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Abstract

The Lokichar fault is a major boundary fault in the northern Kenya rift, mapped from seismic re¯ection data. The fault is a
mixture of high 45±608, low 20±458 and very low (12±208) angle segments. The areas of least displacement (up to a maximum

10 km heave) are the very low-angle fault segments (12±208). The southern higher angle fault segment has a maximum estimated
heave of about 20 km. Initiation of normal faults at a low angle cannot be easily explained by rock mechanics theory. Common
explanations for such faults include: (1) rotation of higher angle faults by the domino faulting model, (2) rotation of large-
displacement faults by isostatic instability created by the faulting (rolling hinge models), and (3) reactivation of low-angle pre-

existing fabrics. The Lokichar fault geometry is inconsistent with any of the above explanations. The very low-angle segments
coincide with regions of intense igneous intrusive activity. Re-orientation of the stress axes from the simple Andersonian
condition, could permit normal faults to form at a lower angle; this may happen around intrusive complexes or by setting up a

basal shear stress between ¯owing and static crust. If faults associated with metamorphic core complexes were associated with
marked along-strike changes in fault angle the resulting variations in footwall uplift could give rise to the antiformal
metamorphic core complex geometry. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Seismic re¯ection data across the East African rift

shows most major boundary faults are high-angle (45±

708, e.g. Ebinger et al., 1987; Rosendahl et al., 1988;

Dunkleman et al., 1989; Morley, 1989). Seismic re¯ec-

tion data acquired by Amoco P.C. in the northern

Kenya rift have revealed several large faults imaged on

the East African seismic data that are very low-angle

(12±208). These faults are exceptions rather than the

rule; however their unusual occurrence must be

explained. The best imaged low-angle fault is the

Lokichar fault in northern Kenya which is described

below. This paper examines some of the implications
of the Lokichar fault for the origin of low-angle nor-
mal faults, and models that have been developed to
explain the origin and motions on low-angle normal
faults elsewhere in the world.

1.1. Geometry of the Lokichar fault

The Lokichar fault is the boundary fault to a large
half graben in the southern Turkana area (Morley et
al., 1992; Fig. 1). Nineteen dip seismic lines and three
strike lines provide control on the Lokichar fault geo-
metry to about 4 s two way travel time, or depths of
8±10 km, over a strike distance of 140 km (Figs. 2±6).
Crystalline basement forms the footwall, whilst the rift
basin, ¯oored by crystalline basement, forms the hang-
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ing wall. The termination of re¯ectors from the rift
basin provides a fairly precise marker for the location
of the boundary fault. Where the fault plane lies
entirely in basement, many seismic lines display re¯ec-
tions that appear to be from the fault plane. The sur-

face trace of the fault, marked by the edge of
Precambrian basement outcrops, coincides well with
the fault de®ned on seismic data.

Fig. 1 shows the location of several half graben-
bounding faults in the area. These faults are thought

Fig. 1. Regional map showing maps of major fault planes from seismic re¯ection data, western Turkana area of northern Kenya. The locations

of major igneous intrusive complexes are inferred from the identi®cation of volcanic centers in surface outcrops.
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to pass independently into a mid-crustal brittle±ductile

transition zone, and not form part of a linked detach-

ment system (Hendrie et al., 1994).

Mapping of the fault plane shows the following fea-

tures:

1. In general the fault plane is planar, although in the

area of line 102W it has a listric shape.

2. The fault plane changes dip considerably along

strike from about 128 to 608 (Figs. 2 and 3).

3. The southern portion of the fault is curved in map

view, but planar in cross-section; the curvature is

accompanied by the fault changing dip along strike

(Figs. 1 and 4).

4. The fault displacement changes considerably along

strike. Using the top of the Precambrian basement±

base syn-rift section as a marker there are two areas

of relatively high throw, most pronounced is the

southern area which displays up to 8 km throw and

13±15 km heave (Figs. 2 and 4), separated by a cen-

tral area of low displacement (about 2 km throw

and 4±5 km heave). The fault dip is higher in the

areas of high displacement and considerably lower

in the areas of low displacement. The method for

measuring displacement is discussed below.

