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Abstract— ['his study addresses the kinematics of stepovers in strike-slip fault zones, where left-lateral faults step
rightward or right-lateral faults step leftward. A stepover is regarded as containing an tnternal strike-ship faule,
whose ends link to transform faults, surrounded by uniformly distributed deformation. The kinematics are
governed by k. the ratio of slip rates on the internal fault and transform faults, and . the angle between these
faults. The convergence direction across the deformation. at angle W to the internal fault, is an azimuth along
which vectors do not rotate around vertical axes. The Lebanon stepover on the Dead Sea fault zone and the Big
Bend stepover on the San Andreas fault zone provide case studies. In Lebanon, the time-averaged deformation
since 1S Ma involves & - 0.06, # - 32° and W ~ 347 It accounts for 307 of anticlockwise rotation of Cretaccous
magnetization vectors in the Lebanon mountains, and 307 rotation of Jurassic vectors. The present phase of
deformation around the Big Bend, which began at - 5-7 Ma and imvolves & ~0.89. 8 ~20° and ¥ -987, has
instead only caused small rotations (both clockwise and anticlockwise). Much of this region’s structure . including

the dramatic (up to

=807 clockwise rotation of magnetization vectors i the Transverse ranges. is shown to relate

mstead to an carhier deformation phase with much lower A

INTRODUCTION

Many major strike-slip faults can be regarded as seg-
mented transform faults. across which plates slip with-
out internal deformation. Theyv form arcs of small circles
about the Euler pole around which the plates rotate.
which need not be equidistant from this pole. A strike-
slip fault zone may thus step sideways between scg-
ments. If the stepping is the sume as the slip sense (i.c.
the fault zone is right-lateral and steps rightward, or left-
lateral and steps leftward). a pull-apart basin may form.
which extends in the direction of slip (e.g. Mann et al.
1983). Where the stepping and slip are opposite {i.e. the
faulting is right-lateral and steps leftward. or vice versa)
deformation is more complex: typically including short-
ening and rotation around vertical axes beside strike-slip
faults oriented oblique to the plate motion. Such zones
have been called restraining double bends (e.g, Crowell
1974): rhomb horsts (¢.g. Aydin & Nur 1982): stepovers
(c.g. Aydin & Nur 1985): pressure ridges; push-up
mountain ranges, blocks, or swells (¢.g. Mann et al.
1983): knots (c.g. Muehlberger & Gordon 1987): or
antidilatational jogs (¢.g. Reches 1987).

Stepovers include the surroundings of Yammounch
fault in Lebanon. where the Dead Sca fault zone steps
rightward. and the Big Bend region in southern Califor-
nia, where the San Andreas fault steps leftward. Most
previous modelling has treated these regions as mosaics
of nigid blocks (e.g. Carter ¢r «l. 1987, Ron 1987,
Luyendyk 1989, Ron er al. 1990)). However. mapping
(e.g. Jennings & Strand 1969, Hancock & Atiya 1979)
reveals pervasive deformation while the strike-slip fault-
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ing has been active. [t thus makes no sense to assume
that these regions are rigid.

Data that can constrain the kinematics of stepovers
include measurements of slip rates on strike-slip faults,
stress and  strain orientations, and  paleomagnetic
observations of rotation of magnetization vectors
around vertical axes. Most analyses interpret these
paleomagnetic data in terms of rigid-body rotation of
either large, rigid, fault-bounded blocks (e.g. Ron 1987,
Luyendyk 1989), or small rigid inclusions that are either
disc-shaped (e.g. Jackson 1988) or elliptical (e.g. Lamb
1987, Jackson & Molnar 1990). I assume instead that the
magnetization vectors are embedded in distributed de-
formation. whose scnse and rate are uniform spatially
and over ume.

OBSERYATIONS OF STEPOVERS AND THEIR
INTERPRETATIONS

A stepover s regarded as containing an internal
strike-slip fault with ship rate 2U linking transform faults
with slip rates 2V (Fig. 1) and surrounded by distributed
deformation. The ratio U/V is k: the angle between the
transtorm faults and the internal faultis 8; and the length
and width of the deformation are L. and H. The strain
rates for distributed simple shear and pure shear, paral-
[el and perpendicular to the internal fault, are g and #;
¢ and ;v uare the associated strains when these rates persist
for time 1. Algebraic relationships between these para-
meters are derived in Appendix A.

The strike of the internal tault 1s the natural reference
direction for measuring angles inits surroundings. These
include the shortening direction X, the initial and final
orientations «, and a of embedded vectors, and the
convergence direction ¥ between the internal fault and



Plate 1

Fig. 1. (a) Assumcd geometry of a rightward stepover. The left-
latcral internal fault (between points J and K) slips at ratc 20U the
transform faults beyond the stepover slip at rate 2V. The distance 1-K
is L: the perpendicular distance (parallel to the x-axis) between the
transform fault segments is W. Both zones of distributed deformation
(outlined) have width H perpendicular to the internal fault. Thin solid
lines ending at points P and Q outline the actual parailelogram shape of
the stepover. Dotted lines indicate the rectangular shape that is used in
analysis. Points R and S are discussed in the text, (b) Coordinate
systcms and angular measures of deformation for Fig. 1{a). The (x,v)
system has the y-axis parallel to the relative plate motion: the (1. w)
system has the y-axis parallel to the internal fault. Both systems have
origins at Q. The angle between the u- and y-axes is 8. The principal
strain rates £ (for shortening) and E- (for extension) are associated
with perpendicular cigenvectors (principal axes) at azimuths X, and
X to the w-axis. The convergence direction of the surroundings to the
deforming zone (the C-axis) makes angle A with the w-axis, this angle
being identical to the azimuth W along which a vector will not rotate.
The directions of no length change make angles ¢, and ¢- with the
u-axis. The first of these (@) is always zero; the second (¢, ) defines the
N-axis that is oblique to the u-axis and perpendicular to the C-axis. The
cigenvector azimuths bisect the directions of no length change. Thus.
in summary, angle u-O-Nis ¢>. u—0-E, is X}, u—O-E; s X5, Oy is
0. u-O-Cis ¥ or A, (-O-N is 90°, and. relative to the u-axis. ¢ is
2¢T10.

the outer boundary of this deformation. Within the
deformation there are two directions of no length
change: the u-axis along the internal fault, and the N-
axis perpendicular to the W-direction. Vectors with «, =
W and a, = 0° do not rotate. They rotate clockwise when
0° <y < ¥, and anticlockwise when ¥ < ¢, < 180°. W is
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> 90° for a stepover on a right-lateral fault zone and
<90° on a left-lateral fault zone.

This study investigates stepovers along the Dead Sea
fault zone (DSFZ) in Lebanon and the San Andreas
fault zone (SAFZ) in southern California. Because these
localities have developed over millions of years, to
assess the initial form of a stepover one must look
elsewherc. The smaller Ocotillo Badlands stepover in
southern California illustrates the initial form of such
structures. This occupies a ~1.5 km leftward step in the
right-lateral Coyote Creek fault, part of the San Jacinto
tfault system within the SAFZ. Local shortening (which
presumably began following a recent change to the
geometry of the surrounding transform faults) has
uplifted Quaternary sediments, forming a ~100 m high
ridge thatis ~3.5 km long and ~ 1.5 km wide (e.g. Clark
et ul. 1972, Segall & Pollard 1980). This stepover does
not contain any throughgoing internal strike-slip fault,
so k = 0. However, by fitting a 1-axis between its ends, 6
is estimated as ~30°. Fold axes within this ridge typically
trend subparallel to this axis. These folds are thus
developing subparallel to the direction of no length
change and no rotation within this distribution defor-
mation.

The Dead Sea fault zone in Lebanon: observations

The N-trending Dead Sca fault zone (DSFZ) bounds
the Arabian and African plates. Two of its left-lateral
transform fault segments bound a ~50 km rightward
step in Lebanon, which is associated with complex
detormation. Many markers reveal ~105 km displace-
ment on the southern DSFZ (e.g. Freund et al. 1970),
which has developed since ~15 Ma at a rate of ~7 mm
yr ' (e.g. Westaway 1994). The main displacement
constraint on the northern DSFZ is the ~70-80 km
leftward offset of the ophiolite in southern Turkey (e.g.
Freund er al. 1970). The missing ~25-35 km is either
absorbed by shortening within the Arabian plate, or
occurs on left-lateral faults that miss the ophiolite either
offshore to the west orinland to the east. Up to ~20 km
of shortening has indeed occurred within the Arabian
plate east of this stepover (Chaimov et al. 1990). 2V for
this stepover is thus between 7mm yr ™' (105 km/15 Myr)
and ~Smm yr ' (~75 km/15 Myr).

