue offshore across Lake Malawi at the accommodation zone and the northern termi-
nation of the Usisya Fault (Figure 10). The presence of preexisting structural obstacles can act to inhibit the
propagation of a fault but may not influence the accumulation of slip on the fault leading to shorter faults
with large throws (e.g., Manighetti et al., 2001). The presence of prominent crossing structures (the
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Maniamba Trough and Ruhuhu Basin) at the north and south ends of the Usisya Fault may have been one
factor that ultimately restricted its growth leading to a shorter fault trace but similar amount of throw com-
pared to the Livingstone Fault. The constraints from this study on fault throw and the presence of preexisting
structures in Lake Malawi adds much needed observations to inform the debate surrounding the role of pre-
existing structures in the rifing process.

7. Conclusions

We use seismic refraction data acquired by LBS to create a 3-D P wave velocity model of the northern basins
of the Malawi Rift. This model provides new, unique constraints on basin and upper crustal structure in a
weakly extended rift that can be used to understand normal fault growth, the formation and evolution of
accommodation zones, and the role of preexisting structures on rift development. These results will provide
a foundation for future, more detailed studies utilizing the collocated SEGMeNT seismic reflection data. Our
velocity model shows that ~4.3 km of sediment exists in the accommodation zone between these opposite-
polarity border faults, which smoothly shifts from eastward-thickening sediments within the North Basin to
the westward-thickening sediments in the Central Basin. This observation matches predictions of analogue
models for overlapping border faults of opposite polarity. The significant thickness of sediment within the
accommodation zones indicates that both faults likely reached their lengths early, consistent with the
constant-length model of fault growth. We present new constraints on total offset on the Livingstone and
Usisya Faults and find that both faults have accumulated vertical offsets of 6.3–6.4 km (7.3–7.4 km of fault
throw assuming a fault dip of 60°). The significant displacement accommodated on both faults indicates that
the faults are likely near their maximum dimensions, and this may suggest that an inward migration of strain
away from the boarder faults may be imminent. Thick packages of preexisting sediment interpreted in both
basins are thought to be associated with outcropping Late Paleozoic Karoo and Cretaceous-Paleogene basins
onshore. These previously active extensional basins may have influenced the development of the complex
structure of the two basins, with the limited extent of prior rifting-related sediment in the North Basin poten-
tially facilitating development of comparatively simple intrabasinal faulting compared to the more complex
Central Basin. We correlate the significant package of preexisting sediment at the northernmost end of the
North Basin with Cretaceous and Karoo-age basins that continue NW to the Rukwa Rift system. This observa-
tion adds further evidence that the region between the Rukwa and Malawi Rifts has been a corridor of exten-
sion for a significant period of time.
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