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ABSTRACT

Magmatism is often invoked as critical for assisting strain focusing during continental rift development,
and in driving lithospheric thinning and continental rupture. Accordingly, models of rift basin evolution in
the East African Rift System (EARS) have previously focused on magma-rich basins; however, a complete
understanding of how magmatism drives rift evolution requires analyses of both magma-rich and
magma-poor extensional environments. We investigate a ~10-million-year history of fault development
in the magma-poor Lake Tanganyika Rift of the Western branch of the EARS, utilizing reprocessed legacy
and high-resolution commercial seismic reflection datasets. Unlike the magma-rich Eastern branch, fault-
strain does not focus into the basin floor along the rift axis within the first ~10 million years of rift
development. Instead, large rift-bounding faults (border faults) accommodate the majority of extensional
strain (~90% of an estimated 11.5 km of extension over the 52 km-wide rift) from rift inception through
to present-day rifting. The Western branch of the EARS is also characterized by crustal structure and
fault geometries that differ from those observed for successfully rifted magma-poor margins (e.g., listric
normal faulting with mid-crustal detachments). In the absence of voluminous magmatism, we suggest
that either (1) complete continental rupture cannot be achieved in the Western branch of the EARS, or
(2) continental break up in the Western branch will proceed under a model that contrasts with that

invoked for both the Eastern branch and magma-poor rifted margins generally.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The growth of upper crustal normal faults, and fault popula-
tions, plays an integral role in the development of continental rift
basins (e.g., Rosendahl, 1987; Corti, 2008; Whitmarsh et al., 2001;
Muirhead and Kattenhorn, 2018). These structures accommodate
extensional tectonic stresses (oy = 01 > 02 > 03) in the brittle up-
per crust, whereas the viscous lower crust is inferred to deform
via ductile thinning and magmatism (Ebinger and Casey, 2001;
Keir et al, 2006). Rift basin normal faults represent significant
earthquake hazards (Biggs et al., 2010; Wauthier et al., 2015;
Kolawole et al., 2017), control sediment routing patterns (Scholz
et al,, 1990; Ebinger and Scholz, 2012), and allow for strain focus-
ing that leads to continental rupture and the initiation of seafloor
spreading (Whitmarsh et al., 2001; Ebinger, 2005; Franke, 2013;
Corti, 2009; Muirhead et al., 2016).

The East African Rift System (EARS) is an ideal site to in-
vestigate the development of fault systems as early-stage conti-
nental rifts evolve toward seafloor spreading (Ebinger and Casey,
2001; Corti, 2009; Muirhead et al., 2016; Stab et al., 2016). This
>3000 km-long continental rift is divided into Eastern and West-
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ern branches (Fig. 1) separated by the Archean Tanzanian Craton.
Compared to the Western branch, the Eastern branch is compar-
atively magma-rich, with volcanic centers spatially aligned along
strike over ~20-100 km intervals, and abundant dike-fed mono-
genetic volcanic cones distributed on the rift floor (Baker et al.,
1971; Mohr and Wood, 1976; Biggs et al., 2009; Muirhead et
al., 2015). Structural investigations of basins of different ages in
Kenyan and Ethiopian sectors of the Eastern branch illustrate how
fault strain is localized within basins as they evolve (Dunkelman
et al., 1989; Karson and Curtis, 1989; Hayward and Ebinger, 1996;
Agostini et al., 2011; Muirhead et al., 2016). Broadly, two types
of fault systems accommodate extensional strain in the upper
crust: (1) border faults, which bound rift segments, can be up to
~80-100 km-long, and accrue thousands of meters of throw; and
(2) intra-rift faults, which are smaller than border faults (tens of
kilometers long, with tens to hundreds of meters of throw) and
form in the central, inner depressions of rift basins (Corti, 2009).
During the first few million years of rifting, strain is localized along
border faults accommodating asymmetric subsidence and produc-
ing basins with half-graben morphologies. These faults accrue sig-
nificant amounts of throw (>1 km), and flexure of the border
fault hanging wall induces extensional stresses that are accom-
modated via intra-rift faulting within the subsiding half-graben
basin (Muirhead et al., 2016). Upper crustal strain becomes fo-
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Fig. 1. Geographical location of Lake Tanganyika and surrounding rift lakes in the
Western branch of the EARS. Lake waters are annotated on the 90 m SRTM dataset
as light blue polygons. Also annotated are the South Kivu and Rungwe volcanic
fields (VF) in red. Inset in the top right is of NE Africa showing the spatial ex-
tent of the EARS as indicated by major pre- (dark grey) and syn-rift (black) fault
structures, and related lake systems (dark blue). Black box outlines the location of
the main figure. The Eastern (EB) and Western branches (WB) are also annotated.
(For interpretation of the colors in the figure(s), the reader is referred to the web
version of this article.)

cused within the intra-rift fault system after 3 to 7 million years
of rifting, with an accompanying reduction in the rate of border
fault slip (Muirhead et al., 2016). This transition to intra-rift fault-
ing in the 3-7 Ma Natron and Magadi basins (Kenya-Tanzania)
coincides with the emplacement of lower crustal magmas be-
low the center of the basin and release of magmatic fluids along
deeply penetrating faults (Lee et al.,, 2016; Muirhead et al., 2016;
Lee et al, 2017; Plasman et al., 2017; Weinstein et al., 2017).
Overall, these studies suggest that strain focusing within fault
populations of the Eastern branch is assisted by the mechanical
and thermal effects of magma intrusion (Karson and Curtis, 1989;
Buck, 2004; Beutel et al.,, 2010; Bialas et al., 2010), as well as
fluid-driven weakening (Muirhead et al., 2016; Lee et al., 2017;
Weinstein et al., 2017)