The Yammouneh fault, the internal fault within this
stepover, strikes N30°E along the west-northwest mar-
gin of the Bekaa valley (Fig. 2) at ~32° to the plate
motion. which is expected towards N2°W from Garfun-
kel's (1981) Euler pole near 33°N 23°E. Its surroundings
form the Lebanon (to the west) and Anti-Lebanon
mountains, which are ~20-40 km wide. The best guide
to its displacement is the ~7 km length of the Yammou-
neh pull-apart basin (Hancock & Atiya 1970) (Fig. 2).
This means k& ~0.07 (7/105) to ~0.09 (7/75), time-
averaged since the start of DSFZ ship. Deformation of
the Lcbanon mountains includes shortening perpen-
dicular to the Yammouneh fault on folds with axes
subparallcl to this fault (Fig. 2). Although some locali-
tics have shortened by a factor of ~2, Hancock & Atiya
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Summary map of the rightward stepover to the Dead Sca fault zone in Lebanon. Thick lines denote eft-lateral

faults. including the Yammounch tault. Dashed lines denote minor taults in their surrounds, most of which have small

(< = 1 km) right-lateral oftsets. Open symbols bound palcomagnetic sampling localities: circles denote zone A (Van

Dongen er af. 1907). triangles 7one B (Gregor er af. 1974). and squares zone C (Ron er al. 1990). Information is from
Hancock & Atnva (1979) and Ron (1987).

(1979} considered & overall to be -2, They also noted

evidence of elongation subparallel to the Yammounch
fault, and sccondary right-lateral faults with fengths up
to ~10 km. oriented WSW-W (Fig. 2).

Studies of late Jurassic and carly Cretaceous rocks
reveal anticlockwise rotation ot magnetization vectors in
the Lebanon and Anti-Lebanon mountains. The Juras-
sic and Cretaceous vectors show different rotations
(Table 1). If these zones comprised rigid blocks. then
effects of the DSFZ would instead cause all vectors
magnetized before ~15 Ma in anv locahty 1o rotate
through the same angle. Cross-bedding dips in the Gres

du Liban, an Early Cretaceous fluvial formation, also
provide evidence for substantial anticlockwise rotation
in the Lebanon mountains. These are typically westward
at present, although a sediment source to the south is
mdicated (Gregor et al. 1974).

The Dead Sea fault zone in Lebanon: interpretation
The Lebanon stepover has V = 3.0 £ 0.5 mm yr '
Second, with 8 = 32°, ¥ can be no less than 32°. Third,
given their N20°W reference direction (Table 1) and the
N30°E strike of the Yammouneh fault, the Early Cret-
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Tablc 1. Palcomagnetic data from the Lebanon and And-Lebanoen

mountains
D

Arca Age Ref. Y r () Notes
(i) Reference directions

K R S N 160 + 7 1

] 4 150 2
(11} Observations from deformed arcas
A K I N N 134 +6
B K 2 9 R 12249
C K 3 12 R 9] + 13
A ] 1 6 R Y3+ 3
B ] 2 9 R 95 + 11
(111) Past compilations of data
B I+ K 2.3 IS R 105+ 10
B+ C J+K 3 30 R 99 + 8
(1v) Original compilations of data
A+ B 1 1.2.4 15 R 94+ 7 3
A+ B K 1.2.4 14 R 129 =7 4
C K 34 12 R 97 = 13 5

Ficld arcas A, B and C are shown in Fig. 2. Reference ©is Van
Dongen et al. (1974): 2 is Gregor eral. (1974): 3is Ron (1987): and 4is
original results from this study. Age K is Early Cretaccous (Aptian:
~ 110 Ma): J s Late Jurassic (Kimmeridgian: -150 Ma). N is the
number of sites. Magnetic polarity £ is N for normal or R for reversed.
Declination D is measured clockwise from north, with 180° added for
normal-polarity sites to facilitate comparison. Uncertainties in decli-
nation arc caleulated using cquation (5) of Westaway (1990). The
Cretaccous reference direction (note 1) is for Ramon in Isracl (Ron
1987). The Jurassic reference dircction (2) assumes 30° absotute
rotation of the African plate. consistent with Sclater er af. (1977).
Notes 3-5 denote subsets of data analysed in the text.

aceous magnetization vectors have «, = 50°. Their
anticlockwise rotation constrains W <2 50°, Thus, 32° <
W< S0P

Onc may consider together the rotations of magnetiz-
ation vectors embedded in Jurassic (¢, = 60° ¢ = 115°;
note 3 in Table 1) and Cretaccous (¢, = 30% a = 80°:
note 4) rocks in the Lebanon mountains. If all defor-
mation has been caused by the DSFZ. equation (A33)
can be applied. It gives W = 38° which from (A31)
requires ¢ = 2.5, above the limit of 2 (Hancock & Atiya
1979). However. the uncertainties in the a, and « values
cause *12° uncertainty in W (giving a 24-50° range).
broader than the 32-50° limits already established.
Although localities northeast of this stepover deformed
during Mesozoic time (¢.g. Lovelock 1984, Sawaf et «l.
1993), it is unclear whether the Lebanon mountains
were affected. However. regardless of whether some
rotation ot these  Jurassic  magnetization  vectors
occurred before Cretaceous time and was unrelated to
the DSFZ._ in this particular case equation (A33) does
not provide useful constraint.

Table 2 lists solutions for the Cretaccous magnetiz-
ation in the Lebanon mountains alone. W = 34° gives
realistic parameters, including plate velocity 2V ~7.1
mm vr~ " and k ~0.06. predicting —7 km of slip on the
Yammounch fault in 15 Myr, with shear strainy ~— 1.5
and shortening factor £ - 2.04in the Lebanon mountains,
Because this preferred solution deflects ¢y = 60° to « =
109°, it 1s also consistent with the Jurassic magnetiza-
tions, given their uncertainties (Table 1). The cross-
bedding dips in the Gres du Liban have « = 120°. Using
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(A24), their initial orientation «, was 65° or N35°W,
indicating ~55° of anticlockwise rotation. This north-
northwest paleoflow is roughly as expected.

The ~65° rotation of the Cretaceous magnetization
near Mount Hermon (= 50°; « = 115°: note 5in Table
1) instead requires { ~2.7. This more intense deform-
ation has presumably occurred because this part of the
Anti-Lebanon mountains is narrower (with lower H)
than the Lebanon mountains (Fig. 2).

The San Andreas Fault Zone in the Los Angeles area:
observations

The San Andreas fault zonc (SAFZ) takes up most of
the ~50 mm yr ' of right-lateral motion between the
Pacific (PA) and North American (NA) plates, typically
trending ~N40-45°W. Within the Big Bend stepover
near Los Angeles, the San Andreas fault steps leftward
by ~150 km, threading through complex structure
where reverse faults in the E-trending Transverse ranges
(Fig. 3) indicate substantial north—south shortening dur-
ing Neogene time. Active shortening in the western
Transverse ranges is indicated by their seismicity and
structure (e.g. the Ventura basin—see Yeats 1983), and
geomorphological (e.g. Rockwell er al. 1984) and geo-
detic (e.g. Feigl er al. 1993) observations.

The SAFZ began to form around 25 Ma when the
adjoining plates first made contact, following subduction
of the intervening Farallon (FA) plate. Stock & Hodges
(1989) estimated that at ~20 Ma the SAFZ was ~400 km
long, with its southern end of the PA-FA-NA triple
junction near Los Angeles. Subduction of FA continued
farther south, beneath southern California and Baja
California. During ~20-10 Ma, when the PA-NA
motion was at ~25 mm yr~' towards ~N40°W | this
triple junction migrated southeast to southernmost Baja
California, such that at ~10 Ma this plate boundary was
~2100 km long. During ~10-5 Ma the plate motion
adjusted to ~50 mm yr~! towards ~N65°W, before
adopting its present sense and rate around 5 Ma. During
~10-5 Ma, this motion was thus partitioned between
right-lateral strike-slip west of Baja California and
oblique extension in the Gulf of California. Around 5
Mau the modern plate boundary developed in the Gulf,
comprising right-lateral transform faults between ocea-
nic spreading centres. Stock & Hodges (1989) estimated
that 175 km of oceanic crust has formed there since 3.4
Ma. indicating PA-NA motion at 51 mm yr ' De Mets
etal. (1990) deduced 48 mm yr ' by a similar calculation
with slightly different parameters.