The top of the Precambrian basement±base syn-rift

re¯ection is generally well de®ned on seismic lines. The

o�set of this re¯ection from the surface outcrop of the

fault trace provides an approximate estimate of the

displacement on the fault (Fig. 4). The footwall of the

fault is Precambrian basement, hence no marker hor-

izons within the Tertiary basin ®ll can be tied to the

footwall. The extension estimates (Figs. 2 and 4)

underestimate the actual extension to some extent

because the footwall area has been eroded during the

late Tertiary.

Hendrie et al. (1994) used a ¯exural cantilever

model to estimate the amount of footwall uplift and

erosion for the Lokichar fault. In general this model

predicts footwall uplift is larger for high-angle faults

rather than low-angle faults, and where the basin ®ll

density contrast with basement is greatest (Kusznir et

al., 1991). Hence the area of maximum basin ®ll and

highest fault dip, both of which coincide in the

Lokichar basin, should have the highest footwall

uplift. Similarly the area where the boundary fault is

low-angle coincides with a thinner basin ®ll, indicating

relatively low footwall uplift. Measuring displacement

from the surface trace of the fault to the hanging wall

cuto� may underestimate heave along the Lokichar

fault by a maximum of about 5 km (Hendrie et al.,

1994). For the low-angle portion of the fault similar

modeling suggests displacement may be underestimated

by a maximum of 1.8 km (Fig. 5). Thus in relative

terms the displacement pattern remains the same, since

the maximum underestimate of extension occurs on

the steepest-dipping portion of the fault and is least

for the gently-dipping sections of the fault.

The top Precambrian basement re¯ection in general

provides a good indication of the maximum displace-

ment on the Lokichar fault in the brittle upper crust.

The main way to add extra extension to the fault

below the top of Precambrian basement would be for

hanging wall faults to sole into the Lokichar fault.

There are, however, relatively few minor faults imaged

Fig. 2. Map of Lokichar fault plane made from seismic re¯ection data (see Fig. 1 for location). The horizonal axis is distance along the strike of

the fault. The thick line at the base of the heave contours marks the base of the syn-rift section-top of Precambrian basement, and represents the

vertical throw. The contours above represent the horizontal extension or heave on the fault plane, which increases with depth, as mapped from

the displacement of the hanging wall basin ®ll re¯ections with respect to the present outcrop of the fault. This is actually a minimum estimate

because footwall uplift has not been taken into account.
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on seismic re¯ection data that could contribute signi®-

cant amounts of extension to the Lokichar fault down-

dip of the top-of-basement hanging wall cuto� (Fig.

6). Signi®cantly, however, more minor faults occur in

the area of the low-angle Lokichar fault segment, than

the high-angle segments. These minor faults could con-

tribute an extra 2±3 km heave to the low-angle portion

of the boundary fault, below the hanging wall cuto�

of the top Precambrian basement. Consequently esti-

mates of the maximum heave on the low-angle fault

segment lie in the region of 8±10 km, while for the

southern high-angle segment maximum heave is 18±

20 km.

Fault geometry in rifts has been the subject of con-

siderable debate in the literature (e.g. Gibbs, 1983;

Wernicke, 1985; Jackson, 1987; Buck, 1988; Lister and

Davis, 1989; Kusznir et al., 1995). Are faults domi-

nantly listric or planar in cross-section? Are they in-

Fig. 3. Examples of Lokichar fault plane geometry on seismic re¯ection data; the fault plane used for locations can be seen in Figs. 1 and 4.

C.K. Morley / Journal of Structural Geology 21 (1999) 479±492482



itially high-angle or low-angle? What are the mechan-
isms for causing such changes in fault geometry? The
Lokichar fault demonstrates that over a distance of
150 km, a single fault passes from a high-angle planar
geometry to intermediate and low-angle planar geome-
tries, and in one area has a listric geometry. This has
considerable implications for the normal fault models
which maintain that low-angle faults develop in re-
sponse to di�erent boundary conditions than high-
angle faults (e.g. Buck, 1988; Yin, 1989). Whilst this
may still be true, to explain the Lokichar fault, it is
necessary to ®nd some very local changes in such con-
ditions.

