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INTRODUCTION TO WORKSHOP ON
FAULT SEGMENTATION AND CONTROLS OF
RUPTURE INITIATION AND TERMINATION

David P. Schwartz Richard H. Sibson
U.S. Geological Survey Department of Geological Sciences
Menlo Park, CA 94025 U.C. Santa Barbara

Santa Barbara, CA 93106

On March 6-9, 1988, a USGS workshop on Fault Segmentation and Controls of Rupture
Initiation and Termination was held in Palm Springs, California. The purpose of the workshop
was to bring together a diverse group of geologists, seismologists and geophysicists to discuss
the status and future direction of fault segmentation, an emerging interdisciplinary field of
earthquake research based on the observation that fault zones, particularly long ones, do not
rupture along their entire length during a single earthquake. Increasingly, geological and seis-
mological studies are indicating that the location of rupture is not random, that there are recog-
nizable physical properties of fault zones that control the nucleation point and lateral extent of
rupture and divide a fault into segments, that ruptures with the same characteristics often repeat
in the same location, and that independent rupture segments can persist through several seismic
cycles.

The workshop was attended by 51 geologists, seismologists, and geophysicists represent-
ing Federal and state agencies, universities, and the private sector. The two days of presentations
and panel discussions focused on three major topics: a) observations of segmentation including
the extent of historical ruptures, geology and seismology of rupture end points, and scale; b)
mechanical, structural, and rheological controls of segmentation and rupture; and c) long-term
segmentation and seismic hazards. A one-day field trip to view deformation associated with
compressional stepovers in the Ocotillo Badlands and the surface faulting from the November
22-23, 1987 Superstition Hills earthquake sequence was sandwiched between the two days of
presentations. The field trip provided an important hands-on focus for many of the discussion
topics.

Historically the first fault-specific segmentation model can be traced to Allen (1968). He
suggested a division of the San Andreas fault zone into five major segments (Figure 1a) on the
basis of differences in historical seismic behavior and on the distribution of different rock types
that could affect fault mechanics. Without the benefit of paleoseismicity data, but with strong
geologic intuition, he suggested that the historical behavior remains relatively constant with time.
Wallace (1970) defined seven San Andreas segments (Figure 1b). This segmentation model was
also based on differences in the historical behavior of the fault, particularly seismicity and creep.
Wallace (1970) suggested that these might be permanent segments. Using the very preliminary



Figure 1. Initial segmentation models of the San Andreas fault. A) Allen (1968). B) Wallace

(1970).
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data on plate tectonic rates available at that time, he estimated recurrence intervals, slip per event,
and maximum earthquakes for each segment. Also, fundamental ideas relating earthquake
rupture to the occurrence of persistent structural or geometric features of fault zones, either
barriers to rupture propagation (Aki, 1979) or heterogeneities (asperities) that nucleate rupture
(Kanamori, 1978), form an important part of the foundation for present research.

Fault segmentation can provide an important framework for increasing our understanding
of the mechanics of earthquake generation and for quantifying seismic hazards. During the past
decade the growth of paleoseismology, the use of both strong motion seismology and improved
geodetic modeling to quantify the amount and distribution of coseismic slip, high precision
microearthquake monitoring to image fault planes and define the locations of locked and creep-
ing patches, and an increasing knowledge of physical and chemical conditions and processes at
seismogenic depth have all been providing new observations and techniques for better under-
standing the deep structure of fault zones and how faults work in space and time. Ideally, we
would like to look at a fault zone prior to an earthquake and be able to identify the part of the
fault that will rupture as an independent segment and, within the segment, identify the nucleation
point of the earthquake. This has implications for: a) short-term earthquake prediction
experiments, particularly in selecting sites of potential rupture nucleation for deployment of
instrument arrays; b) long-term earthquake forecasting, especially probabilistic hazard
assessment, which requires a fault segmentation model as well as information on recurrence
interval, elapsed time, slip per event, and slip rate for a specific fault segment; c) estimates of
ground motion that reflect the relationship between dynamic rupture propagation, including
directivity effects, and fault zone structure; and d) constraints on parameters such as fault
rupture length that are used in estimates of maximum or characteristic earthquakes.

Where do we stand in the quest? Where do we go from here? There was general con-
sensus at the end of the workshop that faults are geometrically and mechanically segmented at a
variety of scales. Segments may represent the repeated coseismic rupture during a single event
on a long fault and may be tens to hundreds of kilometers in length, they may represent a part of
the rupture associated with an individual faulting event and be only a few kilometers long, or
they may represent local inhomogeneities along a fault plane and be only a few tens or hundreds
of meters in length. From the perspective of hazards the large rupture segments are most import-
ant. From the point of view of earthquake mechanics the fundamental contribution from all
scales of segmentation requires much further investigation. There was agreement that segmenta-
tion modeling for individual faults is extremely desireable. It was acknowledged that this can be
difficult and that the methodology for segmentation modeling is in the early stages of develop-
ment. Uncertainty was also expressed about the longevity or persistence of segments in time and
space, the continuity of structures at the surface with structures at seismogenic depth, and the
general nature of segmentation for different fault types.

A number of research topics and areas, both general and specific, were considered as
being especially important for pursuing our understanding of fault segmentation and controls of
rupture initiation and termination. These included: a) increasing the level of post-earthquake
investigations; b) dynamic properties of earthquake rupture; c) physical properties of zones of
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high moment release at depth; d) development of an integrated catalog of surface slip, geodetic-
ally determined slip, and slip from strong motion data for individual earthquakes; e) rupture
mechanics and long-term geologic expression for different fault types; f) focused geologic
mapping as a framework for a surface data base, especially physical rock properties and the
structure at rupture endpoints and epicenters; g) depth extent of surface features using seismo-
logic imaging; h) long-term space-time recurrence patterns from paleoseismology; i) fault zone
evolution including the age of fault zones, times of inception, and total displacement; j) study of
exhumed fault zones; k) the fluid pressure regime of active fault zones; [) creep studies; m) the
time dependent behavior of, and the nature of the medium around, fault plane heterogeneities; n)
bends--observations and theory; o) correlation of properties of surface rocks vs depth; p) rota-
tion-induced fault patterns; q) longevity of fault irregularities, and r) loading effects and inter-
action between adjacent segments.
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Geometric Features of a Fault Zone Related to

the Nucleation and Termination of an Earthquake Rupture

By

Keiiti Aki
Department of Geological Sciences
University of Southern California

Los Angeles, California 90089-0740

INTRODUCTION

The idea of a characteristic earthquake proposed by Schwartz
and Coppersmith (1984) suggests that the rupture on a given
segment of a fault may repeat many times with the same slip
pattern characteristic to the segment. Aki (1979, 1984) attri-
buted the physical basis for the characteristic earthquake to the
presence of asperities and barriers which exist more or less
permanently at fixed locations over many repeated earthquakes,
and emphasized the importance of identifying asperities and bar-
riers for strong ground motion prediction for future earthquakes.

As a first step toward the identification of asperities and
barriers, we made a literature search for which the starting and
stopping points of rupture propagation are known from seismologi-
cal studies and maps of fault traces are available from geologi-
cal studies. We found 23 such earthquakes as listed in Table 1.



Table 1. List of Earthquakes

Name of Date Starting Stopping Reference
Earthquake point point
Type Type
1. Fort Tejon 9 Jan 1857 1. 2. Sieh (1978a, b)
2. San 18 Apr 1906 2. 1. Bolt (1968)
Francisco Boore (1977)
3. North 26 Dec 1939 1. 2. Dewey (1976)
Anatolia
4, Imperial 18 May 1940 1. 2. Richter (1958)
5. North 26 Nov 1943 1. 2. Dewey (1976)
Anatolia
6. North 1 Feb 1944 1. 2. Dewey (1976)
Anatolia

7. Alaska 28 Mar 1964 2. 2. Burk (1965)
, Kanamori (1970)
Kelleher and
Savino (1975)

8. Parkfield 28 Jun 1966 1. 2. Lindh and Boore
(1981)
Aki (1979)
9. Borrego 9 Apr 1968 1. 1. Clark (1972)
Mountain Allen and
Nordquist
(1972)
10. Guatemala 4 Feb 1976 1. 2. Kanamori and

Stewart (1978)
Plafker et al.

(1976)
11. Gazli 8 Apr 1976 1. 2. Hartzell (1980)
12. Gazli 17 May 1976 2. 1. Hartzell (1980)
13. Tangshan 27 Jul 1976 1. 2. Butler et al.
(1979)
14. Izu-Oshima 14 Jan 1978 1. 2. Shimazaki and
Somerville
(1979)



15.

16.

17.

18.

19.

20.

21.

22.

23.

Coyote Lake

Imperial

Valley

Ghaenat

Ghaenat

E1l Asnam

Southern
Italy °

Borah Peak

Morgan Hill

Superstition
Hills

14

27

10

23

28

24

25

Aug

Nov

Nov

Oct

Nov

Oct

Apr

Nov

1979

1979

1979

1979

1980

1980

1983

1984

1987

Bouchon (1982)

Reasenberg and
Ellsworth
(1982)

Sharp et al.
(1982)
Archuleta (1984)

Haghipour and
Amidi (1980)

Haghipour and
Amidi (1980)

Deschamps et al.
(1982)

Yielding et al.
(1982)

Crosson et al.
(1986)

Deschamps and
King (1983)

Del Pezzo et al.
(1983)

Bruhn et al.
(1988)

Hartzell and
Heaton (1986)

Nicholson (1988)




THE PARKFIELD CHARACTERISTIC EARTHQUAKE AS A PROTOTYPE

There is one segment of the San Andreas fault for which the
idea of characteristic earthquake may be supported from the
evidence available from historic data (Bakun and McEvilly, 1984).
That is the segment where the Parkfield earthquake of 1966 origi-
nated. It is widely accepted that the rupture for this characte-
ristic earthquake nucleated near the Middle Mountain where the
fault trace shows a slight bend of 3° to 5°. The bend is very
subtle, and there is no step or branching associated with it.

The stopping point of the Parkfield earthquake of 1966 is
believed by some (e.g. Lindh and Boore, 1981) to be the right
step in the Cholame Valley. We believe, however, that the rup-
ture skipped the step in the manner similar to that found in the
numerical simulation of Das and Aki (1977) because there were
aftershocks along the segment south of the step (Eaton et al.,
1970) and the displacement recorded at Station 2 of the Cholame
strong motion seismograph array near the segment indicated strong
evidence for the passage of a rupture front near the station
(Aki, 1968, 1979; Bouchon, 1979). We believe that the Cholame
Valley step decelerated the rupture, but the final stopping of
the rupture occurred at the branching point at which the San Juan
fault (a Quarternary fault according to Jennings, 1975) meets the
San Andreas fault.

In either case, we identify the stopping point with a step
or a branch point.

CLASSIFICATION OF FAULT GEOMETRY INTO TWO TYPES

In order to make a systematic survey of geometric features
of faults associated with the starting and stopping of rupture,
we shall classify the geometry of a fault zone into the following
two types guided by the prototype example of the Parkfield
earthquake.

Type 1 : The fault trace is straight with or without a
slight bend.

Type 2 : The fault is significantly bent (10° or more),
stepped, or branched.

Obviously, the starting point of the Parkfield earthquake
belongs to Type 1, and the stopping point to Type 2.

For the other 22 earthquakes, we are able to classify the
starting and stopping points into the above two types from the
information available in the references listed in Table 1, except
for the stopping point of the Morgan Hill earthquake.



The resultant statistics is as follows: a) in 14 out of 23
cases the starting point is associated with the type 1 feature;
and b) in 15 out of 22 cases the stopping point is associated
with the type 2 feature. In other words, we find a straight
fault trace with or without a slight bend at about 60% of the
starting points, and a significantly bent, stepped or branched
fault trace at about 70% of the stopping points.

As mentioned earlier, the Parkfield earthquake is the
prototype case in which the starting point is of type 1 and the
stopping point is of type 2.

We found that 3 North Anatolian earthquakes, 2 Imperial
Valley earthquakes, Fort Tejon, Guatemala, the first shock of
Gazli, Tangshan, Izu-Oshima, Coyote Lake and El1 Asnam are of the
same type. Including the Parkfield earthquake, this type occurs
in 13 out of 23 cases.,

The majority case noted above can be explained in terms of
fracture mechanics. The fault trace of type 1 is simpler than
that of type 2. The fracture energy required per unit area of
the fault plane is expected to be less for the former than the
latter. When a fault is under stress, the failure would initiate
at the weakest part of the fault, namely, at a point of type 1.
When the rupture encounters a point of type 2, which acts as a
strong barrier, it will be stopped.

On the other hand, a significant bend, step or branch
classified as type 2 can act as a stress concentrator. In this
case, the rupture may nucleate at a point of type 2. The nuclea-
tion of rupture seems to have occurred in this manner for the
1906 San Francisco earthquake (near the branch point of the Palo
Colorado San Gregorio fault), the 1974 Alaska earthqguake (a
corner of a plate boundary), Morgan Hill, Borah Peak, the second
shock of Gazli, two Ghaenat earthquakes, Southern Italy, and
Superstition Hills. The latter five earthquakes are quite
similar to each other in that the rupture nucleated near the
crossing point of a conjugate fault.

The termination of rupture occurs at a point of type 1 for
the 1906 San Francisco earthquake, Borrego Mountain, the second
shock of Gazli, two Ghaenat earthquakes, Southern Italy, and
Superstition Hills earthqguakes. In these cases, the rupture
seems to stop because of running out of gas (driving stress).

CONCLUSION

Motivated by the geometric features of fault zones at the
nucleation and termination points of the Parkfield earthquake of
1966, we classified the geometry of a fault into two types: a



simple trace with or without a slight bend (type 1) and a complex
trace with a significant bend (10° or more), step or branch (type
2).

We found that the nucleation point is associated with the
feature of type 1 in 14 out of 23 earthquakes, and the termina-
tion is associated with the feature of type 2 in 15 out of 22
earthquakes., The majority of earthquakes are similar to the
Parkfield earthquake, namely, the starting point is of type 1 and
the stopping point is of type 2. This case may be explained in
terms of the fracture energy barrier. The failure would initiate
at the weakest part of the fault, and be stopped at the strongest
part.

The starting at a point of type 2, on the other hand, may be
explained by a stress concentration near a bend, step or junction
of branch., The stopping at a point of type 1 may be explained by
the disappearance of driving stress.
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ABSTRACT

The left-lateral Xianshuihe fault, which traverses the eastern margin
of the Tibetan Plateau in western Sichuan Province, China, is one of the
world's most active faults, having produced at least 8 earthquakes of M 2 7
since 1725 on a 350-km-long segment of the fault. In the more limited 150-km-
long northern segment including Luhuo and Daofu, 5 earthquakes of M 2 6.9 have
occurred during the past 100 years alone, with well documented overlapping
surface ruptures. Some of these events were remarkably similar in magnitude
and location to earlier historic events, suggesting that the characteristic
earthquake model may apply here. No obvious geometric segmentation charac-
terizes the smoothly curving Luhuo-Daofu sector, although its ends are marked
by major left-stepping en echelon offsets that have also been the terminating
points of individual earthquake ruptures. Minor en echelon offsets and bends
within this segment are associated with local vertical relief, and one 9° bend
is located close to the epicenter of the 1973 Luhuo earthquake (M = 7.6).

In the southern sector of the Xianshuihe fault, south of Qianning, the
faults splits into several branches, one of which broke over its entire 27-km
length during the 1955 Kangding earthquake (M = 7.5). The main fault near
Kangding is characterized by a series of restraining and releasing bends,
associated with corresponding topography, and these bends may be related to
the fact that this southern segment of the fault seems to be characterized by
infrequent great earthquakes (e.g., M = 7-3/4 in 1786) rather than by more
frequent moderate earthquakes (M = * 7) such as those that characterize the
straighter and more continuous Luhuo-Daofu sector to the north.

Continuing creep has been documented along some segments of the fault,
and this, together with its high degree of activity, superb high-altitude
exposures, and other unique attributes, make the Xianshuihe fault one of the
most promising sites in the world for earthquake-prediction, hazard-evalua-
tion, and segmentation studies.

INTRODUCTION

The Xianshuihe fault of southwestern China (Fig. 1) is one of the
world's most active faults, and it is particularly suitable for studies of
segmentation because of (1) the superb high-altitude exposures along the
eastern margin of the Tibetan Plateau, and (2) the occurrence of numerous
historic large earthquakes, many associated with well-documented overlapping
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surface ruptures. During the present century, four earthquakes of magnitude 7
or greater have occurred along a 350-km segment of the fault, and at least
eight such events have occurred here since 1725 (Fig. 2; Table 1). Five
events exceeding magnitude 6.8 have occurred during the past 100 years along a
single 150-km-long segment of the fault. Field study of this fault by the
authors in 1986 were directed primarily toward slip-rate and seismic-hazard
determinations, but segmentation was also a subject of interest. These wider
studies have been reported in Wen et al. (in press) and Allen et al. (1988; in
press); this paper summarizes some of the conclusions given therein.

The Xianshuihe fault zone is part of a much more extensive left-
lateral fault system of at least 1,400-km length, extending from southern
Yunnan Province northwest through Sichuan into Qinghai Province (Fig. 1,
insert)(Ding, 1984). Almost all segments of the system have been the loci of
major earthquakes within the historic record (Fig.2), and it currently
constitutes probably the most active fault system within China. It clearly
deserves comparison with other highly active strike-slip fault systems
worldwide, such as the San Andreas fault of California, the North Anatolian
fault of Turkey, and the Alpine fault of New Zealand.

Following recent Chinese practice, we differentiate herein between the
Xianshuihe fault zone, extending some 350 km northwest from near Shimian to
Kasu (Fig. 1), and the more restricted Xianshuihe fault itself, which is only
one of five individual segments within the overall zone. These five segments
(Fig. 3) are the Moxi fault, Selaha (Kangding) fault, Zheduotang fault, Yalahe
fault, and the restricted Xianshuihe fault, extending northwest from Laogqiann-
ing. The type area of the restricted Xianshuihe fault is the 150-km-long
segment between Songlinkou Pass and Kasu (Fig. 1), where its trace is rela-
tively simple and continuous, and where it controls the course of the Xianshui
River and its tributaries.