With the exception of magma-rich transfer zones (also called
accommodation zones; e.g., Rosendahl, 1987; Hayward and Ebinger,
1996) that develop in the linkage areas between segmented
rift basins (e.g., Virunga Proince, north Kivu; Corti et al., 2004;
Wauthier et al., 2013), rift development in the Western branch
is observed to occur in the absence of magmatism (O’Donnell et
al.,, 2013; Shillington et al., 2016; Accardo et al., 2017), or signifi-
cantly lower volumes of intruded magma (O’Donnell et al., 2015;
Hodgson et al., 2017). Instead of magmatic weakening influenc-
ing the development of fault systems, preexisting structures are
thought to play a critical role in strain localization processes (Daly
et al., 1989; Kilembe and Rosendahl, 1992; Wheeler and Karson,
1994; Klerkx et al., 1998; McCartney and Scholz, 2016). Although
the general geometric configuration of border fault systems is
well constrained for many Western branch basins (e.g., Rosendahl,
1987; Morley, 1988), very few studies have investigated the tem-
poral development of these fault systems in great detail. To address
this question, McCartney and Scholz (2016) recently applied syn-

depositional fault analyses interpreted from 2-D reflection seismic
data of the ~6 Ma Malawi Rift. This study revealed a 1.3 Myr
(million year) history of intra-rift faulting in this basin, and con-
cluded that intra-rift faults were established early in basin’s history
(sometime within the first 5 million years) and during this time
were active synchronously with the border fault system, much
like that observed for the Eastern branch (Agostini et al., 2011;
Muirhead et al., 2016). However, the geochronological constraints
in McCartney and Scholz (2016) did not permit an investigation
of older fault displacements (2 to 6 Ma) in this ~6 Myr-old rift,
and the timing of fault initiation and their evolving role in strain
accommodation as the basin developed is unresolved.

It is therefore still unknown if and when intra-rift faulting be-
comes the dominant mode of upper crustal strain accommodation
in Western branch rifts, which appear to be initiated with a very
low magma supply (O’Donnell et al., 2013, 2015). Basin develop-
ment models for the Eastern branch of the EARS suggest that the
transition to intra-rift dominated strain accommodation is a critical
process during rift evolution to seafloor spreading (Ebinger, 2005;
Corti, 2009; Muirhead et al., 2016). In older (>10 Ma) and pre-
sumably more evolved basins in the Main Ethiopian Rift, these
intra-rift fault systems represent the upper crustal expression of
magmatic segments (refer to Ebinger and Casey, 2001; Keir et
al., 2006), which are also inferred to be nascent spreading ridges
(Ebinger, 2005; Corti, 2009). Some authors advocate that the devel-
opment of magmatic segments in the Eastern branch occurs in re-
sponse to decompression melting below the rift center from litho-
spheric thinning during intra-rift fault development (Corti, 2008);
hence, without strain focusing into intra-rift faults in the basin
center and its related magmatism, it may be that complete con-
tinental rupture cannot occur in thick lithosphere in East Africa
(Buck, 2004; Bialas et al., 2010).

Here we address the role of intra-rift faulting over the course
of rift evolution in the Western branch, through a seismic reflec-
tion data analysis of the ~10 Ma Lake Tanganyika Rift (Cohen
et al, 1993). The distribution and orientations of rift faults are
compared with inherited basement fabrics (e.g., Precambrian shear
zones of Choubert and Faure-Muret (1968)) observed along up-
lifted rift flanks. Syn-depositional fault analyses on intra-rift faults
from newly reprocessed and commercial seismic reflection data
reveal the timing of fault development, and how fault throw has
accumulated on individual faults through time, as documented by
displacements observed on horizons bounding successive intervals
of the syn-rift sequence. These data provide new insights into how
strain localization proceeds and evolves in an area of reduced mag-
matism in the Western branch, thereby testing the importance of
magma for assisting continental rift evolution and breakup. Results
and observations from our study region are then compared with
successfully rifted magma-poor margins to examine the efficacy of
break up processes in the Western branch.

2. Regional geology

The Lake Tanganyika Rift is a mid- to late-Miocene, multi-
segment rift basin situated in the relatively magma-poor West-
ern branch of the EARS (Rosendahl, 1987; Morley, 1988) (Fig. 1).
The surface of the modern-day lake has an elevation of 767 m
above mean sea level (amsl), and rift-associated topography on
border fault footwall uplifts is as much as 3500 m amsl. Age es-
timates based on short-term sediment accumulation rates from
core sampling and depth-to-basement estimates support rifting
initiation at Lake Tanganyika at 9-12 Ma (Cohen et al., 1993).
An earlier phase of rifting at ~25 Ma is hypothesized for the
neighboring Rukwa Rift, which is situated ~100 km east of south-
ern Lake Tanganyika (Roberts et al., 2012). Extension and related
basin subsidence is driven primarily through displacements along



334 J.D. Muirhead et al. / Earth and Planetary Science Letters 506 (2019) 332-346

l:‘ Lake water

D Quaternary sediments

Karoo Supergroup
(Permo-Triassic)

Katanga Supergroup
(Neoproterozoic)

Kibara and Kiragwe-Ankolean Belts
(Mesoproterozoic)

(Paleoproterozoic)

Bangweulu Block
(Paleoproterozoic)

Tanzanian Craton
(Archaen)

Lake bathymetry contour
(400 ms intervals)

O
O
0
. Ruzizian and Ubendian Belts
C
u
0/

Fig. 2. Broad distribution of major geological units in the Lake Tanganyika region, modified from Choubert and Faure-Muret (1968) and annotated on the 90 m SRTM DEM.
Within the lake are bathymetric contours derived from multichannel seismic data (400 ms TWTT contour spacing).

major rift-bounding faults (Morley, 1988) to produce the world’s
second deepest lake, with a maximum depth of ~1450 m. Nine
border faults are observed across the lake and define a series of
rift segments that are kinematically linked by transfer (or accom-
modation) zones (Rosendahl, 1987; Morley, 1988). Basin segments
commonly exhibit the half-graben morphologies characteristic of
the EARS, although a few segments form as full-grabens (Morley,
1988). Extension directions are restricted to sparse GPS measure-
ments and focal mechanism inversions (Delvaux and Barth, 2010;
Saria et al., 2014), which support an E-W- to ESE-WNW-trending
least compressive stress in the northern half of the lake, and NE-
SW-trending least compressive stress in the south (Delvaux and
Barth, 2010).