1.2. Timing of deformation along the Lokichar fault

In western Turkana the Tertiary syn-rift basin ®ll

overlies crystalline Precambrian basement. Seismic

data show pronounced expansion of the mixed sedi-
mentary and volcanic syn-rift section towards the

Lokichar fault. There is no indication of any pre-rift
sedimentary section.

There are two depocenters along the Lokichar fault
separated by a central antiformal high or transverse

anticline (Fig. 6, strike section TVK-100). The
southern depocentre is called the Lokichar basin and

the northern depocentre is the North Lokichar basin.
Correlation of seismic re¯ection data across the basins

shows that the west-thickening Lokichar basin ®ll

underlies the west-thickening North Lokichar basin.
Underlying the west-thickening half graben ®ll in the

North Lokichar basin is an east-thickening re¯ection
package that can be tied at the surface to seismic

re¯ection data in the vicinity of the Lothidok hills.

The surface outcrops have been described as a succes-
sion of volcanics and volcani-clastics of late

Oligocene±middle Miocene age by Boschetto et al.
(1992) (Fig. 7).

The basin ®ll in the hanging wall of the Lokichar
fault is dated as latest Oligocene±middle Miocene from

palynology, vertebrate fossils and radiometric age
dates of lava ¯ows from suface outcrops and shallow

boreholes (Morley et al., 1992). These ages were con-

®rmed by data from an exploration well (Loperot-1)
drilled by Shell (Morley et al., in press). Tentative dat-

ing of the lowest sequence in the well, not seen in out-
crop, points to a possible late Eocene±early Oligocene

age (Fig. 7).

The North Lokichar basin is dated by correlation of

seismic re¯ection data with surface outcrops. The west-
thickening basin ®ll overlies middle Miocene volcanic

units and is of late Miocene±Pliocene age (Morley et

al., 1992).

The picture that emerges from the basin geometries
described above is that the west-thickening Paleogene±

mid Miocene Lokichar basin passed northwards into

an east-thickening basin (Lothidok basin). In the vicin-
ity of the present day transverse anticline or saddle

area (Figs. 6 and 7), the displacement on the east-dip-
ping Lokichar fault was transferred via a convergent

overlapping transfer zone (Morley et al., 1990) to the

(inferred) west-dipping boundary fault of the Lothidok
basin.

The subsequent development of the North Lokichar

basin beginning in the late Miocene could represent

northerly propagation of the original Lokichar fault.
Alternatively a new boundary fault may have formed

along strike of the Lokichar fault and propagated
south to link with it. Linkage occurred around the

Fig. 4. Structure contour map on the Lokichar fault plane. An esti-

mate of the location of the top of basement footwall cuto� prior to

erosion was made based on the STRETCH model (Kusznir et al.,

1991). (See Fig. 1 for location.)
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low-angle portion of the Lokichar fault in the central
area.

In detail there are several features which point to a
more complex history of motion on parts of the
Lokichar fault. On two lines only (TVK 107 and 106)
there is evidence of minor Pliocene inversion, as indi-
cated by a hanging wall fold.

1.3. Origin of low-angle faults

Since the recognition of low-angle normal faults in
the Basin and Range, there have been questions raised
as to how such faults are mechanically possible,
whether they could represent rotated high-angle faults
(Pro�ett, 1977), and whether they are applicable to tec-
tonic settings outside of abnormally hot, thick conti-
nental crust (see Lister and Davis, 1989; Wernicke,
1995; Wills and Buck, 1997).

Isostatic rotation of initially high-angle normal
faults to lower angles has been invoked to explain the
mechanical problems of initiating the detachment
faults as low-angle faults (e.g. Wernicke and Axen,
1988; Buck, 1988). However, ®eld evidence has

revealed some late low-angle faults that are geometri-
cally consistent with mapped bedding and truncations
of high-angle faults only when they were initiated at a
low angle (e.g. Whipple detachment fault, Lister and
Davis, 1989; Yin and Dunn, 1992; Rawhide fault,
Scott and Lister, 1992).