At its northwestern end, the Xianshuihe fault overlaps the south-
eastern end of the Ganzi-Yushu fault, with a left en echelon stepover of about
40 km. At its southeastern extremity, the Xianshuihe fault zone connects with
the Anninghe fault in a complex and little-studied area near Shimian. Still
farther southeast, a significant en echelon offset occurs between the Anninghe
and Xiaojiang fault (Fig. 2), with the very active Zemuhe fault in the
transition area. All of these individual fault zones, on the other hand, must
be considered parts of the same overall left-lateral fault system. The entire
system lies along the northeast boundary of a large rhomb-shaped block, or
miniplate, that is bounded on the opposite southwest side by the right-
lateral Red River fault system (Allen et al., 1984), and the apparent
southeastward movement of this relatively stable block relative to its
neighbors has been the subject of much tectonic discussion (e.g., Li and Wang,
1975; Kan et al., 1977). It is admittedly somewhat surprising that two major
fault systems that are almost parallel and only 200 km apart should have
opposing current senses of lateral slip, although this has been explained, at
least in principle, by the mechanics of the impingement of India into Eurasia
and the consequent block rotations (Molnar and Tapponnier, 1975; Tapponnier
and Molnar, 1976, 1977; Tapponnier et al., 1986).
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HISTORIC EARTHQUAKES AND SEISMICITY

Regional activity and historic events

Figure 2 shows historic large earthquakes on the Xianshuihe and as-
sociated faults of southwestern China. It should be noted that the historic
record in this part of China, which is very sparsely populated (mainly by
Tibetan people), is short as compared to those of the more heavily populated
areas to the north, east, and south. The earliest large earthquake of record
on the Xianshuihe fault itself is that of 1725. The overall pattern of
epicenters clearly indicates that major earthquakes have tended to occur on
major faults of the region, and the Xianshuihe fault is currently the most
active of these.

Table 1

Historic earthquakes of M 2 6.9 on the Xianshuihe fault zone

Date Location Mag Fault Rupture Max
Length  Displacement
(km) (m)
1725 N. Kangding 27 Selaha? ? ?
1786 S. Kangding 7-3/4 Moxi-Selaha 270 ?
1816 Luhuo 27-1/2 Xianshuihe ? ?
1893 Laoqianning 27 Xianshuihe 240 ?
1904 Daofu 7 Xianshuihe ? ?
1923 Renda 7-1/2 Xianshuihe >60 3+
1955 Kangding 7-1/2 Zheduotang 27 1+
1973 Luhuo 7.6 Xianshuihe 90 3.6
1981 Daofu 6.9 Xianshuihe 44 1-

1725 M 27 earthquake north of Kangding.--Sparse historic records of the
1725 event indicate that it was centered somewhere between Kangding and
Qianning (Figs. 1, 3). No specific fault or rupture zone has been unequivocal-
ly identified in the field.

1786 M = 7-3/4 earthquake south of Kangding.--The 1786 earthquake was
clearly a very large event, causing minor damage even as far away as Chengdu,
more than 200 km from Kangding. Wang Xinmin (personal communication) has
recently identified detailed features of very recent displacement which
indicate that the surficial fault rupture extended for at least 70 km from
south of Moxi nearly to Mugochuo Lake, north of Kangding (Fig. 3). Indeed,
the dilatational double bend between Mugochuo and Selaha Pass (el. 4245 m,
Fig. 3) may have served to terminate the rupture in this direction.

1816 M > 7-1/2 earthquake near Luhuo.--The 1816 event was most damaging
in the Xialatuo-Luhuo area (Fig. 1) and appears to have been remarkably
similar in both location and magnitude to the subsequent 1973 event. Features
related to this event have been found in trenches excavated across the
Xianshuihe fault at Xialatuo (Huang et al., 1982). The edge of a cultivated
field at Dandu (Figs. 1, 4), which was offset 3.6 m in 1973 (Tang et al.,
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1976), has a total offset of 7.2 m, suggesting similar displacements during
the two events.

1893 M 2 7 earthquake near Qianning.--Heavy damage in the Qianning area
(Fig. 1) suggests that this event was centered along the segment of the
Xianshuihe fault extending from Laoqianning northwest to Daofu. Indistinct
right-stepping en echelon fissures could still be identified in 1986 along the
fault 10 km northwest of Laogianning, probably resulting from the 1893 rupture
(Allen et al., in press). A trench excavated across the fault at Songlinkou
Pass likewise revealed offset features probably of 1893 origin. It is
noteworthy that this segment of the Qianning-Kasu sector of the Xianshuihe
'fault is currently the longest-lasting one without a major earthquake, and it
has been identified as a temporal seismic gap (Han and Huang, 1983).

1904 M = 7 earthquake near Daofu.--This earthquake, previously thought to
be of magnitude 6, has recently been reinvestigated and assigned a higher
magnitude of 7 (Huang, 1985), partly on the basis of Gutenberg's unpublished
notes filed in Pasadena. And recently Abe (1988) suggested a magnitude of 6.9
based on Milne seismograph records. The intensity and felt area of the 1904
event seem to have been very similar to those of the 1981 Daofu earthquake,
and a very old resident of a village near Daofu reported to us in 1986 that
the Xianshuihe fault ruptured along exactly the same line in both 1904 and
1981.

1923 M = 7-1/2 earthquake near Renda.--The faulting associated with the
1923 earthquake was documented by Heim (1934), although he surprisingly failed
to recognize its strike-slip nature. The fissures photographed by Heim at
Changcu Pass (Fig. 4) are still clearly recognizable today (Allen et al., in
press). A few hundred meters southeast of the photo locality, a cultural berm
or retaining wall crossing the fault at right angles is clearly offset 3 m,
although it is not known whether this offset results solely from the 1923
event. Two old people living near Renda reported that their mothers had
spoken of an earlier earthquake similar in destruction to that of 1923,
possible referring to the 1816 event.

Heim's map shows the rupture extending as far northwest as Xialatuo,
but the fault leaves the valley floor (and main trail) at this point and may
not have been searched for by Heim and his local informants. Strangely, Heim
concentrated his attention not on the principal fault within the valley, but
instead on the many linear ravines on the adjacent mountain sides, which he
thought were eroded "earthquake cracks.'" We doubt his interpretation.
Southeast of Changcu Pass, Heim's map is not clear with regard to possible
1923 fault rupture, and his traverse was along the main trail on the opposite
(north) side of the river from that of the fault trace in this area. We
identified en echelon cracks similar to those at the Changcu Pass 20 km
farther southeast near Mazi (Fig. 4). And at the same place, the edge of a
cultivated field is left laterally offset about 2 m along the line of the
cracks, presumably resulting from the 1923 event. We conclude that the 1923
earthquake was associated with a maximum left slip of about 3 m, which is
consistent with strike-slip earthquakes of this magnitude (Bonilla et al.,
1984), and that the rupture extended at least 36 km from Xialatuo to Mazi.

But because the displacement was 2 m at Mazi, the rupture must have extended a
considerable distance still farther southeast, and it is not clear that anyone
at that time looked for the fault trace either here or northwest of Xialatuo.

16
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Therefore, we estimate that the rupture was at least 60 km in total length,
which is again consistent with faulting associated with other earthquakes of
this magnitude (Bonilla et al., 1984). There can be no question, on the other
hand, but that the rupture of the 1923 event overlapped on the northwest with
that of the subsequent 1973 event by at least 10 km (Fig. 4), as well as with
that of the 1981 event to the southeast.

1955 M = 7-1/2 Kangding earthquake.--The 1955 earthquake was associated
with rupture along the entire 27-km length of the Zheduotang fault (Fig. 3).
Although not documented at the time, fissures still easily visible in 1986
suggest at least 1 m of left-lateral offset. The rupture length is remarkably
small for an earthquake of this magnitude (Bonilla et al., 1984).

1973 M = 7.6 Luhuo earthquake.--Faulting associated with the 1973
earthquake was unusually well described by Tang et al. (1976), with the
rupture extending from near Renda to Kasu (Figs. 1, 4), a distance of about 90
km. Damage was extensive throughout this interval. Faulting clearly over-
lapped the rupture of 1923 by at least 10 km at the southeast end. Although
listed in the Chinese earthquakes catalogs (e.g., Luo, 1980) as being of mag-
nitude 7.9, recent re-evaluation by Chinese seismologists has placed the
magnitude at 7.6. Many of the surface features of faulting associated with
the Luhuo earthquake are almost as fresh today as they were in 1973 (Allen et
al., in press).

Seismological studies of the Luhuo earthquake are remarkably
consistent with the geological observations (Zhou et al., 1983a; Zhou et al.,
1983b). The source mechanism indicates almost pure left slip on a vertical
fault striking N 55° W, and the source-time function suggests greater slip
northwest of the epicenter than to the southeast. The slip at depth extended
some 15 km farther northwest than did the surface rupture, and this is
consistent with the aftershock distribution.

Because 1/30,000 aerial photographs of the fault were taken only two
weeks following the 1973 earthquake, some of the details of the fault rupture
are easily discernible. For example, the fault generally broke in distinct en
echelon segments that averaged a few hundred meters in length, and in some
places the stepover between segments was as much as 1/2 km. But at any given
point along the fault, there was typically only one fracture zone; an excep-
tion was southeast of Dandu, where three parallel traces can be seen over a
width of about 200 m. Individual fracture zones themselves almost invariably
consisted of smaller en echelon fractures averaging a few meters in length,
separated by distinct pressure ridges at right angles, in the classic manner
described by Richter (1958) and elucidated by Deng and Zhang (1984), Qian
(1983), and others. In China, such features have been termed "anti-xi'" type
fractures, and many of these diagrammatic features near Luhuo are exceptional-
ly well illustrated in Institute of Geology, State Seismological Bureau
(1983). 1In only a few places was the displacement concentrated along a simple
single shear surface such as has been observed more often in other strike-slip
earthquakes such as that of 1906 in California (Lawson, 1908). Probably a
significant contributing cause to this difference was the fact that the 1973
earthquake occurred in midwinter, and the ground was frozen to a depth of
several tens of centimeters. Consequently, the soil behaved in brittle
fashion and in some areas tended to break into massive tilted blocks. Indeed,
some of the resulting local micro-physiography along the fault trace is truly
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spectacular and is quite unlike that seen along most other major strike-slip
faults. It is interesting to note that not only did the 1973 earthquake occur
in midwinter, but also the last similar event here in 1816, thus serving to
amplify the local topography.

1981 M = 6.9 Daofu earthquake.--The most recent significant earthquake
on the Xianshuihe fault was that of 1981, centered near Daofu, which suffered
considerable damage. Mg (China) was 6.9, and Mg (USGS) was 6.8. Zhou et al.
(1983b) determined from surface-wave inversion that the earthquake was caused
by pure left-lateral displacement on a vertical fault striking N 41° W, which
agrees well with the local trend of the fault as observed in the field.
Surface ruptures were much less obvious for this earthquake than for the 1923
and 1973 events, which is consistent with its lower magnitude. Scattered
fissures occurred in many places in the alluviated valley floor near Daofu,
but the most consistent en echelon cracks occurred squarely along the trace of
the Xianshuihe fault near Goupu (Fig. 4) and clearly indicated left-lateral
displacement (Deng and Zhang, 1984). En echelon cracks were observed inter-
mittently along the fault from Songlinkou Pass northwest to Mazi, a distance
of some 44 km (Tang et al., 1984). Worldwide fault rupture lengths for
strike-slip earthquakes of Mg = 6.9 average about 27 km, with associated
displacements of about 1 m (Bonilla et al., 1984).

CHARACTERISTIC EARTHQUAKES?

The fact that a number of large earthquakes along the Xianshuihe fault
appear to have been remarkably similar to earlier events lends support to the
concept of the '"characteristic earthquake' (Aki, 1984; Schwartz and Cop-
persmith, 1984). This hypothesis holds that a given segment of a fault may
break repeatedly with earthquakes of essentially the same size and fault
parameters, perhaps controlled by permanent asperities on the fault plane.
Thus the 1816 and 1973 events along the Xianshuihe fault are perhaps charac-
teristic earthquakes, as well as the 1904 and 1981 events. And the projected
earthquake within the Daofu-Qianning seismic gap would presumable be similar
to the one which ruptured much of this same segment in 1893.

SLIP-RATE DETERMINATIONS

Slip-rate determinations represented a primary objective of our field
effort and are discussed at length in Allen et al. (in press); they are only
summarized herein. Along the restricted Xianshuihe fault, from Songlinkou
Pass to Kasu, several lines of evidence suggest that the long-term slip rate
is 15 * 5 mm/yr. This figure is based on offset terrace risers, stream
channels, and valley walls, for some of which Carbon 14 dates were obtained.
For the southern sector of the fault zone, south of Qianning, four offset
glacial moraines of latest Pleistocene age (Fig. 3) yield an average slip rate
of about 5 mm/yr. It is interesting that Molnar and Deng (1984) obtained a
slip rate of 15 mm/yr simply using assumed moments of earthquakes during the
past 80 years. On a somewhat similar basis, Tang et al. (1984) suggested 9
mm/yr. A principal conclusion is that the high seismicity of the historical
record is typical of the fault's long-term late Quaternary behavior, and we
are not witnessing a temporal burst of activity such as that seen since 1939
along the North Anatolian fault of Turkey (Allen, 1975). It should be noted
that a long-term slip rate of 15 mm/yr is very high by worldwide standards,
being exceeded only by such faults as the San Andreas fault of California, the
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Alpine fault of New Zealand, the Fairweather fault of Alaska, and a few other
faults in China (Ding, 1984; Molnar et al., 1987). Slip rates of 1-5 mm/yr
are perhaps more typical of earthquake-producing faults the world over, and
very infrequent large earthquakes have sometimes occurred on faults with slip
rates as low as .02 mm/yr (Cluff et al., 1982).

FAULT SEGMENTATION

Regional fault geometry

The Xianshuihe fault is only part of a much longer left-lateral fault
system extending at least 1,400 km from southern Yunnan northwest through
western Sichuan into southern Qinghai Province (Fig. 1, insert). The two most
obvious points of segmentation along this entire system are (1) the en echelon
stepover between the Xianshuihe fault and the Ganzi-Yushu fault (Wen et al.,
1985; Wen and Bai, 1985), and (2) the branching point between the Anninghe and
Zemuhe-Xiaojiang faults near Xichang (Huang and Tang, 1982). Both areas have
been the locus of considerable historic earthquake activity (Fig. 2). The
dilatational nature of the stepover between Ganzi and Zhuwo is demonstrated by
the presence of northeast-trending normal faults, as well as by normal-fault
focal mechanisms of recent earthquakes within the stepover (Fig. 5), and, as
predicted by Sibson (1985, 1986), the zone appears to have marked the termina-
tions of ruptures both on the Xianshuihe fault to the southeast (e.g., in
1973) and on the Ganzi-Yushu fault to the northwest (e.g., in 1854).

The very uniform curvature of the Xianshuihe fault between Kasu and
Shimian (Fig. 2) is intriguing, suggesting block rotation about a pole
somewhere near the Burmese border. And the gentle curvature of the Xiaojiang
fault, farther south, suggests rotation about the same pole but with a larger
radius. This geometry is surprisingly similar to that of members of the San
Andreas fault system in southern California, where Weldon and Humphreys (1986)
recently pointed out the remarkable concentric arcs of different segments of
the fault, again emphasizing the rotation of mini-blocks caught within the
plate boundary structure. Departures from the smooth arcs, not departures
from linearity, represent the principal asperities.

En echelon offsets

The most obvious interruption in the continuity of the Xianshuihe
fault itself in the region of this study is the abrupt termination of active
strike-slip faulting near Laogianning, together with the commencement farther
south of normal faulting of different strike (Figs. 1, 3). No detailed
geologic mapping has been done in this area, but it is clear from aerial
photographs that active strike-slip faulting along the restricted Xianshuihe
fault does not extend more than a few kilometers southwest of Huiyuan Monas-
tery, at least as a single well-defined rupture similar to that to the
northeast. And the Yalahe fault, as traced southeastward from the Laoqianning
area, initially trends east as a normal fault before it gradually returns to
the regional southwest strike; where a glacial moraine is cut by the east-
trending fault at Gedalianzi Pass (A, Fig. 3), the ratio of Holocene vertical
to horizontal slip is about 2:1. The broad valley of Laogqianning is itself a
very unusual feature in this otherwise mountainous area and presumably owes
its existence to the dilatational fault jog, analogous to those represented by
many other sedimentary basins along dominantly strike-slip faults (e.g.,
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Crowell, 1974; Rodgers, 1980; Sibson, 1985, 1986). Other features marking
this first-order segmentation point are (1) the much higher relief to the
south than to the north, (2) the current seismic gap along the Xianshuihe
fault whose southern termination is near Laoqianning (Han and Huang, 1983),
and (3) the much more distributed, net-like fault pattern to the south.
Although little is known about historic large earthquakes in this area,
strike-slip rupture associated with the M 2 7 event of 1893 apparently
terminated on the south within a few kilometers of Laogianning.

The next most obvious en echelon offset along the Xianshuihe fault is
that between the Selaha and Moxi fault segments near Yajiagen (Fig. 6),
although the separation between overlapping segments here is considerably less
than that at Laogianning, and there is no clear structural contrast to the
northwest and southeast of the jog. This area was not visited in the field,
but photo analysis reveals the presence of a lake in the jog area, and it
appears to represent a typical pull-apart. The M = 7-3/4 earthquake of 1786
is thought by Wang Xinmin (personal communication) to have been associated
with rupture through, rather than terminating at, this discontinuity, although
reported intensities were highest in this area and could have been related to
the presence of the asperity.