Surficial deposits adjacent to Lake Tanganyika show no signifi-
cant evidence of volcanism during rifting, other than thin (<1 c¢m)
Holocene tephras associated with Rungwe volcanic province erup-
tions, and volcanic centers across the Tanganyika-Malawi Rift
sector are >500 km apart (Fig. 1). Accordingly, many authors
suggest the Lake Tanganyika Rift, and Western branch generally,
is “amagmatic” or magma-poor (Kilembe and Rosendahl, 1992;
Muirhead et al., 2015; Accardo et al., 2017). Consistent with these
assertions, geophysical evidence for melt bodies in the upper man-
tle is absent in the Lake Tanganyika region (O’Donnell et al.,
2013, 2015). However, V,/Vs ratios suggest that magma and/or
fluids potentially reside in the lower crust in southern Lake Tan-
ganyika, primarily below the uplifted eastern rift flank in the trans-
fer zone between the Rukwa Rift, with potential lower crustal
melt also below the Manda graben (Hodgson et al., 2017). Simi-
larly, sub-lacustrine hydrothermal vents documented in north Lake
Tanganyika exhibit §3C values of dissolved carbon dioxide rang-
ing —3.8 to —9.1%. (Botz and Stoffers, 1993), which are within
the range of isotopic values of magmatic volatiles measured in
the Kenya Rift (Lee et al., 2017). The volumes of intruded mag-
mas situated below Lake Tanganyika are unresolved, but are in-
terpreted to be a fraction of those intruded in basins in the

Eastern branch, which exhibit abundant geophysical, geological,
and geochemical evidence for lower crustal magmatic modification
(Baker et al., 1971; Mechie et al., 1994; Ebinger and Casey, 2001;
Keir et al., 2009), widespread volcanism (Baker et al., 1971), active
intrusion (Wright et al., 2006; Calais et al., 2008; Biggs et al., 2011;
Weinstein et al.,, 2017), and widespread magmatic CO, degassing
(Hunt et al.,, 2017; Lee et al., 2017).

Syn-rift sedimentary sections of the Lake Tanganyika Rift are
rarely exposed onshore (Tiercelin et al, 1992), although out-
crops of crystalline bedrock are commonly observed on the coast-
line and outward into the surrounding rift flanks (Fig. 2). The
Lake Tanganyika Rift occurs preferentially within Proterozoic and
early Phanerozoic mobile belt rocks (typically high-grade meta-
morphic rocks) positioned on the periphery of the Archean Tan-
zania craton (primarily plutonic rock). Lithosphere in these mo-
bile belts is thought to be weaker than the surrounding craton,
and hence extensional deformation has localized along preexist-
ing shear zones within these mobile belts (Daly et al., 1989;
Klerkx et al., 1998). Little is known of the thick syn-rift sequence
of the Lake Tanganyika Rift, primarily due to a lack of deep drill
cores in the sedimentary section. Sediment cores extend no deeper
than ~10 m, providing a ~30-100 kyr record of sedimentation
(Cohen et al., 1993; Scholz et al., 2003). Legacy 2-D reflection seis-
mic data (Rosendahl et al., 1988) acquired in a reconnaissance grid
over Lake Tanganyika were originally interpreted to show two ma-
jor seismic stratigraphic units in the lower and upper parts of the
syn-rift sequence; these interpretations are further subdivided in
the current study using recently acquired commercial seismic re-
flection data (outlined in Supplemental Text). The lower part of
the syn-rift sequence (Magara Sequence: Rosendahl et al., 1988;
Macgregor, 2015) typically comprises lower amplitude, chaotic
discontinuous reflections overlain by continuous, high-amplitude,
low-frequency reflectors. The age of this unit is thought to range
from middle Miocene to early Pliocene (Cohen et al., 1993). The
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Fig. 3. Interpretation of seismic profile line ION-PROBE 84-210. (A) Interpreted depth section showing the key horizons and major sequences in the syn-rift section, and major
normal faults. Acoustic basement is colored dark greyish blue, and border fault fan delta/talus deposits are colored peach. (B) Un-interpreted depth seismic section. Note the
characteristic attenuation of the seismic signal below the Nyanja Horizon. (C) Inset showing the location of ION-PROBE line 84-210 and the extent of seismic reflection data
throughout Lake Tanganyika used in this study. Black lines and red lines show the line distribution the ION-PROBE and commercial seismic datasets.

upper half of the syn-rift sequence (Kigoma Sequence: Rosendahl
et al., 1988; Macgregor, 2015) is typically composed of continuous,
high-amplitude, high-frequency reflectors. The possible age range
of this unit is early Pliocene to Holocene, based on ages from
Cohen et al. (1993).

3. Methods
3.1. Reflection seismic datasets

Our study utilizes over ~1900 km of reprocessed legacy Project
PROBE data acquired in Lake Tanganyika (Rosendahl et al., 1988)
(Fig. 3). These 24-fold reflection seismic data have an average spac-
ing of 18 km between lines and were acquired using a 140 cubic
inch single air gun and a 48-channel hydrophone streamer, with
a maximum offset of 1450 m. The legacy PROBE dataset (for orig-
inal seismic profiles, refer to Rosendahl et al., 1988 and Morley,

1988) was reprocessed in 2016 by ION Geophysical using modern
algorithms, and pre-stack depth migrated, and is referred to herein
as the ION-PROBE dataset. A detailed summary of processing rou-
tines is provided in the Supplemental Information. In addition to
the ION-PROBE data, our analyses are supplemented by 2D com-
mercial multichannel reflection seismic data collected in 2012 for
the Tanzania Petroleum Development Corporation in the southeast-
ern part of the lake. The 60-fold commercial data are broad band
(~5-75 Hz), and were acquired using a 3 km-long streamer and a
500 cubic inch air gun array. These data have a higher resolution
and higher spatial density (typical line-spacing of ~3 km) than the
ION-PROBE data, but are restricted to <20% of the lake, whereas
the ION-PROBE data are distributed across the entire basin (Fig. 3).
The two datasets are thus complementary, where the commercial
data provide detailed information on the stratigraphic framework
(see Supplemental Text).
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Fig. 4. Results of lineament analyses in Precambrian basement on the flanks of the Lake Tanganyika Rift annotated on the 90 m SRTM dataset. (A) Rose diagrams showing
the trends of major (lengths >10 km) pre-existing lineaments within the various structural provinces. From north to south these provinces are the (a) Ruzizi, (b) Kigoma,
(c) Kalemie, (d) Marungu, and (e) Mpulungu provinces. (B) Rose diagrams showing the trends of major (lengths >10 km) pre-existing lineaments within different basement
terranes (key provided in Fig. 2). The pink, blue, green, and purple rose diagrams correspond to lineaments in the Kiragwe-Ankole Belt, Katanga Supergroup, Ruzizian-

Ubendian Belt, and Bangweulu Block, respectively.