Since the ®eld evidence for at least some initially
low-angle faults is strong, some workers have argued
that the assumption of Andersonian fault mechanics
(one of the principal stress axes is vertical, Anderson,
1951) is not necessarily correct (Lister and Davis,
1989; Yin, 1989; Parsons and Thompson, 1993). In
order to generate low-angle faults it is necessary to
®nd a mechanism which will cause rotation of the ver-
tical principal stress direction. Such non-Andersonian
conditions may be caused by a basal shear stress, such
as regional ductile ¯ow in the lower crust or between
the crust and the mantle (Yin, 1989; Lister and Davis,
1989), or by igneous intrusion (Parsons and
Thompson, 1993).

Once a low-angle normal fault is formed, there still
remains the problem of why the fault should remain
active. If a vertical s1 is resolved into normal and

Fig. 6. Strike and dip cross-sections across the Lokichar basin based on seismic re¯ection data. The fault plane used for locations can be seen in

Fig. 4. The strike-section is based on strike seismic line TVK-100. It illustrates the two separate depocenters created at di�erent times, with a

very deep Paleogene±middle Miocene depocenter in the south (white) and an upper Miocene±Pliocene depocenter in the north (grey) separated

by a high area.
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shear components then normal stress becomes increas-
ingly larger with respect to shear stress as the fault dip
becomes lower (e.g. Byerlee, 1978). For a typical fric-
tion coe�cient between 0.5 and 1, normal faults dip-
ping less than 30±408 are predicted to lock up. This is
supported by modern seismicity studies of active nor-
mal fault systems which fail to show active low-angle
faults (e.g. Jackson, 1987; Doser and Yarwood, 1994).
Hence it is di�cult to understand how, under

Andersonian conditions, it is possible for low-angle
normal faults to be active, although high pore ¯uid
pressures may help (e.g. Axen, 1992).

The Lokichar fault has the following characteristics:

1. A major relatively high angle (30±508) fault passes
along strike, into a low-angle fault segment (12±208)
over a distance of 50 km. Hence fault geometry can
change considerably along-strike.

Fig. 7. Stratigraphic setting for the Lokichar basin. The schematic stratigraphic cross-section illustrates the marked change from basement-

derived sediments in the Lokichar basin to volcanic-dominated basin ®ll in the Lothidok area. The map illustrates the isopach pattern for the

Paleogene±middle Miocene section, thicknesses are given in kilometers.
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2. The low-angle fault segments are not representative
of highly extended and rotated high-angle faults,
but actually coincide with areas of least displace-
ment. Depositional lows coincide with fault seg-
ments of higher angle, and the half graben
stratigraphy thins towards the low-angle fault seg-
ments. Keeping other critical parameters similar,
isostatically-induced rotation of the fault plane
should occur along the high-angle, high-displace-
ment portions of the fault (Buck, 1988; Kusznir et
al., 1995). Consequently the observed displacement
geometries are completely the reverse of those

expected if the low-angle fault segment of the
Lokichar fault was the result of isostatic rotation of
an initially high-angle fault.

3. The Lokichar fault cross-cuts folded foliations in
Precambrian basement at a high angle, hence there
is no in¯uence from pre-rift fabrics (Fig. 1).

4. The Lokichar fault appears to be predominantly
planar in cross-section. For the fault to change
angle along strike, but maintain a linear outcrop
trace, would require the base of the fault (where it
passes into the brittle±ductile transition zone) to
form a salient (Figs. 4 and 8a). If the base of the
fault is linear (Fig. 8b) then the outcrop trace of the
fault should be curved. Intermediate geometries can
also occur (Fig. 8c). Alternatively more complex,
laterally curving geometries may develop (Fig. 8d);
such is the case for the southern portion of the
Lokichar fault.