Most of the plate motion in southern California since
~> Ma has been taken up on the San Jacinto and
southern San Andreas faults. The 160 km offset of parts
of a distinctive igneous body (Frizzell er al. 1986) indi-
cates that their combined slip rate has been ~32 mm
yr ', about two thirds of the PA-NA motion. The rest
appears to be taken up mainly on right-lateral faults in
the Eastern California Shear Zone (ECSZ) (Fig. 3),
which slips at ~12 mm yr ' (Sauber et al. 1994). The San
Jacinto tault has slipped no more than ~24 km (Sharp
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Table 2. Deformation since 15 Ma in the [.ebanon mountains

4 h g v v, u X E, E,
) < I3 Mvr Yy Myt Y (mmyr ) (mmyrhH vV () ) ™MyrHy  (Myr Y
32 .87 0.000 —0.0418  —0.0669 315 315 1.000 +28.7 61 —0.0603 0.0185
34 203 0062 —0.0472  —0.0700 .56 3.38 0.948 +30.1 62 —0.0658 0.0186
36 2230 0119 —0.0536 —0.0738 4.04 3.65 0.902 +31.7 63 —0.0724 0.0188
38 2500 0170 -0.0612 —().783 4.62 398 (1.861 +33.7 64 -0.0803 0.0191
40 288 0 0217 —0.07058 -0.0840 532 4.39 0.824 +36.1 65 —{.0901 0.0196

Sis caleulated from yrusing (A31) with g = 507 and « = 80°; & is calculated from W using (A3() with 8 = 32°; A is calculated from
Cusing (A25) with 7 = I35 Myr: ¢ is caleulated from W and A using (A28); V (half the estimated relative plate velocity) is calculated
from A using (A4) with H (the width of the push-up mountain range) 40 km: V_ (the estimated shortening rate across cach range, in
the W-direction) is caleulated from V. 6 and & using (A6): v (the estimated rotation of a rigid circular inclusion) is calculated using
(AR). E; and E.. the principal shortening and extensional strain rates parallel and perpendicular to X, are calculated using (A9)

and (A10).

1967), at a rate of ~53 mm vr ' if time-averaged since S
Ma. A ~27 mm vr~ ' slip rate this scems likely on the
southern San Andreas fault. Trenching establishes that
its slip rate since 14 ka has indeed been 24.5 £ 3.5 mm
yr ' (Weldon & Sieh 1986).

The San Jacinto fault merges with the San Andreas
tault near San Bernardino. The nearby San Gabriel fault
(Fig. 3} became active after 10 Ma. and slipped ~40-60
km before ~5 Ma (e.g. Mav er afl. 1993). when activity
switched to the subparaliel part of the San Andreas
fault. Moving farther north, the San Andreas fault turns
anticlockwise at the Big Bend: mnitially to ~N65*W
along the northeast flank of the Sun Gabriel mountains,
then briefly to ~N8O°W. betore resuming its NW-trend
across Carrizo plain. Trenching reveals the Holocene
seismicity here also, including Pallett Creek beside the
San Gabricl mountains and Wallace Creek in Carrizo
plain (Fig. 3). Pallett Creek has more earthquakes, but
the slip cach time is less. Given the available information
(from Sich 1978, Sieh 1984 Sich & Jahns 1984 and Siech
et al. 1989). I estimate the ratio of slip rates between
these localities as --0.7 £ 0.2, giving the value of k. The
trenching at Wallace Creek (Sich & Jahns 1984) indi-
catesa 34 mmyr 'slip rate on the northern San Andreas
fault (since 3.7 ka). similar to the combined slip rate on
the southern San Andreas and San Jacinto faults south
of the Big Bend. Correlation of Miocene and older
features in the San Joaquin and L.a Honda basins (Fig. 3)
constrains the displacement on the northern San
Andreas fauit to 320 km (Stanley 1987). About 240 km
of this has developed since -7 Ma at 34 mm yr !
time-averaged rate. consistent with the Holocene slip
rate from trenching: the rest oceurred during ~23-7 Ma.

The left-lateral Garlock tault branches east-northeast
from the San Andreas fault within the Big Bend (Fig. 3).
and persists for ~250 km with concave-southward curva-
ture with radius 400 km. Its displacement is indicated
by the ~55 km length of the Koehn Lake pull-apart
basin (Fig. 3). and by oftscts of older features displaced
by 64 km (Smith 1962) or 74 km (Michael 1966). Early
studies believed that the Garlock fault pre-dates the San
Andreas fault (¢.g. Hill & Diblee 1953). even suggesting
that the Big Bend was caused by its lett-lateral slip. Later
work (e.g. Astiz & Allen 1983) suggests instead that the
Garlock fault is vounger. Compilations of data by
Anderson (1979) and Bird & Rosenstock (1984) place its

slip rate in the range 4-14 mm yr™'; it is thus poorly
constrained by direct observation.

The stress field gives an independent estimate of & for
the Big Bend. Sonder (1990) deduced that the principal
compressive stress is N14 + 12°E, giving X; = 101 £ 12°
with u-axis S65°E. ¥ from (A11) is thus 112 + 24°. With
6 = 20", equation (A30) gives k = 0.80 + 0.15/-0.21,
conststent with the trenching results. Geodetic measure-
ments in the Mojave desert/Garlock fault area indicate a
shortening direction of N20°E (e.g. Savage et al. 1981).
Assuming it reflects deformation associated with the Big
Bend, this observational estimate of X | = 95° indicates
WV = 100° and hence & = 0.88 using (A30).

Paleomagnetic studies reveal a complex pattern of
rotation near the Big Bend. The typical clockwise rot-
ation of northward magnetization vectors from early
Miocene time is ~80° in the western Transverse ranges
(¢.g. Kamerling & Luyendyk 1985) and ~40° in the
eastern Transverse ranges (e.g. Carter et al. 1987). For
~120 km distance northeast from the part of the San
Andreas fault that bounds the San Gabriel mountains,
vectors in the Mojave block show 15 £ 11° of anticlock-
wise rotation (Terres & Luyendyk 1985). The San
Gabrielblock, between the San Andreas and San Gabriel
faults (Figs. 3 and 4), shows the most complex defor-
mation: vectors magnetized northward in early Miocene
time have rotated —40° clockwise; those from latest
Miocene/early Pliocene time have rotated 16 = 30°
anticlockwise instead (Terres & Luyendyk 1985). To
cxplain these rotations in opposite senses, geometrical
models involving rigid blocks require two sets of faults
(e.g. Luyendyk 1989). As these blocks rotate away from
one another, gaps form with infinite extensional strain.
This problem can be avoided by assuming distributed
deformation.

The San Andreas Fault Zone in the Los Angeles area:
interpretation

[ regard the most recent phase of detormation around
the SAFZ as post-5 Ma, including the anticlockwise
rotation of the youngest magnetization in the San
Gabriel block and 160 km displacement on the southern
and northern San Andreas faults with V ~16-17 mm
v ' With a S65°E u-axis, # in the San Gabriel area
ix ~20°, and the north direction has a = 115°. The
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Fig. 3. Summary map ot the San Andreas fault zone in contral and southern Calitornia, including its leftward stepover in
the Big Bend. Major strike-slip taults are shown by thick solid lines. including the left-lateral Garlock fault. The designated
San Andreas fault Tuns from west of San Francisco. through the Wallace Creck and Pallett Creek trench sites, then
southeastward to the castern margin of the Salton Sca. In this study I designate its northern and southern parts as bounded
by its intersection with the Garlock fault. Short arrows mark localitics where magnetization vectors have rotated
substantially clockwise. Open squares indicate parts of a distinetive igneous body, whose offset indicates the displacement
on the San Jacinto and southern San Andreas taults (Frizzell e al. 1986). Thin line and dots outline the San Joaquin and La
Honda basins, whose oftset indicates the displacement on the northern San Andreas fault (Stanley 1987). Open circle
southwest of the Salton Sea marks the Ocotillo Badlands stepover. K is the Kochn Lake (Cantil valley) pull-apart basin on
the Garlock fault. M and D are the positions of the Mojave Desert and Deadman Lake geodetic markers (Feigl ef al. 1993).

V is the Ventura basin. Other information {from Bird & Rosenstock (1984) and Wesnousky (1986).
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observation that vectors with «, IS have rotated
anti-clockwise thus means W = 1157 using (AS) means
¥ o> 90° With ¢ = 20°, cquations (A30) and (Al2)
require 0.78 <= k <. 0.94 imposing tighter bounds than
the ~0.5-0.9 range neasurements
trenching. However the formal uncertamties in the
paleomagnetic data mean mavbe
rotation, or possibly none at all.