3.2. Mapping faults and preexisting structures from remote sensing
datasets

Neogene faults and preexisting Precambrian structures around
the margins of Lake Tanganyika were interpreted, mapped, and an-
alyzed in the study region using the 30 m SRTM (both DEM data
and hillshades), with the aid of existing maps (e.g., Choubert and
Faure-Muret, 1968) (Fig. 4). Lineaments with lengths >10 km and
exhibiting observable surficial scarps (minimum relief of 30 m)
were interpreted as fault segments. Pre-existing basement struc-
tures (e.g., fractures, shear zones) were extracted from the geolog-
ical map of Choubert and Faure-Muret (1968), and compared with
interpreted lineaments from the 30 m SRTM data. These features
are located in the Kibara-Karagwe-Ankolean and Ruzizi-Ubendien
belts, Katanga Supergroup, and Bangweulu Block. The criteria for
identifying these features are discussed in the Supplemental Text.

3.3. Seismic stratigraphy of Lake Tanganyika

Our interpretation of syn-rift sequences is based on the seis-
mic stratigraphy interpreted from the commercial dataset (see also
Supplemental Text). Six major depositional sequences are observed
within syn-rift sediments of the Marungu and Mpulungu provinces
in southeast Lake Tanganyika. The sequences are interpreted based
on stratal relationships of the bounding stratigraphic surfaces, such
as erosional truncation, onlap, and downlap, and the acoustic char-
acter of the stratigraphic units. Following the interpretation of
Rosendahl et al. (1988), the base of the syn-rift sequence is de-
fined by a distinct low-frequency, high-amplitude seismic reflector,
termed the Nyanja Event. This horizon was previously interpreted
as the contact between rift basin sediments and crystalline base-
ment (e.g., Rosendahl et al., 1988).



J.D. Muirhead et al. / Earth and Planetary Science Letters 506 (2019) 332-346 337

3.4. Reflection seismic analyses of fault system development

Faults within the Lake Tanganyika syn-rift sequence were
mapped using ION-PROBE and commercial reflection seismic data.
Baudon and Cartwright (2008) show that errors in throw values for
faults analyzed in 2D reflection seismic are approximately equal
to the sample rate of the data. Therefore, we expect that faults
with throws >2 ms can be theoretically identified using the ION-
PROBE and commercial seismic data, respectively (based on the
sampling rate of the data). A regional profile along the Kigoma
basin was restored and balanced (i.e., conserving area) using the
depth converted ION-PROBE lines 84-210 and 83-38, as well as
ASTER DEM data, using the Lithotect structural restoration soft-
ware (see Supplemental Information), to provide a revised estimate
of total horizontal stretching in the Lake Tanganyika Rift. This ap-
proach of using seismic profile lines is inherently 2D; however, our
study is primarily focused on the history of rifting observed up the
syn-rift sequence, and seismic sections within the deeply subsided
Kigoma basin represent the ideal candidate sections for such an
analysis (discussed further in Section 3.5).

3.5. Analysis of syn-depositional faulting

We performed a syn-depositional (growth) fault analysis in the
Kigoma basin from a depth-converted section of seismic line ION
PROBE 84-210 (see also Supplemental Text). The Kigoma basin
represents one of the most deeply subsided and oldest basins
in the multi-segment Lake Tanganyika Rift system (Cohen et al.,
1993) (Figs. 2 and 3), and therefore provides a longer history of
fault development compared to shallower, thinner, and possibly
younger basins in the south and north. With water bottom depths
>1000 m, seismic facies over much of the basin show excep-
tional reflection continuity compared to other seismic lines (see
Rosendahl et al., 1988). This supports the interpretation that the
thick sedimentary pile (>5 km in places) was fully subaqueous
over its history, representing a complete sedimentary sequence
with high temporal continuity, and uninterrupted by erosional
events during lake low-stands (Scholz et al., 2007). For example, in
the middle to late Pleistocene, lake levels were at times more than
600 m lower than the present level (Scholz and Rosendahl, 1988).
The main seismic profile line through the center of the Kigoma
basin (ION-PROBE 84-210) also trends 095° and approximately
parallel to the regional extension direction from analysis of earth-
quake focal mechanism and GPS data (Delvaux and Barth, 2010;
Saria et al,, 2014). The analyzed seismic section is therefore opti-
mally oriented (parallel to fault dip direction) with respect to the
~N-S-striking faults in the northern half of Lake Tanganyika Rift.

3.5.1. T-z plots

Throw (T) versus depth (z) plots are commonly used to study
fault evolution in both 3D and 2D reflection seismic data in sed-
imentary basins worldwide, including the Eastern Mediterranean
(e.g., Baudon and Cartwright, 2008), the North Sea (e.g., Duffy et
al,, 2015), the Suez Rift (e.g., Jackson and Rotevatn, 2013), Gulf
Coast (Cartwright et al.,, 1998), and EARS (McCartney and Scholz,
2016). The method has also been applied in paleoseismic anal-
yses of normal fault systems onshore, and when combined with
age constraints, can provide time-averaged slip-rates (Berryman
et al., 2008). For syn-depositional (growth) faults in sedimentary
rift basins, throw is gradually accumulated during deposition of
syn-rift sediments. Depending on the rate of sedimentation, the
fault scarp developing at the surface will be completely covered in
sediment, so that the amount of observable throw at the surface
approaches zero, whereas the total throw accumulated over the
lifetime of the fault can only be confidently measured along the

basement horizon (base of the syn-rift sequence). Plotting strati-
graphic throw vs. depth (or throw vs. time) on syn-depositional
faults thus reveals temporal (or depth) variations in throw, which
can be used to estimate the amount of throw accumulated along a
fault during different depositional time periods (e.g., Berryman et
al., 2008). Here, we calculate stratigraphic throw (T) on horizons
in the depth-converted sections by measuring the vertical separa-
tion, in meters, between the hanging wall and footwall cutoffs for
the horizon (Eq. (1)):

T=2zy—zF (1)

where zy is the depth of the hanging wall cutoff and zg is the
footwall cutoff depth for the same horizon. The depth (z) in the
T-z plot is the depth of the midpoint between the hanging wall
and footwall cutoffs (Eq. (2)):

z=2zF— 05T (2)

Finally, the total throw accumulated during each sequence, bound-
ed by the 5 major horizons identified in the current study (Fig. 3),
is estimated using the following (Eq. (3)):

Ts=TL—Ty (3)

where Ts is the throw accumulated during the sequence of in-
terest, and Ty and Ty are the measured throw on the lower and
upper horizons, respectively, of the sequence.

