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ABSTRACT

The M 7.4 Landers earthquake
of June 28, 1992, like most twentieth
century California earthquakes, did
not fall on the San Andreas fault.
Instead, it is the latest of six M >5
earthquakes in the past 50 years
whose epicenters and slip directions
appear to define a 120-km-long
alignment running approximately
N15° £5°W across the central Mojave
region. This previously unrecognized
line, which we call the Landers-
Mojave earthquake line, may be a
geologically young, thoroughgoing
fault system that cuts obliquely
across numerous older but still active
strike-slip faults. According to a sim-
ple kinematic and mechanical model
of block rotation and new fault for-
mation, these older faults may be
gradually losing their ability to
accommodate upper crustal defor-
mation because they have become
stresswise unfavorably oriented. The
model and the debate it generated
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Figure 1. Epicenters and fault-plane solutions of the six largest central
Mojave earthquakes since 1947. Because the directions of these events
(shown in red) approximately coincide with the alignment of their epi-
centers, it is proposed that this Landers-Mojave line may be a new or
young fault. This fault crosscuts the older, well-documented and well-
developed N45°W-trending central Mojave faults. At its kink, the Lan-
ders rupture was partitioned between these old faults and the Landers-

Mojave direction.
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about crustal stress, rotations, and
the formation of new faults touch on
several unresolved issues in tectonics,
seismotectonics, crustal deformation,
earthquake prediction, and structural
geology.

INTRODUCTION

Like most twentieth century larger
California earthquakes, the 1992 M 6.1
Joshua Tree and the M 7.4 Landers
events did not fall on the San Andreas
fault. This highlights a puzzling aspect

of California seismotectonics, espe-
cially because both events had pure
strike-slip motion presumed to be typi-
cal for the San Andreas. In addition,
the Landers earthquake surprised many
for other reasons: (1) The southern part
of the Landers and Joshua Tree earth-
quake ruptures define a line ~30 km
long which has not before been recog-
nized as a throughgoing and capable
seisnogenic fault (Ad Hoc Working
Group Report, 1992). (2) The Landers
30° rupture kink (Fig. 1) is puzzling
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Figure 2. Reproduction of the Nur et al. (1989) figure showing the
nearly fault-normal orientation of the Mojave compression of the older
faults and its optimal orientation to the Homestead Valley and Galway
Lake ruptures, suggesting the emergence of a new fault line and the
| gradual locking of the older faults.

because some earthquake models
assume that seismic rupture stops at
kinks, and does not propagate through
them. (3) The southern Landers and
Joshua Tree ruptures fell on a line that
has had at least four previous earth-
quakes with similar rupture directions:
the M 5.4 1975 Galway Lake, the M 5.3
1979 Homestead Valley, the M 5.2 1965
Calico, and the M 6.5 1947 Manix
earthquakes (Fig. 1). We call this 120
km earthquake line the Landers-Mojave
line.

LANDERS-MOJAVE LINE

The Landers-Mojave line falls
within a broad region of distributed
deformation (commonly referred to
as the eastern California shear zone
(Dokka and Travis, 1990; Savage et al.,
1990), as inferred from geological and
geodetic data. It is widely thought that
distributed faulting is the main mecha-
nism for this shearing. However, a
fuller understanding of the mechanics
of this distributed deformation in the
Moijave remains elusive.

In 1989, we proposed, on the basis
of an earlier kinematic and mechanical
model for crustal deformation by fault
sets (Ron et al., 1984; Nur et al., 1986,
1989) “that a new set of faults trending
N-S may be in the process of forma-
tion” in the central Mojave region
(Fig. 2). We thought that existing
paleomagnetic, geological, and
mechanical evidence at the time sug-
gested that the well-developed north-
west-oriented strike-slip faults in the
central Mojave region had rotated
counterclockwise or/and the stress had
rotated clockwise (H. Ron, A. Nur, and
A. Aydin, unpublished) so they are at
present mechanically unfavorably ori-
ented relative to the direction of maxi-
mum tectonic compression (Fig. 3).
This direction at present is N10° to
30°E, and at an angle of 55° to 75° to
the northwest-trending faults (for ref-
erences see Stein et al., 1992; Zoback,
1991). Consequently, we suggested, a
new fault system trending N15°W or so
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must develop to accommodate ongoing
deformation. As we pointed out in
1989 the 1975 Galway Lake and the
1979 Homestead Valley earthquakes
ruptured previously unmapped faults
oriented roughly N15°W, not the well-
developed N45°W-trending faults. The
colinearity of these two ruptures sug-
gests also that they may have occurred
on a seismically single, unmapped fault
30 km long (Fig. 2). Although segments
of this fault were identified in the field
before 1992 (M. Rymer, personal com-
munication), it was not recognized as a
thoroughgoing, coherent and seismo-
genic fault.