En echelon offsets of still lower order are common along the fault
trace but do not appear to have been significant in the termination or
initiation of fault rupture. A possible exception is the left stepover of
about 1 km near Renda (Fig. 4), which is at about the southern termination of
rupture in 1973. The report by Heim (1934), however, indicates that the 1923
rupture progressed through this same area, overlapping the area of subsequent
1973 rupture. Other low-order offsets are discussed by Wen et al. (in press).

Fault bends

King and Nabelek (1985) pointed out that the epicenter of the 1973
Luhuo earthquake was near a distinct bend in the fault trace near Gelu (Fig.
4). Careful tracing of the fault on Landsat images indicates a bend of about
9° over a distance of 12 km, and we agree that this may represent an important
mechanical discontinuity. An even more abrupt deflection is that 115 km
southeast at Longdengba (Fig. 7), where the fault bends 10° in less than 2 km,
as traced on aerial photographs. Local vertical displacement associated with
this bend is demonstrated by a 15-m-high, northeast-facing scarp cutting the
broad post-glacial terrace at this locality. This segment of the fault is
currently a conspicuous seismic gap (Han and Huang, 1983), and the Longdengba
asperity may play an important role in initiating the next event. It clearly
represents a promising area for instrumentation.

The gentle double curvature of the Selaha fault in the vicinity of
Kangding (Fig. 3) is similar to situations along California's San Andreas
fault described by Crowell (1974), with basins in the releasing bends and
mountains in the restraining bends. In the Kangding area, the basin of
Mugechuo Lake represents a releasing double bend, and, as mentioned above,
this area is near the northwestern termination of the 1786 rupture--consistent
with the hypothesis of Sibson (1985, 1986). Trenches excavated across the
fault south of Kangding support the compressional nature of the faulting
there, at the base of a 6070-m peak. The occurrence of these gentle bends in
the Kangding region, and their possible '"locking'" effect on fault slip, may be
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Fig. 6.--Map of area of en echelon offset between Selaha (Kangding) and
Moxi members of the Xianshui fault zone, 15 km northwest of Moxi. For
location, see Fig. 1.
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related to the fact that this segment of the Xianshuihe fault seems to be
characterized by infrequent large earthquakes rather than more frequent
moderate ones. Similarly, the great earthquakes on the San Andreas fault in
1906 and 1857 have been related to major bends in those specific areas (Allen,
1967).

Surface rupture during the 1955 Kangding earthquake (M = 7-1/2) was
limited, insofar as is known, to the gently curving Zheduotang fault (Fig. 3),
although the entire fault segment apparently broke during this one event.
Since the Selaha and Zheduotang branches of the Xianshuihe fault system are,
at most, only 10 km apart in this area, and they converge toward their ends,
it is possible that they dip steeply toward each other and merge at depth.
This might help explain the unusually short surface rupture length of 27 km in
1955 for an earthquake of magnitude 7-1/2; fault rupture at depth may have
been more complicated, with accompanying slip on the Selaha or other branches
that either did not reach the ground surface or went unnoticed in this remote,
mountainous region.

Other localities

Other than the few examples mentioned in the preceding sections, it is
difficult to identify asperities associated with the terminations of ruptures
during historic earthquakes on the relatively continuous restricted Xianshuihe
fault between Qianning and Yingda (Fig. 1). Indeed, the continuity of the
fault in this region is so great that, in the absence of the historical
record, one could not preclude a single large earthquake rupturing the entire
220-km-long segment. Yet this has not happened in several hundred years, and
the historic record instead suggests that earthquakes of shorter rupture
length occur repeatedly as smaller '"characteristic" events (Schwartz and
Coppersmith, 1984). While it is tempting to identify more obscure geologic
features such as alleged cross structures, small basins, and minor bends as
asperities controlling these events, we hesitate to do so in the absence of
more detailed geologic mapping and more detailed seismographic coverage. This
does, however, remain a very promising area of field investigation.

FAULT CREEP

Background

Continuous or episodic surficial slip on a fault, known as fault
creep, was first recognized on the San Andreas fault in California (Stein-
brugge and Zacher, 1960). This behavior is now known to characterize several
segments of the San Andreas fault at average rates varying from < 1 mm/yr to
as much as about 30 mm/yr, and the highest rate effectively represents the
total local long-term strain-accumulation rate (Savage and Burford, 1973;
Thatcher, 1979). But despite intensive searches along active faults elsewhere
in the world, fault creep was until recently recognized only at a single
locality on the North Anatolian fault of Turkey, discovered in 1969 (Aytun,
1982). Thus the recent documentation of creep on the Xianshuihe fault is of
particular scientific interest.
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Fig. 7.--Sketch map of most active trace of Xianshuihe fault in
Songlinkou-Longdengba area (Fig. 1). Dashed line represents Kangding-
Lhasa highway. Four conspicuous sag ponds are indicated by "SP".

Numerals indicate road maintenance stations. Note sharp 10° bend in fault

at Longdengba, associated locally with a 15-m-high northeast-facing fault
scarp.
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Fig. 8.--Creep measurements across the Xianshuihe fault at Xialatu? (Fig.
1). Solid circles on uppermost line (horizontal slip) represent times of
individual measurements; readings were generally more frequent on the .
other lines (vertical slip). Inset shows arrangement of monuments. Line
A'-B' is 133 m long and comprises 8 monuments. Modified from Ge (1985).
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Observations

Following the 1973 Luhuo earthquake, geodetic resurveys indicated that
both horizontal and vertical displacements were continuing to occur within a
few hundred meters of the fault trace at several localities. These changes
were particularly well documented at Xialatuo, where vertical uplift of the
southwest block averaged 4.4 mm/yr between 1973 and 1975 but has subsequently
decreased markedly (Ge, 1985). Probably more tectonically significant is the
horizontal motion at this site, surveyed some 26 times since 1976 along a
133-m-long line of 9 monuments. These surveys (Fig. 8) show an almost steady
left-lateral creep of about 6 mm/yr, most of which is concentrated within a
few meters of the fault trace. From the measurements of Figure 8, one could
argue either that the horizontal creep rate is relatively constant with time,
or that a very long and gentle decay is following the 1973 earthquake, which
was associated with 10 cm of left slip at this locality (Tang et al., 1976).
Thirteen years is admittedly a long time for post-seismic creep to persist at
such a high rate, and there are few other earthquakes of this magnitude for
which data exist with which to compare. Exponential decay of creep following
recent California earthquakes has been much faster, but the earthquakes have
also been much smaller (e.g., Smith and Wyss, 1968; Cohn et al., 1982; Louie
et al., 1985). It is significant, nevertheless, that post-seismic creep in
California has occurred only on faults that also display continuing or
episodic slip between major events. An earthquake more comparable in mag-
nitude to that of the Luhuo event was the Mg = 7.5 Guatemala earthquake of
1976, where left afterslip on the Motagua fault continued at least through
1977 (Bucknam et al., 1978), but at a very rapidly decaying rate--quite unlike
that at Xialatuo. Both in Guatemala and at Xialatuo, alluvial thicknesses at
the measurement sites are small (+ 10 m at Xialatuo), suggesting that whatever
creep is occurring cannot be attributed solely to delay in upward propagation
of slip through thick alluvium, as has been proposed for some California sites
(e.g., Burford, 1972). On neither the Motagua or Xianshuihe faults is there
good evidence indicating whether or not significant creep was occurring in the
years before the recent earthquakes.

At other locations along the Xianshuihe fault, only sparse data of
horizontal slip are available, and for much shorter time periods than that of
the Xialatuo record (Ge, 1985). The survey site near the northwest end of the
1973 rupture at Zhuwo (Fig. 4), showed consistent left-lateral slip of about
1.5 mm/yr in 12 resurveys from mid-1980 through 1984. The next survey site
southeast, at Dandu, showed essentially no horizontal displacement during the
same period. The site at Shawan (Fig. 4) showed questionable right-lateral
slip of about 1 mm/yr, but other nearby sites at Geluohazi and Xuxu showed no
significant horizontal slip. No other survey sites exist along the fault
except near Daofu, where some post-seismic creep following the 1981 earthquake
is suggested, and near Laoqianning (Fig. 3), where no significant horizontal
slip has occurred during the 1979-1984 period. Similarly, no discernible slip
has occurred across the Zheduotang fault during the 1975-1984 period.

There is a strong suggestion in California that the distribution of
the creeping and "locked" segments of the San Andreas fault is related to
basement rock types, with creep occurring primarily in areas of abundant
serpentinite and Franciscan basement on at least one side of the fault (Allen,
1967; Irwin and Barnes, 1975). We are not aware of any such relationship
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along the Xianshuihe fault, although detailed geologic mapping has yet to be
carried out in most of this region.

At many of the survey sites along the Xianshuihe fault, continuing
vertical displacements have taken place following the Luhuo earthquake, but
their tectonic significance is more debatable than that of the horizontal
movements owing to the topographic relief along the fault trace, ground water
changes, etc.

Summary of Creep Observations

There is no question but that significant horizontal creep has
occurred along some segments of the Xianshuihe fault during the 1976-1986 time
period, but not along other segments. The highest creep rate measured, about
6 mm/yr at Xialatuo, may be post-seismic creep related to the 1973 Luhuo
earthquake, but the fact that it still continues at a high rate 13 years
following the event suggests that other processes are also involved. Too
little is known about the spatial distribution of creep along the fault, and
its relationship to microseismicity, to draw conclusions of a predictive
nature, but the analogy to the Parkfield, California, situation is intriguing
(Bakun and Lindh, 1985). The repetition of seemingly ''characteristic"
historic earthquakes along the Xianshuihe fault, taken together with spatial
and temporal discontinuities in creep rates, surely indicate that this is a
feature worthy of further detailed studies in connection with earthquake-
prediction efforts and segmentation studies.
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ABSTRACT

In order to avoid an unphysically large stress singularity, a sharp bend in a fault
must be part of a triple junction, and local deformation at the junction must be rigid-
body displacement. Accompanying the displacement, a volume change occurs at a
junction; either a void opens or intense local deformation is required to avoid material
overlap. The energy absorbed due to the volume change is proportional to the slip
increment times the total past slip accumulated at the junction. At a new junction the
energy absorbed is a small fraction of the energy released by slip on the fault system,
but after a number of earthquakes the junction becomes a strong barrier to further slip.
Although slip occurs more easily on old rupture surfaces than on fresh fractures, the
changing strength of junctions requires that there be some fresh fracture in earthquakes.
Fresh fracture on a small fraction of the surface that slips could provide the instability
needed to explain earthquakes. The junctions that determine a characteristic strike-slip
earthquake will be completely changed after 50 recurrences.

A numerical model] in two-dimensional static plane strain shows, even without
accounting for energy absorbed at the junction, that a bend in a fault acts as a barrier
if slip is impeded on the associated fault spur. The stress concentration at the bend
will tend to induce slip on the spur. Slip occurring on the spur unstably (with a drop
in coeflicient of friction) can induce increased slip on the main fault segments with no
change in the coefficient of friction. A fault junction provides a natural realization of
barrier and asperity models without appealing to arbitrary variations of fault strength.

The location of the fresh fracture that occurs after a junction becomes a strong
barrier remains an unanswered question. It is likely to be initiated near the stress
concentration at the old junction. A model simulating the effect of fresh fracture near
old junctions might explain earthquakes without appealing to an unstable friction law
anywhere.

INTRODUCTION

Researchers in earthquake mechanics have recognized for more than a decade that
fault heterogeneity determines the number-size distribution of earthquakes, initiation
and termination of rupture, source complexity, and random high-frequency radiation.
Although most would agree that irregular fault geometry is the basis of this heterogene-
ity, the available computational methods have impelled more modeling of heterogeneous
strength on a planar fault than of nonplanar fault geometry.

Segall and Pollard (1980) modeled the elastic stress field of en echelon cracks gov-
erned by a frictional sliding law, and their work has been extended by Aydin and Schultz
(1988). Mavko (1982) calculated quasistatic frictional sliding in a two-dimensional
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model of faults near Hollister, California. Sibson (1986) considered nonelastic void
opening at a dilatational fault step and showed that the energy absorbed is sufficient
to stop an earthquake rupture. In this paper I will examine energy absorbed at fault
branches, rather than steps.

King (1983) pointed out that to accommodate a general finite deformation there
must be sets of faults with several different orientations. Such faults will meet at triple
junctions. McKenzie and Morgan (1969) show that a fault-fault-fault triple junction
is unstable, meaning that it does not maintain its geometry. When slip occurs a void
must open. Pressure in the earth resists void opening. King (1983) suggested that
slip is zero at junctions and that large finite deformation is accommodated on a fractal
array of subfaults around each junction. In this paper I will show that the energy
required to open a void at a junction in a single earthquake is a small fraction of the
energy released. Therefore, slip can accumulate at a triple junction in a limited num-
ber of earthquakes, but the junction progressively becomes a stronger barrier, so that
eventually a fresh fracture must occur to bypass the old junction. These considerations
provide a bridge between small strain, as usually considered in seismology, and large
deformation accumulating in many earthquakes.

For the sake of simplicity the modeling work of this paper is restricted to static two-
dimensional plane strain. This geometry is applicable to strike-slip earthquakes that
rupture through the entire seismogenic depth. I first show that the stress concentration
at a sharp bend in a fault requires that a third fault segment join at the bend and that
deformation near the junction is approximated by rigid-block displacement. Then I
examine the energetics of slip at a triple junction. Finally, faults meeting at a triple
junction are modeled numerically with slip subject to a frictional sliding law.

JUNCTION KINEMATICS

Consider the simplest geometric irregularity, a bend in a fault, a point where two
straight fault segments meet at a point. Suppose that slip at the bend is nonzero. Then
the local stress field is the sum of two dislocation solutions, one dislocation solution
for each fault segment, with the Burger’s vector of each being the limiting value of slip
as the bend is approached. If the two fault segments form a straight line and have
equal values of slip, the stress fields cancel. If the two fault segments do not form a
straight line, however, the stress fields of the two dislocation solutions will not cancel.
Their sum, the local stress field due to the bend, will have a singularity proportional
to 1/r, where r is distance from the bend. This is stronger than the 1/,/r singularity
at a crack tip, which, at macroscopic length scales, is the strongest singularity that can
exist in a real material.

The stress singularity at a fault bend can be cancelled by slip on a third fault
segment at the junction. The condition for this cancellation is that the slip vectors on
the three segments must form a closed triangle. The reason is that the stress field of a
dislocation is proportional to its Burger’s vector (the displacement vector). The sum of
solutions for a number of dislocations at the same point with zero net Burger’s vector
has a zero stress field. Therefore the 1/r singularity is avoided if a fault bend is really
a triple junction. If the slip vectors form a closed triangle, the three blocks bounded
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by the fault segments displace as rigid bodies in the neighborhood of the junction.

Figure 1, top, shows a triple junction labelled with the notation that will be used in
this paper. The three fault segments are labeled A, B, and C, and the angles opposite
these segments are labeled «, B, and v respectively. Each of the angles is less than
180° in the case shown. In the bottom of the figure the three blocks bounded by the
fault segments are displaced as rigid bodies. Displacement on each fault segment is
assumed to be pure slip, that is, there is no opening displacement. Slip displacements
ua, upg, and uc on the three segments are defined to be positive for right-lateral slip.
The requirement of rigid body displacement is equivalent to the statement that the
ratio of slip to the sine of the opposite angle is the same for all three segments,

sina sinf  sinvy

== U, ()

and this common ratio is designated by U in the following equations. In the case shown
in figure 1, the sines of all the angles are positive, so slip is in the same sense (right
lateral) on all segments.

Figure 1, bottom, shows that a void opens at the junction as a result of the rigid
body displacement. The volume of the void per unit length out of the paper, the area
of the triangle in the figure, can be written in a symmetric form

1
V=—2-U2 sina sin Bsinvy, (2)

or in terms of slip on one of the segments,

1 sin fsin
Vziuil s,igna o (3)

If the medium were not subject to any confining stress, the rigid body displacement
could occur with no stress change. Where there is a confining stress, however, such as
in the earth, there must be a stress change in the vicinity of the void in order to satisfy
the boundary condition of zero normal stress at the void surface.

The sum of the dislocation solutions of the fault segments predicts that there is
no stress change associated with the rigid body displacement. The solution for the
stress field of a dislocation is based on the assumptions of linear elasticity, including
the assumption that displacements are small compared to the length scales of interest,
so that the configuration does not change. The opening of the void at the junction and
the stress change around the void are not accounted for in linear elasticity.

At a dilatational junction, where a void opens, the three angles «, 8, and v are
all less than 180°. Figure 2, top, shows a compressive triple junction where one of
the angles v is greater than 180°. Since sin<y is negative, (1) predicts that uc has
an opposite sign from w4 and up, and (2) predicts a negative void volume. In the
displaced configuration, figure 2, bottom, slip on segment C is left lateral, and there
is an overlap of material at the junction. The overlap must be accommodated by
deformation and compression in a region around the junction.
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FIGURE 1. Top: A junction of fault segments A, B, and C. The opposite angles
a, B, and v are each less than 180°. Bottom: Rigid body displacement at the
junction consists of slip in the same sense on the three fault segments, and a void
opens.
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FIGURE 2. Top: A junction of fault segments A, B, and C. One of the angles «v
is greater than 180°. Bottom: In rigid body displacement slip on segment C
is opposite in sense from slip on segments A and B. Material overlap requires
deformation and compression in the neighborhood of the junction.
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THE ENERGETICS OF SLIP AT A JUNCTION

Consider first a dilatational junction. Because the material near the triple junction
is displaced, to a first approximation, as rigid blocks, the net expansion of the region
containing the junction is V', given by (2), and work is done against the confining stress.
For the sake of an order of magnitude estimate, ignore the dependence on orientation
in an anisotropic stress field. The work done against the mean compressive stress P is

PV = %PU2 sinasin Asiny. (4)
This estimate of the work required to open the void needs to be corrected by the
frictional work associated with the altered stress field in the immediate vicinity of
the void. Nevertheless, (4) will be taken as an estimate of the energy absorbed at a
dilatational junction, and it will be compared below with an estimate of energy released
by slip on the fault system.

