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Abstract. We use three-dimensional elastic models to help guide the kinematic
interpretation of crustal  deformation associated with strike-slip faults. Deformation of the .
brittle upper crust in the vicinity of strike-slip fault systems is modeled with the
assumption that upper crustal  deformation is driven by the relative plate motion in the
upper mantle. The driving motion is represented by displacement that is spectied on the
bottom.of a 15km-thick  elastic upper crust everywhere except in a zone of finite width in
the vicinity of the faults, which we term the “shear zone.” Stress-free basal boundary
conditions are specified within the shear zone. The basal driving displacement is either
pure strike slip or strike slip with a small oblique component, and the geometry of the
fault system includes a single fault, several parallel faults, and overlapping en echelon
faults.*We  examine the variations in deformation due to changes in the width of the shear
zone and due to changes in the shear strength of the faults. In models with weak faults
the width of the shear zone has a considerable effect on the surficial extent and amplitude
<xc C’L, ? T.-,.-L:  -%,>I c1  .? J L . .
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I:I,;-;zor,tz! a;=;J T;s,“ii&  acmes.  Strong faul t  lnnlds  havs  lnore luc;tlixd  d&x-Izatii;z  A AC:  tip of
tne faults, and the deformation is partly distributed outside the fault zone. The dimensions
of large basins along strike-slip faults, such as the Rukwa  and Dead Sea basins, and the
absence of uplift around pull-apart basins fit models with weak faults better than models
with strong faults. Our models also suggest that the length-to-width ratio of pull-apart
basins depends on the width of the shear zone and the shear strength of the faults and is
not constant as previously suggested. We show that pure strike-slip motion can produce
tectonic features, such as elongate half grabens  along a single fault, rotated blocks at the
ends of parallel faults, or extension perpendicular to overlapping en echelon faults, which
can be misinterpreted to indicate a regional component of extension. Zones of subsidence
or uplift can become wider than expected for transform plate boundaries when a minor
component of oblique motion is added to a system of parallel strike-slip faults.

Introduction

Crustal  deformation associated with strike-slip (wrench)
faults can be complex [e.g.,  and Biddle, 19851,
leading to ambiguous and even contradictory kinematic inter-
pretations of the relative motions between blocks or plates.
Analytical, numerical, and physical models have been intro-
duced to help guide the interpretation of the observed defor-
mation in these environments [cf. Sybester,  19881. Clay and
sandbox models and recently f ini te  element s imulat ions were
used to fol low the ini t iat ion and development of  fault ing [e.g. ,
Wlcox  et al., 1973; Naylor  et al., 1986; Withjack  and Jamison,
1986; Richard and Cobbold,  1990; Braun,  19941.  Another ap-
proach, which is followed in this paper, predetermines the

location and number of fault planes on which motion occurs
and s tudies  the resul t ing s t rain and s t ress  f ie lds  in  the vicini ty
of these fault planes [Segall  and Pollard, 1980; Bilham and King,
1989;  Gomberg  and Ellis ,  19941. Many of  the previous models
were two-dimensional (2-D) or three-dimensional (3-D) half-
space, but Katzman  et al. [1995]  showed that 2-D approxima-
tions can lead to erroneous predictions in the vicinity of the
fault tip. In this paper we treat the problem in a fully 3-D
model .  Some of  the previous models  [Bilham and King,  1989;
Stein et al., 1992; King et al., 19941 examined the deformation or
the stress f ield due to a  prescribed displacement discontinuity
on the fault because short-term distribution of fault move-
ments can be measured geodetically. Our approach here is to
prescribe basal  displacement boundary condit ions (which,  we

---- assume, represent the regional displacement) and allow the
‘Also at MITWHOI  Joint Program in Oceanography, Woods Hole,

Massachusetts.
fault displacement to adjust itself depending upon the geom-
etry  and shear strength of the fault system and the width of

Copyright 1996 by the American Geophysical Union. basal decoupling. Our focus in this paper is similar to that of
Paper number 96JBOO877. Bilham and King [1989],  namely,  understanding the deforma-
0148-0227/96/96JB-00877$09.00 tion associated with strike-slip faults. Our earlier paper [Katz-
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Plate 1. E&cc of the shear zow:  Surface deformation for mcxkls  with  ;i Gwlc. xmi-infinite weak fault due
to relaCw  kft-lateral  basal displxement  of 5 km with shear zone G&h  Gi (a) zc’ro wide; that is, basal
displaxmuu  is defined adjacent to the fault trace, (b) 1U km: that is. ~X+CCSS txwndarv  condi t ions  exis t  to
a distxxx  of 5 km on either side  of the fault trace, and (\c’) 40 km. (ill i ‘a-tiA  &t.ormatidn  due to left-lateral
displacctnxnt  of 5 km. which is defined  directly on the idt indiatcd F~J ‘~w.~.J  lit-w.  Colors represent vertical
displacmm-u. and the grid represents horizontal cicfwn;Aon  frc~~~  x-i$ullv wxtngular  mesh. Vertical
defornmion  is  norm;Aized  to the  xnount  of imposed Isfr-l;~ttx~l  cii@~c XXICIX  C;rki  &formation is multiplied
b\. :I  ~AX.M-  of 1 to enhance  the  p;lttt’rn  near the fault rip.1
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Plate 3. Isometric tiew  of the lower left (SW) quarter of the  models in Plates la and lc. Colors represent
horizontal displacement perpendicular to the fault plane with positive values indicated by yellow and red in
the x (east or out-of-page) direction. The grid represents deformation from originally rectangular mesh. (a)
A model with zero-width shear  zone. (b) A model with a JO-km-wide  shear zone. Arrows indicate rotation of
the fault plane, and heavy lines indicate surface trace of the fault. Horizontal displacement is normalized  to
the amount of imposed left-lateral displacement. Grid deformation is multiplied by a factor of 4.
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Figure 1. Simplified geology and earthquake focal mechanisms in the Rukwa  rift region in the western
branch of the East African rift  [from wheeler  and  Karson, 19941. Sl ickensides  and faul t  p lane solut ions indicate
dextral  str ike sl ip on the fault  and greatest  subsidence component adjacent to the depocenter,  which is  at  the
SE part of the lake. Uplift is located at the Mbeya Range SE of the fault tip. Basin is a half graben  with lake
beds dipping NE toward the fault  and SE. Barbed heavy l ines indicate faults .  Regional  dextral  relat ive motion
(indicated by arrows) is inferred [Wheeler  and Karson,  19941.