The azimuth and sense of rupture
of the Joshua Tree earthquake were
similar to the 1975 and 1979 events
(Fig. 1), and its epicenter fell roughly
on the extension of their line to the
south. Moreover, the Joshua Tree rup-
ture apparently crosscuts the presum-
ably young east-trending Pinto Moun
tain fault. This crosscutting relation
prompted us to reconsider the 1947
M 6.5 Manix, with its N20°W after-
shock alignment (Richter, 1958), and
the 1965 M 5.2 Calico earthquakes,
over 100 km north of the Joshua Tree
epicenter. The focal mechanisms of
these earthquakes also seem consistent
with right-lateral strike slip on
unmapped ~N15°+5°W-trending faults,
not on N45°W-trending ones. Thus, the

continued on p. 257
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New Fault continued

line defined by the 1975, 1979, and
1992 (Joshua Tree) events (Fig. 1) is
possibly an emerging thoroughgoing
seismogenic fault ~120 km long.

The Landers earthquake can also
be explained by our model. First, the
southern part of its rupture, coincident
in both the location and sense of slip
with the previous N15°W ruptures, pro-
vides further evidence for a thorough-
going fault. Second, the kink in the
rupture is consistent with our mechani-
cal model, because it suggests that slip
can be partitioned during the transi-
tion from old, poorly oriented faults to
new, optimally oriented ones (Fig. 3).
In situ observations in fact reveal new
rock fractures on some north-south seg-
ments of the Landers rupture (Ken
Lajoie, personal communication), lend-
ing some direct support to the idea of
new faulting.

THE CONTROVERSY:
STRESS, ROTATION,
NEW FAULTS

The application of our model to
the Mojave and Landers events has
been sharply criticized for its three key
aspects: stress, rotation, and new faults.

1. Stress. Two principal objections
to the use of crustal stress to interpret
active faulting were raised: (1) that it is
immeasurable (can be inferred only
indirectly from deformation measure-
ments) and is spatially too heteroge-
neous; however, results from borehole
breakouts and hydraulic fracturing pro-
vide clear evidence for systematic
regional patterns of stress, especially
principal stress directions (Zoback and
Zoback, 1980); and (2) stress in the
shallow brittle and weak continental
crust is controlled by deformation of
the ductile but strong middle crust, and
merely reflects continuous deformation
at depth (Jackson and Molnar, 1990).
This is important in the context of the
thin viscous sheet model for crustal (or
lithospheric) deformation (England
and McKenzie, 1982), which prohibits
both clockwise and counterclockwise
rotations in a single tectonic environ-
ment (Sonder et al., 1986). The oppos-
ing rotations of the Mojave domains
suggest, therefore, that the thin viscous
sheet model is inadequate here and
that it is shallow faulting in the brittle
crust that controls deformation of the
deeper ductile regions (Zoback, 1991),
not the other way around.

2. Rotations and Paleomagnetism.
Although using paleomagnetic declina-
tion anomalies to infer rotations of
crustal blocks about vertical axes is
common practice, the mechanisms of
these rotations remain uncertain. It is
commonly assumed that rotations are
controlled by the sense of shear in a
given region. Thus, many have as-
sumed that in the dextral San Andreas
system, rotations must all be clockwise.
However, paleomagnetic data indicate
counterclockwise rotations in some
areas of the western United States,
notably the Mojave region (Fig. 4). For
that region, about a dozen studies to
date show clockwise rotations in the
eastern Mojave and eastern Transverse
Ranges (e.g., Carter et al., 1987) where
faults are oriented east-west, and coun-
terclockwise or no rotation in the cen-
tral Mojave where active faults are ori-
ented northwest (e.g., Morton and
Hillhouse, 1983).

The evidence for counterclockwise
rotations in Figure 4 has been dis-
missed by some as due to secular varia-
tions, unknown age of magnetization,
hydrothermal effects, and unreliable or
sparse sampling. However, it is essen-
tally beyond dispute that a relative

rotation of 55° to 75°, between the
eastern Transverse Ranges and eastern
Mojave domains and the central Mo-
jave has taken place during the past
few million years, and that this rota-
tion must be related to the direction of
faults within these domains (Garfunkel,
1974; Luyendyk et al., 1980). Taking
the initial angle between the eastern
Transverse Ranges and eastern Mojave
faults, and those in the central Mojave
close to the optimal failure direction
with NO°E compression at 3 Ma, the
fault azimuths at that time were 30°E
and 30°W, respectively. Taking a 45°
clockwise rotation of the eastern Trans-
verse Ranges and eastern Mojave blocks
and a 15° counterclockwise rotation of
the central Mojave blocks (Fig. 3) yields
a present-day compression direction of
22.5°E, and a 17.5° clockwise stress
rotation (similar in sense to the Basin
and Range stress rotation; Zoback and
Zoback, 1980) .

3. Formation of New Faults. That
new faults may be forming now has
been our most controversial issue,
termed “naive” by Greg Davis (personal
communication) and “bizarre” by oth-
ers. Some argue that the crust contains
enough older faults, so that any defor-
mation can be accommodated without
new faults being required. Because dat-
ing slip on geological faults is usually
difficult, some argue that it is hard to
prove the formation of new ones,
because they may be old faults that
simply have not been recognized.

