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Abstract: Calderas are formed by the collapse of large magma reservoirs and are commonly ellip-
tical in map view. The orientation of elliptical calderas is often used as an indicator of the local
stress regime; but, in some rift settings, pre-existing structural trends may also influence the orien-
tation. We investigated whether either of these two mechanisms controls the orientation of calderas
in the Kenyan Rift. Satellite-based mapping was used to identify the rift border faults, intra-rift
faults and orientation of the calderas to measure the stress orientations and pre-existing structural
trends and to determine the extensional regime at each volcano. We found that extension in north-
ern Kenya is orthogonal, whereas that in southern Kenya is oblique. Elliptical calderas in northern
Kenya are orientated NW–SE, aligned with pre-existing structures and perpendicular to recent rift
faults. In southern Kenya, the calderas are aligned NE–SW and lie oblique to recent rift faults, but
are aligned with pre-existing structures. We conclude that, in oblique continental rifts, pre-existing
structures control the development of elongated magma reservoirs. Our results highlight the struc-
tural control of magmatism at different crustal levels, where pre-existing structures control the
storage and orientation of deeper magma reservoirs and the local stress regime controls intra-rift
faulting and shallow magmatism.

Supplementary material: Details of the Standard Deviation Ellipse function and statistical
methods are available at http://www.geolsoc.org.uk/SUP18849

Gold Open Access: This article is published under the terms of the CC-BY 3.0 license.

The evolution of a continental rift is influenced by
faulting and the intrusion, transport and eruption
of melts (e.g. McKenzie 1978). As such, there is
a close relationship between magmatism and the
crustal and/or local stress field. The surface expres-
sion of volcanism often exhibits features associated
with crustal and local stresses. These include ellip-
tical calderas, vent alignment and the orientation
of dykes. The Kenyan Rift is an immature section
of the East African Rift System (EARS) (Ebinger
2005), where lithospheric thinning occurs by a
combination of faulting and magmatism, as indi-
cated by large offset border faults, silicic caldera
volcanoes and the extensive lavas that comprise the
rift floor (Pointing et al. 1985; Young et al. 1991;
Latin et al. 1993; Tongue et al. 1994; Ibs-von Seht
et al. 2001).

There are seven silicic caldera volcanoes in the
Kenyan Rift (Fig. 1), all of which are elliptical in
map view with varying orientations. This study

investigated whether the local contemporary stress
regime or pre-existing structures control caldera
orientation in the Kenyan Rift. Understanding the
caldera orientation gives us important informa-
tion about the structural controls on magmatic and
tectonic behaviour in extensional settings and the
mechanisms by which continental rifts evolve
from fault-controlled basins into mid-ocean ridges
(MORs).

Calderas

Calderas are volcanic collapse features related to
the withdrawal of magma from an underlying reser-
voir (Williams 1941; Smith & Bailey 1968; Druitt &
Sparks 1984; Lipman 1984; Branney 1995; Cole
et al. 2005). Worldwide, and across all tectonic set-
tings, the majority of calderas are elliptical. More-
over, those calderas that appear near-circular are
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Fig. 1. Location map of the Kenyan Rift showing its geology and structure. Location of Quaternary caldera volcanoes (red circles) are labelled as: B, the Barrier; E,
Emuruangogolak; Si, Silali; P, Paka; M, Menengai; L, Longonot; and Su, Suswa. (a) Digital Elevation Map showing the location of the rift border faults and major faults exposed in
the Proterozoic units. Approximate northern extent of the Kenyan Dome is marked. (b) Summary geological map of Kenya after BEICIP (1987). Red arrows show the motion
of the Somalia plate relative to the Victoria plate calculated at each caldera volcano with Euler poles from Stamps et al. (2008). Grey rose diagrams show the length-weighted
orientation of the main rift border faults calculated in half-degree segments. Pink rose diagrams show the orientation of faults formed in the Proterozoic. (c) Exposure of Kenyan
Proterozoic units and principal structures, adapted from Mosley (1993). The Proterozoic exposures form part of the East African Mozambique Mobile Belt (inset). Major sinistral
ductile shear zones and inferred brittle/ductile fractures are shown and were formed during a distinct tectonothermal collisional episode 630–580 Ma. Cherangani and Loita
Hills are referenced in the text; these locations have exposed faulting resulting from the collisional episode. Inset based on Vauchez et al. (2005).
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rarely perfectly rounded (Holohan et al. 2005;
Spinks et al. 2005; Gudmundsson 2007). Ellip-
tical calderas may form as a result of a combination
of factors, such as the magma reservoir geometry,
regional tectonics and regional structures. Elliptical
calderas are common across all extensional sett-
ings, including Iceland, New Zealand and the EARS
(Wilson et al. 1995; Bosworth et al. 2000; Acocella
et al. 2002; Holohan et al. 2005).

Holohan et al. (2005) suggested four mechan-
isms that can produce elliptical calderas (Table 1).

(1) An elongated magma reservoir: the collapse
of an elliptical magma reservoir produces an
elliptical caldera. Elliptical magma reser-
voirs may align with either the maximum or
minimum horizontal stress (e.g. Bosworth
et al. 2003) or with a pre-existing anisotropy
such as a fault or fracture system (Acocella
et al. 2002).

(2) Nesting: successive collapse of intersecting
calderas over time produces nested structures
that appear elliptical in plan view. The for-
mation of a nested caldera is usually attributed
to the development of a new shallow mag-
matic system, which is offset from the older
system (Geyer & Martı́ 2009).

(3) Shallow crustal processes: assuming that the
magma reservoir is spherical, the distortion
of caldera ring faults during collapse influ-
ences the caldera geometry. Processes and
structures that may affect caldera ring fault
location include shallow crustal faults, asym-
metrical subsidence during collapse, the pre-
collapse topography and variable loading on
the magma reservoir.

(4) Post-caldera processes: an originally near-
circular caldera becomes elliptical over time
as a result of erosion of the caldera walls
or by the spalling of caldera wall rock as a
result of the formation of shear fractures
sub-parallel to the current day crustal stress
orientation.

Extensional tectonic settings

A common feature of rifts is that the plate motion
is typically oblique to the plate boundary (Dewey
et al. 1998; Fossen & Tikoff 1998). The angles
between the plate motion vector, the plate mar-
gin orientation and the orientation of extensional
faults can be used to classify the type of exten-
sion as oblique opening, short-segment opening
(not observed in nature and therefore not discussed
here), transtension and orthogonal opening (Tuck-
well et al. 1996; Fig. 2).

In orthogonal opening (Fig. 2b), both extensional
faults (intra-rift faults in a continental rift setting)

and the plate margin (rift border faults in a continen-
tal rift setting) are normal to the plate motion vec-
tor. This situation occurs frequently in extensional
settings, particularly at MORs. Oblique opening
(Fig. 2c) occurs when intra-rift faults form parallel
to the plate margin; the plate motion vector is
oblique to both. Transtension (Fig. 2d) describes
the situation where the plate margin, extensional
faults and the plate motion vector are all oblique to
one another. Geometrically, transtension is where
extensional faults form normal to the local mini-
mum principal stress, but oblique to both the plate
motion vector and the plate margin. This criteria
fulfils f ¼ A/2 and w ¼ a/2 + 458, where f is
the angle between the plate margin and the exten-
sional faults, A is the angle between the plate
motion vector and the normal to the plate margin,
and w and a are the angles between the plate
motion vector and the extensional faults and plate
margin, respectively (Tuckwell et al. 1996).