For this deformation phase Tadopt /1 - 100 km. irom
the dimensions of the Mojave block. Assuming ¢ = 130
tor a;, = 1153 requires high shortenimyg fuctors. which

trom stross and

153 of anticlockwise

seemunrealistic given the local geology . Ttisthus unlikeh
that magnetization vectors oriented northward at 5 Ma
have rotated anticlockwise by asmuchas 15
solutions for 37 of rotation (o, = 115

Table 31sts
o= 120y instead.
The required shortening is now moderate, and realistic
parameter values arise for a range of . My preferred
solution with W = 98" means V' 17mmyvr shortening
tactor £ ~ 1.3, and [using (A20)] shear strain 37 (.04,

With this solution. any vector with 1 =, US (1.0
S65°E to N17°E) when this detormation begun will have

Iabic 3 Detormation sinee 3 Maom and around 1he San Gabrie! mountains

. It AW I JoR
fmmr D rov (") () (Mar ')y (Myr )
17 37y -234 jn2 ), 384 .017
raT (V304 IR 1 U 1. 00R0
1562 () 3 7.7 ) =0 A3 (1.005%
G2 1354 34 a7 s -0 90 0.0016
t ) 0347 1.6 935 —0.065 0.00050
Sl [AERWAN |2 94 -0.059 0.00029
S e 342 06 925 —0.0582 0.000098
427 0.0G00000

0342 0.0 40

=0.043

Other paramcters are caleulated asin Table 2

rotated clockwise. Any older magnetization that had
already rotated clockwise by =177 will thus have con-
tinued to rotate clockwise. This means that some of the
substantial clockwise rotation of the carly Miocene mag-
netization around the Big Bend may have occurred
during the present detormation phase. However, with ¢

E.2 and - 0,04, the maximum clockwise rotation
during this phase 15 only 9%, s0 vectors now oriented
NSOTE or NAO°E would have pointed towards N72°E or
N33E at s start. Most of their clockwise rotation thus

oceurraed carlier.
DISCUSSION
Evoluion of the Dead Sea fault zone in Lebanon
As Wallev (1988) and others have pointed out, a space
prohlem occurs when the surroundings to the Lebanon

stepover are regarded as rigid. Previous solutions (c.g.
Freund et /. 1970, Ron 1987, Walicv 1988, Ron er al.
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1990, Khaireral. 1993) cither require rigid body rotations
in the surroundings to the Yammouneh fault or major
displacements on other faults: neither view seems satis-
factory. The models in Table 2 avoid this problem by
distributed deformation. The predicted shortening in the
Lebanon mountains is subparallel to the plate motion (W
= 34° for # = 32° N4A°W against N2°W), causing a
shortening factor ¢ of ~2. These mountains are also
predicted to have extended inthe orthogonal direction. at
a strain rate roughly 1/4 the shortening strain rate.

Most fold axes in the Lebanon mountains are now
subparallel to the Yammounch fault (Fig. 2). Hancock &
Atiya (1979) suggested that they formed subperpendic-
ular to the plate motion. and have since rotated anti-
clockwise. [f so. theirinitial orientations were ~S87°W or
oy = 1227 With { - 2and y ~— 1.5.(A24) thus predicts a
=~ 160° The region has thus indeed deformed suf-
ficiently to defiect these fold axes subparallel to the
Yammouneh fault and not rotated, or with ¢, say - 20°
(initial strike ~NI10°E) and rotated clockwise to « =
~ 14°. Ttis impossible in principle to distinguish between
these possibilities using the available evidence, other
than by intuition. It these folds are equivalent to the folds
in the Ocotillo stepover mentioned carlier, then their
axes most likely formed subparallel to the Yammounch
fault and have thus not rotated significantly.

To reduce the predicted shortening factor for the
Lebanon mountains below 2 requires smaller 6. Wal-
ley (1988) adopted a ~N5S—10°E slip vector on the
transform part of the DSFZ. which mcans 6 ~ 20-25°.
With 6 = 25° ¢, = 50° and « = 830° require £ = 1.5, The
Sultan er al. (1993) Euler pole near 35°N I8°E predicts
plate motion towards N7°E in Lebanon. indicating # =
23°. However. the required 6.7° relative rotation would
mean ~ 190 km of slip parallel to the DSFZ, more than is
obscrved. A definitive solution for the kinematics of the
Lebanon stepover will thus probably need more precise
vatues of 4. ¢y, « and . which means more precise ficld
and palcomagnetic studies. [t is not clear which para-
meters are best constrained at present. The fit between
theory and obscrvation obtained in this study noncthe-
less suggests that the general principles governing this
stepover have been resolved.

Evolution of the San Andreays fault zone

The maximum compressive stress subperpendicular
to the San Andreas fault around the Big Bend has been
explained as an etfect of distributed deformation with
high (~0.9) k. However. this stress component is also
subperpendicular to this fault in central California {¢.g.
Zoback et al. 1987). Many people (¢.g. De Mets er al.
1990) have noted that this fault trends at ~5° to the
expected PA-NA motion. Itis thus not a true transform
fault. and can instead be regarded as a stepover with €
~5%and k almost 1. Using ( A30). the principal compres-
sive stress s thus predicted subperpendicular 1o its
strike. as is observed.

Earlier analysis showed that the Jarge clockwise ro-
tations of the oldest magnetization in the Transverse
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Ranges developed before the present deformation
phase. To investigate this carlier time, Fig. 5 restores
this most recent deformation. In Fig. 5(a) the northern
San Andreas fault is assumed to slip at rate 2V = 34 mm
yr~ ', restoring 170 km of slip in 5 Myr. South of the Big
Bend, the southern San Andreas and San Jacinto faults
are assumed to slip at the same rate. With & within the
Big Bend almost 1, the 160 km offset of the truncated
igneous bodies is thus restored at 5 Ma, when the
southern end of the San Gabriel fault was near the
northern cnd of the Elsinore fault.

Figure 5(a) thus leaves ~80 km of displacement from
~7-5 Ma given Stanley's (1987) interpretation of the
northern San Andreas fault. Farther south, the San
Gabriel fault was active immediately before 5 Ma, and
slipped between 40 km and 55-60 km (May er al. 1993).
The Elsinore fault seems to have slipped no more than
-5 km since 5 Ma, but has slipped ~40 km since middle
Miocene time (e.g. Anderson 1979), suggesting ~35 km
of late Miocene slip. I thus suggest that for a brief period
before 5 Ma (lasting ~1-2 Myr). the San Gabriel and
Elsinore faults took up most of the PA-NA motion in
southern California. They connected to the northern
San Andreas across an incipient Big Bend that was
narrower than the modern feature. Restoring 60 km
more displacement on these faults thus leads to the
configuration in Fig. 5(b) around 7 Ma.

The Big Bend has thus migrated at rate V = 17 mm
yr ! relative to both plates since 7 Ma. It was thus north
of its present position relative to the Pacific plate at that
time. with its northern end north of the western Trans-
verse ranges. Assuming constant &, the predicted short-
ening rate perpendicular to this bend is H & or 100 km X
~0L06Myr ' =6mmyr ', giving ~40 km of shortening
in 7 Myr. On the Pacific side of the Bend, this shortening
has presumably been taken up mainly in the western
Transverse ranges. However, it is impossible to accept
such dramatic shortening in the Mojave block on its
North American side.

The Mojave block may instead have been deflected
away from the bend in the San Andreas fault by slip on
the Garlock fault. Because this fault is oriented at ~45°
to the required shortening direction. it would need to
slip left-laterally at a rate ~H A/sin(45°) or ~8.5 mm
vr ' to achieve this. It is thus expected to have slipped
~6l km since 7 Ma. the amount obscrved. Tt is. of
course. not possible for the Mojave block to remain
rigid during this slip: its shape would have to change to
accommodate the bend in the San Andreas fault, so this
calculation is approximate. However, it does provide a
first-order explanation for why the Garlock fault is
present. when it formed (~7 Ma), and why it bhas
shpped ~60 km; issues that were previously unre-
solved.