The Turkana area is an atypical part of the Kenya
rift. It is 2±3 times wider than most parts, has a
Paleogene history and a long history of extensive vol-
canism. It is an area of high extension (perhaps 40 km,
Hendrie et al., 1994). Other parts of the rift (e.g. Lake
Tanganyika) display high-angle boundary faults (60±
708) and a maximum of about 10±14 km regional
extension (Morley, 1989; Kusznir et al., 1995).

1.4. Potential role of magma in formation of low-angle
faults

Parsons and Thompson (1993) have discussed the
role that mid-crustal igneous intrusions might play in
initiating low-angle normal faults. They proposed that
if the intrusions in¯ate the crust locally at a rate faster
than tectonic extension, then intense extensional stress
would be located above the zone of intrusions. The
overpressured magma may be intruded in su�cient
quantities to locally create compressional conditions
(Rubin and Pollard, 1988). Under such circumstances
the maximum principal stress direction will tend to be
rotated from a vertical orientation near the surface to
horizontal approaching an intrusive complex. In ad-
dition large intrusive complexes could locally raise the
geothermal gradient, thereby weakening the upper
crust and reducing the di�erential stress that could be
supported.

Re-orientation of the principal stresses could permit
normal faults to be initiated at lower angles than pre-
dicted by the simple Andersonian model. The faults
would have to be initiated during the period of mag-
matic intrusion and remain as planes of su�cient
weakness to be reactivated once the anomalous stress
conditions were dissipated.

Ductile ¯ow of the lower crust (possibly induced by
magmatic heating) could also create asymmetric

Fig. 8. Schematic illustration of how a fault which appears planar in

cross-section can display curved map view geometries due to lateral

variations in dip of the fault plane. (a) Straight surface map trace,

curved base, (b) straight base, curved surface map trace, (c) curva-

ture of both the base and surface fault trace, the straight segment

lies mid way along the fault, (d) laterally curving fault and variable

fault angle.
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boundary conditions favorable to the formation of
low-angle normal faults (Yin, 1989). Defending this
model, Yin (1990) proposed that the shear strength of
the crust at a depth of 10 km could be as low as 11±
21 MPa if high pore ¯uid pressure ratios (0.8±0.9)
were present. Igneous activity is one means by which
such high pore ¯uid pressures could be temporarily
attained.

There are some thermal and deep crustal data to
support the applicability of the ductile ¯ow model of
Yin (1989) to the Lokichar fault. Sparse heat ¯ow
data indicate high crustal temperatures today, several
million years after extension was last active in the
area. Values are likely to have been higher in the past
when the rift was active. Two exploration wells in wes-
tern Turkana yielded geothermal gradients of 3.18C/
100 m and 4.28C/100 m (Morley et al., in press). For
the hottest well a heat ¯ow of 80 mW/m2 has been esti-
mated (Le Van Hung, 1996). Seismic refraction data
indicates northwards crustal thinning of a 6.8 km/s
layer, which lies immediately above the crust±mantle
transition, from a thickness of 9 km in the southern
rift to 2 km in the Turkana area. This thinning could
be explained by signi®cant ductile ¯ow of the lower
crust (Mechie et al., 1994).

One ®nal possibility is that the intrusions ®rst cause
compression (e.g. Skarmeta and Price, 1984) that leads
to the formation of low-angle thrust faults. Subsequent
normal fault activity then reactivates these low-angle
pre-existing fabrics (which cannot be seen in the sur-
face geology).

1.5. Timing of deformation and magmatism

When trying to relate magmatic intrusions to fault
orientations in the Kenya rift, it is necessary to match
the timing of faulting and igneous activity and to cor-
relate lateral changes in fault activity with the exposed
igneous rocks (Fig. 1). There are numerous ¯ows in
the Napedet, Kamutile, Kathigithigiria, and Auwerwer
Hills dated from 15 to 12 Ma. Volcanic centers and
pipes are largely con®ned to the northern part of the
area, coincident with the lowest-angle segment of the
Lokichar fault plane (Fig. 1).