These divergent plate margin models have
largely been applied at MOR settings, primarily
to explain the orientation of faults at MORs and
to investigate morphological variations with the
spreading rate (Tuckwell et al. 1996; Wormald
et al. 2012). However, they have also been applied
at continental rift settings such as the Main Ethio-
pian Rift (MER) (S.C. Wormald, pers. comm.
2013), from which this work is inspired. These
studies showed that both transtension and orthog-
onal spreading are the dominant style of extension
at both MORs and continental rifts globally. For
MORs, the spreading rate exerts an important
control on the type of extension: slow-spreading
ridges (half-rate ,20 mm a21) are more often in
transtension and fast-spreading ridges more often
show orthogonal opening (Tuckwell et al. 1996).

The relationship between plate motion, intra-rift
faults and rift border faults at continental rift sett-
ings is typically more complex than at MORs. For
instance, during extension, pre-existing zones of
lithospheric weakness can localize deformation,
which, in turn, can cause rift border faults to form
oblique to the stretching direction. An exception is
the case where a pre-existing zone of weakness is
orthogonal to the stretching direction (Agostini
et al. 2009; Philippon et al. 2015). This is identified
in both analogue studies and at natural oblique rifts
(Agostini et al. 2009; Corti 2012; Corti et al. 2013).
Further complexity is observed in the MER, where
the reactivation of pre-existing lithospheric weak-
nesses during extension has led to the development
of rift border faults that are oblique to both the main
rift trend and the extension direction (e.g. Agostini
et al. 2011). For MER segments that have a low/
moderate obliquity angle between the rift trend
and the extension orientation (15–458), the intra-rift
fault orientation tends to form orthogonal to the
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Table 1. Mechanisms for elliptical caldera formation in extensional settings

Mechanism Theory of elongation Example Long axis alignment

1. Elongated magma reservoirs Caldera ellipticity reflects elongation of underlying
magma body*

(a) Aligned to minimum horizontal
compressional stress orientation

Mechanism analogous to borehole break-out where
the magma reservoir wall becomes elongated
parallel to the minimum horizontal stress due to
stress-induced spalling of the magma reservoir
wall

Long Valley, USA1

(b) Aligned to maximum horizontal
compressional stress orientation

Orientation is controlled by the regional tectonic
trend, either by faults that are accommodating
extension or through the development of a
dyke-like feature

–

(c) Aligned to pre-existing anisotropy
at a similar depth to the magma
reservoir

Pre-existing structures are exploited during
extension. Faults are not necessarily exposed at
the surface directly adjacent to caldera and faults
are not necessarily parallel to the current
extensional regime

Gariboldi, Ethiopia2;
Kapenga, New Zealand3
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2. Nested Nested or overlapping calderas are associated with
several discrete eruptions and collapse events due
to the development of new magma reservoirs

Campi Flegrei, Italy4;
Pantelleria, Italy5

3. Shallow crustal processes Caldera geometry is altered in the shallow crust due
to the influence of localized stresses or faults and
fractures*

(a) Aligned to active (extensional)
structures in the crust

Local pre-existing stresses due to extension within
the shallow crust creating zones of weakness,
faults or fractures that affect caldera ring fault
orientation

Okataina, NZ6

(b) Distorted due to local faults,
asymmetrical subsidence or
topography

(i) Regional shallow faults exert control on caldera
ring fault location

Ranau, Indonesia7

(ii) Asymmetrical subsidence on linear or arcuate
faults during caldera formation Toba, Indonesia8

(iii) Pre-collapse topography and variable loading
on magma reservoir roof

Rotorua, New Zealand9

4. Post-caldera formation processes Original caldera structure is altered due to
post-collapse erosional processes or continued
regional strain

Aso, Japan10*

*Assuming the magma reservoir geometry is spherical. Based on Holohan et al. (2005).
References: 1, Moos & Zoback (1993); 2, Acocella et al. (2002); 3 and 6, Spinks et al. (2005); 4, Orsi et al. (1996); 5, Mahood & Hildreth (1986); 7 and 8, Bellier & Sébrier (1994); 9, Spinks et al. (2005); and
10*. Sudo & Kong (2001) – also formed in conjunction with multiple eruptions.

E
L

L
IP

T
IC

A
L

C
A

L
D

E
R

A
S

IN
T

H
E

K
E

N
Y

A
N

R
IF

T
4
7

 at B
ritish G

eological Survey on O
ctober 3, 2016

http://sp.lyellcollection.org/
D

ow
nloaded from

 

http://sp.lyellcollection.org/


extension direction (Agostini et al. 2009; Corti
2012). As a result of this complexity, rift kinemat-
ics in the MER are typically defined on the basis
of the rift trend orientation with respect to the
plate motion vector (e.g. Corti 2012). Orthogonal
rifting is thus defined when extension is normal
to the rift trend, low/moderate obliquity occurs
when a ≤ 458 (where a is the obliquity angle, i.e.
the angle between the direction of extension and
the orthogonal to the rift trend) and high obliquity
rifts occur when a ≥ 458.

Volcanic proxies for tectonic stress

orientation

Elliptical calderas are often used as an indicator
of far-field tectonic stress orientation, whereby the
long axis aligns parallel to the minimum horizontal
stress orientation (Bosworth et al. 2003; Wormald
et al. 2012). Consequently, elongated calderas have
been used to reconstruct past directions of regional
extension (Wallmann et al. 1990; Bosworth et al.
2003; Holohan et al. 2005; Casey et al. 2006).
However, caldera elongation may not always be a
reliable proxy for stress orientation as studies show
that the long axes of calderas may also align with
pre-existing fault systems (Acocella et al. 2002;
Spinks et al. 2005).

Dykes are considered to be a robust indicator of
stress field orientation because both field observa-
tions and modelling show that intrusions propagate
parallel to the maximum horizontal stress (Naka-
mura 1977; Delaney et al. 1986). Consequently, dyke
orientation has been used to infer both past and
present stress orientations (Nakamura 1969, 1977;
Delaney et al. 1986; Pollard 1987; Rubin 1995;
Rowland et al. 2010). In addition, linear alignments
of volcanic vents, cinder cones, domes and pyro-
clastic cones can also be used to reconstruct the
stress field orientation if they originate from

feeder dykes (Nakamura 1969, 1977; Gudmundsson
1995, 2005; Korme et al. 1997).

Tectonic and volcanic setting

Regional tectonic setting

The EARS extends from the Afar triple junction
and the Red Sea to Mozambique, delineating the
divergent boundary between the Nubia and Som-
alia plates (Fig. 1). On a broad scale, the EARS
overlies one of the most extensive seismic velocity
anomalies in the upper mantle, the African super-
swell (e.g. Nyblade & Robinson 1994; Ritsema
et al. 1999; Kendall et al. 2006), which is responsi-
ble for a topographic high that includes southern
Africa and southwestern Arabia (Daradich et al.
2003) and the localized uplifted areas known as the
Kenyan and Ethiopian domes (Davis & Slack
2002). The EARS splits into two branches, the East-
ern Branch and the Western Branch, around the
Archaean Craton, constituting the Victoria plate
(Fig. 1c, inset).

Within Kenya, the EARS is often referred to as
the Kenyan (or Gregory) Rift. It follows the gen-
eral north–south trend of the Mozambique Mobile
Belt, a Proterozoic metamorphic collision orogen
extending through East Africa (Shackleton 1984;
Shackleton & Ries 1984), as it passes through the
topographic high of the Kenya Dome (Fig. 1a). The
Kenyan Rift forms a series of fault-bound graben
with major normal faults arranged en echelon (Baker
& Wohlenberg 1971). Although the main trend of
the Kenyan Rift lies north–south, the orientations
of individual rift segments vary. For example, in
the Turkana region of northern Kenya, rift border
faults are orientated NNE–SSW before shifting
to a NNW–SSE direction; towards Tanzania, rift
border faults return to a north–south/NNE–SSW
orientation (Fig. 1b). The horizontal stress field in
Kenya is inferred as having rotated anticlockwise
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Fig. 2. Models for the orientation of extensional fractures at diverging tectonic margins with respect to the relative plate
motion vector and the plate margin orientation. Element descriptions are adapted for a continental rift setting therefore
extensional fractures become intra-rift faults and the plate margin orientation is represented by rift border faults. (a)
Geometrical relationship between the structural elements used in the models. (b, c, d) The three models presented are
orthogonal opening, oblique extension and transtension. Modified from Tuckwell et al. (1996).
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from east–west to NW–SE at c. 600 ka (Strecker
et al. 1990; Strecker & Bosworth 1991).