man et al. ,  19953 dealt  specifical ly with the subsidence of pull-
apart  basins as applied to the Dead Sea pull-apart  basin.  Here
we generalize the study by comparing three cases: a single
semi-infinite fault, several parallel faults, and overlapping en
echelon faults. The effects of small oblique’ movements and
faults  with f ini te shear strength are also explored.

Deformation Along Strike-Slip Faults
Before we turn to the description of the various models and

their results, we highlight several examples of ambiguities in
the interpretation of deformation observed along strike-slip
faults. Numerical models such as the ones presented in this
paper can be used to eliminate some of the proposed inter-
pretat ions in  these regions and highl ight  plausible  ones.

The kinematic interpretation of many continental rift sys-
tems (such as the Baikal  and the East  Africa) is  being debated
because the basin stratigraphy often indicates perpendicular
extension, whereas the regional plate motion or motion on
individual faults indicates a large component of strike slip [e.g.,
Scott et al., 1989; Hutchjnson  et al., 19921.  A well-studied ex-

ample is the Rukwa  rift within the East African rift system
(Figure 1). The rift is a 300~km-long  half graben  which is
bounded on the NE side by the Lupa Fault [Wheeler and
Karson, 19941. The strata in the basin dip toward the Lupa
Fault ,  except in the NW end of the basin,  where they dip to the
SE parallel to the fault. The depocenter is close to the SE tip
of the fault. The SE tip of the fault ends in the Rungwe
volcanic field,  which is inferred to be a “strong zone” resistant
to faulting [Wheeler and Kxson,  19941.  Fault plane solutions
indicate r ight- lateral  s t r ike-sl ip motion on the Lupa Fault ,  and
slickensides are generally subparallel to the fault with a shallow
plunge to  the WNW. Wheeler  and Karson [ 19941 concluded that
right-lateral fault kinematics dominated the Lupa Fault
throughout  the r i f t  evolut ion but  noted that  the s t rat igraphy of
the basin indicates fault-normal extension.  They resolved this
ambigui ty  by appeal ing to  Ben-Avraham and Zoback’s  [1992]
explanation of local rotation of the “far-field” stress field near
a weak fault .

Several  s tr ike-sl ip faults  cross the San Francisco Bay region,.
some of which are parallel  with the plate boundary and some
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of which are sl ightly oblique.  Many Plio-Quaternary compres-
sional structures,  folds,  and reverse faults are parallel  or ob-
lique to the major strike-slip faults but are coeval. /lydin  and
Page [1984]  interpreted the compressional features in several
arms,  such as the East Bay Hills, as resulting from the inter-
action between two str ike-sl ip fault  zones.  Jones aZ.  [1994],
on the other hand, interpreted the compressive features to
indicate  a  s l ight  contract ional  relat ive plate  motion in addit ion
to the s t r ike s l ip .  Simpson et  al .  [1994]  compared the elevation
of the San Francisco Bay region relative to the coastal  ranges
and suggested that  the area is  under  s l ight  extension in addi-
tion to strike slip.

Pull-apart  basins which develop between en echelon str ike-
slip faults are also often accompanied by features interpreted
to indicate fault-normal extension.  Some pull-apart  basins such
as the Gulf of Aqaba and the Cariaco Basin [Ben-Avraham,
19921 are asymmetric. Normal faults are subparallel to strike-
sl ip  faul ts  in  the  Dead Sea basin [Ben-Avraham and Zoback,
19921, and magmatic  intrusions and volcanic eruptions occur
along the strike-slip fault planes in the Erzincan and Niksar
basins of  western Turkey and in the western Basin and Range
[Aydin et al., 19901.  Ben-,4vraha&  and  Zoback [1992]  suggested
that extension perpendicular to the transform direction,
caused by rotat ion of  the principal  s tresses in a  s l ightly diver-
gent  plate boundaries,  is  responsible for the.  development of
some pull-apart  basins.  ‘Another ambiguity is  apparent  in ?he
s tudy of  pull-apart  and push-up structures.  The surficial  dimen-
sions of  pull-apart  basins and push-up r idges appear to obey a
scale-invariant length-to-width ratio of 31  [Aydin and Nur,
19S4, ivhich  contradicts  earl ier  kinematic models  that  l ink the
length of the feature to the amount of displacement on the
fault [Freund and Garfunkel,  19761.