The restoration of ~230-240 km of slip in Fig. 5(b)
roughly lines up the flanks of the castern and western
Transverse ranges, consistent with the view that they
were created during carlier deformation. The recon-
structions in Fig. 5 differ radically from previous
attempts. such as fig. 13 of May et al. (1993) or fig. 3 of
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Fig. 5.0 Cirtoons showimg Calitornia ot 30 G and 7 Ma (bhowath slip on nght-lateral faults and distributed deformation
restored as discussed in the text. Solid squares denote towns: lrom op to bottom, Monterey., Bakersficld. San Luis Obispo,
Santa Barbara. San Bernadine Tos Angeles and San Dicgo. Thin lines with dots are the San Joaquin and La Honda basins.
Open squares mark the iancous body diseussed by Frizzell e ol (1986). which constrains the 160 km displacement that is
restored in (). Solid triangles denote the restored positions of points thiit are now juxtaposed at the Pallett Creek trench
site. Open triangles are the samce for Wallace Creck. Short bar s the esumated initial position of the intersection between
the San Andreas and Gartock faults. Thick lines are major right-lateral faults, including the San Gabricl fault (which ceased
to be active at 3 Ma) thatis dashed i () Fine dashed lines indicate the position and contemporancous structural trend of
the Transverse rianges. The tull estimated 40 km post-7-Ma shortening in the western Transverse ranges has not been
restored. [Eitwere. ther narthern edge would be tarther north. closer in line with the restored northern edge of the castern
Fransvense ranges. Symbols shown are compatible with Fig. 3.

Luyendyk er al. (1980). which restored clockwise rigid-
body rotations of biocks within the Transverse ranges.
Using Fig. 3(b) one can begin io address what was
happening before 7 M, In the north. where the San
Andreas fault already existed. its time-averaged slip rate
is estimated from Stanlev's (19Y87) observations as -5
mmyr ' Most of the plate motion was thus taken up on
faults farther west, such as the Hosgri and Rinconada
taults. Offset bathymetric teatures near Monterey indi-
cate that the Hosgri tault has indeed shpped = 110 km
(Howell er al. 1980). In the ~outh. the plate motion was
presumably originally also taken up on oftshore strike-
slip faults. until the plate boundary began to adjust cast
around ~ 1} Ma when the extension in the Gulf of
California started. Inspection of Fig. S(b) indicates that

aleftward stepover existed in the plate boundary across
the Transverse ranges before 7 Ma, as at present. 1
suggest that the dramatic clockwise rotation of the
magnetization vectors there occurred at this time.

To quantify this earlier deformation, the structural
trend in the Transverse ranges is regarded as the u-axis
within the stepover: its direction of no length change and
no rotation. This is equivalent to assuming that the
major active folds within these ranges are analogous to
the folds in the other study localities, which seems
intuitively  reasonable. If the time-averaged plate
motion before 7 Ma is assumed towards N45°W, the
NSOW g-axis means ) = 35°. The rotation of magnetiza-
tion vectors from N to NSOPE in the western Transverse
ranges thus means «, = 100° and « = 20°. The north—
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Table 4. Estimates of present day velocity gradient tensor clements for the San Gabriel block

El [".f X-
(Myr '} (Myr ) X, (*Myr )
(1) Geodetic results
Garlock fault/Mojave arca —0.14 + 0.03 0.02 +0.03 N2(FE Not resolved
(2a) Geodetic results: observed
PEAR-SAFE-LOVE =0.21 + 0.06 0.16 + 1.03 NE6°W -8.0+4.4
PEAR-SAFE-JPLI =011 + 0.05 .16 £ 0.04 N2 + 8°W 20,634
PEAR-DEAD-MOIJA —0.02 = 0.02 0.10 £ 0.03 N25 + 10°E -9.8+24
(2b) Geodetie results: modelfed
PEAR-SAFE-LOVE —0.13 = 0.06 0.00 £ 0.03 NOOW +54 =44
PEAR-SAFL-JPLI —0.01 = 0.03 0.11 = (.04 N92 + 8°E —1.6=34
PEAR-DEAD-MOJA -0.03 = 0.2 0.06 + 0,03 N45 + 10°E -38+24
(3} Preferred results of this study
San Gabriel/Mojave Blocks —0.059 0.00029 N21I°E -0.47

£, and F 5 are the shortening and extensional eigenvalues of the strain rate tensor. X is the azimuth
of the shortening cigenvector. expressed in geographical coordinates y. is the vertical vorticity
(anticlockwise positive). Geodetic results are from Savage eral. (1981) (1). and Feigl er al. (1993) (2).

south width of these ranges is now ~120 km: it is
estimated to have been ~160 km betore the ~40 km of
shortening estimated since 7 Ma, making # = 80 km.
With ¥ assumed to be [40°, (A30) gives k = 0.134, and
from (A31) the required shortening tactor is 3.88. Using
(A25) and (A28). over IS Myr this shortening factor
requires strain rates 7 = 0.0904 Myr ™' and g = 0.1077
Myr~ ' With V estimated as 12.61 mm yr ' from (A4).
~25 mm vyr of ume-averaged plate motion is
accounted for. This deduction that most of the clockwise
rotation of the magnetization in the western Transverse
ranges occurred before latest Miocene time is of course
not new (e.g. Terres & Luyendyk 1985). However. it
was previously proposed in an ad hoc way, rather than as
a result of general considerations.

Interpretation of geodetic results around the Big Bend

Since the early 1980s. space geodetic methods have
been used to observe the active deformation around the
SAFZ. Results of cight years of this work, spanning its
~700 km length south of Monterey, are now available
(c.g. Feigleral. 1993), and can in principle be compared
with my predictions. However. the sparse geodctic
network (sec ¢.g. fig. 1 of Feigl er al. 1993) includes few
markers <100 km apart. The relative motions of many
adjacent markers thus involve components of both dis-
tributed deformation and localized strike-slip. which
need to be isolated. Feigl er «f. (1993) did this by
subtracting effects of a slip model for the major strike-
slip faults. This included a 34 mm yr ' slip rate on the
San Andreas fault within the Big Bend., which exceeds
my ~30.5mmyr 'estimate in Table 3. Their model shp
rate for the Garlock fault (10 mm yr 'is instead higher
than mine (~8.5 mm yr '). They assumed that slip on
these and other major strike-slip faults is continuous in
the lower crust, the faults being locked in the upper crust
between major earthquakes. Their model also omitted
the ECSZ. one of the most active fault zones in southern
California (Sauber er al. 1994).

Feigl er al. (1993) processed the geodetic data in the
standard way using triangulation. The three triangles of

markers adjacent to the Big Bend link points PEAR
(Pearblossom), SAFE (San Fernando) and LOVE
(Loma Verde); PEAR, SAFE and JPL1 (Pasadena);
and PEAR, MOJA (Mojave Desert) and DEAD
(Dcadman Lake). The PEAR-DEAD-MOJA triangle
(Figs. 3 and 4) is within the Mojave block northeast of
the San Andreas fault, except for its eastern edge that
straddles the ECSZ. The other two triangles (Fig. 4) link
points southwest of this fault with PEAR with its north-
east side. For these triangles the modelled deformation
rates and senses (taking account of the model for San
Andreas fault slip) differ more than for the other trian-
gle that 1s within the Mojave block (Table 4).

The geodetic observations from the PEAR-DEAD-
MOJA triangle predict a similar orientation of the strain
rate tensor to my theory, including an extensional strain
rate negligibly ditferent from zero. Their shortening
strain rate i1s less than mine, presumably because my
estimate neglects the deformation associated with slip
on the Garlock fault. The less impressive agreement
between their modelled results for PEAR-DEAD-
MOJA and my prediction may instead be because they
have omitted the ECSZ.

Because the two triangles that are mainly SW of the
San Andreas fault (PEAR-SAFE-LOVE and PEAR-
SAFE-JPLI) cover tectonically equivalent areas, their
deformation rates and senses should be similar. How-
ever. both their observed and modelled deformations
differ substantially (Table 4). Nonetheless, if one aver-
ages together the modelled geodetic results for both
triangles, results similar to my predictions are obtained.
This averaging thus seems to have led to a more robust
result than is obtained when the two sets of data are
treated separately, suggesting that the differences be-
tween their geodetic results may be caused by uncertain-
ties in the observations.

Role of second-order faults in stepovers

‘The surroundings to the Yammouneh fault (Fig. 2)
and the San Gabriel block (Fig. 3) both contain second-
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Table 5. Interpretation of secondary faults

A pred
UL al Lpg) @ =30 =45
Zone (0) (") ) ")
[ebanon mountains 140 + 15 81+27/- 13 92 107
San Gabriel block 55+15 63~ 13/--15 64 49

Deformation is restored {from e, 10 (<o) using (A24) with & =
2.0and y = 1.5 for the Lebanon mountains and = 1.3 and y =+ (Ltkd
for the San Gabriel block (post-5-Ma). Predicted initial strike ot
secondary faults oy . is calculated as X + @, for ¢y = 45 and ¢ -
30°, for X = 62° (Lebanon) and 94° (San GabricD)

order strike-slip faults. with the oppaosite slip sense to the
major faults. The left-lateral set in the San Gabriel block
typically strike S60 = 15°W  indicating « = 55°. Thev arc
typically ~10 km apart and appear offset by no more
than ~2 km (e.g. Terres & Luyendvk 1985). The right-
lateral set in the Lebanon mountains typically strike S70
* 15°W, indicating ¢ = 140°. They are tvpically ~3 km
apart and appear offset by no more than -1 km (c.g.
Hancock & Atiya 1979).