Rifting in Kenya initiated at c. 25 Ma, concur-
rent with the extrusion of extensive basaltic lava
flows in northern Kenya (Ebinger 1989). Northern
Kenya has extended by 35–40 km (Hendrie et al.
1994), in contrast with 4–20 km of extension in
central and southern Kenya (Baker et al. 1972).
The crustal thickness varies from 20 km at c. 38N
to 35 km at the Equator (Prodehl et al. 1997). A
partially molten upper mantle may underlie the
Kenyan Rift, as suggested by low seismic veloci-
ties, and may possibly form a series of fractionated
magmatic intrusions (Achauer 1992; Achauer et al.
1994; Birt et al. 1997; Thybo et al. 2000; Achauer &
Masson 2002).

Pre-existing lithospheric anisotropies have influ-
enced the location and propagation of the EARS
(McConnell 1972; Chorowicz et al. 1987; Daly
et al. 1989; Fairhead & Green 1989; Versfelt &
Rosendahl 1989; Chorowicz 2005). Furthermore,
Proterozoic lithospheric structures associated with
the mobile belts may have controlled the initial
evolution of the EARS (Bastow et al. 2008; Ker-
anen & Klemperer 2008; Keranen et al. 2009).

Proterozoic structures

The Proterozoic Mozambique Mobile Belt is a
broad north–south zone of polyphase metamor-
phic structures extending throughout Eastern Africa
and is bounded to the west by the Archaean Cra-
ton (Mosley 1993; Hetzel & Strecker 1994; Fig.
1c inset). The current view is that the craton has
been reworked and overthrust on the Mozambique
Mobile Belt and that the original contact position
is c. 100 km east and NE of the exposed contact
(Mosley 1993; Smith & Mosley 1993).

In Kenya, a Cambrian–Ordovician collisional
event (530–430 Ma) produced sinistral NW–
SE-trending upright shear zones and a conjugate
NE–SW weaker shear set (Fig. 1c). These shear
zones appear to reflect major crustal and/or litho-
spheric weaknesses that have subsequently con-
trolled the evolution of the EARS (Mosley 1993;
Braile et al. 1995).

The major Proterozoic NW–SE shear zones
have been identified and mapped on both rift
shoulders, but recent Mesozoic and Quaternary vol-
canic and sedimentary deposits mostly cover these
zones within the rift. In northern Kenya, surround-
ing the Cherangani Hills, the exposed belt consists
of thick quartzites and massive limestones; domi-
nant NW–SW faults were formed during the 530–
430 Ma collision event. In southern Kenya, near
the Loita Hills, quartzites and semi-pelitic gneisses
dominate. All units have been subject to heavy tec-
tonism, with major recumbent folding and thrusting,

probably from the collision with the nearby Tanza-
nian craton. In this location, early recumbent folds
have NE-trending hinges, but have since been
refolded on NW axes. At least four fault populations
have been identified: normal north–south; dextral
NW–SE; strike-slip ENE–WSW; and sinistral
NE–SW. Of these, the NW–SE and NE–SW sets
are currently active (Kuria et al. 2010).

Although the crustal structure is likely to have
been deformed during rifting, published evidence
supports the view that Precambrian features persist
beneath the rift and have controlled the ascent of
magma. Mugisha et al. (1997) suggested that Pre-
cambrian shear zones have influenced rift basin geo-
metries and Mosley (1993) proposed that a network
of these Proterozoic structures beneath the rift
affects the magma plumbing and the rate of ascent
and emplacement of magma bodies in the upper
crust. Furthermore, Key et al. (1989) identified
joint systems that may have acted as magma con-
duits, as interpreted by Haug & Strecker (1995).

Volcanic setting

Fifteen Quaternary volcanoes line the central axis
of the Kenyan Rift, seven of which have visible
caldera collapse structures. Geographically, the cal-
dera volcanoes can be separated into two groups: a
northern group that includes the Barrier, Emuruan-
gogolak, Silali and Paka volcanoes and a southern
group that includes Menengai, Longonot and
Suswa (McCall 1968; Williams 1978a, b; Williams
et al. 1984). The major volcanological features are
described in Table 2.

Although there are no historical records of erup-
tions, ground displacement has been observed at
five Kenyan volcanoes (Biggs et al. 2009, 2013),
with subsidence at Suswa and Menengai from
1997 to 2000, uplift at Paka and Longonot through-
out 2006–07 and 2004–06, and slow subsidence at
Silali between 2007 and 2010 (Fig. 3). The defor-
mation observed at Suswa, Menengai, Longonot
and Paka volcanoes was episodic (Biggs et al. 2009),
but further results suggest that slow subsidence is
occurring at Silali (Biggs et al. 2013). The source
of deformation at all edifices is shallow, with mod-
elled source depths between 0.7 and 4.1 km.

The ages of the volcanoes range from c. 1300 ka
at the Barrier complex to c. 240 ka at Suswa volcano
(Table 2). Each volcano consists of a single, shield-
shaped edifice, with the exception of the Barrier,
which is a complex of four overlapping volcanoes
(Kalolenyang, Kakorinya, Likaiu West and Likaiu
East) that forms a 20 × 15 km physical barrier
between Lake Turkana and the Suguta Basin
(Dunkley et al. 1993). Although caldera collapse
occurred at Kakorinya summit, we refer to this
caldera as the Barrier, in keeping with previously
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Table 2. Summary of volcanological data for Kenyan caldera volcanoes

Volcano Location Age
(ka)

Dominant
composition

Caldera

Age
(ka)

Size (km) and
orientation

Collapse
mechanism

The Barrier 2.328 N 36.578 E 1300 Trachyte and phonolite lavas,
basalt fissure eruptions1,2,3,4,5

58–92 3.8 ESE Unknown; tentatively associated with a
pumice deposit

Emuruangogolak 1.58 N 36.338 E 500–900 Trachyte and basaltic shield
lavas and trachyte
pyroclastics, extensive dyking
resulting in basaltic fissures
and cones3,6,7,8,9

38 + 6 5 × 3.5 ESE Unknown; dated after flank eruptions of
trachytes and pyroclastics that may or
may not be associated with collapse

Silali 1.158 N 36.238 E 225–400 Trachyte and basaltic lavas and
trachyte pyroclastics3,5,10

38+3 to
64 + 2

5 × 8 SE Piston-like; triggered by magma
withdrawal of trachyte lavas and lateral
dyke injection

Paka 0.928 N 36.188 E Unknown Trachyte and minor basaltic
lavas 3,8

10 1.5 SE Unknown; probably associated with
trachyte pyroclastics

Menengai 0.208 S 36.188 E OC 200 Trachyte lavas and pyroclastics
dominate with minor
pantellertic rhyolites3,9,11

29 ? ? Two episodes of explosive caldera
collapse, both associated with
ignimbrites and ash fall deposits

IC? 8 12 × 8 NE Incremental; at least five phases of
collapse, each represented by
low-volume ignimbrites creating a
scalloped caldera edge

Longonot 0.918 S 36.458 E 400 Trachyte lavas, airfall and
ignimbrites with minor mixed
basaltic–trachyte lavas12,13,14

21 12 × 8 NE Piston-like block; magmatic overpressure
from volatile exsolution, magma–water
interaction and influx of magma into
reservoir

Suswa 1.188 S 36.358 E OC 100–240 Phonolite and trachyte lavas and
tuffs9,15,16,17,18

100–240 12 × 8 ENE Magma withdrawal at depth followed by
resurgence of an ‘island-block’

– IC? ? 5 NE

OC, outer caldera; IC, inner caldera. References: 1, Brown & Carmichael (1971); 2, Williams et al. (1984); 3, Bloomer et al. (1989); 4, Bosworth et al. (2003); 5, Weaver (1977); 6, Dunkley et al. (1993); 7,
Black et al. (1998); 8, Woolley (2001); 9, Macdonald (2012); 10, Smith et al. (1995); 11, Leat (1984); 12, Scott (1980); 13, Scott & Skilling (1999); 14, Macdonald & Scaillet (2006); 15, Baker et al. (1988); 16,
Johnson (1969); 17, Skilling (1993); and 18, Macdonald et al. (1993).
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published work. Trachyte and basaltic lava flows
dominate in northern Kenya, whereas the south-
ern volcanoes are almost exclusively trachytic in
composition.