4. Structural data
4.1. Pre-existing structures

Remote sensing analyses of Precambrian basement fabrics in
our study area are in good agreement with the regional geolog-
ical map of Choubert and Faure-Muret (1968) (Fig. 4). Overall,
these data reveal systematic variations in inherited fabrics be-
tween different basement terranes. The dominant basement fab-
ric in the Lake Tanganyika Rift region trends NW-SE. Within the
Bangweulu Block, near the SW sector of the lake, this NW-SE-
trending fabric is present, although there is also a weak NE-SW-
trend (Fig. 4). Fabrics within Ruzizian-Ubendien Belt rocks trend
NW-SE. Similar NW-trending fabrics are observed on the western
margin of the lake in Permo-Triassic Karoo rocks, and follow the
trend of inferred Karoo-age faults (Klerx et al, 1998). Near the
center of the Lake Tanganyika Rift, and east of the lake, we ob-
serve NW-SE-trending lineaments in the Katanga Supergroup. In
the north, within the Kiragwe-Ankole Belt, basement fabrics trend
NW-SE.

4.2. Rift faults

4.2.1. Comparison with previous fault maps

Original fault mapping within the offshore syn-rift sedimentary
section by Rosendahl (1987) resulted in nine interpreted border
faults bounding Lake Tanganyika. Border fault traces were orig-
inally interpreted to form idealized arcuate shapes in map-view
(Rosendahl, 1987) in accordance with preconceived models of rift
architecture, although later interpretations (e.g., Morley, 1988) fa-
vored straight fault traces in plan-view and between nine and
twelve border faults. The strict lineament identification criteria ap-
plied in the current study (see Supplemental Text) results in linear
fault traces (bother border and intra-rift faults) similar to Morley
(1988), and a significant reduction in the number of transverse
faults (i.e., structures striking oblique to the dominant fault pattern
and lake shoreline) (Fig. 5). This revised interpretation contrasts
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Fig. 5. Structure of the Lake Tanganyika Rift annotated on the 90 m SRTM dataset. (A) Distribution of faulting with respect to the rift lake (blue polygon). Histogram in the
top right is of length-weighted fault trends for faults within and up to 100 km outside the lake. (B) Structure contour plot of Lake Tanganyika in two-way travel time (TWTT).
Contour map represents the depth to the base of the syn-rift section (Nyanja Horizon) from the lake surface.

with earlier work of Rosendahl et al. (1992) (Fig. 6). However, the
interpreted fault traces, and dominantly rift-parallel fabric, are geo-
metrically similar to subaerially exposed fault systems in rift basins
in Kenya and Ethiopia (e.g., Agostini et al., 2009; Muirhead et al.,
2015, 2016), and faults within the syn-rift sequence strike sub-
parallel to faults observed in the 30 m SRTM data outside of the
lake. As such, we suggest the combined use of ION PROBE and
30 m SRTM data provides the most accurate interpretation of fault
systems in Lake Tanganyika to date.

4.2.2. Regional fault trends

We identify nine border faults in the syn-rift sequence of Lake
Tanganyika, and 55 smaller, intra-rift faults meeting our mapping
criteria, as well as 96 faults in basement rocks outside of the lake.
The length-weighted histogram plot of fault trends in Fig. 5 re-
veals dominantly NW-trending faults in the Lake Tanganyika Rift.
Additionally, NE-trending and N- to NNE-trending fault sets are ob-
served in several localities (Fig. 7).

Fault data were subdivided based on the 5 structural provinces
of Rosendahl et al. (1988), the boundaries of which have been
slightly adjusted based on the revised distribution of border
faults in the current study (Fig. 7). Fault trends in the Lake
Tanganyika Rift vary from south to north between the differ-
ent structural provinces, with up to three fault populations in
each province based on the grouping of fault data (Fig. 7). The
southernmost province, the Mpulungu Province, exhibits a pri-
mary NW-trending fault population with a subsidiary NE-trending
fault set. The Marungu Province is dominated by NW-tending
faults. A primary NW-trending fault set is also observed in the
Kalemie Province, with minor NE-tending faults. Farther north, in
the Kigoma Province, N- to NNE-trending faults are more preva-
lent than in the south, although NW-trending faults are observed.
In the northernmost province, the Ruzizi Province, faults are al-
most exclusively grouped into N- to NNE-trends. The strike of the
primary fault fabric rotates overall in a clockwise direction from
south to north, from a dominantly NW-orientation in the south to
a NNE-orientation in the north.
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Fig. 6. Comparison of fault trends for mapped faults within Lake Tanganyika between the current and previous studies. Fault maps (a)-(c) are annotated on the 90 m SRTM
DEM. The % frequency histograms correspond to faults trends from (d) this study, (e) Rosendahl et al. (1988), and (f) Morley (1988). To ensure consistency between datasets,
only faults that occur on the lake edges and/or those inferred to dissect the syn-rift sequence were analyzed. Therefore, the off-rift structures presented in Fig. 8 are not

included on the histogram plot in (d).

4.3. History of faulting and extension in the Kigoma basin

Structural restorations (Fig. 8) of the 52 km-wide Kigoma basin
provide a B-factor of 1.283, or 28.3% crustal extension. This ex-
tension is primarily accommodated along the eastern and western
border faults, which exhibit cumulative heaves of ~10,000 m, ac-
counting for ~87% of the total horizontal extension in the basin
(Fig. 8). Crustal thinning values estimated in our study are consis-
tent with crustal thinning estimates from receiver function anal-
yses in southern Lake Tanganyika (S-factor up to 1.33; Hodgson
et al, 2017). However, our estimate of 11.5 km of crustal exten-
sion is higher than previous estimates for basins along the Western
branch, which typically range 3 to 10 km (Ebinger et al., 1991). It
is also greater than previous extension estimates by Morley (1988)
in Lake Tanganyika of 4-5 km based on analyses of legacy reflec-
tion seismic data (e.g., Project PROBE), although Morley (1988) did

not consider rift flank uplifts in border fault footwalls outside the
extent of the seismic profiles (Fig. 8).