Standard theory for an ideal clastic body predicts that
shear failure is expected at 457 to the principal axes of the
stress tensor, the direction of greatest shear stress.
However, internal friction within rocks can cause this
angle to adjust to ~30° to the principal compressive
stress (e.g. Segall & Pollard 1980). which [ equate to the
azimuth of the shortening eigenvector. Table 3 com-
pares the initial orientations for these fractures calcu-
lated using these criteria with the values expected from
the present day orientations of these features. The
agreement is indeed better with the 30° criterion than for
45°,

This interpretation of the second-order faults differs
considerably from their role in rigid block models, in
which these faults were fundamental to allowing the
adjoining blocks to rotate around vertical axes. In my
present model, they appear instead as a minor detail.
Although the local velocity ficld near any such fault will
be affected by it, and thus differs from what it would be 1f
deformation were preciscly uniform. the perturbation
appears insufficient to have any significant effect.

Wider implications

Segall & Pollard (1980) and Rodgers (1980) were the
first to analyse the elastic stress field near strike-slip fault
segments that are offset out of line. They treated the
stress field in the vicinity of the jog as imposed exter-
nally, with o, (the maximum compressive stress)
oriented oblique {~25°) to the transtorm fault segments
and o5 (the minimum compressive stress) in the ortho-
gonal horizontal direction. They deduced that the mean
horizontal stress [(0) + 01)/2] decreases near an antidila-
tational jog on the outward sides of both transform
faults, whereas the shear stress [(o, — @:)/2] increases
within the jog. Reches (1987) showed that in an idcal
elastic-brittle matenial this stress ficld will cause the tips
of the transform faults to propagate outward. away from
each other: this is not observed in the real Earth. He
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showed nstead that with a plastic rheology in the upper
crust. these tips are instead deflected towards each
other. cventually linking across a zone of distributed
deformation. This rheological assumption thus predicts
the general behaviour that is observed in the real Earth.

The analysis in this study suggests that the stress field
at a stepover is determined by its geometry, and is thus
not externally imposed. The main factor affecting this
orientation is the value of k. Where & is small, as has
been estimated tfor the Yammouneh fault, o is at ~30°
to the plate motion, roughly as assumed by Segall &
Pollard (1980) (for the Lebanon mountains with &

-0.06, X, 1s 62°; 8 1s 32°, so X, — #1s 30°). However,
where A is large, as in the modern Big Bend, o, is
subperpendicular to the internal fault and thus strongly
oblique to the plate motton (X is —~90°%; 01s ~20°, s0 X

- His - 707,

The suggestion, from Reches (1987}, that the bound-
ing transtorm fault segments propagate inward, and
cventually meet to create a throughgoing internal fault,
raises the possibility that the formation of stepovers is a
two stage process. In the first stage, when the faults have
not vet linked and there is no throughgoing fault, k can
be expected to be zero. After this fault has formed, & 1s
instead much larger.

To assess this possibility, consider the ideal stepover
in Fig. 1(a). After time ¢ the adjoining transform faults
shp by distance 2 Vi. The plate 2 side of the transform
fault at point K will not move. The displacement at point
K is thus V. so the ship rate is V. In this ideal model, the
ship rate thus decreases uniformly from 2V at point Q to
V at point K. then immediately to zero between points K
and J. This 1s unrealistic: it is more likely that the
decrease in displacement from Vi to zero will occur over
a finite distance (say, K-S) along the internal fault. If
this distance equals Ve, then the time 1, required for both
inward-propagating faults J-R and K-S) to meet at the
mid-point of the stepover is

{

Iy (1
Forinstance. for the Bekaa valley 2V = Tmmyr ' L =
100 km), ¢, 1s ~14 Myr. Before time 1, is reached, the
stepover can be regarded as having a low-k central part
(R=5) whose length decreases gradually to zero.

T'his calculation thus raises the possibility that the
throughgoing Yammouneh fault, and the associated
sense of deformation in its surroundings, are very
young. The Lebanon stepover may have formed with
distributed deformation with & -0 lasting ~14 Myr,
until the adjoining transform fault segments linked,
tollowed by a phase that has so far lasted just ~1 Myr
with much higher k. The 7 km length of the Yammouneh
pull-apart basin may thus indicate present-day slip rate
200 ~7 mm yr ! since ~1 Ma. indicating & near I.
Supporting evidence for this suggestion is provided by
comparing the historical seismicity of the Bekaa valley
and other parts of the DSFZ. The setsmicity since ~2 Ka
indicates that the Yammounch fault and the northern
DSFZ have similar slip rates (Westaway 1994). The
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main difference is that the Yammouneh fault has tewer
great earthquakes at longer intervals. This contrasts
with the Big Bend, where the adjoining transform faults
have fewer great earthquakes (Sieh et al. 1989).

Taking the present-day value of k for the Lebanon
stepover as (.8, near the upper bound of 0.85 (A12).
gives W and X, only slightly less than 90°, or ~N50°W.
Using (A9) with V.= 3.5mm yr ' H =40 km and 8 =
35°, the Lebanon mountains are predicted to be shorten-
ing subperpendicular to this fault at strain rate ~0.05
Myr~'or~1.5% 10 ""s ' The predictions for k <~0.1
would instead be ¥ ~40° and X; ~65°, or ~N10°W and
~N35°W. If this suggestion is correct, then Table 2
estimates the time-averaged deformation during its first
phase, from ~15 to ~1 Ma. It could be tested by in situ
stress measurements (to measure present-day X;) or
surveying (to measure present-day W),

In the San Andreas fault zone. the low-k deformation
phase lasted ~ 15 Myr (~22 to ~7 Ma) across a zone with
L ~200 km. From (1) this suggests that no surrounding
transform fault active at the time has ship rate >~15mm
yr ' This is consistent with the cxistence of several
subparallel acttve strike-slip faults on either side of the
Transverse ranges. and with the view that for much of
this time the PA-NA motion was only ~25 mm vr~'
(e.g. Stock & Hodges 1989). Short low-k stepovers. like
the Ocotillo badlands, would nstecad be short-lived.,
evolving to high-k stepovers before much deformation
can occur in their surroundings. Their first phase of
deformation may thus casily be missed.

Finally. this study contradicts the widely held view
that clockwisc rotation 1s alwayvs expected around right-
lateral strike-slip faults and vice versa. No rotation is
expected around transform taults. Depending on their
orientation, vectors embedded in deformation around
stepovers may instead rotate in either sense, irrespective
of the slip sensc and polarity of the stepover, as is
strikingly illustrated by the paleomagnetic data from the
Big Bend. The probable reason why this etfect has not
been noticed betore, or has been attributed to observa-
tional error (e.g. Jackson & Molnar 1990) is the smaull
angular width of the quadrant with the ‘unexpected’
rotation sense. For the time-averaged deformation in
the Lebanon mountains with W = 34°_ the 0-34° azimuth
range with this unexpected sense 18 <20% of the total.
and is so small that no vector within it can ever rotate
much. For instance. a vector magnetized northward at
15 Ma («, = 30°) would now point towards a = 27°, 4 3
rotation that would hardly be measurable. The high
present-day & value in the Big Bend and the associated W
= 98° means that 46% of vector orientations instead
show the ‘unexpected’ rotation. It is fortunate that the
vectors magnetized northward around 5 Ma lie within
this range. enabling this rotation to be observed.

CONCLUSIONS

A simple quantitative modcl, incorporating defor-
mation, is applied to stepovers in strike-slip fault zones.