Extensional faulting, pyroclastic cones, fissures,
off-edifice eruption centres and cinder cones are
common throughout the Kenyan Rift and frequently
show alignment. At Silali, Emuruangogolak and
Paka, major faulting and extensive dyke intrusion
has produced NNE–SSW-aligned chains of basal-
tic fissures and cones (Weaver 1977; Dunkley
et al. 1993; Macdonald 2012). At Emuruangogolak,
these events produced an extensive 9 km-long chain
of aligned fissures north of the volcano (Dunkley
et al. 1993; Black et al. 1998; Woolley 2001).
However, there are few, if any, aligned faults and
fissures at Suswa, the Barrier and Menengai. Long-
onot hosts a number of off-edifice eruption centres
that are aligned parallel with intra-rift extensional
faults. There are also a number of pyroclastic
cones located on Longonot’s flanks, but they are
not located on fault scarps.

Methods

To investigate the tectonic and structural control
on caldera ellipticity and orientation in Kenya, we

determined the extensional setting, fault orienta-
tions and the pre-existing rift fabric direction. We
used remote sensing techniques and existing geo-
logical maps to identify and measure structural
features at each caldera and we calculated the azi-
muth of the modern day relative plate motion vec-
tor from the GPS-derived plate-kinematic model
of East Africa. Data sources included the GPS-
derived plate-kinematic model of East Africa,
Advanced Spacebourne Thermal Emission and
Reflection Radiometer (ASTER) and ASTER
GDEM Version 2 Digital Elevation Model imagery,
in addition to information from previously pub-
lished work. Analyses of the data were performed
using ENVI Version 4.8, ESRI ArcGIS Version
10.0 and MATLAB Version 7.9 R2009b software.

Calderas

The ellipticity and elongation orientation of Kenyan
calderas were determined by digitizing their sur-
face expression as a series of points in ArcGIS
from ASTER imagery. Paka has a small sub-circular
summit caldera that is breached by two craters
extending SE and WSW. These are thought to
have formed concurrently with caldera collapse
and create the impression of a strongly elongated

Fig. 3. Interferograms showing ground deformation at Kenyan caldera volcanoes. Subsidence (blue colours) of
2–5 cm occurred at Suswa and Menengai between 1997 and 2000. At Suswa the subsidence was confined within
the caldera, whereas at Menengai the signal extends beyond the caldera boundary. The signal at Longonot shows
c. 9 cm of uplift (red) between 2004 and 2007 centred east of the caldera, but on top of the recent pit crater. Uplift of
c. 21 cm at Paka volcano occurred between 2006 and 2007. The signal is located NE of the crater and is seen over a large
spatial distance compared with the caldera. Subsidence of c. 1.5 cm between 2007 and 2010 is centred over
Silali’s caldera.
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caldera (Dunkley et al. 1993). Previous studies have
included the extent of both craters in their analysis
of elliptical calderas (Bosworth & Strecker 1997;
Bosworth et al. 2000); however, we constrained
our analysis to include only the area bounded by
mapped volcanic ring faults. We believe this is
justified because there is no evidence to suggest
that these other features formed concurrently with
caldera collapse.

We used the Standard Deviation Ellipse func-
tion within ArcGIS to calculate the best-fitting
ellipse associated with each caldera and we calcu-
lated the eccentricity using the output values of
the long and short axis length.

Fault populations

Rift border faults were mapped from the
1:1 000 000 Geological Map of Kenya that was
compiled for the Petroleum Exploration Promotion
Project (BEICIP 1987). We imported the map into
ArcGIS and digitized the faults to create a polyline
shape layer. Each fault was represented as a single
polyline with multiple linear segments (to repre-
sent curvilinear faults); the azimuth of a fault was
calculated as the non-weighted average azimuth
of all linear segments. For each fault population,
we calculated the mean orientation, the variance and
the 95% confidence intervals. We calculated length-
weighted rose diagrams for each fault population to
aid visualization of the dominant orientations. We
present both the calculated mean and the rose dia-
grams on northern hemisphere grids (i.e. 270–
908). The mean azimuth of a fault population is
shown as a solid line with unit length and the 95%
confidence interval (the interval within which 95%
of the population distribution of fault azimuths lie)
as a solid arc. These values are superimposed on
the corresponding length-weighted rose diagram.
Note that, arithmetically, the largest bin on the
length-weighted rose diagram, that is, the modal
fault direction, is rarely the same as the calculated
mean fault direction.

At each caldera, we limited the number of faults
analysed by measuring an area related to the surface
extent of volcanic deposits, primarily lava flows,
and the width of the rift. We created a bounding
box for each volcano defined as an along-rift to
rift width aspect ratio of 3:1, although the length
of the bounding box was truncated if it overlapped
with lavas from other volcanoes. The ratio was
chosen for consistency across all analyses. We used
ASTER satellite imagery and ASTER GDEM Ver-
sion 2 to map the intra-rift faults. L1B ASTER sat-
ellite images were used in the VNIR spectrum
(bands 1, 2 and 3N) at 15 m spatial resolution. The
satellite images were orthorectified within ENVI
using the GDEM. Image processing techniques,

such as contrast stretching, band ratios and principal
component analysis, were applied to the images to
aid the detection of faults and volcanic features
(e.g. Rowan & Mars 2003). At Longonot, Silali and
Paka volcanoes we also used the geological maps
produced by Clarke et al. (1990) to identify faults.

Faults were identified in the Proterozoic rocks
using the Geological Map of Kenya (BEICIP
1987). We separated the faults into two geographi-
cally distinct groups that were analysed separately,
with faults in the northern rift segment forming
one population and faults in the southern rift
segment forming a second population (Fig. 1a).

Length-weighted rose diagrams were generated
using the Rose Plot v4.0 extension for ArcGIS.
We calculated rose diagrams in 108 bins for rift
border faults and 58 bins for both intra-rift exten-
sional faults and faults in the Proterozoic basement.
Both the circular mean and the circular variance
were calculated using the CircStat toolbox in
MATLAB (Berens 2009).

Plate motion

The tectonic setting at each volcano was assessed in
terms of the extensional models of Tuckwell et al.
(1996) using the angle between the rift border
faults and the plate motion vector, and the angular
difference between the plate motion vector and
extensional intra-rift faults (Fig. 2).

The plate motion vector was calculated at each
caldera using the modern plate-kinematic model
of Stamps et al. (2008), with the Euler pole of
the Somalia plate relative to the Victoria plate
(Fig. 1b). The model quantifies regional deforma-
tion throughout East Africa by jointly inverting
3.2 myr average spreading rates, GPS velocities
and earthquake slip vectors. We calculated the vel-
ocity azimuthal uncertainty associated with the
plate motion vector at each caldera volcano.