If the intrusives did in¯uence the fault geometry,
there is a problem of timing. The fault system was in-
itiated in the Paleogene, whilst the known igneous
dykes, plugs and extrusives are of middle Miocene age.
If the Paleogene fault system was in¯uenced by intru-
sives then it is necessary to infer their existence based
on the geometry of the Lokichar fault alone. There
was extensive volcanism of this age in Lothidok Hills,
just to the north of the Lokichar basin (Boschetto et
al., 1992). Forty kilometers to the east of the Napedet
Hills a date of 3223.8 Ma was obtained from a dyke
at the northern end of the Lariu Range (Morley et al.,

1992). So although no late Oligocene±early Miocene
surface volcanism is present in the Lokichar basin, it is
possible that intrusive volcanic rocks of this age
extended south, some 30±40 km beyond the present
day surface outcrops.

Alternatively if the present fault geometry is related
to the known episode of volcanism, then it could only
have been formed during the middle Miocene. This
would imply that an older, high-angle fault system was
replaced by the low-angle fault system once the intru-
sive complexes were emplaced. The sector of lowest
fault dip, between lines TVK-123 and 102W, displays
reduced expansion of pre-middle Miocene section into
the boundary fault. There is, however, expansion of
section into secondary faults in the hanging wall of the
detachment. Hence it can be argued that the early
high-angle faults represent minor faults associated with
a hinged margin, or splays of the Lokichar fault. The
high-angle faults have subsequently been truncated by
the low-angle fault.

The gradational nature of the transition to lower
angle dips along the Lokichar fault argues against the
low-angle segment forming late, as does the limited
expansion of late Miocene±Pliocene section into the
low-angle fault segment, and the weak but relatively
more pronounced expansion of the older section into
the fault south of TVK 103. Consequently the low-
angle segment is thought to be an early feature.

Other major faults in the Turkana area can also be
mapped and appear to show similar characteristics
where faults decrease in dip approaching regions with
volcanic centers (Fig. 1). The Napedet±Lothidok Hills
fault decreases in dip approaching the Napedet Hills
and the Lokhone Fault decreases in dip approaching
the Nakugale Hills.

1.6. Problems with models for principal stress rotation

The models for principal stress rotation have been
recently reviewed by Wills and Buck (1997) who posed
the question: can these models generate su�cient shear
stresses to cause motion on low-angle faults? They
concluded that under most geologically reasonable
conditions, motion would occur on high-angle normal
faults rather than on low-angle faults.

One scenario where Wills and Buck (1997) could
obtain motion on low-angle faults was for a cohesion-
less fault in a zone of very high (almost lithostatic)
pore ¯uid pressures, with the pore ¯uid pressures being
lower both above and below the fault. While such con-
ditions exist for mobile shale tectonics associated with
deltas, it is more di�cult to understand how such con-
ditions could develop and be sustained in crystalline
basement. However one possibility is the elevation of
pore ¯uid pressures by the arrival of magma-related
volatile ¯uids from depth. These overpressured ¯uids
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could rise in pipes or dykes through lower-pressured
rocks. Their arrival at a major normal fault zone may
trigger motion and seismic pumping on that fault
zone, thus avoiding transmission of higher pore ¯uid
pressures to the hanging wall. Hence a series of transi-
ent, magma-related high pore-¯uid pressure events
might satisfy the conditions for low-angle fault displa-
cement required by Wills and Buck (1997). The current
state of exposure in northern Kenya does not, how-
ever, permit the necessary observations of the deeper
parts of the fault zone to be made. Minor faults are
exposed at the surface that are intruded by dykes,
which have 1±2 cm mineral veins (barytes, calcite) with
slickensides on their margins.

The presence of numerous high-angle faults in the
hanging wall of the low-angle fault segment strongly
supports the ®nite element models of Wills and Buck

(1997) that indicate high-angle faults should dominate
the deformation style. The low-angle fault segment
may not have reactivated along its entire length, but
was only active where the high-angle faults turned to
follow the path of the pre-existing low-angle fault seg-
ment (Fig. 9).