R. WESTAWAY

The deformation sense depends on the angle 8 between
the internal strike-slip fault within the stepover and the
adjoining transform faults, and k. the ratio of their slip
rates. The boundaries to the deforming zone converge at
an angle W to the internal fault, which depends on 6
(usually ~30°) and k. This W-direction also bounds
quadrants in which vectors rotate in opposite senses.
This theory accounts for several previously puzzling
observations in a consistent manner. It explains why
vectors embedded in the deformation in the Lebanon
mountains around the stepover on the Dead Sea fault
zone have rotated anticlockwise through different
angles depending on their initial orientations. It also
explains the observed anticlockwise rotation of paleo-
magnetic vectors embedded in the youngest rocks within
the Big Bend stepover, and the observed stress field with
principal compressive stress subperpendicular to the San
Andreas fault as consequences of high (~0.9) k. It
predicts that the Garlock fault became active at ~7 Ma
and has since slipped ~60 km at an ~8.5 mm yr ' rate,
while ~40 km of shortening has occurred in the western
Transverse ranges. It suggests strongly that the present-
day structure is the result of an initial deformation phase
with low & (~0) beforc ~7 Ma, followed by the present
phase with high (~0.9) k. The Lebanon stepover also
shows evidence for recent evolution from low to high 4.
Such behaviour is predicted by theoretical rock mech-
anics models in which the upper crust deforms plasti-
cally.
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APPENDIX A
Analvtic solutions for the kinematics of stepovers

Deformation around a stepover is modelled as in Figo 1A night-
handed (v, v, 2) Cartesian coordinate svstem can be detined with s v
axis parallel to the transform taults. atangle ¢ to the internal strike-ship
fault. and its z-axis vertical. However. the analvsis is greatly simplified
if a different (w2, w. z) coordinate system is used instead. with the w-axis
parallel to the internal fault. All angles are measured relative to this
axis.

20 and 2V are the ship rates on the internal tault and the transtorm
faults, with & = U7V Wois the width of the stepover perpendicular to
the plate motion. L and /1 are its length and halt-width, paralle! and
perpendicular to the mternal tault. The reference trame used is moving
relative to both plates at rate Vosuch that plates and 2 have v, = -V
and v, = =V The stepover thus maintans fixed position and onen-
tation relative to the axes and. being svmmetrical relative to both
plates, only one halt need be analysed. The trapezinm-shaped detorm-
ing zonc on cach side of the internal fault (Fig. Ta) can be approsi-
mated as a rectangle. within which deformation is assumed unitorm. 1t
its length 1. = Wisin(#4) is large compared with A as s usual, this shape
adjustment is ummportant.

Deformation at any pointin this (. 3) planc is completely described
using the horizontal velocity gradient tensor Lo where 1, = ooy, 4y
= v, By inspection of Fig. 1. the deformation around a steposer
involves components of distributed simple shear parallel to the imter-
nat fault (¢) and shortening pure shear perpendieular to it (:

l.,..=0 tAD
L= mlVcos ity - UV = o Vicos () — k| H =~ 2 1A
Lo, 1A\3)
[,o= Vs i -0 (A4}

wheremis +1or — L tor nght- and lett-lateral tault zones. Note thut /ris
negative and. with & <2 cos(a), gis positive for right-lateral slip and viee
versa. The long faces of cach detforming zone coverge m the direction
A relative to the r-axis, where

= mbosn(f)

tan{ \} - — - =
Vocos(#) - L

sy h

= (A
costh) — k¢

at rate v where

v V(sinT () - feostey - kP CA6)
The deformation is instead more complex when expressed in the (v y)
coordinate system. All four veloeity gradient tensor clements are
nonzero. making solutions more difficult to obtain. This is the muain
reason why it is much simpler to use the (1) system

The vertical vorticity . at any locality is obtained {from the antisvme
metric portion of L. It equals curi(v) ., so

R. WESTAWAY

_ oy, vy, g
i i )

(A7)

A small rigid cquidimensional inclusion within a deforming zone will
rotate at rate /2 (¢.g. McKenzie & Jackson 1983). and thus rotates
through angle v in time ¢, where

.5 (A8)

U'he horizontal strain rate tensor E s the symmetric part of L. 1t has
two cigenvalues £ and E,. the principal horizontal strain rates, with
cigenvectors (principal axes of the strain rate tensor) at azimuths X 5.
I'hese satisty (e.g. Westaway 1993)

1

Ty

= /2 (W21 + g 7)Y = (W2)|1 % cosec(W)] (AY)

Y, o) = 2F, sg = tan(W)| | £ cosec(W)]

tan(¥) = sec (V). (A10)

i

Because  cosec(MW) I (except for ¥ = 90°). cigenvalue E; with
azimuth X is always negative (for shortening). and E, with aximuth
X s alwavs positive (for extension). Note that X| does not coincide
with the W-direction. It instead biscets the angle between the W-
dircetion and the w-axis. and thus satisfies

W= 12X, - 90, (A11)
the other cigenvector being perpendicular to this direction. When W is
Yy = 0. The strain rate tensor has a zero cigenvalue £, with an
cigenvector azimuth X = 0 (i.c. parallel to the u-axis and the internal
faultj. and u shortening strain rate ££; = A with an eigenvector with X
= 90" (parallel to the w-axis). Only in this case are X, and ¥ equal.

As noted, c.g. by Westawayv (1993) there are in general three
possible conditions for the eigenvalues of E: (1) onc cigenvalue is zero:
(2) both have the same sign: and (3) they have opposite signs.
Condition (1) results when E,, £, = £,,°. This occurs when g = 0,
which means & = cos(f) [equation (A2}]. or ¥ = 90°. I designate this
critical value of & as &y. The result {equation (A9)]. that except for this
special case the cigenvalues of the strain rate tensor always have
opposite sign. means that case (2) is never satisfied for stepovers: case
(3 s abwavs satistied instead. which means that

k- cos(#) (A12)

and there are two directions of no length change (Westaway 1993).
These satisfy

-k

“tn -

E7_ -—gte

2h

£l Lo 8

S Al3
/ (Al13)

tan(p, -} =

“re

in general (e.g. Holt & Haines 1993). which means tan(g, ) = () and
tan(p-) = —glh. These directions are thus parallel to the internal fault
and perpendicular to the W-direction.

MceKenzie & Jackson (1983) showed that, in gencral. the finite
deformation F when a given velocity gradient tensor L (which is
uniform spatially and over time) persists for time ¢ is obtained by
salving the tensor cquation

dF .
— = LF (Ald)
dr

They analvsed general deformation with nonzero L, and L., using
notavon with =25 = A and W = ¢ They showed that for this
detormation sense Fosatisties:

Fr, =1 (A15)
Fo = (gt (expthn — 1) (A16)
Flw =0 (A17)
F... = cxpthrn). (A18)

[the corrected form of their equation (11). in my notation|. F deforms
amy mitial vector x,. embedded in the distributed deformation, into a
new vector x. where x = F x. I xg is a unit vector with aximuth a, and
cComponents (g, Ya,.) or (cos{eeg). sineyg)). and x has components (.,
A, ) then x can be expressed as (M cos(a). M sin(a)), where M, the
modulus of vector x, equals (x,” + x,7)"", and « is the azimuth of this
vecdtor.

MceKenzie & Jackson (1983) showed that, for deformation satistying
(ATS) 10 (AT8). «y and ¢ for any vector are interrelated as
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cotle) — expl~hneotie i - el - expi | PALY)
[their cquation (18) expressed in my notation and simplitied]. Sandet

son & Marchint (1984) also mvestigated this detormation sense. which
they characterized by a timte deformation tensor I using parametors
that I will call 2. the shortening tactor. and + the shear stramn. These
are defined such that the zone shortens parallel to the w-axis to 122 ot
its original width, and & vector originathy paratlel to this axis s
deflected through angle W where tantW) = ;- Thar vand vaxes are
cquivalentto my icand witheir ao s and @ are cquivalenttomy 20 and
. They showed that D satisfies

Do, (A2
Do , (A2l
D | IR
i LA

|[their cquation (1) my notaton] Fhe tinal orientation of o ot
vector with initiad orientation o, thus satishes

Cotice) - JCoti 1 e (AR
In terms of my notation,
Sooepe i CAZR
Substituting g, = 9 [cotle,) = Ofmto ¢ N9 aives o 90 W owhere
cot(a) = tan(W) = > or
‘ :«’:'Jl B k\'!j(*'m” cotd ! 2 A

' I
Equations (ATY) and (A24) are thus consistent This means that
tensors Fand D are cquivalent. as s castly ventfied
[f e, = O (cotie) is infinite), then cowili reman zero tor all ime. The
rotation (¢« = «q,) of such a vector s zero o, s nonzero. then trom
{A19).