At a compressive junction a volume Vjp, larger than the overlap V', must be com-
pressed and deformed, perhaps by intense microcracking. The stress needed to accom-
plish this compression is kV/V;, where k is bulk modulus. The deformed volume V;
will be large enough that this compressive stress is resisted by the yield stress of the
material, which for a brittle rockmass is proportional to the mean compressive stress
P. Therefore the volume of the intensely deformed region is Vy o (k/P)V, and its
radius is of the order of 1/k/P times displacement at the junction. The work required
to accommodate the overlap, then, is estimated as

cP|V|

where c is some number larger than 1 to account for work done in shear displacement
on microcracks in addition to the work of compression.
In general the energy absorbed at the junction may be estimated as
1 2 . . . 1 2 . . .
5cPU”|sinasinfsiny| = ;cPuAlsmﬁsm'y/sxnaI (5)

~

where ¢ is of order 1 for 0 < a, 8,y < 180°, and c is larger if one of the angles is
greater than 180°. The essential feature of the estimate is that energy absorbed is
proportional to the square of slip at the junction.

Energy absorbed at a junction will now be compared to energy released by slip on
the fault system in an earthquake. For this purpose the earthquake is approximated
as a simple plane-strain shear crack. The elastic strain energy released by a crack with
length 2L and stress drop A7 minus the work done against the sliding friction stress
is 3

v . O 272
U-W = 8“(AT) L (6)
where p is shear modulus. A formula more useful for the present purpose expresses
this quantity in terms of the maximum slip on the crack u,,,

U—W:%uufn. (7)
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This equation shows that the available energy released is proportional to the square of
slip on the crack.
The ratio of energy absorbed at the junction (5) to the available energy released

(7) is . N
() P () ®

If the triple junction is near the center of the fault system ruptured in a earthquake,
the last factor, the ratio of junction slip to maximum slip, will be near 1. Near the ends
of rupture or on subsidiary branches the ratio is smaller. If u 4 is the largest of the set
u4,up,uc at a junction, the combination of trigonometric factors lies between 0 and
1. Aside from these geometric factors, the magnitude of (8) depends on P/u. This
dimensionless ratio of mean compressive stress to shear modulus is zero at the surface,
is 0.01 at 10 km depth, and ranges up to 0.2 at 650 km, the depth of the deepest
earthquakes. Therefore, energy absorbed at the junction is less than the available
energy released, so it is possible for slip to occur at a triple junction in an earthquake.
A fault branch may branch in turn, and because of the diminishing size of the slip (the
last factor in (8)), branching may continue down to an infinitesimal scale, yielding a
fractal structure.

A fresh fracture propagating in virgin rock at a velocity near the shear wave speed
has a stress intensity factor stronger in off-crack directions, so branching is favored.
After a branch is initiated, slip may grow at the junction with little impediment in a
single earthquake at shallow depths.

At shallow depths the frequency of branching may be large, but a deep-focus
earthquake cannot branch as much. The relative energy cost of branching (8) constrains
the frequency of branching, and hence the fractal dimension, to decrease with increasing
depth. This may be the reason that deep-focus earthquakes have fewer aftershocks.

In the remainder of this discussion it is assumed that it is easier for slip to occur on
an old rupture surface than to form a fresh fracture. Therefore an earthquake rupture
will tend to follow old slip surfaces, and it is necessary to consider triple junctions at
which slip has accumulated in earlier events. For this purpose adopt the characteristic
earthquake model: after neighboring earthquakes have occurred to reset the stress state,
an identical earthquake recurs. The available energy released by the earthquake (7) is
the same, but the energy absorbed at the triple junctions is larger, because it depends
on the total accumulated slip. Figure 3 shows a triple junction at which previous slip
has opened the dark-shaded void, which is now filled with fluid or remineralized. If the
previous slip is U4, the volume of this filled void is

sin B sin
sin

Vv

1
2 U?% sin Bsiny/sina

Because of the previous displacement, the three fault segments no longer intersect at a
single point, and for this reason an increment in slip will produce a larger increment in
void opening. An additional earthquake with slip u4 will increment the void volume

by
V- % (U +ua) —U2] sin (3 sin~y = (Ua +ua/2)ua sin B siny

sina sina
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FIGURE 3. Top: The triple junction shown in the bottom of figure 1 with the void
filled with fluid or remineralized. Bottom: Another increment of slip produces a
larger increment of void volume.
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Note that this volume increment is proportional to the product of the slip increment
times the total slip that has occurred at the junction. If the current earthquake is a
repeat of n identical previous events, the ratio of energy absorbed at the junction to
available energy released, equation (8), is modified to become

@n+1)c (f) (Z—:)z (9)

U
The relative energy cost of slip at a junction increases as slip accumulates at the
junction. At 10 km depth (9) becomes of order 1 after about 50 earthquakes.

As slip accumulates at a junction, the junction becomes a stronger barrier to slip.
An earthquake is determined by the collective effect of many barriers. The barriers
that define a characteristic earthquake become a bit stronger with each recurrence.
Therefore each occurrence of a characteristic earthquake on a strike-slip fault must be
slightly different from the previous one. Although most of the rupture occurs on old
slip surfaces, a small fraction of the rupture area must consist of fresh fracture surface,
in order to bypass old junctions that have become strong barriers. The maximun
lifetime of a strike-slip junction is 50 events. Therefore, after 50 recurrences or less a
characteristic strike-slip earthquake will have evolved into a completely different event.

sin 3 sin 7y
sin «

NUMERICAL MODELING

In order to avoid an unphysically large stress singularity, it was concluded above
that rigid-block displacement occurs in the neighborhood of a triple junction. At a
larger scale one cannot expect slip to be constant along a fault segment. A discrete
numerical method is used here to investigate stress interaction of fault segments that
meet at a junction.

Method

The method, based on dislocation theory, does not account for the nonlinear effect
of energy absorbed at a junction. Fault segments are divided into small elements.
Stress at each element is found by summing the stress fields produced by slip on all
elements plus a remotely-applied stress field. Slip on each element is adjusted iteratively
until shear traction is equal to the coefficient of friction times normal traction if slip is
nonzero, or shear traction is smaller and slip is zero. The relaxation method converged
about as rapidly for this nonlinear problem as it would have for a linear problem of
the same size, a phenomenon that has not been addressed, to my knowledge, in the
numerical analysis literature.

I have performed these calculations by the boundary integral method in both first-
order and second-order numerical approximations. I first used the method of Crouch
(1976), in which slip is constant across an element, and stress is calculated at element
centers. The method is nominally of first order, meaning that in a smooth problem
the error would be proportional to the first power of the element size. Convergence
with respect to element size is less rapid in these problems, however, because there are
stress singularities. An advantage of the method is that each element is an independent
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FIGURE 4. Fault segments (heavy lines). The remotely-applied stress (arrows)
will cause slip on faults with azimuths lying in the sectors shown (light lines) for
coefficient of friction of 0.577.
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calculational unit, so no constraint need be imposed at a fault junction. A sequence
of first-order solutions with decreasing element size seemed to indicate that slip at a
junction was approaching the rigid-block relation (1). This supports the analysis of
the first section, in which stress variation near the junction was not accounted for. I
abandoned the first-order method for these junction problems, because the differences
between solutions found with different element size are large. The first-order method
is satisfactory, however, for en echelon cracks.

A nominally second-order method was used to calculate the results shown below.
Slip is assumed to vary linearly across an element and is continuous between elements.
Stress is calculated at the points between elements and slip is iteratively adjusted
at these points. The junction point requires special logic; it was constrained by the
rigid-block relation (1). The second-order method gives results consistent with the
first-order method at extremely fine resolution, and reasonable results are obtained at
coarser resolution.

Results

The problem geometry is shown in figure 4. The remotely applied principal com-
pressive stress components differ by a factor of 5.8. The heavy lines indicate fault
segments that meet at a triple junction. The two longer segments have a coefficient of
friction of 1/ V3 = 0.577. They are most likely to slip if their azimuths are adjusted
to 30° with respect to the most compressive principal stress direction, but with this
applied stress they will slip at any azimuth within the sectors indicated by light lines.
Their azimuths are chosen to be 20° and 220°, both within sectors where right lateral
slip will occur, forming a bend of 20°. The azimuth of the third fault segment is chosen
to be —53°. It will not slip in the applied stress field for a coefficient of friction of
0.577 or larger.

The coeflicient of friction on the short fault segment, the spur, is chosen to be 0.85
in the first simulation. The converged solution for slip is shown in a perspective view in
figure 5, top, with right slip plotted up and left slip down. The fault bend is a barrier;
slip is not as large as it would be on a straight crack with the same total length. The
stress concentration at the bend induces left slip on the fault spur, but this effect has
a short range.

The coefficient of friction on the spur is reduced to 0.577 in the second simulation,
shown in figure 5, bottom. The larger amount of left slip on the spur allows larger right
slip on the main fault segments.

The solutions shown in the top and bottom of figure 5 may be considered to be
static states before and after an earthquake. The difference between these solutions,
plotted at an expanded scale in figure 6, is a quasi-static approximation of slip in an
earthquake in which the coefficient of friction drops from 0.85 to 0.577 on the fault
spur, and slip occurs with no change in coefficient of friction on the main fault segments.
The moment of the right slip on the main segments is 6 times the moment of the left
slip on the spur. This is a variant of an asperity model, in which a stress drop on a
small patch, the asperity, induces slip over a larger area with no change in coefficient of
friction. (Shear traction changes somewhat on the main fault segments here, because
there is a change in normal stress, but the slip occurs with a stable friction law.)
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FIGURE 5. Top: Perspective view of static slip solution with coefficient of friction
of 0.577 on the long fault segments and 0.85 on the short fault segment. Right
slip is plotted up, left slip down. Bottom: Solution with friction of 0.577 on the
short fault segment.
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FIGURE 6. Difference between the solutions shown in figure 5. This is slip in an
earthquake caused by a drop in the coefficient of friction on the fault spur.
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Although a drop in stress on the spur is the active agent initiating the event in this
case, note that stress sufficient to drive slip on the spur arises from the other segments,
not from the remotely-applied stress. From the radiated seismic waves it would be
difficult to distinguish the event in figure 6 from an event in which the asperity was a
strong patch on the main fault.

Discussion

Fault junctions provide a natural model of barriers and asperities on a fault without
appealing to arbitrary distributions of fault strength. The bend in the main fault is
a barrier to slip in the static state shown at the top of figure 5. Slip on the spur is
equivalent to breaking an asperity, and it produces the event shown in figure 6. If
unstable friction were added to the model, then slip on a fault spur might trigger an
even larger event on the main fault. If an earthquake has any observable precursors,
such as foreshocks or accelerated creep, they might be found on a fault spur rather
than on the main throughgoing fault.

The modeling in this section has ignored the energy absorbed at junctions. As
discussed in the last section, after sufficient slip has accumulated, a junction will become
a strong enough barrier to require that slip bypass it on a fresh fracture. The fresh
fracture could be the initiating event of an earthquake. The location of the fresh
fracture remains an unanswered question. The most highly stressed region will be the
neighborhood of the old junction, so the fracture is likely to be initiated there. A
local change in configuration is not sufficient, however. The fact that the three fault
segments at an old junction no longer meet at a single point is the reason that there
is a large increment of volume change accompanying a slip increment. (See figure 3.)
At least one of the fault segments must jump to an alignment such that the junction is
again a single point. Alternatively, slip might be taken up on surfaces distant from the
old junction, but the initiation of the changed configuration would not be the stress
concentration at the old junction.

The numerical method used here can easily accommodate loading by semi-infinite
dislocations joined to the fault segments of interest, in addition to remotely-applied
stress. More complicated fault networks can be modeled. I hope to extend the method
in the future to account for energy absorbed at junctions by incorporating an effective
generalized concentrated force proportional to accumulated displacement. When a
junction is sufficiently stressed, the effective force restraining the junction might be
reset to zero, representing a local adjustment of the junction by fresh fracture. Slip
events could be initiated by this mechanism without appealing to a change of friction
on any fault segment.

SUMMARY AND SPECULATIONS

Slip cannot occur across a sharp bend in a fault unless the bend is part of a triple
junction. When slip occurs at a triple junction there is a change of configuration at
the length scale of the displacement, either a void opens or material overlap requires
local compression. The theory of linear elasticity does not account for this change of
configuration, nor for energy absorbed at the junction. The energy absorbed does not
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prevent slip at the junction, but as slip accumlates in a number of events the energy
cost becomes larger. The nonlinearity at a junction eventually enforces a changed fault
geometry. A strike-slip junction at 10 km depth can remain active for at most 50
events.

This work has addressed the question of how long a junction can remain active
before becoming a strong barrier. From the point of view of fault segmentation the
relevant question is: how long can a junction that has become a strong barrier remain
a boundary between fault segments? It will remain a boundary until a new fracture
bypasses it, and I make no prediction of how long that will be. This work does not nec-
essarily support the characteristic earthquake model. Assuming earthquakes recur as
characteristiz events, this work says that the junctions that determine a characteristic
stike-slip earthquake will be completely changed after 50 recurrences. The minimum
modification of the characteristic earthquake model required by this work is that char-
acteristic strike-slip events evolve gradually and have a lifetime of 50 events or less.

One might speculate that earthquakes can be modeled with a stable frictional
constitutive law, with the instability provided by the fresh fracture that occurs on
a small fraction of the fault surface. Stress concentrations will occur at junctions
that have accumulated slip in past events. Fresh fracture is likely to occur near these
locations, so an earthquake is likely to start near a junction. This variant of the asperity
model suggests that the mechanism essential in modeling earthquakes is geometric
irregularity of the fault, not an unstable frictional constitutive relation. In such a
model, however, each event would be initiated differently from its predecessor.

There is no preferred length scale in these considerations, so fault branching may
be expected to occur at all scales. Slip in a typical earthquake is 10™* times the rupture
length, and accumulated slip at a junction that has become a strong barrier is of the
order of 102 times the rupture length. The change in configuration at triple junctions
may constrain the overall mechanics of a rupture, which implies a link between length
scales differing by a factor of 10? or u/P. A tantalizing unanswered question is: Is it
a coincidence that strain in a single earthquake is of the order of (P/u)??

Because slip can occur at a triple junction in only a limited number of events before
at least one of the fault segments moves to a different location, one cannot expect to
find distinct fault traces at a junction. Indeed, there is little geologic expression of fault
junctions (Robert Sharp, personal communication). A fault trace need jump only a
small distance, however, to reactivate a junction, so a large displacement and large void
opening may accumulate at a diffuse junction. Some of the largest gravity and magnetic
anomalies in the San Francisco Bay Region are found at the junction of the Hayward
and Calaveras Faults (Allan Lindh, personal communication) and at the junction of
the Calaveras and San Andreas Faults (Robert Burford, personal communication),
suggesting that there are holes through the crust at these junctions.

This modeling work, while not making any specific predictions, may be important
in terms of the concepts with which we interpret observations. When it was recognized
that an earthquake arises from slip on a fault, modelers idealized the fault to be a plane.
The concept of planar faults has dominated our thinking, and, I believe, has restricted
our ideas. I believe that the essential mechanics of faulting may be determined by the
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fault’s geometric complexity.
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ABSTRACT

The overlapping geometry of echelon strike-slip faults is well
known. We have quantified this observation by measuring the
amount of- overlap and separation and plotting them against each
other for over 120 examples. Although there is 1large scatter,
the data show a 1linear trend suggesting that the overlap
increases proportionally with separation up to a limiting value.
This conspicuous relationship has been analyzed in terms of fault
interaction by using a numerical model based on displacement
discontinuity. The results show that fault interaction is, in
fact, an important factor in contributing to the overlapping
geometry of echelon strike-slip faults.

INTRODUCTION

It is well known that map traces of strike-slip faults are
characteristically discontinuous and fault segments or strands
are noncolinear (Wallace, 1973; Sharp, 1979; Bonila, 1979; Allen,
1981). Adjacent discrete segments step aside and overlap
slightly to form what 1is commonly known as an echelon fault
geometry. There has been an increasing number of studies on the
nature of deformation and the associated structures at stepovers
between echelon strike-slip faults (see Ballance and Reading,
1980; Biddle and Christie-Blick, 1985; Aydin and Nur, 1985). A
few recent publications (e.g. Aydin and Nur, 1982; Mann et al.,
1983; Bahat, 1984) provide extensive surveys of previously
recognized stepovers as well as a number of new ones and describe

their prominent features. Theoretical stress and displacement
fields at stepovers were investigated by Segall and Pollard
(1980), Rodgers (1980) and Mavko (1982). The effects of

interaction between colinear strike-slip faults on stress drop,
seismic moment and strain energy release were explored by
Rudnicki and Kanamori (1981). However, the origin of echelon
patterns of strike-slip faults and the reasons for their
conspicuous geometry were essentially left untouched. This paper
represents an effort to fill this gap by assessing the effects of
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interaction on the geometry of strike-slip faults. The
stabilizing effect of interaction on the propagation of closely
spaced echelon faults was previously suggested by Aydin et al.
(1985) and Ma et al. (1986). A similar mechanism was proposed
for echelon extensional fractures (Pollard et al., 1982; Pollard
and Aydin, 1984; Sempere and Macdonald, 1986).

FIELD DATA

We used both existing data available in the literature and some
new data that we collected in the field. 1In using the existing
data, we were faced with two problems in quantifying the
geometric characteristics of echelon strike-slip faults. First,
the published maps lack a uniform accuracy. In dealing with the
uniformity problem, we considered data from California (U.S.A.),
Turkey and Israel. The data from California’s faults come
chiefly from geologists with the United States Geological Survey
(Wallace, 1973; Clark, 1973; Sharp, 1979) where strict mapping
and publication guidelines and an internal review system assure
uniformity. The data on the major faults in Turkey and Israel
are obtained primarily from single authored documentary papers,
e.g., Ketin (1969) and Garfunkel (1981). Second, many faults or
fault segments are 1linked by cross fractures, introducing a
certain degree of ambiguity in the determination of individual
strike-slip fault ends. In this case, we relied upon the
interpretations by the original authors or compilers.