We assumed that the plate motion vector at
the time of caldera formation was the same as the
modern day vector. We believe this is a reason-
able assumption because proxies for the regional
least-compressive horizontal compressive stress
orientation have maintained a NW–SE orientation
since 600 ka (Strecker & Bosworth 1991), extension
rates in northern Kenya have remained consistent
over 101–106 years (Melnick et al. 2012) and the
age of caldera formation in Kenya ranges from
8 ka to 100–240 ka (Table 2).

Results

We present here the ellipticity and orientation
values of Kenyan calderas determined from satellite
imagery and geological maps (Fig. 4; Table 3). We
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describe the orientation of the mapped fault popu-
lations (rift border, intra-rift and Proterozoic base-
ment faults; Table 4) and classify the extensional
regime at each caldera. These results were collated
and it was determined whether the calderas were
aligned with the fault populations (Fig. 5).

Calderas

Figure 4 shows the topographic outline and the
best-fit ellipse for each caldera (Fig. 4a–g) and the
mapped rift border and intra-rift faults, effusion
centres, pyroclastic cones and fissures (Fig. 4h and
Fig. 4i). Calderas at the Barrier, Silali, Paka and
Menengai are excellently preserved and easy to
delineate from the satellite imagery. However, the
calderas at Emuruangogolak, Longonot and Suswa
are only partially exposed due to the overlying vol-
canic deposits. Although the partial exposure may
introduce an error into our best-fit ellipse and conse-
quently our caldera orientation values, we believe
the error is minor because the non-exposed caldera
edges could confidently be estimated using the
DEM in combination with the spatial extent and
deflection of lava flows.

There is a clear contrast in the long axis orien-
tation between the northern and southern group of
volcanoes. The northern group (the Barrier, Emur-
uangogolak, Silali and Paka) have long axis orien-
tations ranging between 112 and 1328 (ESE to
SE), whereas the southern volcanic group (Menen-
gai, Longonot and Suswa) have ENE orientations
ranging between 59 and 658 (Table 3). Caldera
eccentricities range from the moderately elliptical
calderas at Emuruangogolak and Silali (e ¼ 0.7) to
the almost-circular Paka (e ¼ 0.94; Table 3). If we
were to include the craters extending from Paka’s
summit in the best-fit ellipse calculation, then its
ellipticity would be very high (c. 0.5) and Paka
would become the most elliptical caldera in the
Kenyan Rift.

Fault populations

From north to south, the azimuth of the rift border
faults change orientation from c. 24–318 (NNE) to
c. 142–1718 (SSE; Fig. 5, column 1, green). Fault
orientation in the Proterozoic basement also varies
geographically (Fig. 5, column 3), creating two
distinct populations. In northern Kenya, the Pro-
terozoic faults have a mean orientation of 124.7 +
17.38 and in southern Kenya they have a mean direc-
tion of 352.38, but have a high variance of 0.92
(Table 4). The length-weighted rose diagram for
the Proterozoic faults in southern Kenya displays a
clear bimodal distribution, with modal orientations
at c. 508 and c. 758 (Fig. 5; column 3, beige rose dia-
grams). Our calculations for the circular mean

assume an underlying normal distribution that
clearly is not the case for the southern Proterozoic
faults; therefore we use the rose diagram only to
interpret these faults.

The orientations of intra-rift faults throughout
the Kenyan Rift are consistent, as shown by their
low variances and tight clustering in the rose dia-
grams (Table 4; Fig. 5, column 2, light blue rose dia-
grams). In northern Kenya, intra-rift faults strike
between 19 and 358; in the south they have a
mean strike of 1788 at Menengai, 1408 at Longonot
and 58 at Suswa. Within the 95 percentile error,
the strike of the rift border faults and the intra-rift
faults at each caldera are statistically similar (Fig.
5; column 1). However, at Suswa volcano the two
fault populations are mildly oblique. This is
because the intra-rift faults at Suswa volcano are
part of the Magadi Fault Swarm, a high frequency
of north–south-trending faults, just south of the
volcano, that extends into northern Tanzania (Baker
1958, 1986; Baker & Mitchell 1976). The faults
in the Magadi sector are early to mid-Pleistocene
in age, older than the Suswa volcanics, with the
major grid faults forming at 0.8–0.4 Ma (Baker &
Mitchell 1976). A recent two-month micro-earth-
quake swarm in the Magadi area indicated that
these faults are active, normal and parallel to the
main rift trend (Ibs-von Seht et al. 2001).

Regional tectonics

The azimuth of the GPS plate motion vector steadily
increases from 104 to 1098 from north to south
(Table 4). To determine the extensional setting
at each caldera, in Figure 5, column 1 we plot the
normal to the plate motion (yellow dashed) against
the orientation of the rift border faults (green) and
intra-rift faults (blue).

As rift border faults and intra-rift faults have
statistically similar orientations surrounding most
calderas, the extensional setting in Kenya is domi-
nantly orthogonal or oblique. In northern Kenya,
the normal to the plate motion vector aligns with
both the rift border and intra-rift faults, indicating
orthogonal extension, although Emuruangogolak
has a small angular difference that indicates mild
obliquity. At Longonot, in southern Kenya, the nor-
mal to the plate motion vector is clearly oblique
to both the rift border and intra-rift fault orienta-
tions, with an angular difference of c. 328. There-
fore, Longonot is in oblique extension. At Suswa,
the normal to the plate motion vector is also
oblique to both fault populations at c. 138 angular
difference. However, the presence of the Magadi
Fault Swarm results in a small statistical angular
difference between the orientations of the intra-
rift and rift border faults. Therefore, Suswa is
considered as being in transtension. Menengai is
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situated roughly at the Equator where the rift
border faults rotate from NNE–SSW to NNW–
SSE (Fig. 5, column 2). Consequently, Menengai
sits in an extensional setting that is both oblique
and orthogonal.

Alignment of caldera orientation with fault

populations

We tested whether the caldera short and long axes
aligned with the plate motion vector, rift border or

Fig. 4. Digitized topographic expression of Kenyan Rift calderas (a–g; green infill) and their corresponding best-fit
ellipses (black ellipses). (h, i) Relationship between rift border faults (green), intra-rift faults (blue), volcanic features
(e.g. pyroclastic cones and fissures; black stars) and calderas for the northern and southern Kenyan Rift segments. Note
that only intra-rift faults surrounding caldera volcanoes are mapped.
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intra-rift fault orientations at each volcano (Fig. 5,
column 2). As the strikes of rift border faults and
intra-rift faults surrounding the calderas were stat-
istically aligned (with the exception of Suswa), we
discuss only the orientation of the intra-rift faults.
No caldera has its long or short axis (red) aligned
with the plate motion vector (orange). The caldera
short axes align with the intra-rift faults at the
Barrier and Emuruangogolak in northern Kenya,
as well as Longonot in southern Kenya; at Silali
and Paka the caldera short axes are misaligned
with the intra-rift faults by only c. 18. At Menengai
and Suswa, however, the caldera short axis is misa-
ligned by c. 308. We note that, at Longonot, a series
of north–south-trending intra-rift faults are located
within the Olkaria Volcanic complex. These were
not included in the analysis for Longonot as they
are within a separate volcanic complex. However,
if they were, the caldera short axis would not be
parallel to the intra-rift faults, similar to Menengai
and Suswa.