Fault throw histories of the intra-rift faults are inferred from
T-z plots in the Kigoma basin (Fig. 9; Table 1). The Nyanja event
is displaced by 80% of the intra-rift faults, with all faults exhibit-
ing increasing throw values that tend toward zero at the surface,
consistent with syn-depositional faulting. By contrast, 20% of faults
in the syn-rift sequence exhibit throw vs. depth values consistent
with isolated faults (for terminology, see Jackson and Rotevatn,
2013), where faults are not basement-involved or where the great-
est throw along the fault occurs in shallower parts of the syn-rift
sequence above the basement horizon. These were not considered
in our final T-z analysis, nor in our estimates of fault slip dur-
ing deposition of each sequence. Overall, throws along isolated
intra-rift faults in the Kigoma basin amount to a total of 144 m,
representing ~5% of the total intra-rift fault displacement (3180 m
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Fig. 7. Comparison of fault orientations and basement lineaments for the different structural provinces of the Lake Tanganyika Rift. From north to south, these provinces
include the (a) Ruzizi, (b) Kigoma, (c) Kalemie, (d) Marungu, and (e) Mpulungu provinces. Black rose diagrams show the trends of normal faults, whereas the grey rose plots
are the trends of basement lineaments (presented also Fig. 4a). Large and small white arrows represent the orientations of the least (03) and intermediate (0) compressive
stresses from Delvaux and Barth (2010) for northern and southern portions of Lake Tanganyika.

cumulative throw); therefore, discarding these second-order struc-
tures from our analyses has a negligible impact on the final results.

Syn-depositional fault analyses provide insights into the broad
timing of fault initiation (Fig. 9; Table 1). Our analyses suggest
that activity on all the resolved syn-depositional faults had initi-
ated by the end of Sequence 3 in the Pliocene. Most of these faults
activated early in the basin’s history, with 64% initiating during Se-
quence 1, and 32% during Sequence 2.

Throw on these intra-rift faults decreases up-sequence, and
thus over the course of basin development (Fig. 9; Table 1), con-
sistent with growth faulting. Within Sequences 1 and 2 (mid-
dle Miocene to early Pliocene), intra-rift faults have cumulative
throws of 2265 m. By contrast, during Sequence 3 to 5 (early
Pliocene to present) intra-rift faults accumulated 915 m of throw.
These results illustrate that ~70% of the cumulative intra-rift fault
strain (3180 m of throw) occurred during the earliest stages of

rifting, suggesting that intra-rift fault activity has decreased over
the course of rifting. These conclusions are verified by calculated
B-factors for the intra-rift faults in our structural reconstructions.
In the intra-rift fault population, a S-factor of 1.021 is estimated
for intra-rift faults during deposition of Sequences 1 to 2 (60%
of intra-rift extension), compared to B-factor of 1.014 during Se-
quences 3-5 for the ~52 km-wide zone of rifting.

5. Discussion
5.1. Controls on fault orientations

Revised fault mapping of the Lake Tanganyika Rift from both
remote-sensing and reflection seismic datasets reveals systematic

variations in fault orientations from south to north along the
rift. Broadly, the rift has localized within Precambrian mobile belt
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Fig. 8. Balanced (A) and restored (B)-(D) regional profiles across Lake Tanganyika
constructed from ION-PROBE 84-210, ION-PROBE 83-38, and ASTER data (1:1 ver-
tical to horizontal scale). Exact location of the regional profile line is presented
in Fig. S4. Note that the complete removal of lake water and restoration of each
sequence to the regional pin represents the standard simplified approach for all re-
construction studies; however, some volume of lake water is expected to be present
at all stages, and border fault displacements depicted between stages (B) and (C)
represent maximum values. (B) Regional profile after removal of the water col-
umn and decompaction. The topographic profile of the border fault footwall was
reconstructed to a pre-erosion state by fitting a line to the mean elevation profile
estimated from eight separate topographic profiles on the rift flanks of the Kigoma
basin (Supplemental Fig. S4). (C) Regional profile after restoration and decompaction
of sequence 1-2. The reconstruction method minimizes topography on the uplifted
rift flanks, and therefore the observed border fault configuration during this re-
stored stage does not represent the true rift topography at the end of deposition
of Sequences 1 and 2. (D) Restoration of basement to the regional pinpoints. A de-
tailed description of the methods and results are provided in the Supplemental Text.
Profile location provided in Supplemental Fig. S3.

rocks, rather than Archean cratonic lithosphere (Daly et al., 1989;
Fig. 2). In places, fault patterns mimic the inherited fabric (Fig. 7).
Broadly, the NW-striking faults trend parallel with preexisting
basement fabrics in the Katanga Supergroup, Katanga Supergroup,
Ruzizian-Ubendian Belt, and Bangweulu Block, as well as Karoo
rift structures (Klerx et al., 1998). These observations highlight the
possible influence of inherited crustal weaknesses on fault orienta-
tions and strain localization within the rift (Versfelt and Rosendahl,
1989; Klerkx et al., 1998).

In the Kigoma and Ruzizi Provinces, however, the N- to NNE-
trending faults strike oblique (i.e., >20°) to the dominant trends
of preexisting lineaments in the Precambrian terranes, which are
NNW-SSE and NE-SW in the Ruzizi and Kigoma Provinces, respec-
tively. Instead, these N- to NNE-trending faults are oriented normal
to the regional extension direction inferred from GPS-based mod-
eling (Saria et al., 2014) and to the minimum horizontal stress
direction from inversion of focal mechanism data (Delvaux and
Barth, 2010) (Fig. 7). These optimally-oriented faults (i.e., faults
striking normal to the minimum horizontal stress) may have in-
stead activated intact rock, rather than utilizing the pre-existing
grain observed in our lineament analyses.

Data from Delvaux and Barth (2010) also support local stress
rotations in the central and southern parts of Lake Tanganyika,
such that the least compressive stress is oriented normal to the
many NW-SE-trending faults (Fig. 7). The local stress field may
therefore provide the dominant control on the observed normal
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Fig. 9. Changes in fault throw measured on the major sequence boundaries for
growth faults in the Kigoma basin. Lines connect throw values measured on major
horizons. Isolated faults (20% of faults measured) were not included, as the timing
of the initiation cannot be assessed from such an analysis. Measurements collected
from seismic profile line ION-PROBE 84-210. The different sequence boundaries and
an interpreted section are presented in Fig. 3. All throw data are normalized by
dividing throw (T) by maximum throw (Tmax). The deepest horizons occur at the
base of the graph (i.e., Ny) and shallowest at the top (WB), thus these data illus-
trate changes in fault throw up the syn-rift sequence. For growth faults, maximum
throw is observed on the acoustic basement horizon and decreases to zero by the
surface horizon (WB). Periods of fault activity can be inferred by observing where
fault throw decreases between sequence horizons.

fault trends (see also Corti et al. (2013) for examples from the
Main Ethiopian Rift). However, local stress rotations in south Lake
Tanganyika may also be driven by the broad NE-SW orientation
of local Precambrian terranes (Daly et al.,, 1989), as the maximum
horizontal stress can theoretically reorient and align parallel to rel-
atively weak, lithospheric discontinuities (Morley, 2010).