The models presented in this paper offer a different expla-
nation for the development of “extensional” features in the
vicini ty of  pure s tr ike-sl ip faul t  systems.  We also discuss the
dependence of  the length-to-width rat io of  basins and push-up
structures on the applied boundary condit ions.

Model
Earthquakes at transform plate boundaries in most conti-

nental  set t ings are predominantly confined to shal low depths
(<15-20  km). Their confinement may be due to the change of
deformation mechanism from pressure-sensitive brittle fric-
t ional  s l iding at  shal low depths to  temperature-sensi t ive aseis-
mic ductile flow at larger depths [e.g., Meissner  and Strehlau,
19821. Alternatively,  the confinement to shallow depths may be
due to the transi t ion in the fr ict ional  response of  the fault  from
velocity weakening at shallow, cooler depths to velocity
strengthening at  greater depths [Tse  and Rice,  19861.  With  both
explanations,  stresses are substantial ly relaxed below the levels
required for rapid slip, although postseismic slip is suggested to
occur for a few years over a depth of 3-4 km below the
seismogenic zone [Tse  and Rice,  19861. Using this  rheological
view of the crust,  Li and Rice [1987]  modeled  crustal  deforma-
tion due to earthquake cycles by coupled elastic upper crust
and a viscoelastic lower crust,  which are loaded from below by
a steady “relative” plate-driving motion which increases (in
opposite directions) away from the fault (Figure 2a). They
found a good fi t  to geodetic strain rate across the San Andreas
Fault  with the lower crust  having an effect ive viscosi ty of  2 X
Io”-lo’y  Pa s and a relaxation time which is ~10%  of the
duration of the earthquake cycle. King et al .  [1988]  and Stein  et
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Figure 2. I l lustrat ion of  two possible  displacements  imposed
as boundary conditions at the base of the upper crust near
str ike-sl ip faults :  (a)  Displacement monotonously changes over
a f ini te  width area in the vicini ty of  the fault ,  resul t ing in the
introduction of basal drag or drive [cf.  Li and Rice,  19871.  (b )
Upper crust is regionally displaced by plate relative motion,
but  an area in the vicinity of the fault (the “shear zone”) has
negligible  basal  drao  or drive.2

.

al. [1988]  proposed that dip-slip geological structures result
from the sum of processes occurring over many earthquake
cycles, each of which can be regarded as having, on average,
the same rheological and stress conditions and deformation
field. Although their models involved an elastic plate overlying
a viscoelastic half-space,  they showed that  successful  modeling
of surficial  geological  structures associated with normal and
reverse faults did not require the full viscoelastic treatment.
Stresses in the viscous substrate could, in effect, be regarded as
completely relaxed over several earthquake cycles.  Following
this view, we study the long-term geological deformation at the
surface with a single layer representing a 15.km-thick  upper
crust. The lower crust and the upper mantle are not modeled
explicitly.

Because of  i ts  composit ion the upper mantle is  general ly the
strongest  part  of the l i thosphere and is  therefore expected to
carry the stresses due to plate motions [MoZmr,  19921. Because
lithospheric plates move coherently, the upper crust is ex-
pected to r ide passively together with the-lower crust  on the
upper mantle,  except near plate boundaries,  where local inter-
action between the plates may exert  large enough stresses to
cause the upper crust  to partially decouple and move indepen-
dently from the upper mantle.  Observations also suggest  that
some str ike-sl ip faul ts  in  California  may terminate at  depth in
midcrustal detachments [e.g., Heam and Clayton, 1986; Hudnut
et al. ,  1988;  Nichokon  et al. ,  1986, 19941 and may therefore be
locally decoupled from the motion in the upper mantle. Our
model  assumes that  upper crustal  deformation is  driven from
below by the relative plate motion in the upper mantle. The
driving motion is modeled  by displacement that is specified on
the bottom boundary of the model .everywhere,  except in a
zone of finite width in the vicinity of the fault, which we call the



TEN BRINK ET AL.: MODELING DEFORMATION AT STRIKE-SLIP F A U L T S 16,211

Upper
CtUSt

Lower
Crust

Upper
Multk

ISkm
km

100  km

Upper
Crust

Figure 3. Block diagrams of the model geometries presented
in this paper: (a) single vertical semi-infinite fault, (b) four
parallel semi-infinite faults, and (c) overlapping en echelon
faults. Arrows indicate displacement defined as a boundary
condit ion.  Displacement of  equal  amount and opposite direc-
t ion is  applied at  the base and on the s idewalls  of  the model ,
but the base of the model in the vicinity of the fault(s) (the
shear zone) i s  freely deforming. Figure 3a indicates that basal
displacement of the upper crust is
movement of the entire l i thosphere.

generated bY  a coherent

low-strength “shear zone” (Figures 2b and 3).  Within this  shear
zone we assume that the upper crust is detached from the
lower crust and can adjust itself by moving in all directions
(including vertically). For completion, however, we also in-
clude a model with zero-width shear zone, namely, displace-
ments are entirely predetermined at the base of the upper