Figures 1-4 include almost all the strike-slip faults 1in
California, Turkey and Israel, which were used in this study.
These examples alone capture the dominant geometric features
which are common to all strike-slip faults. In order to
characterize the echelon nature of the faults, we measured the
overlap (20) and separation (2s) of echelon fault segments (Fig.
6B, Table 1) and plotted them against each other in Fig. 5. The
measurement was straight-forward when fault traces are parallel.
For those cases in which fault traces are curved or nonparallel,
the chord length and average separation were taken as the overlap
and separation, respectively. The log-log scale used for Fig. 5
makes it possible to compare measurements with a scale
differential of several orders of magnitude, at the expense of an
apparent compression of the spread of the data in the plot.

Figures 1-5, and Table 1 show the following features of the
echelon arrays of the strike-slip fault systems. (1) The
majority of adjacent faults overlap. About 10 percent of steps
have underlap configuration (negative 20 in Table 1 and Fig. 5
inset), reflecting cases in which the inner fault tips do not

pass each other. (2) The overlap is roughly proportional to the
separation (Fig. 5). There appears to be no such relation
between the underlaps and the corresponding separations (Fig. 5
inset) . The overlap-separation ratios for compressional steps
(full symbols in Fig. 5) tend to be slightly smaller than those
for extensional steps (empty symbols in Fig. 5). (3) Large
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FIGURE 1. Echelon steps along the San Andreas fault system.
A. Imperial fault (from Sharp, 1979). B. San Andreas
fault proper (from Wallace, 1973). C. Hayward-Calaveras
fault (simplified from Aydin and Page, 1984). D. Central

Calaveras fault (from Aydin and Page, unpublished fault
map) .
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FIGURE 2. Echelon steps along the Garlock fault,
California. Koehn Lake pull-apart from Aydin and Nur
(1982) . A, B, and C from Aydin (unpublished map). D,E,

and F from Clark (1973).
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TABLE 1: ~SEPARATI DATA

Sense of Overlap (20)m Separation
Fault System Logcation Displ, & Step Underlap (-20)m (23)m Reference
San Andreas R L 900 135 Wallace (1973)
R L -90 9
R L 810 135
R L 45 90
R L 540 270
R L -180 9
R L -90 9
R L -270 27
R L 90 135
R L 630 270
R L 315 135
R L -225 360
R R -630 180
R L -45 45
R L 585 90
R L 67.5 67.5
R L 180 90
R L 270 67.5
R L 135 90
R L 315 157.5
R R 900 90
R R 630 67.5
R R 1,125 99
R R 675 99
R L 1,080 90
R R 22.5 45
R R 3,060 99
R R 360 135
R R 540 225
R R -315 135
R R 180 157.5
R L 360 90
R R 9 72
R R 1,170 135
R R 450 135
R R 1,080 135
Imperial Fault R L 240 64 Sharp (1979)
R L 10 8
R L 1 8
R L 104 28
Hayward-Calaveras R L 39,900 11,200 Aydin & Page (1984)
Calaveras R R 16,200 1,800 Aydin & Page
Halls Valley R R 4,500 900 (unpublished map)
San Felipe Valley R R 1,700 700
R R 5,700 1,100
R R 2,100 500
Coyote Lake R R 2,700 900
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TABLE 1 CONTINUED:

Sense of Overlap (20)m Separation
Fault System Location Displ. & Step Underlap (-20)m (2s)m Reference
Garlock L L 300 100 This study

L L 580 80

L L 480 60

L L 180 80

L L 220 50

L R 20 20

L L 1,140 60

L L 40 20

L L 300 60

L L 80 20

L L 190 30

L R -10 20

L R 580 40

L L 660 60

L L 1,020 200

L L 600 50

L L 800 80

L L 2,260 120

L L 560 40

L L 920 140

L L -10 40

Christmas Canyon L L 1,350 237.5 clark (1973)

L L 425 75

L R 50 12.5

L L -12.5 22.5

L L 175 75

L L 125 37.5

L L 650 225

L L 475 250

L L 47.5 25

Dead Sea Arava Fault L L 385 290 Garfunkel et al.

L L 385 150 (1981)

L L 385 240

L L 6,730 2,310

L L 1,400 510

L L 7,360 920

L L 32,200 7,600

L L 3,200 600

L L 1,200 400

L L 1,200 400

L L 1,000 500

L L 3,400 1,200

L L 1,400 600

L L 6,400 1,000

L L 600 400

L L 14,800 1,600

L L 4,600 600
Hula Basin L L 23,200 6,800

L L 4,400 880
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TABLE 1 CONTINUED:

Sense of Overlap (20)m Separation
Fault System Location Displ. & Step Underlap (-20)m (2s)m Reference
Dead Sea L L 14,700 5,900
L L 2,900 1,500
L R 56,400 7,880
L L 3,500 850 Garfunkel (1981)
L L 2,700 770
L L 3,100 960
L L 3,900 1,900
L L 6,600 1,600
L L 3,100 850
L L 2,300 850
Gulf of Elat L L 61,600 8,500
L L 29,300 8,090
L L 72,400 6,930
R R 160 170 Ron & Eyal (1985)
R L 16 110
R L 140 140
R R 1,580 240
L R 240 240
L R 240 130
L L 320 270
L L -400 16
North Anatolian Yenice R R 400 400 Ketin (1969)
R L 400 400
R L 560 480
R R 800 360
R R 1,000 520
Kargi R R 27,000 4,100
Erbaa R L 4,000 3,240
R R 70,200 21,600
Kirsehir R L 390 130
R L 390 113
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scale echelon faults have smaller steps within themselves,
suggesting that longer faults with larger separations do not feel
smaller discontinuities within themselves. For example, the
Calaveras fault in Fig. 1C has several smaller steps as shown in
the enlargement in Fig. 1D. A similar situation occurs also in
the Imperial fault in Fig. 1A.

The field data presented in Fig. 5 are compelling enough to
conclude that echelon strike-slip faults tend to overlap
slightly. Although the data are scattered, their approximately
linear trend indicates that echelon fault patterns are self
similar to a first order approximation. This generalization is
consistent with that reached by Tchalenko (1970) that the
geometries of shear zones in various scales are similar.

ANALYSIS

The persistence of the echelon pattern of strike-slip faults over
a broad range of scales motivates an investigation of the
processes that may control the geometry of strike-slip faults.
One of these processes is fault interaction, which undoubtedly
occurs among nearby faults or fault segments (Segall and Pollard,
1980) . 1In order to assess the importance of fault interaction on
the geometry of echelon strike-slip faults, we analyze the
enhancing and impeding effect of interaction on the propagation
of echelon faults. We use a special boundary element method
called displacement discontinuity (Crouch, 1976, 1979; and Crouch
and Starfield, 1983), which is based on a solution for a single
dislocation with constant displacement. We divide echelon faults
into a number of boundary elements, each of which has uniform

slip. Slip on each element is driven by remote stress and
adjusted iteratively until shear and normal tractions satisfy the
Coulomb frictional slip criterion. 1Interaction between elements

on nearby, echelon faults 1is calculated during the solution
procedure.

Although many physical aspects of shear fracture propagation are
not well understood, it is reasonable to assume that near tip
stress concentration plays an important role in fracture growth.
For mode II fractures, the stress intensity factor (K'yp) that
characterizes the near tip stresses for an isolated single
fracture (Fig. 6A) is given in terms of the shear component of
the displacement discontinuity (Ds) as :

i — u 21{ 1/2
K = ( ) Ds
II  4r(1-v) d

(Schultz, 1988; Sempere and Macdonald, 1986; Lin and Parmentier,
1988) where d is the distance from fault tip to the midpoint of
the nearest element. The propagation energy, G';p, which is the
energy available for a wunit growth of an isolated mode 1II
fracture, is given by (Lawn and Wilshaw, 1975).
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i (KIp2 (1-v)

Fault propagation energies at the inner tips of echelon faults
are calculated for a suite of fault geometries (see Fig. 6B for
the definition of overlap, 20, separation, 2s, and center length,
2k) . For each s/k, fault lengths are increased incrementally to
simulate growth of the faults. For each case, the values of Gy
for echelon faults are normalized by those for an isolated single
fault (G'11) in order to focus on the effect of the interaction
between echelon faults. For example, if Gyp/Gly; = 1, there is
no interaction between the faults. On the other hand, ratios of
Gr1/G'1yr # 1 reflect fault interaction either enhancing (>1) or
impeding (<1) the propagation of echelon faults.

Shear modulus, M, and Poisson’s ratio, vV, are chosen to be 1 and
0.25, respectively. Note that these values have no effect on the
normalized propagation energies. Fault elements in the model are
defined as thin zones with specific normal and shear stiffness.
Especially wuseful is the normal stiffness, which can be so
adjusted that the fault walls are prevented from physically
interpenetrating for echelon geometries with large overlaps. We
have set the stiffness ratio of fault zone material to
surrounding rock at 100 to limit interpenetration. Use of high
fault-zone normal stiffness gives the same results as cases in
which interpenetration is prohibited as a boundary condition.
The remote stress state is defined by using a ratio of principal
stresses of 5 with the maximum compressive stress inclined 30° to
the faults. The effects of different stiffness ratios and remote
stresses are discussed in the next section.

We have considered a broad range of models, only three of which
are presented in this paper. The first one assumes a
frictionless fault zone in order to avoid nonlinearity introduced
by the dependence of fault slip on normal stress. For this case
the results from both extensional (the sense of step is the same
as the sense of displacement) and compressional (the sense of
step 1s the opposite of the sense of displacement) steps are
almost the same, so only the extensional case is presented in
Fig. 7. The curves of fault propagation energy for five
geometric cases (s/k = 0.05, 0.1, 0.25, 0.5 and 1.0) clearly show
that the propagation energy for closely spaced echelon faults
(s/k = 0.05 and 0.1) increases as the inner fault tips approach
each other and decreases sharply beyond zero overlap (b/k=1). In
contrast, the propagation energy for widely spaced echelon faults
(s/k>1) shows little change.

The second model includes two cases, extensional (Fig. 8A) and

compressional (Fig. 8B) steps using a Coulomb slip criterion with
a friction coefficient of 0.6 (Byerlee, 1978). In both cases,
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the effect of fault interaction 1is generally similar to the
frictionless fault cases. The difference between the
compressional and the extensional cases is that the decrease of
fault propagation energy for overlapped faults is much sharper
for the compressional case.

Ideally, a fault would propagate when the propagation energy
‘reaches a critical value G¢;j, which is dependent on material
properties and the geometric parameters of a fault. We
illustrate the propagation and termination of a pair of echelon
faults with s/k=0.05, wusing an arbitrarily chosen normalized

critical propagation energy curve as shown in Fig. 9. Fault
growth due to the interaction between the echelon faults will
occur at the geometry corresponding to b/k = 0.8 (point A) and
the growth will terminate when Db/k = 1.2 (point B).

Unfortunately very little is known about the critical value of
the mode-1I1 propagation energy for rocks. Hence, the arguments
in this paper have to be rather qualitative. By noting that an
increase (or decrease) in the fault propagation energy enhances
(or impedes) the fault growth, the interaction between
neighboring faults favors a slightly overlapped fault pattern.
The exact amount of the overlap cannot be calculated. However,
the forms of normalized fault propagation energy curves (Figs 7
and 8) together with possible normalized critical fault
propagation energy curves (for simplicity only one curve is shown
in Fig. 9) suggest that amount of overlap (b/k) increases with
amount of fault separation (s/k). Furthermore, the separation
limit for significant interaction appears to be on the order of
the center distance (s/k~1.0).

DISCUSSION AND SUMMARY

We have quantified the well known observation that strike-slip
faults the world over occur in echelon patterns with some
overlap. The overlap 1is generally larger as the spacing of the
neighboring faults increases. The results from our numerical
analysis indicate that fault interaction enhances the growth of
echelon faults as the inner tips pass each other and impedes
their growth after some degree of overlap. Thus, we suggest that
fault interaction is one of the processes responsible for the
commonly observed echelon geometry of strike-slip faults.

The frictionless and frictional slip criteria produce similar
curves of fault propagation energy for the underlap
configurations. Differences become pronounced as the amount of
overlap increases. The frictionless case 1lies 1in between the
extensional and the compressional cases, as expected from the
role of fault normal stresses on fault slip. The difference
between the extensional and the compressional propagation energy
curves may suggest greater overlaps for the extensional steps.
Although not conclusive, the field data may lend some support for
this argument (see the generally lower ratios for the
compressional steps, full symbols, in Fig. 5).
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We have tested the influence of the orientation and magnitude of
remote stresses on fault propagation energy due to fault
interaction. Interestingly, we have found that as long as there
is slip along the echelon faults the normalized propagation
energy curves are the same, regardless of remote stress state.

The results reported in this paper are relevant also to the self-
similarity of pull apart basins and push up ranges (Aydin and
Nur, 1982) that form at extensional and compressional steps,
respectively along strike-slip faults. Although the length
parameters for the basins and ranges are different (usually
larger) than the overlap parameters of the strike-slip faults
considered in this paper, the role of fault interaction is likely
to be similar in the evolution of the geometry of pull apart
basins and push up ranges. ,
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EFFECTS OF RESTRAINING STEPOVERS
ON EARTHQUAKE RUPTURE

A. Aykut Barka and Katharine Kadinsky-Cade

Earth Resources Laboratory, Department of Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, Cambridge, MA 02142.

ABSTRACT

Four restraining stepovers of varying size located within strike-slip fault zones are examined
in order to understand how restraining stepovers affect earthquake rupture. It appears
that the width (d) of the stepover is a controlling factor in determining whether a single
rupture can propagate through the stepover. When d is small (< 5 km) the stepover
appears to be only a shallow structure, as in the case of the Ocotillo Badlands stepover
within the 1968 Borrego Mountain, California, earthquake rupture zone. If d is large
(> 5 km) the stepover area may have independent rupture characteristics. For example,
during the 1976 Songpan, China, earthquake sequence three separate mainshocks occurred
along three adjoining segments: two strike-slip earthquakes separated by a thrust event,
the latter within the 12 km wide stepover area. Two other examples of large stepovers
that have experienced earthquakes historically are the Celikhan and Erzurum stepovers in
Turkey. Although none of the large stepovers described here can support a great earthquake
restricted to the stepover area (because the stepover width is less than 20 km), stress drops
within the stepover may be higher than those along the adjacent strike-slip fault segments.
This would result from the structural characteristics of the stepover area, where shortening
is taken up mostly by thrusting and folding. The high stress drops could result in high
accelerations, with important implications for earthquake hazard studies.

INTRODUCTION

Restraining features along the strike-slip fault zones can be divided into two categories:
bends and stepovers. Restraining bends separate two fault segments characterized primar-
ily by strike-slip motion, with one segment having a higher thrust component than the
other. Restraining bend angles are less than 30° - 35° (Barka and Kadinsky-Cade, 1988).
When the bend angle increases beyond 30°, predominantly compressional features occur
within the restraining area. We refer to the resulting structure as a restraining stepover
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(Fig. 1). The restraining stepover is the geometric discontinuity which causes most dif-
ficulty for motion along strike-slip faults. The stepover area is mostly characterized by
complex compressional structures including thrusts, folds, conjugate strike-slip faults, up-
lifting etc. These structures are quite common on a small scale. For example, surface
breaks of large strike-slip earthquakes often include pressure ridges and thrust faults (Fig.
2). However restraining stepovers with width greater than 1 km are not very common.
The smaller stepovers may only affect the uppermost part of the crust, and may result
from a decrease of confining pressure at shallow depths. The wider stepovers probably
extend deeper into the crust as the stepover width increases.

. — ]
(a) Restraining Double Bend
folds =
<
thrusts
strike-slip faults
.

Extension fractures

(b) Restraining Stepover

Figure 1. Two most common types of restraining discontinuities: a) Re-
straining double bend, where the bend angle does not exceed 30° and the dom-
inant motion along the bend is still strike-slip but accompanied by a thrust
component, and b) restraining stepover, where the stepover area is predomi-
nantly characterized by thrusting and folding.

In this short note, four examples of restraining stepovers with width > 1 km are
reviewed in order to investigate earthquake rupture characteristics in restraining stepover
areas.
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Figure 2. Three examples of small-scale restraining stepovers associated
with large earthquake surface ruptures (after (a) Clark, 1972, (b) Arpat et al.
1977, and (c) Barka, 1983, unpublished field notes ). The shortening in the
stepover is primarily taken up by thrusting.

EXAMPLES OF RESTRAINING STEPOVERS

Coyote Creek Fault, California

The first well-known example is the Ocotillo Badlands situated along the Coyote Creek

fault, southern California. The restraining area is 1.5 km wide and strongly folded, and
forms an anticlinal dome consisting of parasitic folds (Fig. 3a & b) (Sharp and Clark, 1972,
Brown, 1987). Additionally, intrabed shearing and hinge thrusts are common structures
in the stepover area (Brown, 1987). The epicenter of the 1968 Borrego Mountain earth-
quake (M = 6.4) was located near the middle of the northern segment (Fig. 3¢c). The
rupture propagated to the south through the stepover and the amount of displacement at
the surface decreased remarkably from north to south through the stepover (Clark, 1972).
Aftershocks were mostly concentrated near and south of the stepover area. Sibson (1986)
has concluded that, although the mainshock rupture propagated through the stepover,
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rupture was at least partly arrested by the restraining area. However, geodetic measure-
ments have revealed that fault slip was approximately ccnstant along the entire ruptured
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Figure 3. Structural and rupture characteristics of the Ocotillo Badlands.
a) Simplified geological map of the Ocotillo Badland stepover (from Sharp and
Clark, 1972, and Brown, 1988; taken from the Field Trip Guide accompanying
this USGS Workshop), b) Schematic structural N-S cross-section of the Ocotillo
Badlands (Brown, 1988; taken from the Field Trip Guide accompanying this
USGS Workshop), ¢) Rupture characteristics of the 1968 Borrego Mountain
earthquake. Star is the location of the epicenter, arrows indicate bilateral rup-
ture and dotted areas illustrate the main concentrations of aftershocks (after
Sibson, 1986, and Hamilton, 1972). d) Slip distribution along the Coyote Creek
fault after the 1968 Borrego Mountain earthquake. The symbols represent the
three main segments of the fault. A map view of the surface breaks is shown
above the graph. The geodetic estimate of the slip is indicated as a straight line.
This figure is from Thatcher and Bonilla (1988).
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segment (Fig. 3d; Thatcher and Bonilla, 1988). These observations suggest two pos-
sibilities: (1) that the restraining stepover is only a shallow structure and the geodetic
data reflect coseismic slip at depth, or (2) that afterslip on the fault evened out the final

observed geodetic slip distribution.