5.2. Fault system evolution in the Lake Tanganyika Rift

Our analysis of fault system development in the Kigoma basin
and Lake Tanganyika Rift generally, provides important insights
into rift evolution in magma-poor regions of the EARS. The pre-
existing basement fabric and recent rift faults are roughly parallel
(Fig. 7), suggesting that inherited structures in part played a role in
localizing fault strain. Although some authors advocate fault reac-
tivation under oblique-dextral-slip in this part of the rift (Klerkx et
al., 1998, and references therein), most faults in Lake Tanganyika
strike orthogonal to the present day least compressive stress di-
rection of Delvaux and Barth (2010). As such, we suggest that
inherited basement weaknesses were reactivated as normal faults
when optimally oriented to the principal stresses acting across the
Lake Tanganyika Rift, resulting in the dominantly dip-slip behav-
ior recorded during recent earthquake events (Delvaux and Barth,
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Table 1

Fault throws along major sequence boundaries for all growth faults in the Kigoma
Basin on seismic line ION-PROBE 84-210 (horizons presented in Fig. 3). The cumu-
lative throw for each sequence boundary is presented as well as the total throw
accumulated during the deposition of the sequence directly overlying each bound-
ary (seq. throw). All faults are presented in Fig. 3.

Fault no. Fault throw (m) on sequence boundary
Ny H1 H2 H3 H4 WB

1 228.6 123 0 0 0 0
2 55.65 0 0 0 0 0
4 32.2 14.6 0 0 0 0
6 106.1 773 69.2 60 36.9 0
7 973.6 4133 159.8 115.5 78.4 0
8 32.2 32.2 14 0 0 0
9 52.8 40 16.5 15.7 0 0
11 35.6 35.6 35.6 32.8 214 0
12 28.5 0 0 0 0 0
13 109.9 304 0 0 0 0
14 161.2 161.2 119.8 713 69.9 0
15 132.7 72.7 0 0 0 0
16 414 414 0 0 0 0
17 63.6 32 29 0 0 0
19 6 5 0 0 0 0
20 119 40 0 0 0 0
21 209 181 128 79 46 0
22 60 19 0 0 0 0
23 170 170 139 31 0 0
24 65 65 0 0 0 0
25 20 20 0 0 0 0
26 287 287 160 53 48 0
27 28 28 0 0 0 0
30 116 36 25 0 0 0
31 46 46 19 0 0 0
cum. throw (m) 3180.05 1970.7 914.9 458.3 300.6 0
seq. throw (m) 1209.35 1055.8 456.6 157.7 300.6 0

2010). As most faults strike normal to the present-day least com-
pressive stress, and in some provinces do not parallel the inher-
ited basement fabric (e.g., Ruzizi Province; Fig. 7A), the presence
of these pre-existing lineaments is not considered here to have
played the primary role in controlling strain localization into the
Lake Tanganyika region.

Extension across the Lake Tanganyika region (~11.5 km for a
B-factor of 1.283) was primarily accommodated along border fault
structures over the lifetime of rifting, where in the Kigoma basin
border faults account for ~10 km of heave and ~87% of the to-
tal extensional strain. Syn-depositional fault analyses reveal that
the intra-rift fault system established early in the basin history.
These intra-rift faults were more active during deposition of the
two lowermost sequences (Sequences 1-2), when 60-70% of the
total strain recorded in the intra-rift fault population was accom-
modated. The reduction in total throw observed in Plio-Pleistocene
sequences (S3-5) suggests that activity in the intra-rift fault popu-
lation diminished during this time. Unit expansion towards border
faults is observed in all syn-rift sequences, and suggests continu-
ous border fault activity throughout the basin’s history. However,
isopach thickness maps for syn-rift sequences (Rosendahl et al.,
1988) are consistent with greater unit expansion towards border
faults in Sequences 3-5, suggesting greater border fault activity
during the later rift stages. The cumulative border fault throw
(~13 km) observed along ION-PROBE line 84-210 in Lake Tan-
ganyika is greater than typical estimates for early-stage rifts in the
Eastern branch (e.g., up to 5 km of border fault throw; Muirhead
et al,, 2016), excluding the ~7 km-deep south Lokichar basin of
the broadly rifted, ~25-30 Ma Lake Turkana Rift (Morley et al.,
1992). However, it is comparable to the large offsets on other
border faults in the Western branch (e.g., Accardo et al., 2018;
Contreras et al.,, 2000). Overall, these results suggest longer-lived
border fault activity in developing rift basins in the Western branch

compared to those in Eastern branch (see also Accardo et al., 2018),
and potentially increasing rates of border fault slip even as basins
develop within the first 10 Myr of rifting.

5.3. Rift evolution in the absence of voluminous magmatism in the EARS

We see no evidence for a transition from border fault- to
intra-rift fault-dominated strain accommodation along the rift axis
within the first 10 Myr of rifting in the Lake Tanganyika Rift.
This observation contrasts with those in evolving rift systems
in the magma-rich Eastern branch (Hayward and Ebinger, 1996;
Corti, 2009; Muirhead et al., 2016) (Fig. 10). The transition to intra-
rift dominated strain accommodation represents a critical step in
conceptual rift models for the EARS as they evolve toward com-
plete continental rupture (Ebinger, 2005; Corti, 2008, 2009). In-
deed, many models and observations illustrate that nascent sea-
floor spreading segments are established below these fault sys-
tems along the rift axis (Corti, 2009; Ebinger and Casey, 2001;
Keir et al., 2006; Muirhead et al., 2016; Wright et al., 2012). Ob-
servations of active early-stage rifting in the Eastern branch re-
veal that strain focusing to the rift center coincides with, and is
probably assisted by, large magma and magmatic volatile fluxes
in the mid- to lower crust in the rift center (Lee et al., 2016;
Muirhead et al., 2016; Weinstein et al., 2017). This strain focus-
ing occurs within the first 7 million years of rifting in Kenyan and
Tanzanian sectors of the EARS (Muirhead et al., 2016) (Fig. 10).