We use a 3-D boundary element cpmmercial package, the
Boundary-Element Analysis  System (BEASY),  developed by

crust. Such a model can be considered to represent a narrow

Computational Mechanics Inc. ,  Bil lerica,  Massachusetts .  The
model block is  200 km long (300 km for the case of  en echelon

fault  zone continuing into the lower crust .  We also contrast  the

faults), 200 km wide, and 15 km thick (Figure 3). The faults are
oriented in they direction and extend from the southern edge

bottom-driven model  with a model  where displacement discon-

of the model (from both the southern and northern ends for
the case of en echelon faults)  to the middle of the block model
and are 100 km long (160 km for en echelon faults). These

tinui ty  is  prescr ibed on the faul t .

dimensions ensure that  edge effects are minimized in the cen-
ter of the model where the effects of fault termination (pull-
apart  basins,  subsidence and uplif t ,  fault  rotat ion) are invest i-

gated. Faults are represented by vertical planes of weakness
cutt ing through the entire depth of  the plate on which no shear
(tangential)  s t ress  is  al lowed.  The assumption of weak strike-
slip faults is supported by the observation of low-heat flow
above the San Andreas  Fault  and Sass, 19921.
We also present,  however,  a set  of models with faults  having a
finite strength and compare the resultant deformation with
that  from weak fault  models .

A basal displacement of 2.5 km in the positive y direction
(northward) is defined at x > x0 (east of the fault zone), and
a negative y displacement (southward) of 2.5 km is defined at
x < -x0 (west of the fault zone), wherex,  is the half width of
the shear zone. Zero displacement in the x and z direct ions is
defined at x > Ix, ol. The same displacements are applied on
the eastern and western walls of the model (X = 100 km, x =
- 100 km).  These displacement  boundary condit ions create a
left-lateral  relative motion in the model.  (The reader can apply
the model results to right-lateral strike-slip fault systems by
considering the results for right-lateral systems to be mirror
images of the results presented here.)  For the cases of oblique
extension and contraction, displacem&t  of 0.25 km is  defined
in the x direction away from or toward the fault zone. We do
not define the displacements at the base of the shear zone
( --x0 < x < x,-J or at the surface, and these boundaries
remain stress-free.

We use a Poisson’s rat io of  0.5 ( incompressible material)  in
order to conserve the rock volume over f ini te  strains and geo-
logical  t imescales.  Tests  show that  the resultant  deformation
pattern with a Poisson’s ratio of 0.5 is similar to that with a
Poisson’s ratio of 0.25, but the magnitude of deformation is
larger for the 0.5 case [Katzman  et al., 1995, Appendix B and
Figure 151.  The Young’s modulus is set to 75 GPa. Because a
linear elastic rheoloa  is  used,  reduction of  Young’s modulus
by some factor will  decrease the stresses by a s imilar  factor  but
wil l  not  affect  the stress pat tern or  the result ing displacement.

Our model is elastic. Laboratory measurements indicate,
however, that upper crustal  rheology is elastic plastic [e.g.,
Brace and Kohlstedt,  19801; that  is ,  stresses increase wi th  s train
up to a limit, beyond which failure occurs, and strain can
increase significantly without comparable change in stresses.
On a geological  scale,  stresses remain at  a level typical  to one
earthquake cycle,  whereas strain continues to accumulate dur-
ing repeated earthquakes. We therefore define both the
boundary condit ions and the resul ts  in terms of  displacement
and refrain from including isostasy or body forces.  Neverthe-
less,  because the rheology is  approximate,  we use the elast ic
models  to  only invest igate  spat ia l  pat terns  and relat ive ampli-
tudes of deformations and not their absolute quantities. Be-
cause elast ic rheology is  l inear,  the amount of deformation in
this study will be scaled by the amount of relative driving
displacement .

Results
We model the deformation around three simple fault  geom-

etries:  a  single fault  extending from the edge to the center  of  a
block (Figure 3a).  four parallel  faults extending from the edge
to the center of a block (Figure 3b),  and two overlapping faults
extending from opposite edges to the center of block (Figure 3~).

A S i n g l e  F a u l t
Models with a single-fault geometry allow us to examine

deformation that is not influenced by fault interaction. The
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deformation  in caused by the riced to accommochte  the termi-
nation of the  t’;~~lt  in an unfaultcd  zone and is dependent on
the  width o~‘th~ shear zone, the  shear strength of the fault, and
the prc<cr-iM IYKII  disp!xcmcnts.

L’plift and  subsitknce. M~f~l I-csults  show  an antisymmet-
ric pattt’rn  ot‘  w-tical  motion with uplift on the east side of the
fault tip and subsidence on the west side (Plate 1 and inset in
Fieurc la). Thib pattern is caused by a decrease in displace-
m&t  from the  t‘reeiy. sliding region to the unfaulted region,
resulting in matt’rial  piling on the east side and stretching on
the west side [Chir~~w~~.  1961; B&am  and kiilq, 19891. In mod-
els where a constant displacement discontinuity is prescribed
as a boundary condition on the fault, the patterns of uplift and
subsidence ars circular (Plate Id) [ChinneT,  1961;  Bihm and
King. 19S9J. In our models. which are driven by basal displace-
ment, the predicted uplift and subsidence stretch along the
fault, and a circular pattern no longer exists (Plates la-lc).