Huya Fault, China

The second example, from China, is taken from Jones et al. (1984). The Huya fault,
shown schematically in Figure 4a, is primarily a left-lateral strike-slip fault with a 12 km
wide restraining stepover in its central part. The Songpan earthquake sequence was made
up of three successive events (M, = 7.2, 6.7 and 7.2) which occurred within the period of
a week (an unusually rapid migration velocity). Based on fault plane solutions the second

AUSUST 14, 1976

TAELE 1. Source Parsmeters of the Mainehocks
Mainshock

Auguet 16 Auguet 2 August 23
Magnitude 1.2 6.7 7.2
Latitude, N 32,722° 32.612¢ 32.475°
Longitude, B 104,.092° 104.151° 104.095°
Dapth,® ke 8.5 S.5 9.5
Length,® ka 30 12 22
Strike, deg 165 215 163
Dip, deg (3] 60 65
Rake, g.. 40 90 40
Dapth,? ke 12 s s
East block Swrct tiss, » & 6 6
x10'8, e  13.0 4.0 8.4
wWiden,© wm 12 8 1
Sitp, » t.1 1.2 t.l
¥ From HYPOINVERSE locetione.
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Figure 4. 1976 Songpan earthquake sequence, China, and summary of
source parameters of the mainshocks (after Jones et al., 1984).
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event, which is located in the restraining area, was characterized by reverse faulting whereas
the other two were associated with a combination of left-lateral strike-slip and reverse
faulting. From an inversion of teleseismic waveforms, the same amount of slip occurred
during all three mainshocks (Fig. 4b). There was only a 20° difference between the slip
vector orientation of the second shock and that of the first and third shocks. However,
fault dimensions were smaller for the second mainshock than for the other two as evidenced
both from waveform inversions and from aftershock locations using regional stations .
These observations suggest that the second event had a higher stress drop than the other
two events. No field measurements of surface displacement or surface fault geometry are
available.

Celikhan, Turkey

The third example, from Turkey, is the Celikhan restraining stepover (Fig. 5). It is
situated along the left-lateral East Anatolian fault zone. The stepover is approximately 5-7
km wide, and is characterized by extensive thrusting (Fig. 5). In the area of the stepover
the East Anatolian fault zone intersects the older Bitlis suture zone. Thus, the the Bitlis
thrust zone may have given rise to the stepover. The total displacement along the East
Anatolian fault zone is about 20+5 km. We assume that the restraining stepover area
has accommodated more shortening than that due to the East Anatolian fault because
of the initial thrusting component. The fault strand northeast of the stepover consists
either of two branches or of a new branch developing to avoid the stepover. According to
Ambraseys (in press) the 1905 earthquake coincided with the NE segment. He also has
documentation suggesting that the 1893 earthquake (M, = 7.1) might have affected all
segments of the stepover (Ambraseys, in press; see Figure 5). Since 1905 the area has been
characterized by low to moderate seismic activity. Figure 5 includes fault plane solutions
for three moderate size earthquakes that have occurred in the area.

Erzurum Fault Zone, Turkey

The final example is the Erzurum basin, in Eastern Turkey (Fig. 6). Although reliable
historic records go back more than 2000 years in Eastern Turkey, no historical seismic
activity is recorded in Erzurum before 1200 A.D. (Sipahioglu, 1983). The stepover area
is 15 km wide and includes a 23 km long thrust zone that forms the southern margin of
the Erzurum ramp basin. Thkis thrust zone appears to be migrating northward into the
basin, and recent field observations have revealed that thrusts cut the most recent alluvial

fan deposits in the basin (Barka and Bayraktutan, 1985). As in the previous example the
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thrusting in this region is considered to be older than the strike-slip faults of the Erzurum
fault zone. The NE segment consists of several parallel faults forming a 10 km wide left-
lateral fault zone. The 1859 earthquake (I=IX-X) caused extensive damage in the basin
and killed more than 15,000 people (Karnik, 1971). Most of the damage was associated
with the southern margin of the basin. Seismic activity in this century has been low to
moderate.

Surgu

06/14/1964, M = 5.9

06/06/1986, M = 5.6

— 20km

05/05/1986, M = 5.9 d= 5-7.5 km

Figure 5. Celikhan restraining stepover, East Anatolian fault zone, Turkey.
Solid squares are epicenters of earthquakes that occurred between 1964 and
1984 (International Seismological Center data). Fault plane solutions of recent
moderate earthquakes are from Jackson and McKenzie (1984) and from the In-
ternational Seismological Center. Historical earthquake information is obtained
from Ambraseys and Finkel (1987), and Ambraseys (in press). Geological data
are derived from Arpat and Saroglu (1975), Peringek et al. (1987) and Saroglu
et al.(1987). The extent of these historical ruptures is not well known.

73



N

Figure 6. Simplified structural map of the Erzurum basin. The basin is a
ramp basin associated with the thrust zone of the stepover area. From Karnik’s
(1971) description of the extent of damage the 1859 earthquake is interpreted to
have occurred along the stepover thrust zone. Fault segments fs1-fs4 are 25, 23,
35 and 25 km long respectively (fsl and fs4 are only partially shown in figure).
A 30° restraining bend separates fs3 from fs4.

INTERPRETATION AND CONCLUSIONS

In Figure 7 we plot interpretive slip models for the four examples discussed above. From
this figure and the preceding discussion, it appears that the size of the restraining stepover
(d) is an important factor in determining whether a single earthquake rupture can propa-
gate through the stepover, or if the stepover ruptures independently. In the latter case, the
size of the earthquake that occurs within the stepover area may increase with d. From the
first example it appears that when d is small (< 5 km) the stepover is a shallow structure.
The exact width/depth ratio is difficult to determine without accurate knowledge of the
thickness and rheology of the sedimentary layer, and knowledge of the orientation of the
principal stresses relative to the fault plane. The influence of these two factors is sug-
gested, respectively, by seismic reflection profiles of Harding (1985) and by the discussion
of stresses in Naylor et al. (1986). Although small stepovers can arrest the slip at the
surface, they may have little effect at depth. At shallow depths they may be responsible
for delayed slip, as expressed by creep or by aftershock activity such as was observed after

74



after the 1968 Borrego Mountain earthquake (Clark, 1972; Thatcher and Bonilla, 1988).
The Celikhan stepover (d=>5-7 km) is slightly wider. From the historical earthquake data
it appears that the 1893 earthquake was a stepover earthquake affecting both strike-slip
segments and the stepover area. The 1905 earthquake can be interpreted as making up

Cumulative slip (m)

Cumulative slip (m)

e
2

Coyote Creek Fault

1968 Borrego Mountain
Earthquake, Mw=6.5

stepover 1.5 km

(a)

Fault length (km)

Celikhan (East Anatolian Fault)

stepover 5-7 km

7 1893 M=7.11

55 —

Fault length (km)

()

Cumulative slip (m)

Cumulative slip (m)

2

Huya Fault

stepover 12 km

Fault length (km)

Erzurum fanlt zone

stepover 15-23 km

Fault length (km)

Figure 7. Summary of rupture characteristics of four restraining stepovers
discussed in the text. The diagrams are set up according to the slip model sug-
gested by Schwartz and Coppersmith (1984). (a)The surface slip is partly ar-
rested by by the Ocotillo Badland stepover during the 1968 Borrego earthquake.
(b) The Songpan earthquake sequence appears to consist of three distinctly sep-
arate events, although there is a lack of surface observations. (c) From intensity
maps of the 1893 and 1905 earthquakes (Ambraseys, in press) we derive the
interpretation shown here: that the 1905 earthquake made up a deficiency of
slip at one end of the 1893 rupture zone. We speculate that the slip in 1893 may
have been arrested by the stepover . (d) The strike-slip segments on each side
of the Erzurum stepover are expected to rupture sometime in the future.
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the slip deficiency at the northeastern end of the 1893 rupture zone. This interpretation
results from the Borrego Mountain analogy, in which slip decreased south of the stepover
(compare Fig. 7a and c). The Erzurum stepover situation is different in that the stepover
area may already be ruptured, whereas the strike-slip segments appear to be unruptured.
However, the data for the historical earthquakes in Figures 7c and 7d are not complete
enough to draw any clear conclusions.

From the examples reviewed in this study we have been unable to resolve the issue of the
relationship between stepover width and (1) stepover behavior at depth or (2) the depth
of the seismogenic zone. Along the Coyote Creek fault (Borrego Mountain earthquake)
the seismogenic zone extends to a depth of 12 km (aftershock distribution; Hamilton,
1972). The stepover is only 1.5 km wide at surface. In the case of the Huya fault {Songpan
sequence) the seismogenic zone extends to a depth of 20 km (aftershock distribution; Jones
et al., 1984). Here the stepover is 12 km wide at the surface. Jones et al. (1984) pointed out
that the second mainshock of the sequence and its immediate aftershocks (in the stepover
zone) are shallower than the first and third mainshocks (activity in the stepover mostly
shallower than 10 km). The crust is appoximately 40 km thick in this area, although this
thickness is not very well constrained (Jones et al. 1984). We do not know the depth of the
seismogenic zone in the case of the Turkish stepovers (Celikhan and Erzurum), however
we can estimate it from other studies. The crust in Eastern Turkey is roughly 40-50 km
thick from regional seismic and gravity data (Canitez and Toksdz, 1980; or interpretation
of refraction data from Kadinsky-Cade et al., 1981). The seismogenic zone in the area of
the 1983 Narman-Horasan earthquake (M, = 6.9 strike-slip earthquake located near the
Erzurum fault zone) extends to a depth of 20 km (based on Toksdz et al., 1984). The
depth extent of the fault planes found by modelling waveforms of earthquakes in Eastern
Turkey is less than 20 km for the 1975 Lice earthquake (M, = 6.7 ; Nib&lek, 1984) the 1976
Caldiran earthquake (M, = 7.4; Ndb&lek and Toksoz, 1984) and the 1983 Narman-Horasan
earthquake mentioned earlier (Shortt, 1985). By comparison with these, results crustal
thickness of 40-50 km and a seismogenic zone of thickness 20 km are probably reasonable
estimates for both the Erzurum and Celikhan fault zones. We have no evidence, however,
for the depth extent of the stepovers themselves. In conclusion the differences in stepover
width observed in this study may have more to do with sedimentary cover thickness and
rheology, with the orientation of regional stresses relative to fault plane or with structures
that predate the initiation of strike-slip faulting than with the thickness of the crust or
seismogenic zone.

The large stepovers have the appearance of complex thrust zones. As the total displace-
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ment within the stepover area increases, the stepover widens and more complex structures
are formed. In the stepover area the displacement is taken up by a combination of many
structures. This gives rise to crustal thickening and shortening. It also appears that, since
d is less than 20 km in most cases, single very large earthquakes restricted to the stepover
area should not occur. However, stress drops associated with stepover earthquakes may
be equal to or higher than those on either side of the stepover due to the type of fault-
ing (thrusts versus strike-slip fault, see, e.g., Sibson, 1984). This difference could be very
important for earthquake hazard studies.

Another characteristic of restraining stepovers, supported by the above data, is that
they may act-as barriers rather than as asperities (e.g. 1968 Borrego Mountain earthquake,
1976 Songpan sequence and the Celikhan stepover earthquakes of 1893 and 1905).
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ABSTRACT

The active trace of the San Andreas fault is treated as a geometric surface defined by 68 contiguous,
straight, vertical fault segments with lengths of 2-38 km. A slip vector for each segment is inferred from
global plate motions. An approximately gaussian distribution of obliquity centered at 6°-8° convergent
with the slip vector is evident. The distribution of segment lengths is strongly peaked at 12 km. A
mechanism for the persistence or creation of 12-km-long segments appears to exist.

It is necessary that slip along a plate boundary is uniform over geologic time. However, during
individual earthquakes slip is non uniform. The identification of characteristic earthquakes is based on
the observation that slip appears to reproduce the irregular slip distribution of previous earthquakes. A
possible reason for non uniform slip is the segmented geometry of the fault zone. We present observational
data from the 1906 and 1857 earthquakes that suggest that the slip on oblique fault segments is reduced
compared to segments parallel to an applied slip vector. Slip velocities along the creeping zone of central
California appear to attain a maximum velocity at inferred obliquities of 8°.

In an attempt to reconcile the long-term behaviour of the San Andreas fault, and the short-term
observed behaviour of the fault, we focus on the slip behaviour of a single element of a segmented plate
boundary. Using frictionless boundary-element models we show that slip is reduced at a transpressional
offset on a vertical fault. We show that this reduction of slip may be made arbitrarily large by
permitting fault-normal displacements near the fault zone. Finally we examine the distribution of slip on
the geometrically complex 1906 rupture. A reasonable fit to the observed coseismic-slip data is obtained
by permitting free strike-slip and fault-normal displacements along the fault zone.

We conclude that slip is reduced at an oblique fault segment compared to slip on contiguous
slip-parallel segments. Slip that does not appear on the fault is manifest as off-fault deformation. Our
findings are consistent with geodetic and geological observations of fault-normal displacements
surrounding active faults and provide a physical basis for the recurrence of characteristic earthquakes on

faults of complex geometry.
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INTRODUCTION

In one of the earliest publications on plate-tectonics, Morgan (1968) articulates the
consequences of oblique slip on a transform plate boundary: "The tensional or compressional
features of California are qualitatively explained by the difference in strike of a feature and the
average strike of the region. The Salton Trough (general strike 150°) is a depressed region; the
Salton Sea is 75 meters below sea level. ....In contrast the Transverse Range (general strike 110°)
reaches an altitude of 3 km."

Oblique slip results in deformation near a fault zone. This may be manifest in the
morphology of the fault zone and its surroundings (Bilham and King, 1989) and as fault-normal
displacement (Hurst and Bilham, 1986, Minster and Jordan 1987, Segall and Harris, 1987). A
reduction of surface area arises from slip at an convergent oblique fault (Bilham and Hurst, 1988)
for the same reason that a reduction in surface area accompanies subduction. A third result may
be that the magnitude of slip on oblique segments differs from that on contiguous slip-paraliel
segments. In examining this possibility we present observational data and theoretical models
that support the hypothesis that slip on an oblique fault reduces as its strike increases relative to
the applied slip vector.

SEGMENT IDENTIFICATION AND GEOMETRICAL CHARACTERISTICS

The fault trace of the San Andreas system may be reduced to a series of contiguous straight
segments with lengths 2-35 km. Data were obtained from the following sources: Clarke (1984),
Dibblee (1973), Lawson (1908), Brown (1970), Vedder and Wallace (1970), Brown and Wolfe (1972),
and Sarna-Wojcicki et al. (1975). Figure 1 illustrates a map view of the San Andreas Fault
projected onto a mercator projection centered on the RM2 pole of rotation between the Pacific and
North American plates. In this figure and in later views of detailed parts of the fault the
projection has been expanded normal to the slip vector. The kinematic problem associated with
plate boundary slip is clearly evident in these projections. Only the main trace of the San
Andreas system is examined. The fault trace has been reduced to 68 contiguous segements.

The identification of the segments in figure 1 is in many cases unequivocal. A segment is
always terminated by a bend or an offset. These bends and offsets are often clear features on the
fault zone. They may not, however, be obvious on detailed strip maps of the fault zone because
printed fault zone maps are frequently segmented at precisely those locations identified as bends
between segments. Minor changes in strike sometimes result in uncertain lengths to the
segments selected. In such cases unmarked maps of the fault zone were prepared and presented to
several investigators who were asked to identify bends in the fault zone. In many of these cases
the same locations were picked as bends in the fault zone. Remaining ambiguities do not alter the
conclusions of this article.

In southern California, surface scarps and fissures between the Salton Sea and the Mission
Creek fault are found within a fault zone whose width is less than 1 percent of the length of the
segment. In other places where the width of the fault zone is large compared to segment length,
segments have been delineated by the manifestation of a significant change in the characteristics
of the fault zone along strike. An example of the latter is the San Andreas fault between Black
Mountain and San Juan Bautista in central California. In this area, changes in the style and
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width of faulting within the fault zone suggest differences in fault behavior along strike.

Histograms summarizing the properties of 68 segments (Bilham and Hurst, 1988) are shown
in Figure 2. Each segment has length and obliquity (the difference between the strike of the fault
and the local slip vector inferred from the RM2 pole of rotation). The approximately gaussian
histogram of segment obliquity shows the dominant strike of the fault to be 4°-6° resulting in
overall compression. This corresponds to the mean strike of the fault in California. However, the
histogram of segment length reveals a peak at 12 km. This was first noted by Wallace (1969), who
drew attention to the correspondence between this length and the depths of the deepest
earthquakes on parts of the San Andreas system. In a statistical analysis of segment length in
the Coachella valley a segment length of 12.15 + 0.15 km was found to best characterize five
contiguous segments (Bilham and Williams, 1985).
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Figure 2. Distribution of length and obliquity for segments of the San Andreas fault shown in figure 1.