We also assessed the extent to which the cal-
dera axes were aligned with Proterozoic faults. The
volcanoes Barrier, Emuruangogolak, Silali and
Paka are associated with the northern population
of faults in the Proterozoic basement, whereas the
Menengai, Longonot and Suswa volcanoes are adja-
cent to the southern group of Proterozoic rocks.
Figure 5, column 3, shows that all the caldera long
axes are aligned with the Proterozoic faults. In the
northern segment, the angular difference between
these faults and the caldera long axes is negligible
at Silali, at c. 128 for the Barrier and Emuruan-
gogolak and at 78 for Paka; all are, however, sta-
tistically aligned within error. The Proterozoic
faults in southern Kenya are more variable than
in northern Kenya and clearly show a bimodal

distribution with dominant populations at c. 458
and c. 778. The caldera long axes for the southern
group of volcanoes are situated between 59 and
698 and therefore lie within the bimodal Proterozoic
fault population.

Discussion

The Kenyan Rift can be separated into two distinct
segments: a northern rift segment that extends from
the Equator towards Ethiopia and has a NNE–SSW
orientation; and a southern segment that extends
towards Tanzania and has a SSE–NNW orientation
(Fig. 1).

In northern Kenya, the Barrier, Silali and Paka
volcanoes are in orthogonal extension, as intra-
rift faults and rift border faults are statistically
aligned and are orthogonal to the plate motion
vector. Therefore, these volcanoes are in orthogonal
extension. At Emuruangogolak, the fault popu-
lations are a few degrees misaligned relative to the
plate motion, but still reflect an orthogonal setting.
Calderas in the northern segment are orientated
SE–NW. Their short axes are aligned with the
intra-rift faults and their long axes are aligned
with the pre-rift Proterozoic faults.

In southern Kenya, intra-rift faults surround-
ing the volcanoes Menengai, Longonot and Suswa
show general alignment with the rift border faults,
but these fault populations are oblique to the
plate motion vector. In general, the southern rift
segment is considered to be in oblique extension,
with the angle of obliquity between plate motion
and faults at 30–358. Calderas in the southern
rift segment are orientated NE–SW. With the
exception of Longonot, the caldera short axes at
these volcanoes are oblique to the intra-rift fault

Table 3. Calculated plate motion vector, caldera orientation and caldera
eccentricity at each Kenyan volcano

Volcano Plate motion
azimuth

Caldera
orientation

Eccentricity
e

8 svu

The Barrier 104.4 9.8 112.8 0.86
Emuruangogolak 104.3 10.5 115.0 0.7
Silali 104.2 10.8 124.8 0.7
Paka 104.3 11.1 132.2 0.94
Menengai 105.3 12.4 58.9 0.74
Longonot 108.8 13.6 62.6 0.86
Suswa 108.7 14 65.5 0.84

The plate motion vector and associated azimuthal error of the Somalian plate is calculated relative to
the Victoria plate. Caldera orientation describes the orientation of the best-fitting ellipse of the
mapped caldera and the eccentricity is also calculated from the major and minor axes of the
best-fitting ellipse.
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orientations. However, at all three volcanoes, the
caldera long axes are aligned with the Proterozoic
fault orientation.

Our results, therefore, show that these two rift
segments are different in their tectonic and caldera
characteristics. The contrast between these two rift

Fig. 5. Results for the extensional setting and alignment of calderas with regional stresses and pre-existing structures.
Column 1: Extensional tectonic setting at each caldera volcano. The orientation of intra-rift faults (blue), rift border
faults (green) and the normal to the plate motion vector (orange dashed) are shown with associated errors. The acute
angle between each structural element is used to determine whether the setting is oblique, in transtension or under
orthogonal opening. Column 2: Orientation of intra-rift faults with respect to caldera orientation. Intra-rift fault
orientations are displayed using both length-weighted rose diagrams (light blue) and the frequency-weighted circular
mean orientations (dark blue). Caldera long axis orientations are shown in red and short axis orientations are dashed.
Column 3: Orientation of Proterozoic faults with respect to caldera long axis orientation. Faults mapped in the
Cherangani Hills are shown as a purple length-weighted rose diagram and the frequency-weighted circular mean
orientation is marked in dark purple. In a similar fashion, faults mapped in Loita Hills are presented in beige.
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segments allows us to investigate the role of exten-
sional settings in caldera orientation.

Caldera eccentricity and orientation

Our remote sensing results show that all seven
Kenyan calderas are elliptical. We found no trend
in ellipticity between the two rift segments, nor
was there any trend between ellipticity, age, cal-
dera size or eruptive volume. Over half of all cal-
deras globally are elliptical, with short/long axis
ratios ,0.95 (Fig. 6; Geyer & Martı́ 2008); a third
of all calderas have ellipticity values between 0.65
and 0.84, similar to those of the Kenyan calderas
(Table 3). The range of values from Kenya coin-
cides with values from the MER and the Taupo Vol-
canic Zone (New Zealand), both continental rift
zones. Figure 6 shows that there are few calderas
worldwide with ellipticity values between 0.85 and
0.94; we suggest this is a dataset artefact because
equal short and long axis lengths are more likely
to be recorded at near-circular calderas. For exam-
ple, from our analysis, the Barrier, Paka and Long-
onot calderas have ellipticity values between 0.85
and 0.9 as a consequence of our ellipse-fitting tech-
nique, but in the Collapse Caldera Database (Geyer
& Martı́ 2008) both Paka and Longonot are assigned
to the top .0.94 bin.

Within Kenya, the caldera orientation is con-
trolled by either the local stress field or by pre-
existing structures. We tested these hypotheses by
comparing caldera orientation with our measured
proxy stress field and mapped the pre-existing struc-
tures. We did not observe strike-slip faults in our
analysis of intra-rift faults, therefore we assumed
that all the intra-rift faults were normal and used
their orientation as a proxy for the horizontal stress
field. However, the exact horizontal stress field ori-
entation is notoriously difficult to measure (e.g. Zob-
ack et al. 1987; Arnold & Townend 2007; Delvaux
& Barth 2010). None the less, intra-rift faults sur-
rounding each caldera have consistent orientations
with low variances (Table 4) and so we assumed
that they all formed under uniform stress with a con-
sistent orientation, which we termed the horizontal
tensile stress orientation.

Aligned volcanic features, such as effusion cen-
tres and pyroclastic cones, can indicate the orien-
tation of shallow crustal stresses. Figure 4 shows
the mapped locations of pyroclastic cones, off-
edifice point effusion centres and fissure vents (black
stars). Although we could not statistically determine
their alignment, it was clear that they also followed
the trend of intra-rift faults, particularly at Emuruan-
gogolak, Silali and Longonot. At Longonot, intra-
rift faults (aligned with the rift border faults)

Fig. 5. Continued.
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offset early Pleistocene–Pliocene trachytes, but
only a few faults offset later mid–late Pleisto-
cene–Holocene trachytes NE and SE of the edifice
(Clarke et al. 1990). This indicates that these
faults formed contemporaneously with periods of
volcanism. We therefore assumed that the volcanic
features and extensional intra-rift faults formed
under the same crustal stresses.

In northern Kenya, the caldera long axes are
perpendicular to the intra-rift faults. The caldera
long axes are also statistically parallel to the

NW–SE-trending Proterozoic faults, which are
thought to underlie the Kenyan Rift (Mosley 1993).
Assuming that the caldera geometry is a proxy for
the magma reservoir geometry, our results show
that two processes could control the caldera orien-
tation in the northern Kenya. First, horizontal com-
pressive stresses may cause a magma reservoir to
form perpendicular to the minimum stress (Table
1, 1a). Alternatively, the magma storage region
may align with the pre-existing NW–SE fault
network (Table 1, 1c). This picture, however, may
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Fig. 6. Eccentricity of calderas worldwide, data extracted from the Collapse Caldera Database (Geyer & Martı́
2008). Eccentricity of calderas in the Kenyan Rift (KR), Main Ethiopian Rift (MER) and the Taupo Volcanic
Zone (TVZ) are shown in the darker shade. The eccentricity of Kenyan calderas, calculated in this study, are marked
above the histogram bars. B, the Barrier; E, Emuruangogolak; Si, Silali; P, Paka; M, Menengai; L, Longonot;
and Su, Suswa.