The width of the <hear  zone at the base of the upper crust
has a considerable effect on the deformation near the fault tip:
The magr,ituL.JL  of bub&lence  and uplift decreases with increas-
in? width -3 the +--I:iLlr zone, but it is distributed over a larger
area (Plate 1). The aerial increace  of uplift and Msidencc
mainly occurs b> distributing the deformation along the fault
farther from the fauit tip (Figure 4b) and to’a lesser extent, by
widenins  the dcfformed  area (Figure 4a). As a result: the basins
along strike-slip faults become more elongate with increasing
width of the  shear zone.

The dependence of the deformation pattern on the width of
the shear lone  tk  ths  basal-driven models is a consequence of
the  slip (!i;rrilYtrIl in  ;ilong the  fault. The deformed  grid lines in
Plates la-k  stlcxi. a decrease in offset across the fault toward
the fau!  t tip. Thk dtxrease  (or tapering) is a by-product of the
basal-drkn model. Slip on the fault tapers more s!ow!v  toward
the tip when  the  shear zone is wide (Plate Ic) than wdhen it is
narrow ( Plate 1 a 1 . causing the deformation to be spread along
the fault and to be less concentrated near the tip. Slip distri-
bution varies with the width of the shear zone onlv  in models
where the driving displacement is applied from be!&.  In mod-
els where the  drii ins  displacement is applied on the sides of
the models (i.e.. across the entire thickness of the elastic layer)
and where the f;lu!t  plane is weak, the predicted deformation
pattern does not change with the width of the shear zone [e.g.,
Kutznm  et nl..  1995, Figure 7~1.

Effects of fault strength. The effect of the long-term
strength of the fault is investigated by replacing the condition
of zero shear strcnsth on the fault with internal springs, which
operate in the 1’ (along the fault) and z (vertical) directions
(Plate 2). The stiffness of the spring was scaled to the shear
modulus [C‘~o~lz cr& Starfield,  1983, p. 2081.  which in many
crusta! rocks has the value of about 25 GPa [Tzucotte  artd
Schubert, 1932, p. 4321. We compare the deformation around
faults ha\*ine  two lev&  of shear strength (2% and 10% of the
shear mod&s)  to the  deformation around a weak fault for
models with IO-km  basal shear zones (compare Plates 2a and
2b against lb) and for models with 40-km basal shear zones
(compare Plates  2c and 3d against lc). Uplift and subsidence in
the vicinitlf  elf $trons  faults decrease in amplitude with increas-
ing fault  strength. The  pattern of uplift and subsidence be-
comes quasi-circulx-  and concentrated near the fault tip. and
slip  distribution along the fault becomes almost constant. as
can he obsen.c‘d  from the offset of grid lines across the fault.

Another  major ditt’erence  between models with strong and
WC;& fdts  is At  strike-slip  deformation  is  distributed  in a
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Figure 4. (a) Cross  sections of vertical deformation (normal-
ized to the amount of imposed displacement) perpendicular to
and westward of the tip of a semi-infinite fault for models with
different widths of the shear zone. (Inset) Same cross section
with uplifted (eastward) side included. (b) Cross sections of
vertical deformation parallel to and immediately westward of
the fault trace for models with different widths of the shear
zone. Dots indicate distances in which subsidence is l/e of
maximum subsidence for that model.

finite area around a strong fault, whereas the area surrounding
a weak fault is re!ative!~%nderformed  (compare the grids in
Plates 1 and 2). The deformed area around the fault becomes
wider with increasing width of the shear zone (compare Plate
2a with 2~).  With increasing fault strength, more deformation
is distributed around the fault, and less deformation is taken as
slip on the fault (compare Plate 2a with 2b). The magnitude of
uplift and subsidence decreases with increasing fault strength.
as the differential slip between the fault itself and the unfaulted
crust decreases.

Horizontal displacements and fault plane rotations. Ver-
tical displacements are only part of the deformation occurring
near the ends of weak faults. Three-dimensional models allow
the examination of displacements perpendicular to the fault
plane. The amplitude of fault-normal displacements reaches as
much as 50% of the klertica!  displacement near the fault’s end
for both the narrow (Plates 3a versus la) and wide (Plates 3b
versus lb) basal shear zone models. The fault-normal displace-
ment decreases in amplitude with depth, resulting in a clock-



TEN BRINK ET AL.: MODELING DEFORMATION AT STRIKE-SLIP FAULTS 16,213

0a 30 -
O-km shear zone 40.km  shear zone

Rotation
Plate 4. Rotation (in radians) around a vertical axis in the vicinity of a single semi-infinite fault tip due to
left-lateral basal displacement with (a) O-km-wide shear zone, and (b) AO-km-wide  shear zone. Contour
interval is 0.02 rad. Negative values represent counterclockwise rotation.

wise rotation of the fault plane around the horizontal y axis
(Plate 3). (All directions pertain to left-lateral displacement
and should be reversed in right-lateral systems). The clockwise
rotation causes a small eastward turn (positive x direction) in
the surface fault trace. Rotation diminishes as the width of the
basal shear zone increases (Plate 3b). Curved fault traces are
observed in seismic sections and sandbox models of strike-slip
fault zones (Figure 5).  although often thev are interpreted to
indicate a component of oblique slip [Hank~g.  19831. Xl;rvlo~-  ef
al. [1986]  and Richurd  and Cobbold  [ 19901 explained fault
plane rotation as a consequence of rotation of the principal
stresses from the bottom boundanr  where the!’  are induced b>M
the basal horizontal shear to the top where thev  must be
orthogonal to the free surface.