The extensional forces required to rift lithosphere via magmatic
diking are less than those required for normal faulting, and thus it
is theoretically challenging to break apart initially strong continen-
tal lithosphere in the absence of magma (i.e., Buck, 2004; Bialas
et al., 2010). Seismic reflection observations of magma-poor mar-
gins in the North and Central Atlantic (Reston, 2009), combined
with field and numerical modeling results (Lavier and Manatschal,
2006), provide insights into the processes driving complete con-
tinental rupture in the absence of magma. Of these, the Iberian-
Newfoundland margin represents a type example of a magma-
poor rifted margin (Whitmarsh et al., 2001; Manatschal, 2004;
Shillington et al., 2006; Peron-Pinvidic and Manatschal, 2009;
Peron-Pinvidic et al., 2013). This margin had an initial crust com-
posed of a ~24 km-thick quartz-feldspathic layer underlain by a
~6 km-thick gabbroic layer, resulting in a ductile middle crust
overlying a stronger lower crustal section (Miintener et al., 2000;
Manatschal, 2004; Peron-Pinvidic and Manatschal, 2009; Reston,
2009). During the initial stretching phase (e.g., Peron-Pinvidic et
al., 2013), normal faults typically occur as low-angle listric faults
that are rooted in a weak, ductile middle crust (Manatschal and
Bernoulli, 1999; Whitmarsh et al,, 2001; Lavier and Manatschal,
2006). Numerical modeling results suggest that ductile flow in a
weak middle crust over the strong mafic lower crust allows for
delocalization of upper and lower crustal deformation; this me-
chanical decoupling and development of ductile shear zones in
the middle crust are considered essential for the magma-poor rift-
ing model of Lavier and Manatschal (2006) (see also Mohn et al.,
2012).

The Lake Tanganyika Rift and Western branch exhibit initial rift
conditions that contrast with those for successfully rifted magma-
poor margins (e.g., North and Central Atlantic margins; Reston,
2009). Restored cross-sections balance with straight, planar faults
rather than listric normal faults (Fig. 8). Depth to detachment
calculations indicate faults penetrate the entire seismogenic layer
(Morley, 1988), with the depth-distribution of seismicity support-
ing border faulting to lower crustal depths (up to 34 km in
~42 km-thick crust; Nyblade and Langston, 1995; Camelbeeck and
Iranga, 1996) rather than merging into mid-crustal detachments.
Similarly, the length-scale of observed border faults necessitates
a thick elastic layer (>25 km; Ebinger et al., 1999). These ob-
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Fig. 10. Simplified conceptual illustration of the basin architecture of early-stage rifts (<10 Ma) in both the (a) Western and (b) Eastern branches of the EARS. A & B)
Conceptual models for early-stage rifts based on existing geological, geochemical, and geophysical data for the (a) Tanganyika and Malawi basins, and (b) Natron and Magadi
basins. (c) Table broadly summarizing key aspects of the crustal and upper mantle architecture, and tectonic-magmatic attributes of each sector of the rift presented in (a)
and (b). Although minor amounts of lower crustal magmatism have been inferred along rift axes for some Western branch basins (Hodgson et al., 2017), no upper mantle
melt sources have been detected below the axes of any rifts, and lower crustal magmas may instead be sourced from the asthenosphere. References presented as superscript
numbers in the main table: (1) Ebinger et al. (1993); (2) Cohen et al. (1993); Hodgson et al. (2017); (4) O'Donnell et al. (2015); (5) Accardo et al. (2017); (6) Crossley (1979);
(7) Foster et al. (1997); (8) Mechie et al. (1994); (9) Weinstein et al. (2017); (10) Muirhead et al. (2016); (11) Birt et al. (1997); (12) Ibs-von Seht et al. (2001); (13) Calais et
al. (2008); (14) Biggs et al. (2009); (15) Roecker et al. (2017); (16) Baker et al. (1971); (17) Mana et al. (2015); (18) Plasman et al. (2017); (19) this study.

servations support a thick, strong crust and lithosphere in the
EARS (Chesley et al., 1999; Vauchez et al., 2005), which is the-
oretically too strong to break apart with the currently available
tectonic forces (e.g., gravitation potential energy, basal shear from
mantle convection; Coblentz and Sandiford, 1994; Bird et al., 2008;
Stamps et al., 2015).

If the initial rift conditions documented for archetypal magma-
poor margins (e.g., Iberian-Newfoundland margin; Peron-Pinvidic
et al, 2013) are necessary precursors to successful continen-
tal breakup, then complete continental rupture in the Western
branch currently seems unlikely. Our analysis, however, does not
necessarily preclude later development of detachment faults and
mid-crustal decoupling layers that could assist future break up
(Rosenbaum et al., 2010). Future lithospheric thinning and related
decompression melting may also drive the generation of sufficient
magma volumes below the Lake Tanganyika Rift, thus transition-
ing the system towards a more magmatic mode of extension and

rift evolution (e.g., Ebinger, 2005). Nonetheless, in the absence of
voluminous magmatism, we suggest that either (1) complete con-
tinental rupture cannot be achieved in the Western branch of the
EARS, or (2) continental break up in the Western branch will pro-
ceed under a model that contrasts with that invoked for both the
Eastern branch and magma-poor rifted margins generally.

6. Conclusions

We investigated a ~10 million-year history of faulting in the
Lake Tanganyika Rift, to document how fault systems evolve in
the magma-poor Western branch of the EARS. Reprocessed legacy
and high-resolution commercial seismic reflection datasets pro-
vide a revised structural framework for this multi-segment rift.
Syn-depositional fault analyses and structural reconstructions of
the Kigoma basin reveal how fault throw and extensional strain
were distributed during different depositional sequences. Unlike



344 J.D. Muirhead et al. / Earth and Planetary Science Letters 506 (2019) 332-346

the magma-rich Eastern branch, fault-strain has not focused along
the basin floor along the rift axis within the first ~10 million years
of rifting. Instead, large border faults continue to accommodate
the majority of extension. These observations point to contrast-
ing fault behavior in the Western and Eastern branches, potentially
related to the absence of significant magma volumes in the West-
ern branch. Existing models for successful rift evolution in the
EARS suggest that the transition to axial rifting represents a critical
step in the evolution toward sea-floor spreading. Furthermore, the
Western branch exhibits initial rift conditions that contrast with
those of successfully rifted magma-poor margins. In the absence
of voluminous magmatism, if complete continental rupture were
achieved in the Western branch of the EARS it would proceed
under a model that contrasts with that invoked for the Eastern
branch and magma-poor rifted margins generally.
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