Table 4. Results from the structural measurements of faults determined from remote sensing

Volcano Intra-rift faults Rift border faults Proterozoic faults

Mean s2 Range N Mean s2 Range N Mean s2 Range N

The Barrier 19.2 0.14 22.6 43 24.8 0.07 12.5 52 124.7 0.57 34.6 43
Emuruangogolak 35.0 0.12 29.3 25 31.4 0.10 13.2 69 124.7 0.57 34.6 43
Silali 25.9 0.21 12.1 192 25.8 0.26 17.0 118 124.7 0.57 34.6 43
Paka 31.1 0.26 21.4 75 25.8 0.26 17.0 118 124.7 0.57 34.6 43
Menengai 178.5 0.27 34.1 31 171.4 0.39 18.7 162 352.3 0.92 — 25
Longonot 140.3 0.24 37.6 24 142.0 0.32 20.7 101 352.3 0.92 — 25
Suswa 4.8 0.13 8.6 276 169.3 0.34 27.6 61 352.3 0.92 — 25

Mean orientation, circular variance (s2) and the angular range of the 95% confidence interval for fault populations is shown.
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be more complex than a two end-member model,
with interactions between the two processes. For
instance, basement anisotropies on the eastern
flanks are not parallel to recent Quaternary volcanic
features (Bosworth et al. 2003), but joint systems
may have acted as magma conduits (Key et al.
1989; Haug & Strecker 1995). Furthermore, rifting
may have locally altered the strike of Proterozoic
shear zones (Hetzel & Strecker 1994), which, in
turn, may influence magma pathways and the
surface expression of the resulting volcanic activity.

Calderas in the southern rift segment have long
axes oblique to intra-rift faults and are, therefore,
not aligned with the regional horizontal stress
orientation; an exception is Longonot volcano. All
the calderas are, however, aligned between the bi-
modal orientation of the pre-rift Proterozoic fabric.
We consider these calderas to be aligned with the
pre-existing structures through two possible mech-
anisms. First, magma storage regions can consist
of an interconnected series of sills (e.g. Hildreth
1981; Dawson et al. 2004; Sánchez et al. 2004).
These sills may exploit either modal pre-existing
fault orientation. Thus, although individual sills
have varying orientations, the overall complex is
elongated between these two modal orientations.
Alternatively, the intersections where two sets of
pre-existing faults cross are comparatively weak
compared with the surrounding rock. In this case,
the magma will accumulate at these intersections
and along both faults. As in the first mechanism,
the reservoir region will not appear to be elongated
along one modal pre-existing orientation, but
between them the two. Both mechanisms suggest
that the orientation of elliptical calderas in the
southern rift segment is controlled by the underlying
pre-rift basement structure.

Extensional settings

Our results show that the volcanoes in the Kenyan
Rift are situated across a variety of extensional set-
tings, from orthogonal in the north to oblique in the
south. Globally, transtension and orthogonal exten-
sional settings are dominant and oblique extension,
such as that observed in the southern Kenyan Rift
segment, is unusual (Fig. 7). At Suswa, the intra-rift
faults are part of the Magadi Fault Swarm, which
possibly extends under the edifice. There are no
intra-rift faults or volcanic alignments north of
Suswa, or on Suswa itself, so our statistical analy-
sis was based solely on the Magadi faults. If the
intra-rift faults were aligned with the rift border
faults under Suswa, as seen at the other volcanoes,
Suswa would also be considered oblique. Menengai
volcano has components of both orthogonal and
oblique extension. This is due to the en echelon
change in orientation of the rift border faults

surrounding the caldera – a consequence of Menen-
gai being situated at the junction between the north-
ern and southern rift segments.

As a result of the complexity in the fault patterns
in the MER, studies of rift kinematics in this region
often define extension in terms of orthogonal, low/
moderate obliquity (a ≤ 458) and high obliquity
(a ≤ 458; e.g. Agostini et al. 2009; Corti 2012). If
we were to use this definition, the volcanoes in the
northern rift segment would remain classified as
orthogonal, with the exception of Emuruangogolak,
which would be classified as low obliquity. All the
volcanoes in the southern rift segment would also
be classified as low obliquity.

We can compare structural and magmatic fac-
tors such as the spreading rate, magma supply rate
and crustal thickness of the southern Kenya Rift
with the transtensional MER to ascertain why we
observe the unusual case of oblique rifting. The
MER, also in the EARS, is a comparable extensional
setting as it consists of a 60–85 km wide fault-
bounded valley and contains extensional intra-rift
faults, basaltic fissures and silicic caldera volcanoes
(e.g. Corti 2009). Here the extension rate is c.
6 mm a21 and the strain is accommodated along
narrow (20 km) localized magmatic segments that
are oblique to the boundary faults (Ebinger &
Casey 2001; Mackenzie et al. 2005; Maguire et al.
2006). It is thought that this rift obliquity has con-
trolled the evolution and segmentation of the MER
(Corti 2008). The crustal thickness varies from 30
to 35 km in the northern sector to c. 35–40 km in
the central sector (Maguire et al. 2006). Using val-
ues reported in Bendick et al. (2006), the MER cal-
deras are situated in a transtensional setting (Fig. 7),
one of the dominant extensional regimes globally.
The plate motion vector has remained constant over
the past 11 myr (Royer et al. 2006) and so it is the
shift in strain accommodation from the rift border
faults to oblique intra-rift faults that classifies the
MER as transtensional.

In the Kenyan Rift, the change from orthogo-
nal to oblique extension is reflected by the change
in the rift border fault orientation with respect to
the plate motion vector. During the evolution of
a continental rift, mechanical processes largely
control rift segmentation, as well as the contribu-
tion of asthenospheric processes such as upwell-
ing, so a combination of both these processes may
be controlling the Kenyan Rift segments (Ebinger
& Casey 2001; Casey et al. 2006). Alternati-
vely, and our preferred explanation, pre-existing
basement anisotropies could have been reacti-
vated during extension and guided rift border
fault orientation in this rift segment. The presence
of NW–SE shear zones in Proterozoic rocks has
influenced at least the initial evolution of the
Kenyan Rift.
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The spreading rate and rift maturity also affect
continental rift structure (Ebinger 2005). At MORs,
Tuckwell et al. (1996) have suggested that slow-
spreading MOR settings (half-rate ,20 mm a21)
tend to be in transtension and fast-spreading ridges
tend to spread orthogonally. However, as MOR
settings are the end-member of the entire rifting
process and extension rates at continental rifts are
extremely slow (Kenya Rift, c. 3–4 mm a21; MER,
c. 6 mm a21), comparison between these two set-
tings is perhaps not appropriate. Assuming that the
spreading rate reflects the magma supply rate, we
would not expect major differences in the magma
supply rate between the Kenya Rift and the MER.
Thus, these two rifts cannot be characterized by
major differences in their magma supply rates.
The mechanical strength of the lithosphere is con-
trolled by its thickness, which influences the struc-
ture of a rift (e.g. a wide or narrow rift; Buck
2004). Crustal thickness in the oblique southern

Kenyan Rift is 35 km, broadly similar to the MER
crustal thickness at 30–40 km (Prodehl et al.
1997; Stuart et al. 2006). Therefore, we cannot dis-
tinguish between these two rifts based on crustal
thickness alone.

Magma rise in oblique extensional

settings

Our results show that the northern rift segment
in Kenya is in orthogonal extension and is char-
acterized by elliptical calderas that are parallel
to both the minimum horizontal stress orientation
and Proterozoic pre-existing structures. Therefore,
we were unable distinguish which process controls
caldera orientation in northern Kenya. The southern
rift segment is in oblique extension and calderas in
this section are orientated along pre-existing struc-
tures. Thus, we conclude that, in the oblique sec-
tion of the Kenyan Rift, pre-existing structures play
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a dominant role in magma reservoir development
and the rise of magma through the lithosphere.