However, it cannot be disputed
that faults must form at some time,
and that long and coherent faults capa-
ble of generating larger earthquakes
must organize sometimes out of a
multitude of shorter faults. Further-
more, systematic crosscutting relations
between faults provide compelling
evidence that some are younger than
others—e.g., the cutting of the young
Pinto Mountain fault by the Joshua
Tree and Landers rupture. In fact we
believe (in contrast with some of our
critics) that the mechanics of fault and
fault set formation is a crucial subject
for research, without which no sensible
and rigorous interpretation of past and
present crustal deformation by faulting
will ever be possible.

CONCLUSION

The kinematic and mechanical
considerations discussed above, and
our attempt to analyze active faulting
in the central Mojave with the only
model proposed so far that can explain
the main Landers and Mojave observa-
tions, touch on several important seis-
motectonic, crustal deformation, and
structural geology problems (and con-
troversies).

1. How do new faults form or
become organized?

2. Why and how is crustal defor-
mation accommodated in so many
regions by distributed faulting in
domains?

3. How can we hope to predict
earthquakes if we cannot even identify
in advance the faults on which they
can occur?

4. Is the Landers earthquake a
characteristic one?

5. Is the deformation of the brittle
crust, including block rotations, pas-
sively controlled by the ductile defor-
mation at depth, or is the former con-
trolling the latter?

6. Can the incorporation of fault
sets in domains, conjugate domains,
rotations, and the formation of new
faults and fault sets lead to an advance-
ment of faulting theory (which has
remained, at least in our textbooks,

New Fault continued on p. 258

Trimble Pathfinder resource map-
ping systems are available at dis-
counts of nearly 50% off list price
to qualified educational programs.

GPS

Positioning Systems

TrimbleNavigation

Global Positioning System (GPS) technology provides 24-hour, all-
weather positioning anywhere on earth and is revolutionizing the way
earth scientists collect geographical information.

PATHFINDER EDUCATOR SYSTEMS

They feature autonomous posi-
tioning accuracies of a$ good as 15
meters, differential accuracies of
2-5 meters and include Trimble's
powerful PFINDER software plus
GPS teaching materials.

EDUCATIONAL PRICES START AT $

3,950.00

Contact John Toth at ASC Scientific

for more information.

INTRODUCING SCOUT GPS

The first personal GPS receiver specifi-
cally designed for land navigation and
positioning. It has 25 meter typical posi-
tioning accuracy and displays in
Lat/Lon or UTM plus altitude. It tracks
up to 8 satellites, stores up to 250 posi-
tions, weighs less than 14 ounces, and
features displays which aid in plotting
on topographic sheets and Thomas
Brothers maps.

Only $ 795.00

ASC Scientific

(800) 272-4327

2075 Corte del Nogal, Suite 1, Carisbad, CA 92009
Fax (619) 431-0904

FREE EARTH SCIENCE CATALOG AVAILABLE

LARGE FORMAT
THIN SECTIONS

Logitech’s new TS6 system
allows you to prepare standard
30um thin sections on
microscope slides up to

@ Fewer
samples
are required

O a greater
understanding of sample

structure can be achieved

® Mineral content can be
more accurately analysed

150 x 100mm

without hand
finishing

ANOTHER HIGH QUALITY PRODUCT FROM
LOGITECH

Logitech Product Group, Struers Inc.,
26100 First Street, Westlake, Ohio 44145

TECH

Materials Technologists & Engineers

Telephone: (216) 871 0071
Telefax: (216) 871 8188

G:SA TODAY, October 1993



NN

FTIR

) WHEN YOU NEED TO SEE
#/ THE BIG PICTURE, LABSPHERE

SPECTROSCOPY

ACCESSORIES MEASURE UP.

The Labsphere RSA-FTIR-D Reftectance Spectroscop

externally mounted integrating sphere accessory available [or use with all
commercial FTIR speclromete
viewing sample port, ideal for

CCCSSOrY 1S an

I'he accessory features a downward-
- the measurement of absolute refleciance

and transmiltance of soil, rocks, minerals, vegetation and liquids

The RSA-FTIR-D Reflectance
Ground-truth for remote
Absolute Reflectance anc
Transmittance Measuren
180 ficld of view lo min
sample induced measure

Easyv installation onto host FTIR

Spectrometers

Contact the Labsphere T

Spectroscopy Accessory provides:

sensing stuclics

|
1ents

P.O. Box 70

North Sutton, NH 03260
Tel: (603) 927-4266
-4694

1z
ment errors

FFax: (603) ¢

hnical Sales Department for additional

fcatures and specifications.

New Fault continued from p. 257

unchanged for 40 years or more) by
providing explanations for crosscutting
fault sets, oblique slip, and mixed-
mode deformation, for example?
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