Unless it is a coincidence, the significance of any dominant segment length on the San
Andreas fault is that it must represent a kinematically stable condition for the fault zone. To
understand why this should be so, consider a fault which consists entirely of a saw-tooth
arrangement of segments of length, say, 12 km. After a few million years and many
earthquakes the boundary will have slipped, say, 4 km. The fault will now look different. A
future geologist might map the fault as an equal number of 4- and 8-k segments. Thus, the
observation that there is a dominant segment length implies that one or more of three
mechanisms maintains their existence:

1. 12 -km segments have recently been created and have not yet been destroyed by fault slip.
2. 12-km segments are in some way favored by fault zone processes. Smaller and larger
segments are less stable.

3. 12 km represents the maximum growth length for a stable fault segment. Segments start
smaller and fail to grow larger.

MORE OR LESS SLIP AT AN OBLIQUE SEGMENT?

Few of the 68 segments in figure 1 are parallel to the slip vector. Is slip reduced or
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increased at an oblique segment? Two descriptions for slip at the oblique segment may be
forwarded based on an intuitive understanding of fault kinematics (see fig. 3).

Hypothesis (i) Since particles adjacent to the fault must move further on an oblique segment than on a
slip-parallel part of the plate boundary, slip should be larger at an oblique offset. Thus, slip on an oblique fault
segment is always larger than slip on segments parallel to the slip vector.

Hypothesis (ii) Since material near the oblique segment must deform, slip on nearby faults may occur. Slip
along the fault itself is effectively reduced. Thus slip is reduced on an oblique segment, compared to slip on a
segment parallel to the slip vector.

Which of these models for oblique slip occurs in nature? The apparent problem with
hypothesis (ii) is that if slip is reduced at an oblique segment during every earthquake, then a
slip deficit will accumulate at this location. This appears to conflict with common-sense. In
the long term, slip must be uniform along a fault. At a convergent plate boundary this concept
forms the basis of seismic-gap theory. However, advocates of (ii) include those who seek a
physical basis for the recurrence of characteristic earthquakes. A characteristic earthquake
(Schwartz and Coppersmith, 1984) is one that repeatedly exhibits the same slip distribution
along a certain segment of a fault, apparently defying the uniformity of along-fault slip
demanded over geologic time.

Figure 3. Two views of slip along an oblique segment. In the upper figure slip is greater at an oblique segment in order
to keep up with motion on adjacent parts of the fault. In the lower figure slip is less along the oblique segment because
deformation occurs within the surrounding medium.

It is believed that the reason for this apparent paradox is the false assumption that fault
geometry is constant over geologic time. A slip-deficit can indeed occur for small amounts of
slip. Twenty or more earthquakes cumulatively result in slip that is small compared to typical
segment lengths. However, after several thousand earthquakes a substantial slip deficit will
accumulate. This slip-deficit will ultimately result in stresses large enough to create new
fractures that permit the fault to move more easily, or will deform the region surrounding and
including the fault. Prolonged slip must inevitably change the geometry of the fault zone
through either or both of these mechanisms.
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In the next section we present observations of slip, or slip rate, related to the obliquity of
fault segments. The observational data appear to favor hypothesis (ii) in that slip appears to
decrease with increasing obliquity. In the following section we present two theoretical models
that emulate these observations. Finally, we compute a synthetic slip distribution for a
complex fault zone of irregular geometry and finite slip distribution.

OBSERVATIONS OF SLIP ON OBLIQUE SEGMENTS

Slip during the 1906 earthquake.

Table 1 lists seismic slip recorded along San Andreas fault in 1906 (Lawson and others,
1908). Values for slip were obtained for only 12 of the 26 segments identified along the 1906
rupture. In some cases cases several observations of slip were recorded. These are not always
identical for a given segment. The obliquity of each segment was calculated from the RM2 pole
of rotation (Bilham and Hurst 1988, Minster and Jordan, 1984). The use of revised pole of
rotation (Minster and Jordan, 1987) reduces the obliquity of most of the segments by
approximately 2° which does not alter the substance of the conclusions in this analysis. In
figure 4, the obliquity of each segment is plotted as a function of slip. There is a clear reduction
in slip with increasing segment obliquity. Maximum slip occurs on the Tomales Bay segment
which is within 3° of the RM2 slip-vector and within 1° of the revised slip vector.

Table 1. Segments associated with slip during the 1906 earthquake.
(Segments are named for reference only. Obliquity of each segment is relative to the RM2 slip vector)

Segment Length Strike Obliquity 1906 slip
(km) Nw degrees (m)

Arena 28.7 30 2.2 4.86, 4.87,4.72

Garcia 259 35.4 3.2 3.1

Gualala 5.4 39 6.3

Miller 7.3 36.5 38

S.Fork 8.1 39 6.2 2.44

Plantation 2 33 0

Fort Ross 13.1 39 6.1 2.44, 229, 3.5, 3.73

Ocean 21.5 38.5 55

Tomales 36.5 35 1.9 6.1

Olema 4.2 31 2.2 4.57

Bolinas 15.8 36 2.7 4.1, 4

Golden Gate 30 32 -1.3

Mussel Rock >10 36 1.6

San Andreas L 12 33 0 5.1, 24, 4

Menlo Park 12 38.5 5 3.1, 24

Stanford 12.5 35.5 2

Black Mw. 6.7 49 15.5

Montebello 8.3 47 14.5 0.9

Congress 9.3 41 7

Lower Dam 5.6 48 14

Wright 8.2 42 8 1.52

Landslide 20.4 52 18

Loma 3.1 33 -1.8

Next 12.4 47 12.8

Chittenden 7.7 51 16.5 094, 13

San Juan 8.5 46 11.5
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Figure 4. Observed relationship between segment obliquity and slip during the 1906 San Francisco earthquake.

Observations of 1906 slip are neither complete nor totally reliable. For example, the timing
of the measurements is poorly known. Fault afterslip could have resulted in the observation of
inappropriately small values for slip if the investigations of fault slip were made within a few
days of the earthquake. In some California earthquakes, afterslip more than doubles the
apparent coseismic signal. If afterslip occurred and the investigations were spread over several
months then the documented coseismic slip signal could be misleading. At a location near
Wright Tunnel left-lateral slip is recorded. Thatcher and Lisowski (1987) discuss several of the
shortcomings inferred to exist in the coseismic slip data. Given these uncertainties, it is
perhaps unwise to draw too great a significance from the approximately linear slip/obliquity
relationship manifest in 1906. Yet it is clear that the data do not support hypothesis (i).
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Figure 5. Distribution of creep rates on segments of the San Andreas fault in central California. The geometry of the
fault is shown in map view as the solid line in the Figure. Creep data are interpolated for 7 of the 19 segments (dotted
lines). Slip data from Schulz et al. (1984) .

Aseismic Slip in Central California
Nineteen segments are identified in the creeping section of the San Andreas Fault between
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San Juan Bautista and the Cholame Valley. A plan view of these segments and their associated
slip velocities are shown in fig. 5. A clear relationship between segment obliquity and slip
velocity is not evident (fig. 6), although there is weak evidence for faster slipping segments to be
at obliquities near 8 degrees to the applied slip vector.

The obliquity/velocity sample is clearly influenced by the tapered distribution of slip near
the ends of the creeping zone where 50 percent of the data are obtained. We have attempted to
normalize the data by computing a synthetic slip distribution assuming that all the segments in
Fig. 5 are vertical, contiguous, frictionless dislocations. We have ignored creep on the Calaveras
fault in this model, which may introduce errors near the northern end of the creeping zone
where it interacts with the San Andreas fault (Mavko 1982). The difference between observed
creep and synthetic slip is indicated by solid dots in Fig. 6 (right). The difference between the
observed and synthetic slip also suggests that maximum slip occurs at an obliquity of 8° to the
inferred RM2 slip vector, and is reduced on segments with smaller and greater obliquity.
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Figure 6. The left figure shows observed creep (1974-1986) in central California compared to synthetic slip
calculated for a freely-slipping fault with the geometry of Fig. 5, and an applied RM2 slip vector. The applied
boundary shear has been scaled to best fit the observed creep data. Fig. 6 right shows the distribution of observed
creep, and observed-synthetic creep compared to segment obliquity. The two curves at right are least-squares cubic
fits to the observed data (solid) and to the difference between the observed data and synthetic slip (dotted).

Characteristic Earthquakes between Cajon pass and the Carrizo plain

Geological investigations in the region of the 1857 San Andreas Fort Tejon earthquake
reveal that earthquakes recur with a slip distribution that mimics the previous event at that
location (Sieh 1981). This characteristic slip is plotted in figure 7. The data are sparse but
suggest that slip on segments with large obliquity is smaller than on segments with small
obliquity. The difficulty with this data set is that the effects of subsidiary faults ( for example,
the Garlock fault) is presumably substantial. Moreover, motion of the Mojave block results in
an uncertain local slip vector for this part of the fault zone.

The northern Carrizo Plain is apparently anomalous in that a segment of small obliquity is
associated with small slip. One explanation for low slip in this region is that it is close to the
end of the 1857 rupture and coseismic slip tapers to low values in such locations. A second
reason is that the area is believed to have a shorter recurrence time than 1857-type events. The
data set presented in figure 7 is thus less homogeneous than data presented in figures 4-6.
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Figure 7.

BOUNDARY ELEMENT MODELS FOR OBLIQUE SLIP ON A VERTICAL SEGMENT

A simple estimate for the magnitude for slip on an oblique segment can be derived from
elastic modeling. Consider the 12-km-long restraining (transpressional or antidilational)
offset in a fault zone shown in figure 8. The restraining offset consists of an oblique segment
separating two infinitely-long, contiguous, slip-parallel segments. A boundary element model
was computed (Crouch and Starfield, 1983) in which shear was applied to the region and the
oblique segment permitted to slide freely. The resulting dilatational strainfield shown in figure
8 is similar to models discussed by Bilham and King {1989).

boundary element, slip =0.5 -

fault slip=1

fault slip =1

free oblique slip

4
4

-
. boundary element, slip=0.5

Figure 8. Compression at an oblique segment between two infinitely long segments parallel to the slip vector (sketch
of geometry on right). Compression dilatational strain in the figure on the left is represented by shading. The model
is used to examine the reduction of slip on the freely slipping oblique segment.
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Figure 9.  Reduction in slip with increasing segment obliquity. The slip is that measured at the center of a freely
slipping (frictionless) segment in response to boundary-element geometries shown shown in Figure 8.

The slip along the oblique segment predicted by the model reduces with increasing segment
obliquity (figure 9). Slip at the center of a 25° segment is reduced by up to 10 percent. Numerous
tests of numerical stability were conducted. It was possible to partly suppress this reduction in
slip by introducing boundary elements at the ends of the contiguous slip-parallel faults.
However, it was not possible to increase slip at the oblique segment to a value larger than slip on
the slip-parallel segments by any combination of elements with the geometry shown in figure 8.
This simple frictionless model appears to support hypothesis (ii) but the reduction of slip at the
offset in the fault zone is always smaller than that suggested by observational data.
Accordingly a more complex boundary element model was constructed (Fig. 10). This model
includes two elements parallel to the oblique segment that were permitted to move freely both
in strike-slip and in a fault-normal sense. These additional faults may be considered to
represent thrust faults parallel to the oblique segment. Alternatively, they can be considered to
represent a compliant fault zone. Four types of boundary elements were used in the model.
External boundary conditions were imposed outside the zone of interest to simulate the applied
plate-boundary shear strain. These are indicated in figure 8 but are not shown in figure 10. The
three boundary elements shown in figure 10 include slip-parallel elements of essentially
infinite length on which unit slip is imposed. These are linked to elements that are permitted
one degree of (strike-slip) freedom only. The third type of element is permitted two degrees of
freedom - strike-slip and fault-normal slip. In the boundary element model, all the faults were
subdivided into various combinations of sub elements to test for the stability of the resulting
solutions. The maximum number of sub elements in each fault segment was 19. Stable
solutions for slip were obtained for models that included five or more sub elements.

obliquity —_—
-
—_— wsmenene 1€ Strike-slip only
- mmmmezs T fault-normal and strike-slip

Imposed unit slip

Figure 10. Boundary-element geometry used to obtain slip data illustrated in figure 11.
89



L

3
T

Y

8
1

percentage slip reduction
g
2 L4

80%

rvryrrrrJyrrrrrrrTTTTYYT T

0 5 10 15 20 25
segment obliquity (degrees)

Figure 11.  Reduction of slip with increasing segment obliquity for the model shown in figure 10.
The reduction of slip is approximately a factor of 4 larger than that shown in figure 9 (dotted line above).

As in the simple model shown in figures 8 and 9, slip is reduced at the central oblique
segment. However, the reduction of slip predicted by the model is less than 20 percent at 10°
obliquity compared to a 60 percent apparent reduction in slip manifest in the 1906 slip data. By
extending existing freely-slipping elements, or by adding additional freely slipping elements it is
possible to reduce further the slip on the throughgoing oblique segment.

SLIP DISTRIBUTION ON A COMPLEX SEGMENTED FAULT

The analyses presented above for slip on a single oblique segment provide a basic
understanding of the process of slip suppression on segments of a fault zone that are not parallel
to an applied slip vector. We next consider the effects of applied shear on a group of segments of
varying obliquity. We choose as our example the surface rupture of the 1906 San Francisco
earthquake. The boundary element model consisted of the 26 segments between Cape Mendocino
and San Juan Bautista listed in table 1, and one additional 100-km segment north of Cape
Mendocino approximately parallel to the slip vector to compensate for the absence of submarine
slip data. The length of this segment was derived by adjusting its length until the maximum slip
predicted by the model became a maximum near Tomales Bay (=6 m). The length and obliquity of
this submarine segment has little effect on the distribution of slip at the southern end of the
‘rupture with which we shall be primarily concerned.

In the first model, we applied a plate-boundary shear strain to a series of contiguous vertical
elements with the geometry of the fault zone and allowed them to slip freely. The resulting
"elliptical” slip distribution is similar to that observed for a dislocation in a half-space although
it is possible to see irregularities caused by the geometry of the fault (upper line in fig. 12). The
irregularities are caused by the mechanism discussed in figures 8 and 9. In the second model we
permitted each fault segment to not only slip freely, but to open or close depending on the local
stress distribution resulting from slip on the given geometry. The resulting synthetic slip
distribution is shown as the lower curve in figure 12. The slip distribution is significantly more
frregular and represents, in a simplified way, the effects of off-fault deformation that we discuss
in the models of figures 10 and 11. The model predicts the general features of the slip
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distribution reasonably well given the possible inadequacies in the observational data. The
incorporation of fault-paraliel thrusts and other compliant fault-normal features southeast of
Black Mountain (Scholz, 1985} permits a more rapid decrease in slip in this region. However,
the data do not appear to warrant closer modeling. If the model is correct in its present form the
data suggest that more than 2 m of slip was undetected in many locations within the fault zone at
the time that the fault-offset measurements were undertaken. This is consistent with the finding
by Thatcher and Lisowski (1987) that in some locations less than 70 percent of the observed slip
occurred on the main surface break, the remainder being distributed within 600 m of the fault.
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Figure 12. Distribution of slip predicted by boundary-element models with the geometry of the 1906 rupture zone as
input. The upper curve is the synthetic slip predicted from a fault zone that can slip freely but is not permitted
fault-normal slip. The lower curve is the synthetic slip distribution that results from a fault zone that is permitted
fault-normal and fault-parallel slip. The dots are the maximum observed slip (table 1).

CONCLUSIONS

Theoretical models suggest that reduced slip should occur along fault segments that are not
parallel to the applied slip vector. These boundary- element models predict reduced slip whether
the offset results in contraction or extension. None of our models result in enhanced slip at an
oblique segment.

Two sets of observational data suggest that slip is reduced along a fault when the strike of the
fault is not parallel to the applied slip vector. However, creep rates in central California appear
to attain a maximum velocity on segments that are 8° oblique to the inferred plate slip vector.

In modeling the complex geometry of the 1906 rupture, we find that a simple
boundary-element model in which the fault zone can both slip and absorb fault-normal
displacements can emulate the essential features of the 1906 slip distribution. Superimposed on
the expected theoretical "elliptical" slip distribution is an irregular distribution of slip resulting
from the geometry of the fault. It appears then that the physical basis for the slip distribution
observed in characteristic earthquakes is the geometry of the fault. Slip along the main fault
may be suppressed locally by the manifestation of slip on fault-parallel structures near the main
rupture zone, however, in the case of the 1906 rupture the data do not appear to demand
significant slip outside the fault zone.
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STRUCTURAL GEOLOGY OF THE OCOTILLO BADLANDS
ANTIDILATIONAL FAULT JOG, SOUTHERN CALIFORNIA

Norman N. Brown and Richard H. Sibson,

Department of Geological Sciences, University of California,
Santa Barbara, California 93106

ABSTRACT

Slip transfer across a left step on the Coyote Creek fault (the southernmost portion of
the dextral San Jacinto fault zone in southern California) has produced a localized area of
uplift and deformation called the Ocotillo Badlands. The eroded core of this 2 km wide
"fault jog" contains a deformed sedimentary sequence made up of the lacustrine Borrego
Formation (~200 m) and the overlying alluvial Ocotillo Formation (~100 m). The
claystones, siltstones, and sandstones of these formations have been folded about east-west
trending hinge lines as a result of slip transfer across the jog. Presumably this shortening
has occurred incrementally in response to slip episodes on the Coyote Creek fault.
Assuming rigid body translation away from the fault jog, the folding has accommodated
shortening equivalent to ~800 meters of fault-parallel slip. This amount is significantly less
than the 2.5 km of total right slip on the Coyote Creek fault, measured 25 km to the
northwest at Coyote Ridge.

Shortening within the jog region is also constrained from the volume of locally
updomed strata which, allowing for erosion, amounts to some 0.7 km3. For the
estimated strike-slip rate of 3-5 mm/yr, the sedimentary sequence has been updomed at an
average rate of 9-15 mm/yr . On the assumption of constant volume deformation and a jog
linking parallel echelon fault segments throughout the seismogenic zone (to ~12 km depth),
this small volume of updomed material limits the slip transferred across the jog to <60
meters. Reconciliation of these disparate estimates for the total slip transferred across the
jog could be achieved: (i) by allowing the fault segments to merge at a depth of ~0.5 km;
(ii) by changes in the position of the principal slip surfaces with time; or, (iii) by removal
of material from within the jog at depth by processes of diffusive mass transfer. Note,
however, that the distribution of aftershocks following the 1968 Borrego Mountain
carthquake suggests that the jog structure probably does extend to at least several
kilometers depth.