In addition to vertical and horizontal displacements and
fault plane rotation the models also suggest the development
of counterclockwise surface rotation (in a left-lateral displace-
ment) around the vertical axis ahead of the fault tip (Plate 4).

The magnitude of the rotation increases with decreasing width
of the basal shear zone. This relationship is due to the fact that
slip on the faults tapers more rapidly toward the tip when the
shear zone is narrower. The rotation, together with the uplift
and subsidence, accommodate the change from the fault to the
unfaulted zone.

P a r a l l e l  F a u l t s

Strike-slip deformation along plate boundaries is often dis-
tributed among several parallei  faults such as in the North
American-Pacific plate boundarv  in northern and southern
California [ptise,  19901. U’S examine the surface deformation
around parallel faults using a model with four parallel planes
of zero shear strength on lvhich  the displacement is distributed
(Figure 3b). The faults extend from the southern boundary to
the center  of the block model, and they are 10  km apart at x’ =
- 15, -5, 5, and 15 km. The width of the shear zone at the
bottom is 60 km (four plate thicknesses) or 15  km on either
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Plate 6. Surface deformation due to an imposed j-km relative left-lateral basal motion in a model with (a)
weak (zero shear strength) and (b) s t rong (2% of the shear modulus of the medium) en echelon semi-inf ini te
faults. The faults are spaced 10 km apart and overlap by 20 km (see Figure 3~).  Colors  represent vertical
displacement (normalized to the amount of  imposed basal displacement),  and the grid represents deformation
from originally rectangular mesh. Width of the shear zone is  40 km. (c) Isometric view of the volume enclosed
by the overlapping faults before deformation (indicated by black l ines) and after deformation (indicated by red
lines) in the weak fault model. Note that the volume in Plate 6c deforms almost in pure shear, extending in
the ,V direction and contracting in the z and x directions. Deformed grids in Plates 6a and 6b are multiplied
by a factor of 4 to enhance the pattern.
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WNW ENE

. Figure 5. (a) Line drawing of seismic section in Scotland
showing convex upward fault  pattern (modified from  e t
al .  [1986]).  (b)  Four cross sect ions through wrench fault zones
in sandbox experiments with imposed basal pure strike slip
[Naylor  et al., 19861.  Reprinted with kind permission from
Elsevier Science Ltd, The Boulevard, Langford  Lane, Kidling-
ton OX.5 lGB,  UK.

side of the fault  zone. All  other dimensions and parameters are
similar  to  the s ingle-faul t  model .  The resul ts  show that  a  vari-
ety of extension and contraction features can arise from par-
allel strike-slip deformation with little or no oblique regional
mot ion .

The general  dis t r ibut ion of  ant isymmetr ic  upl i f t  and subsi-
dence produced by parallel faults’ models (Plate 5) is similar to
the pattern produced by a single fault  (Plate 1).  In the case of
parallel faults, however, the antisymmetric uplift and subsi-
dence are broken into a series of t i l ted blocks separated by the
faults  (Plate 5 and Figure 6).  The fault  planes themselves are
also rotated clockwise near the surface from vertical to high-
angle faults, giving the appearance of a small component of
normal separat ion,  al though the driving displacement is  pure
strike slip. As in the case of a single fault (Plate 3),  the surface
traces of parallel  faults  curve sl ightly eastward toward the fault
t ips.  Vertical  and horizontal  displacement perpendicular to the
fault plane, fault plane rotation, and curvature of the fault
trace all have a larger magnitude than in the case of a single
fault  because the continuum is  now broken in several  locations
and cannot  sustain shear stresses there.

‘When  the entire strike-slip fault system is subjected to a
small  amount  of  obl ique opening or  c losing (5” or 10% of the
relative sinistral  motion),  the entire deformed fault  zone either
subsides  or  uplif ts ,  but  the internal  deformation is  unchanged

(Figure 6). Clay models and numerical simulations also indi-
cate that the fault pattern at a highly oblique rifting angle
(<30”) is similar to that of pure strike slip [ Withjack  and Jami-
son, 1986; Braun,  19941. A small amount of oblique opening
resul ts  in  a 60-km-wide  asymmetric basin,  where a l l  the  faul ts ,
except that at x = 15, are at the bottom of the basin. With
sediments covering such a basin it may be difficult  to detect the
strike-slip motion on the individual faults, leading to misinter-
pretat ion of  the regional  motion as pure extension.  Likewise,  a
small  amount  of  compression resul ts  in  a  60.km-wide  upl i f ted
topography, although the motion is mainly strike slip (Figure 6).