The influence of pre-existing structures on rift
architecture and volcanism has been suggested
elsewhere in the EARS (Morley et al. 1992; Ring
1994; Korme et al. 2004). For example, within the
MER, pre-rift east–west structures appear to con-
trol the orientation of some elliptical calderas at
Gariboldi, Gedemsa and Fantale volcanoes (Aco-
cella et al. 2003). Pre-existing structures can con-
trol magma rise in the crust in a number of ways
(Acocella et al. 2003): (a) the sub-vertical attitude
of crustal-scale pre-existing structures may allow
easy magma intrusion; (b) the reactivated fault net-
works may create localized areas of extension, such
as releasing bends or pull-apart structures, which
focus the rise of magma; and (c) pre-existing struc-
tures are deeper than the recent rift-related faults
and, therefore, affect magma accumulation in the
mid-crust. We propose that magma rise in the
oblique Kenyan Rift is also controlled by one or
more of these processes.

In the Tanzanian Divergence, just south of the
Kenyan Rift, Isola et al. (2014) showed that hetero-
geneity in the strain field controls the rise of magma
across different rift segments. Specifically, they
identified that pre-existing rift structures have a
greater influence on the orientation of volcanic
features than more mature rift segments. This is
probably due to thermo-mechanical modifications
in mature segments allowing the tectono-magmatic
system to directly respond to regional crustal stres-
ses (i.e. stresses associated with the extension direc-
tion). This hypothesis broadly agrees with our
results, as we have shown that magma reservoirs in
the less mature southern rift segment are influenced
by pre-existing structures. We cannot test this
hypothesis for the northern rift segment as the cal-
deras align to both pre-existing structures and the
regional stress field. However, if this mechanism
were to apply to the Kenyan Rift, we would infer
that the magma reservoir geometry for the north-
ern calderas is controlled by the regional crustal
stresses.

Structural control of magmatism at different

crustal levels

Volcanic features, such as pyroclastic cones and
effusive vents, are typically aligned with exten-
sional intra-rift faults. The two main models used
to explain fault and volcanic alignments are frac-
ture-induced extension and dyke-induced fractur-
ing (e.g. Acocella et al. 2003; Tentler 2005). In
the fracture-induced model, fractures and fissures
propagate downwards through the crust from the
Earth’s surface. When they reach the tensile limit
of the lithosphere, the fractures become normal

faults and are unlikely to reach depths greater than
2 km (Acocella et al. 2003). The formation of
fracture-induced normal faults does not require the
initial presence of magma or a dyke intrusion
within the crust. Based on this model, these open
faults or fractures act as conduits for the rise of
magma and eruption along fissure vents (Chorowicz
et al. 1994; Korme et al. 1997, 2004). In the
dyke-induced model, magma is intruded into the
crust and forms a magmatic plumbing system that
feeds dykes and aligned volcanic features (Rooney
et al. 2011). Surface faulting is induced by the
tensile stresses as a result of dyke emplacement and
magma rise consequently follows (Rowland et al.
2007). Thus, both dykes and faults in this model
originate within the crust and propagate towards
the Earth’s surface.

In the oblique southern Kenyan Rift, aligned
intra-rift faults and volcanic features are oblique to
the caldera orientation and our inferred magma
reservoir orientation. Assuming that the intra-rift
faults are shallow (c. 2 km) and that the magma
reservoirs are deeper, different lithospheric stresses
must be acting separately on the faults and the
magma reservoirs. From this perspective, it seems
likely that the pre-existing Proterozoic structures
could control the orientation of magma reservoirs,
but not the intra-rift fault orientation (Fig. 8). Con-
sequently, we suggest that intra-rift faults and
aligned volcanic features develop through fracture-
induced extension because this model does not
require a magmatic plumbing system to induce
fault formation.

Oblique extension and volcanism

Our results provide a broad prospective on the
observed changes in magma composition through-
out the Kenyan Rift. In the northern rift segment
the eruptive products are bimodal, typically trachyte
pyroclastics and trachyte/basaltic lavas. In south-
ern Kenya, the eruptive products are almost entirely
trachytic, but are also compositionally zoned. This
observation led Macdonald (2012) to propose sig-
nificant periods of quiescence and stability within
the southern mafic systems, sufficient to allow sub-
stantial magma evolution. We speculatively suggest
that the oblique structures, which control magma
rise in the southern rift segment, may cause the
magmas to stall in the upper crust, thereby creating
the time required to develop compositional zoning.

Caldera systems are assumed to reflect the geo-
metry of past magma reservoirs. Geophysical obser-
vations, such as interferometric synthetic aperture
radar (InSAR), magnetotellurics and seismicity,
allowed us to conduct a similar analysis on present
magma storage. Recent InSAR observations show
uplift at Paka and Longonot and subsidence at
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Suswa, Menengai and Silali (Fig. 3; Biggs et al.
2009, 2013). Subsidence at Silali, Menengai and
Suswa is located over the calderas and may be
explained by magma movement; however, processes
such as cooling, crystallization and gas exsolution
can also produce significant ground subsidence
(Caricchi et al. 2014).

In contrast, uplift signals at both Paka and Long-
onot are offset from their calderas. At Paka, the
signal is centred on the northeastern flank and, at
Longonot, it is located to the east over a recently
formed pit crater. These observations can be inter-
preted in several ways: (1) the signals are not from
a potential caldera-forming reservoir; (2) the mag-
matic system has migrated laterally and, if an erup-
tion were to occur, a nested caldera structure could
form; and (3) the deformation may not be mag-
matic, but hydrothermal expansion and contraction.

Conclusion

We used remote sensing data to investigate the
extensional characteristics of the Kenyan Rift and
to test whether the orientation of elliptical calderas
is controlled by regional stresses or pre-existing

structures. Our results showed that extension in
the northern Kenyan Rift is orthogonal, whereas in
the southern Kenya Rift it is oblique. In northern
Kenya, our analysis showed that caldera orientation
can be explained by either regional stresses or pre-
existing structures, but that only pre-existing struc-
tures control caldera orientation in the southern
rift segment.

Our results highlight the role of different struc-
tures on magma rise at different crustal levels in
oblique rifts. We propose that in the oblique south-
ern Kenyan Rift, deep-seated pre-existing structures
control magma rise in the lithosphere and the devel-
opment of magma reservoirs. In contrast, intra-rift
faults and volcanic alignments are controlled by
local shallow crustal stresses due to extension. Pre-
existing structures may control caldera orientation
in parts of the transtensional MER and, therefore,
we may expect to find that these structures control
magma rise in other oblique and transtensional
rifts, such as the Taupo Volcanic Zone, New
Zealand.
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Fig. 8. Summary model for magma storage in the southern Kenyan Rift. (a) Aligned Proterozoic faults formed prior to
the Kenyan Rift. (b) Formation of the Kenyan Rift and onset of magmatism and the development of silicic magma
reservoirs. Pre-existing Proterozoic faults are exposed on the rift flanks, but are covered by volcanics and sediments
within the rift. Rift border faults and extensional intra-rift faults form at an oblique angle to the pre-existing Proterozoic
faults. Intra-rift faults form through fracture-induced extension, reaching depths less than about 2 km. Intra-rift faults act
as a conduit for shallow magma rise. Silicic magma reservoirs form at depths greater than 2 km and align parallel to the
underlying Proterozoic fault fabric, thus they become elliptical in plan view. During caldera-forming eruptions, the
geometry of the magma reservoir determines caldera ellipticity and orientation.
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