1.7. Possible signi®cance for core-complex geometry

In the Basin and Range major low-angle normal
faults are folded into large, broad, periclinal (doubly
plunging) antiformal and synformal geometries. The
origin of these large-scale warps of the fault zones is
controversial. It is uncertain whether they formed
during one process, or by two superimposed events.
Suggested processes for forming the extension perpen-
dicular warps include: (1) an isostatic response to tec-
tonic denudation (e.g. Rehrig and Reynolds, 1980;
Wernicke and Axen, 1988; Buck, 1988), (2) folding due
to motion on synchronous or younger structures in the
lower plate such as a detachment fault, or a higher
angle fault or shear zone (Spencer, 1984; Wernicke,
1985; Lister and Davis, 1989; Reynolds and Lister,
1990), and (3) movement along a ramp±¯at fault sur-
face (John, 1987).

The extension-parallel warps are perhaps the most
di�cult to explain. If they developed separately from
the extension perpendicular warps they could represent
original corrugations in the fault plane such as those
caused by lateral and oblique ramps (Davis and
Hardy, 1981; John, 1987). Alternatively synchronous
formation of both fold sets may be caused by the fol-
lowing mechanisms: (1) emplacement of syn-tectonic
plutons (Reynolds and Lister, 1990), (2) isostatically
uncompensated Moho topography (Yin, 1989) and (3)
compressive deviatoric stresses perpendicular to the
extension direction (Yin and Dunn, 1992).

The Lokichar fault is not located in the typical set-
ting of low-angle normal faults, but it can, perhaps,
shed some light on their evolution. The fault plane
shows marked along-strike changes in dip amount,
which has signi®cance for the ¯exural isostatic uplift
models previously proposed for the formation of low-
angle faults (e.g. Wernicke and Axen, 1988; Buck,
1988). The amount of ¯exural isostatic footwall uplift
associated with a fault is a function of both the displa-
cement amount and the dip of the fault (e.g. Kusznir
et al., 1995). This statement assumes that the faults
create space in the hanging wall where the originally
relatively high-density basement rock that occupied the
space is replaced by low-density material. Larger dis-
placements and high-angle faults cause more uplift.
Consequently if the observed heaves were tripled on
the Lokichar fault the creation of core-complex-type
uplifts would be concentrated on the originally high-
angle portions of the fault plane (e.g. Kusznir et al.,

Fig. 9. Illustration of the evolution of a hypothetical low-angle fault.

(a) Intitiation of low-angle fault trace. (b) and (c) Mechanical di�-

culties of moving the entire low-angle segment favor motion on

higher angle domino faults, and reactivation of only a portion of the

low-angle fault trace.
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Fig. 10. Schematic block diagram illustrating the relationship between fault angle and rolling hinge footwall uplift, both in the breakaway region

and at metamorphic core complexes. Based on isostatic footwall uplift models for core complex formation by Buck (1988) and Wernicke and

Axen (1988).

Fig. 11. Stretch model for an initially low-angle (208) normal fault (a1 and a2) and an initially high-angle (b1 and b2) normal fault. Model par-

ameters: 50 km heave, 50 km initial crustal thickness, 1.5 km e�ective elastic thickness. In a1 and b1 ductile extension is distributed over 200 km,

in a2 and b2 the distance is 300 km.
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1995, their ®g. 18; Fig. 10), while the low-angle seg-
ments would form areas of considerably less uplift.
Fig. 11 illustrates this point.