En Echelon Faults
En echelon strike-slip faults are often characterized  by slight

overlap which increases proportionally to the separation dis-
tance between the faults [Aydin  and Schultz,  19901.  In accord
with this  observat ion we model  two en echelon faul ts  with an
overlap of 20 km and a separation of 10 km (Figure 3c).  The
effects of fault overlap on the vertical deformation and on
rotation around a vert ical  axis are discussed by k&man  et al .
[l-995].  Here we are mainly interested in comparing en echelon
fault  configuration and a single-fault  configurat ion to separate
the effects that  are unique to fault  interaction.

As in the case of a single weak fault ,  the width of the basal
shear zone has a considerable effect on the magnitude and
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Figure 6. Vertical deformation (normalized to the amount
of imposed basal displacement) due to pure strike slip (indi-
cated by heavy lines) and obl ique motion of  5”  ( indicated by
thin l ines) along cross sections perpendicular to the four par-
allel semi-infinite faults at (a) 10 km and (b) 21 km south of the
fault  t ips  (see Plate 5 for locations).
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Figure 7. (a) Subsidence (normalized to the imposed left- lateral  displacement) along the axis of a pull-apart
basin as a function of the width of the basal  shear zone in a model with two en echelon semi-infini te  faults
spaced 10 kmapart  and terminating without  an overlap  et  al . ,  19953.  Note that  the basin lengthens
with increasing width of the shear zone (simiiar to Plate lb). (b) An example from the Dead Sea transform
where the subsidence (areas enclosed by thin l ines)  extends up to 100 km from the Dead Sea pull-apart  basin
and from the Gulf of Elat (Aqaba) [Garfunkel,  19811.

length of subsidence (pull-apart basins) or uplift (push-up
structures) between the faults (Figure 7a) [Katzman  et al.,
19951.  The subsidence (or uplif t)  is  shallower and longer for a
wider shear zone. The distribution of the deformation is de-
termined by the rate of decrease of sl ip toward the ends of the
faults .  Because the tapering of sl ip is  gradual,  pull-apart  basins
are expected to shallow gradually away from the overlapping
area.  This result  is  supportec!  by geological  observations.  For
example, the Dead Sea transform valley is occupied by the
extensions of pull-apart basins developed along en echelon
faults far beyond the overlapping areas (Figure 7b) [Garfunkel,
19811.  Geophysical data indicate that the depth of the Dead
Sea pull-apart  basin decreases gradually from the center  of the
basin to its southern end [ten Brink et al.,‘1993].  The model
suggests  that  a  20- to  40-km-wide  shear zone at the base of the
crust may create these elongate basins within the Dead Sea
transform.

The uplif t  near the t ips of  en echelon faults  is  small  relat ive
to the subsidence of the basin bounded by the overlapping fault
strands (Plate 6a and Figure 8), unlike the case of a single
fault ,  where uplift  and subsidence have a lmost  s imi lar  magni-
tudes (Plate 1) This is because the slip between the two crustal
blocks does not  end at  the t ip  of  the faul t  but  continues along
the second fault.  Therefore the two blocks are effectively sl ip-
p ing along their entire boundary, even in the absence of cross
faults connecting the en echelon faults, and crustal  material
s l id ing a long the faul ts  is  hardly compressed against  a locked
zone at the end of the faul ts .

When en echelon faults have a finite shear strength, the
amount of subsidence of pull-apart basins and their total
length diminish considerably  (Plate 6b). Part of the deforma-
tion is  dis t r ibuted in  a  wide zone outs ide the faul t  system.  The

remains the same as in the case of weak faults. Hence, for
strong faults the amplitudes of Subsidence and uplift are of
similar size and both are small.

Additional model runs (not shown here) verify that left-
s tepping en echelon faults subjected to r@rt-lateral basal  mo-
t ion produce an upl if t  (pushup structures)  with a  dis tr ibut ion
which is  ident ical  to  the  dis t r ibut ion of  subsidence in  Plate  6,
The absolute magnitudes of subsidence and uplif t  are also the
same because isostasy and body forces were not included in the
model.

Another feature result ing from the interaction between the
faul ts  i s  the  a lmost  symmetrica!  subsidence (full  graben)  across
the basin bounded by the overlapping faults  (Figure 8a)  [&I&-
mpn  et al., 19951.  The subsidence of the Dead Sea basin [ten
Btiok  and Ben-Avraham, 1989;  ten Brink et  al.,  19931 and the
Erzincan basin [Hempton  and Dunne,  19841 are, indeed, fairly
symmetric between the overlapping strands and appear to  have
their  deepest  part  located between the overlapping segments
of the faults .  Outside the overlap zone,  subsidence is  antisym-
metric (half graben)  as in the w of a single fault. Fault
interact ion is  also responsible for  fault-normal extension.  Our
3-D model shows that  the block enclosed between overlapping
weak faults is deformed almost in pure shear by lengthening
along they axis  and by contract ing in both the ver t ical  (subsi-
dence) and the fault-perpendicular (X direction) axes (Plate
6~).  Using a 2-D boundary element model, Ayiin et al. [lm]
produced fault-normal extension in the region of overlapping
strike-slip faults. There is therefore no need to invoke diver-
gent plate motion [Ben-Awaham  a&  Zoback, 19921 to explain
extensional  features along str ike-sl ip faul ts .