Sheapl - frcotting o s espe i) [E
Thus. o/dt|cot(c] = hwhen
an{o) - frgoor g arctantiizg W AN

A vector with azimuth Wowill Keep tins orientation throughout time
This dircetion of no rotation s thus identical to \ (AS). the conver
gence direction across the deforming sone. Positive fu g requires cither
extension and right-lateral shear (4 and ¢ positive ), which cannotoceur
around a stepover. or shortenmg and dett-dateral shear (4 ound g
negative), With Jrand ¢ both negative it g, - W then @dartcotingdy 0
M then
U, causing o tooncrease. reachme 1800 as rotends o

causing ¢« (o decrease . reaching 0 G rrends tomtimity st ¢,
alin(cot(«l)
infinity. The orientation ¢ = O thus stable. other mial orentations
will tend 10 become detlected towards itz 0 Was unstable. as oy
small perturbation away tromat will lead to an exer-mereasmy deflee
ton. Similar scts ot results applsy when 2 negatine and g positive At
prolonged shortening and distiibuted simple shears palcomagnetic
vectors thus become detlected erther paradlel o or antparaliel 1o the
shear plane: after prolonged extension and distributed simple shea
they would instead point paratlel o azimuth ¥ Phe maximum possiok
rotation is thus cither IR0
fosatisfy (A1) 1o (A4

S e whichever s larger Where gand

s

KRNI A

Lan(w P A2

which 1s cquivadent to (A3 with W - A

For deformation consistent with ATy to 04 (A can be reat
ranged. depending on which parameters are unknown. Potenbalh
usetul examples include

. PO O 0 Ol
k= costt) + sin( 1y =" om L
Vi
Comifln e i cottl M
if & s unknown, or
cotier - cotn .
e e e 1Al
Cotleng ottt

to give < trom ez, and ao Bguation tA3O allows t X050 simphity 1o

SG 17-6-F
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Vs Ve ] L cot O] = L sings) cosee(W) =—iH cosec(W).
(A32)

Suppese two tock units in a stepover, with different ages Land 2, are
subjected o the same phase of later deformation, such that they have
the same value of &, but where their times of formation are sufficiently
ditferent for the plate in which they were originally situated to rotate
enough tor their palcomagnetic reference directions (in the absence of
eftects of the later stepover) to be different. With this condition, ),
and e, (1o for ages Tand 2) will be different: so will ¢y and ¢, . The
stepover now satisfies two versions of (A31) with the same value of £
withrey,  re,tand a, = )5 and ¢ = ¢+, One can thus climinate ¢, and
solve for W othe ondv remaining unknown:

cot{ers) cotluy, ) — cot(ay) cot(ay,)
cotler) + cotlegy ) — cotla) — cotlag)

coty (A33)

Phis prediction that the rotation sense of vectors embedded in the
Jdetormation around stepovers reverses on cither side of two directions
(ee = and o« W) can be compared with an alternative prediction,
from Tamb ¢ 1987). which considers ngid clliptical inclusions. These
have clongation (ratio of length of major to minor axes) K, and rotate
g zone of distributed deformation. In this case., the stationary states
fwhere the rotation rate is zero and across which the rotation sensc
reversest depend on both W and K [which Lamb (1987) called 6 and &].
Fhev are anven by

G e cos[Ceos 01
= <Ol cos(W) (seet (W) — CHI7] 0 (A34)
whaere
C=(1+ K- K (A35)
No stteman states exist where €7 see(#). which is equivalent to
IEDUNPNPNTR.
Gl
It A - A, an melusion will rotate indefinitely in the same sensc.
¢ = I means A = 1, at the limitof extreme elongation of inclusions.
With thi~ condition. (A34) simplifies to
= (172 arccos|cos” (W) £ sin“ (W), (A37)

which has solutions o == 07 or WL The stationary states (and hence other
aspects of rotational behaviour)y are thus identical for both an ex-
tremely clongated inclusion and for distributed deformation with no
inclusions present. Thus the rotation of w highly elongated inclusion (€
nearly A justabove 0) will be wlmast identical to the rotation within
distributed detormation with no inclusions present. This means that
any tectome modet incarporating very clongated inclusions can be
superceded. to g good approximation. by a model expressed in terms
of distriated deformation. which is arguably more realistic. This point
appears 1o e escaped the attention of advocates of models based on
neid mctustons For instance. the interpretations of rotation obser-
vations i the surroundings to the San Andreas fault zone suggested by
Famb 1987y and Juckson & Molnar (1990). which required elongated
inclustons. can be replaced as in the main text by a model where only
distnbuted detormation s presenot

e deformation around stepovers can also be solved graphically.
Phe method used was developed by Lister & Williams (1983) and
others teaialvse simpler detormation. and 1s analogous to the familiar
Mohraivle construction (c.g. Ramsay 1967, p. 286). The rotation rate
0 of vectors s plotted against £x. the strain rate for elongation. as a
tunction of erientation o refative to the w-axis.

Fhe vector orientation with maximum rotation rate (1 is obtained by
ditterentaating (A 1Y)

cosee L) N hexpl—=hnfeottW) — cot(ay)| (A38)

Iz

and considermyg the imit ot dogar = (harume r = O whena = a,. From
A 3Ny s thus

0 s (e [eottl) - cot(a)]. (A39)

§he masmnan and minimum of @ satisty dQ/de = 0. By differentiating
1A and rearranging using standard formulae for cos(2a) and
< 21 these atientations satisfy

Cot(2a) = cot(W)

(Ad0)
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such that a = /2 or @ = W/2 + 90°. The direction a = ¥/2 thus bisccts
the directions of no rotation (¢ = 0 and a = W); the other is
perpendicular to it.

The strain rate for elongation of a unit vector %, at azimuth « is
obtained by solving the tensor equation Fx,, = x, where x is the vector
after deformation. Using (A15) to (A18) for the clements of F. the
modulus M of vector x satisfies

M = [cos*(a) + sin*(a) (1 + &V +sin2a) (wO)]2. (A4])
Using (A25) and (A26) in the limit when gr < 1,

M= [cosz(a) + sin?(a)(1 + g°F) cxp(2h1)

+ gtexp(ht) sin(2a)]'?. (A42)
SO
[sin® () [(1 + g*P)2k exp(2hr) + 2¢° exp(2ht)]
. + g exp(he) sin(2a) (hr + 1)]Y
M _ . (A43)
at 2[cos*(a) + sin*(a) (1 + g7r%) exp(2hn)
+ gtexp(hr) sin(2a)]'?
Thus. at time t = (), when
# = sin{a)|# sin(a) + g cos(a)]
)
= (n/2) sin(2a)[cot(a) + cot(W)] = E.. (Ad4)
a:” = 2 cos(2a)[tan(a) + cot(W)] + sin(2¢) sec*(a).  (A45)
L
|E.| is greatest when 4 da = 0. This condition is equivalent to
tan(2a) = —cot(¥) {Ad46)

which means a = W/2 + 45%or a = W/2 + 135°, the familiar cigenvector
azimuths X and X,.

Lister & Williams (1983) presented plots of (in my notation) ()
against K., which form circles. Figure Al shows the plot for g and A
both nonzero, which they did not consider, for ¥ = 38°. It is also a
circle, with the directions of no length change (a = (°and a = W + 90°)
along the {)-axis and those of no rotation (a = 0° and @ = ¥) along the
E-axis. The azimuths that satisfy ( A46) mark maximum and minimum
E.. the familiar cigenvalues £, and E,. The directions of maximum
and minimum £ satisfy (A40}, and occur when £, = h/2. The circle
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Fig. Al. Graph of ()/h (normalized rotation rate) against £ /k (nor-
malized elongational strain rate) for vectors with different azimuths a
embedded in the distributed deformation around a stcpover, obtained
by solving cquations (A39) and (A44). For a given value of ¥ the
solutions map out a circle, with radius r = cosec(¥)/2, which passes
through the origin O at (E, = 0. 1 = () with centre onaline at angle W
to the (-axis. The figurc is drawn for ¥ = 38°, similar to thc value
deduced for the Lebanon mountains.

thus has diameter E, — E,, so from (A9) its radius r is cosec(¥)/2.
Because the distance OJ in Fig. Al is 1/2 and the distance OC is r, the
angle OCJ is W. The circle can thus be constructed for any other ¥
valuc: it has diameter cosec(W), and is centred on the fine at angle ¥ to
the {}-axis that passes through the ongin 0 at (E, = 0, & = 0). This
graphical method thus enables the deformation around stepovers to be
simply quantified.

The pole to the Mohr diagram as defined by Cutler & Elliott (1983)
for this deformation sense. is the W-direction (the convergence direc-
tion of the surroundings to the deforming zone), as can be confirmed
by inspection. This construction thus provides a straightforward physi-
cal meaning for this pole for this particular deformation sense.
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