Using the STRETCH model (e.g. Kusznir et al.,
1995), 208- and 608-dipping faults were modelled with
50 km displacement, in 50 km thick continental crust.
The crustal thickness is large, not to match the Kenya
rift, but to mimic extension in an orogenic belt, such
as the Basin and Range province. It is apparent from
the models that much greater footwall uplift is associ-
ated with the high-angled fault (Fig. 11). Two other
variables that a�ect the magnitude of the uplifts are
the width and location of the ductile stretching zone in
the lower crust. Two examples are given for each of
the fault dips, in a1 and b1 the 50 km of ductile exten-
sion is distributed over 200 km, while in a2 and b2 it is
distributed over 300 km. Greater footwall uplift occurs
where the ductile stretching is more widely distributed,
and/or if the location of the ductile stretching zone is
located away from the footwall area, and lies predomi-
nantly under the hanging wall. In the examples of 208-
dipping faults, the e�ects of the ductile stretching geo-
metry on footwall uplift is so strong as to inhibit any
antiformal metamorphic core complex geometry from
developing. Axen and Bartley (1997) have suggested
that sediment loading of the footwall block may also
have an inhibiting e�ect on footwall uplift.

The variations in footwall uplift caused by lateral
changes in dip avoids the need to ®nd two-stage mech-
anisms to generate core complexes or to have pro-
nounced lateral or oblique ramps in the fault plane
(e.g. Spencer, 1984; Wernicke, 1985; John, 1987; Lister
and Davis, 1989; Reynolds and Lister, 1990). Instead,
gradual along-strike changes in dip on the boundary
fault could also generate along-strike saddles and
highs in a ¯exurally uplifted footwall (Fig. 10).

2. Conclusions

In East Africa, under normal conditions of rifting,
boundary faults tend to be steep, with dips ranging
from 458 to 708. In regions of high heat ¯ow and
strong volcanic activity some half graben boundary
faults tend to be gentle (30±608).

Along the Lokichar fault, high-angle fault segments
dipping between 30 and 608 pass along strike into very
low-angle (12±208) segments. In other parts of the
world, low-angle faults have been explained as a result
of pre-existing fabrics or rotation by isostatic adjust-
ment (e.g. Cheadle et al., 1987; Wernicke and Axen,
1988; Buck, 1988). These mechanisms can be ruled out
for the Lokichar fault unless the pre-existing fabric is
low-angle thrust faults created during the early stages
of syn-extension igneous dyke intrusion. The very low-
angle segments appear to coincide with areas of most

intense igneous intrusion. Re-orientation of regional
stresses by the intrusions (Parsons and Thompson,
1993) or by igneous intrusion-triggered ductile ¯ow of
the lower crust (Yin, 1989) are possible mechanisms
that could have initiated these faults.

The theoretical di�culty of attaining shear stresses
high enough to move low-angle normal faults in pre-
ference to high-angle faults (e.g. Wills and Buck, 1997)
is supported by observations that (1) the low-angle
portions of the Lokichar fault are associated with
domino-style tilted fault blocks in the hanging wall,
while such faults are not seen where the boundary
fault is higher angle, and (2) displacement is consider-
ably lower on the low-angle fault segment than the
southern high-angle fault segment. Initiation of the
low-angle fault segment might have been facilitated by
high pore-¯uid pressures along the low-angle fault gen-
erated during volcanic activity in the area. Subsequent
motions might have been concentrated along the high-
angle fault segments and the portions of the low-angle
fault down-dip of the active high-angle faults (Fig. 9)

In the Basin and Range some major present-day
low-angle faults were initiated as high-angle faults (e.g.
Wernicke and Axen, 1988). The unstated implication is
that such faults were steeply dipping along their entire
length. The geometry of the Lokichar fault shows
steeply and gently dipping fault segments can exist
along the same fault trace, challenging simplistic per-
ceptions of fault correlation. In addition variability in
fault dip along strike is one mechanism to explain the
metamorphic core complex geometry, since isostatic
uplift associated with low-angle fault segments will be
less than that along the high-angle segments. This
along-strike variation will cause the broad regional
undulose geometry of the footwall uplift (Fig. 10).
Thus it is a mechanism which can explain the synchro-
nous formation of the two fold (periclinal) orientations
found in antiformal metamorphic core complexes.

Flexural modeling of low-angle fault geometries
shows that metamorphic core-complex geometries are
unlikely to develop along low-angle faults. The width
and location of the zone of lower crustal ductile
stretching could play a signi®cant role in inhibiting
metamorphic core complex (rolling hinge) uplift under
gently dipping faults.
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