Small  amounts  of  obl ique opening and closing (5’,  or  about
10% of the strike-s!ip  motion) do not change the c&s-

amount of uplift near the faults’ ends, on the other hand, sectional geometry of the pull-apart basin but add a large
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Figure 8. Cross sections of the surface vert ical  deformation
perpendicular to the en echelon faults in Figure 7a: (a) at 10
km from the  center of the overlapping area, where the profile
crosses both faults, and (b) at 20 km from the center of the
overlapping area, where the profile crosses only  one fault.
Heavy l ines indicate deformation due to pure str ike sl ip.  Thin
lines indicate deformation due to imposed basal oblique ex-
tension or.  compression at  a 5”  angle to the y axis (motion in the
x direct ion is  10% of that  imposed in the y direct ion).  Vertical
deformation is  normalized to the imposed left- lateral  displace-
ment .

regional component of subsidence or uplift (Figure 8). Clay
models  and analyt ical  models  of  obl ique r i f t ing with 15: open-
ing indeed show that  the s tyle  of deformation is  s imilar  to that
of pure strike slip  and Jam&z,.  19861.  The oblique
motion in the models thus makes the surface expression of
sediment- or water-fi l led basins appear wider.  As in  the case of
parallel faults, it may be difficult to identify the sense of motion
on the buried faults ,  leading to an erroneous interpretat ion of
the regional  displacement f ield.

Discussion and Conclusions .
The modeling results  described in this  paper underscore the

difficulty in deducing the relative motion of plate or block
boundaries from the local  crustal  deformation field.  Several of
the features produced by the model, such as elongate half
grabens  along a single fault, rotated blocks at the ends of
parallel  faults ,  or  the extension perpendicular to overlapping
en echelon str ike-sl ip faults  would be typical ly interpreted to
indicate regional extension perpendicular to the fault. In  ad-
dition, wide zones of uplift or subsidence are generated in
models with several parallel faults which are subject to regional
s tr ike-sl ip  displacement  with only a  minor  obl ique component
of extension or shortening. These wide deformation zones

would ordinarily be interpreted to result primarily from m-
gional  extension or  shortening and not  from str ike-sl ip  mot&.

The possible decoupling of the upper and lower crust  in the
vicinity of some strike-slip faults (wide shear zones) as opposed
to the downward continuation of strike-slip faults in narrm
zones in the lower crust  (narrow shear zones) has a consider-
able impact on the surface deformation. We found that the
width of the shear zone affects the rate of tapering of relative
displacement toward the fault tips. The rate of tapering, in
turn, controls the aerial extent and amplitude of the vertid
and horizontal  surface deformation such as the length of half
grabens  and pull-apart basins and the amounts of rotation
around horizontal and vertical axes. For example, fault plane
rotation is predicted to be particularly large for zero-width
shear zones because basal movement adjacent to the fault  is
constrained, and therefore deformation can only spread up- 1
ward and outward. A zero-width shear zone may be represen-
tat ive of  s t r ike-sl ip  faul ts  continuing downward into the lower
crust in a narrow zone and is  a lso  typical  of  faults  coqtinLling
upward from a coherent basement to  less  consol idated sedi-
ments .

Comparison ‘beDvc:en ;jur  models and field examples, re-
viewed earlier in the pap&, indicates that models with weak
faults fit the observations better than strong fault  models.
Models  wi th  weak faults generate elongate basins along the
faults,  whereas models  with strong faults  have more localized
defortiation’at  the tip of the faults. In particular, asymmetric
basins along single faults. such as the Rukwa  basin in East
Africa (Figure l), can be explained by pure str ike-sl ip motion
on a weak Lupa Fault .  Models of weak overlapping en echelon
faults generate large subsidence in the area of fault overlap
and relatively very little uplift near the fault tips, whereas
models with strong fault generate small but comparable
amounts of subsidence and uplift. There is indeed little evi-
dence for uplift near the fa-Jlt  tips in the Dead Sea [ten  Blink
et al., 19931,  Erzincan [Hempton  and Dunne, 19841,  and Cari-
ace  [Schubert ,  19821 basins where subsidence is  large.  Finally,
a pull-apart basin between two weak faults can reach tens of
kilometers beyond the overlapping area (Figure 7a),  in accord
with observations along the Dead Sea r if t  (Figure 7b).  Models
in which the faults  have no strength appear therefore to be a
good approximation to long-term upper crustal  behavior.

Our models indicate that for a given separation between
faults  the length of pull-apart  basins increases with increasing
width of the shear zone (Figure 7a).  This ContradictsAydin  and
Nur’s  [1982]  suggestion that the length-to-width ratio of pull-
apart  basins is  3:l.  Their  suggest ion was made on the basis  of
measurements of the surface dimensions of basins;  however,
later  geophysical  data show that  the dimensions of  some basins
(e.g., the Cholame valley Shedlock  et al., 19901 and the Dead
Sea basin [ten Brink et al., 19931)  differ from their surface
expression. Although the amount of overlap generally in-
creases with the amount of separation between overlapping
faults [Aydin  and Schultz, 19901, which implies that longer
basins are also wider,  both the data and the model show that
pull-apart  basins may extend to different  lengths beyond the
zone of overlap (e.g., the Dead Sea basin [ten @ink et al.,
19931)  (Figure 8b). Hence the length-to-width ratio of pull-
apart  basins is  not  expected to be constant .,
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