The presence of an angular unconformity within the upper portion of the exposed
stratigraphy indicates that deformation within the Ocotillo Badlands began during
deposition of the Ocotillo Formation. A date of 0.73 Ma has been obtained for the

between the Borrego and Ocotillo Formations from magnetostratigraphy. If the
total slip on the Coyote Creek fault at the Ocotillo Badlands is greater than 800 m, it
appears that the fault jog has been a transitory feature within the fault zone, with slip
alternately bypassing it or being transferred across it. Such switchyard behavior has
important implications for understanding structural controls on rupture propagation.
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INTRODUCTION

Fault jogs linking echelon fault segments (figures 1 and 2) may play a role in the
arrest, and perhaps- also the nucleation of earthquake rupture (Sibson, 1986). If such
cross-strike irregularities on strike-slip faults are responsible for characteristic earthquake
behavior (Schwartz and Coppersmith, 1984), it becomes important from the viewpoint of
hazard assessment to know how long such structural controls persist in a particular
configuration.

Study of a well-exposed antidilational fault jog at the Ocotillo Badlands in southern
California (figure 3) reveals that the structure may have been intermittently active during the
last 0.7 million years. Furthermore, the excellent exposure within the core of this locally
updomed area allows an understanding of how incremental slip on the Coyote Creek fault
has been transferred across the Ocotillo Badlands fault jog. The jog is formed by a 2 km
wide left step on the Coyote Creek fault, and the updoming results from folding on E-W
hingelines and probable thrusting (figure 4). This deformation has occurred in mostly
unconsolidated sandstones, siltstones, and claystones of the Pleistocene Borrego and
Ocotillo formations; altogether, approximately 200 m of the lacustrine Borrego Formation
and 100 m of the overlying alluvial Ocotillo conglomerate are exposed in the Ocotillo
Badlands.

The purpose of the study was to address: (1) the structure and style of deformation
within the antidilational jog; (2) the depth to which the fault irregularity persists; (3) the
longevity of the structure relative to the slip history on the Coyote Creek fault; and, (4) the
mechanism forming the Ocotillo Badlands antidilational jog.

Slip and Slip Rates Along the San Jacinto Fault Zone

From the viewpoint of this analysis, it is important to appreciate that the Coyote Creek
fault is the southernmost strand within the entire San Jacinto fault zone. Geologic mapping
(Sharp, 1967; 1981) shows that this fault zone has been active during at least the latter half
of the Quaternary. Total strike-slip across the fault zone is estimated to be ~20 km in its
middle reaches (60 km NW of the Ocotillo Badlands; Sharp, 1967). Along the southern
fault segments, the Coyote Creek fault has 2.5 km total right-lateral strike-slip (at Coyote
Ridge, 25 km NW of the Ocotillo Badlands), and the Clark fault has ~24 km cumulative
right slip (Sharp, 1967). To determine long-term slip rates, Sharp (1981) studied two sites
along the San Jacinto fault zone. Along the Clark fault northeast of Anza, he estimated an
akve;'age slip rate of 8-12 mm/yr since the late Pleistocene (based on a total slip of 5.7-8.6

m).

Of relevance to this study are estimates for slip rate along the Coyote Creek strand of
the fault zone. Southeast of the Ocotillo Badlands, Sharp's (1981) trenching study
revealed a slip rate of 2.8-5.0 mm/yr from 275-510 yrs B.P. to the present. He estimated a
more modest rate of 1-2 mm/yr for the period 400 to 6000 yrs B.P. (approximate potential
error in dating is £20%). In terms of present-day slip rates, it is interesting to note that
summation of seismic moments over the time period 1890-1973 yields an average seismic
slip rate of ~8 mm/yr for the entire fault zone (Thatcher et al.,1975). Allowing for
differences in total slip, it therefore appears that slip rates along the San Jacinto fault zone
have not always been constant.

STRUCTURAL GEOLOGY

Surface geology in the Borrego Basin is dominated by Pliocene or younger
processes. The dominant structure in the Borrego Basin has been produced by right-lateral
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FIGURE 1. A: Strike-slip fault irregularities. The strike-slip fault step-overs called
dilational and antidilational fault jogs are analagous to throughgoing faults with
releasing and restraining bends. After Sibson, 1986. B: A schematic drawing of
how such irregularities along fault strike may produce local regions of contraction
(uplift) or extension (basin formation); from Kingma, 1958.
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FIGURE 2. Schematic diagrams illustrating various aspects of strike-slip fault
jogs. Ilustrations depicting areas of enhanced stress are based on quasi-static
elastic analysis (after Segall and Pollard, 1980). Shaded areas represent regions
where the stress magnitude exceeds the far-field value; darker shading
corresponds to greater stress increase above background values.
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faulting on the Coyote Creek and Clark faults. Consequently, much of the regional
structural grain follows the NW San Andreas orientation. However, a number of NE-
trending strike-slip faults are also present. There is some evidence for left-lateral slip on
these structures, perhaps indicative of a complicated tectonic history involving block
rotation (Seeber and Nicholson, 1986). Local regions of relative uplift or subsidence are
also prevalent. These features, such as at the Ocotillo Badlands, provide windows into the
Borrego Basin structure and stratigraphy.

The Ocotillo Badlands were mapped on a scale of 1:4500 in an attempt to understand
the history of the Coyote Creek fault and the Ocotillo Badlands antidilational jog, as well as
to shed light on more general questions concerning the nature of fault jogs (a simplified
version of this map is shown in figure 4). In its record of the larger structures, the map
does not differ significantly from that previously published by Sharp and Clark (1972).
The map presented here does, however, utilize a number of marker beds or bed packets
recognized in the stratigraphy. The study also seeks to define the deformation mechanisms
associated with folding and faulting in the jog. These added considerations allow more
confident construction of a balanced cross section through the jog structure, and a more
thorough understanding of the strain history recorded by the deformed sediments.

Style of Deformation

Shortening deformation within the Ocotillo Badlands is accommodated largely by
folding of the strata. Also present, however, are faults, local zones of cataclasis or
shearing, joints, and minor fractures of inconsistent orientation. In the core of the badlands
faulting is sparse and is mostly restricted to: (1) N-S normal faults with less than a few
meters of normal separation; and, (2) E-W hinge plane thrust faults which are sometimes
found in the cores of tight to isoclinal folds. These hinge plane thrusts typically have less
than a meter of separation. They are particularly important as they indicate the possibility
of more pronounced thrust faulting at greater depth within the fault jog.

The tightness of the folds within the Ocotillo Badlands ranges from gentle to isoclinal,
with hinge lines mostly subhorizontal to gently plunging, and hinge planes mostly upright
to steeply inclined. Overall, the structure may be likened to an open, doubly
subhorizontally plunging, upright anticlinal dome.

On a scale of a hundred meters or more, the strike of individual fold hinge planes is
approximately east-west. In two significant instances, however, the hinge planes depart
from this generalization. First, within approximately a hundred meters of the Coyote Creek
fault strands, the hinge planes curve toward the trend of the faults, probably as a result of
local fault drag (figure 4). Second, over along-strike distances less than a hundred meters,
hinge planes may be sinuous. Because no field evidence for multiphase folding is seen
within the Ocotillo Badlands, and because total strain appears to be somewhat
heterogeneous, it seems probable that the folds initiated obliquely and amplified under
conditions of progressive non-coaxial strain (Treagus and Treagus, 1981).

Fold Deformation Mechanisms

Regardless of how the folds initiated, their subsequent growth must be accommodated
by mechanisms such as intra-bed strain (by shearing, for example), or bedding plane slip.
At the Ocotillo Badlands, flexural slip along bedding planes does not appear as a
predominant fold mechanism. Locally, small amounts of gypsum or occasionally calcite
may be seen growing along bedding planes. Typically, such mineral growths are found
close to the hinge regions of folds, where small inter-bed separations and void spaces
occur. Rarely are the separations more than a few millimeters. The mineralization is not
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pervasive along bedding planes and does not clearly show the fibrous growth characteristic
of bedding plane slip.

Macroscopic analysis of folded beds shows that internal strain within the beds is the
principal way in which fold deformation is accommodated. This deformation is found in
the form of small intra-bed shear zones which persist laterally for several centimeters to a
meter or more, and in which cataclasis is the dominant grain deformation mechanism. In
some sandstone beds, these shear zones are only a few millimeters wide, and are
recognized by grain crushing and locally reduced bed porosity. This particular feature of
the intra-bed shearing implies that volume loss accompanies deformation.

Shortening

To determine the amount and style of shortening accommodated by folding within the
Ocotillo Badlands, a balanced cross section was constructed along a line crossing the
overall structure (schematically represented in figure 4). The solution is not unique. The
construction attempts, however, to make the most reasonable use both of deformation
features observed at the surface, and of the aftershock distribution from the 1968 Borrego
Mountain earthquake.

As an initial approximation, the internal strain within the beds is ignored, and the
simple change in line-length resulting from the folding is used to estimate shortening.
Individual areas of tight to isoclinal folds are shortened approximately 30%, perpendicular
to the strike of the hinge planes, and the entire structure within the jog area is shortened
18% (figure 4). These estimates of shortening correspond to 600-800 m of fault slip
transferred through the jog, assuming rigid body translation outside the area of the fault
jog. These estimates must, however, be regarded as minimum values because of the
possibilities of layer-parallel shortening prior to folding and of volume loss accompanying
deformation. The construction makes some highly speculative assumptions about
subsurface geometry. Thrusting at depth is suggested because: (1) hinge plane thrusting
occurs at the surface; and, (2) some thrust-style focal mechanisms exist for 1968
aftershocks in the vicinity of the Ocotillo Badlands, at depths of 3 to 6 kilometers
(Hamilton, 1972). The geometry shown is perhaps representative of what happens near
the boundary between the overlying sediment and the crystalline basement. This boundary
may lie at greater depths (~4 km depth) than depicted in the cross section.

These geometric speculations are hampered by the possibility of significant volume
reduction within the jog. Reduction of volume within the Ocotillo Badlands appears to be
primarily deformation-related, although there is the possibility of some pre-tectonic
compaction. Tectonic volume loss might involve local crushing and compaction of sand
grains leading to reduction of porosity, recrystallization and dehydration of clay-rich
materials (Ramsay and Wood, 1973), or by water-assisted diffusive mass transfer. Note
that while pressure solution processes would be enhanced by the fine grained material in
fault zones and might occur at nearly all depths within the seismogenic regime (Rutter,
1983), only very shallow deformation is observed at the Ocotillo Badlands. The nature of
deep deformation within the jog thus remains inherently speculative. However, indirect
evidence for volume reduction at depth within the jog comes from comparison of the
structurally obtained shortening with that inferred from volumetric analysis (below).

VOLUMETRIC ANALYSIS
From analysis of present and inferred pre-erosional topography, the volume of

updomed sedimentary rock at the Ocotillo Badlands is ~0.7 km3. This volume may be
directly correlated with shortening across the jog provided: (1) the localized folding and
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uplift results from slip on the Coyote Creek fault; and, (2) deformation occurs with little or
no volume change. Thus, if the cross-sectional geometry of the jog is known, one may
calculate the expected amount of uplift for a given amount of slip transfer, assuming rigid
block motion away from the jog. If shear strain is also accommodated by rotation of
material near the fault (e.g., Salyards et al., 1987), then the total fault-parallel shortening
observed in the jog region will tend to overestimate slip on the fault planes. It is implicit in
the analysis that the material under compression in the jog is mobile, and moves vertically
upwards rather than squeezing laterally into the country rock.

For the purpose of this analysis, the cross-section of the fault jog is modeled as a
rectangle or a triangle (figure 5). In order to estimate shortening from the volume of
updomed sediment, three possible subsurface configurations are considered: (1) the jog-
bounding faults persist as discrete, vertical slip planes to the base of the seismogenic zone
(assumed from local and regional seismicity to be 12 km (Hamilton, 1972; Sanders and
Kanamori, 1984), thus creating a rectangular cross section; (2) the jog-bounding faults
join at the base of the seismogenic layer, forming a triangular cross section; and, (3) the
jog-bounding faults join at 5 km depth, below which the Coyote Creek fault exists as a
single strike-slip plane oriented like other continuous and linear segments of the Coyote
Creek fault (such a geometry was first proposed by Sharp and Clark (1972)). In all these
models, the surface distance between the two fault strands bounding the antidilational jog is
2 km, which corresponds to the overlap observed in the 1968 rupture trace. The surface
geology indicates that this amount of overlap has been constant for much of the jog's active
history. Note that a restraining bend in a fault is, in terms of potential uplift, equivalent to a
discontinuous overlap between parallel and straight segments (figure 1).

For the three jog models described above, fault-parallel shortening of 29, 58, and 140
meters respectively is needed to produce the 0.7 km3 of updomed strata (figure 5). The
rate of uplift within the jog may also be calculated using the long-term average strike-slip
rate of 3 to 5 mm/yr estimated for the Coyote Creek fault by Sharp (1981). Using model 1
of figure 5, the change in updomed volume per year is

AV=wvz .. (1)
where w is the width of the jog (~2 km), v is thc average strike-slip rate, and z is the depth
of the seismogenic zone. The rate of uplift, dh/q;, averaged over the map area of the fault
jog (wL) is therefore

dhyge=CV2),, L. )
where L is the length of the jog (4 km) (c.f. Woodcock and Fischer, 1986). For the values
v = 3-5mm/yr, z = 12 km, and L = 4 km, the average rate of uplift at the Ocotillo .
Badlands is 9-15mm/yr.

Shortening predicted by the volumetric analysis is up to 95% less than that derived
from the structural analysis. The volumetrically-derived shortening could be increased to
agree with the structurally-derived result of 800 m if the jog-bounding faults merge at only

0.5 km depth, but this would imply that the faults dip inwards at 30°¢ Moreover, the
distribution of aftershocks following the 1968 Borrego Mountain earthquake suggests that
the fault jog at the Ocotillo Badlands is a structure which persists to at least several
kilometers depth.

The discrepancy between the structurally- and the volumetrically-derived estimates of
shortening could be explained by changes in the position of the principal slip surfaces
through time, or as a remote possibility, by removal of material from the within the jog
through diffusive mass transfer. Compaction within the jog region is likely to be relatively
insignificant.
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FIGURE 5. Three models for the cross-section geometry of the Ocotillo Badlands fault
jog; note that the scale for shortening values (s) is exaggerated.
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HISTORICAL SEISMICITY

To some extent, the geometry of the Coyote Creek fault below ground surface may be
inferred from the pattern of 1968 aftershock foci. For example, when projected onto a
vertical plane perpendicular to the surface rupture, aftershocks located 7 km northwest of
the Ocotillo Badlands (section B-B', figure 7) cluster reasonably well along a plane dipping
steeply to the northeast. Note that the surface rupture here is fairly straight and continuous
(figure 6).

& By comparison, at the Ocotillo Badlands, the distribution of aftershocks is more
dispersed (section A-A', figure 7). At the surface, where rupture traces indicate two
discrete fault planes bounding the jog, the aftershock distribution in cross-section is
scattered. Significantly, this diffuse pattern continues to at least 8 km depth, and could be
caused by two jog-bounding faults which persist as discrete slip surfaces through most of
the seismogenic zone. If so, the data indicate that the faults have a northeasterly dip (c.f.

Allen and Nordquist (1972) who estimated an 83° NE dip for the mainshock rupture
plane). Note further that some of the focal mechanisms for aftershocks within the Ocotillo
Badlands region involve thrust faulting on east to northeast striking planes. Some of these
thrust solutions occur as deep as 6 km, indicating that the discontinuity may persist to at
least this depth.

The idea that the jog-bounding faults at the Ocotillo Badlands extend to depths 28 km
is also supported by the distribution of aftershock epicenters in the area immediately
adjacent to the jog. Just to the northeast, a large cluster of aftershocks extending to 8 km
depth occurred just to the side of the fault trace (figure 6), in a region where mean stress
would likely have been reduced as a result of slip transfer across the jog (Segall and
Pollard, 1980). A similar diffuse pattern of aftershocks occurred some 10 km to the
southeast of the Ocotillo Badlands at an apparent dilational jog in the rupture trace (figures
6 and 7). Here, however, microseismicity was largely confined to the stepover region
between the echelon fault segments.

Two kilometers southeast of the Ocotillo Badlands near Bailey's Well (figure 6) an
alinement array on the Coyote Creek fault recorded dextral aseismic creep of 5.2 mm/yr
between June, 1971 and March, 1984 (Louie et al., 1985). This is the fastest recorded
aseismic slip in southern California. Louie et al. (1985) argue that this creep is not well
explained as afterslip from the 1968 Borrego Mountain earthquake. Thus, some of the
folding within the Ocotillo Badlands may occur as an accompaniment to aseismic creep on
the fault. However, the presence of sandstone injection veins cross-cutting strata within the
jog suggests that some, if not most, of the fold amplification occurred in association with
seismic slip increments on the bounding faults.

INITIATION AND DURATION OF SLIP TRANSFER

Regardless of the explanation used to equate the structurally- and volumetrically-
derived shortening results, both show that contraction within the fault jog is much less than
the total slip of 2.5 km estimated for the Coyote Creek strand of the San Jacinto fault zone
(Sharp, 1967). It is possible that the distribution of slip along the Coyote Creek fault
tapers from its northwestern reaches (where 2.5 km of strike-slip was observed) toward the
southeast. On the other hand, it is also possible that the antidilational jog at the Ocotillo
Badlands has not always been an active feature along the fault and that, from time to time,
slip has been transferred alongside the jog rather than through it.

The onset of deformation at the Ocotillo Badlands may be marked by a 20° angular
unconformity which appears within the upper portion of the Ocotillo Formation. From
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FIGURE 7. Cross sections of the 1968 Borrego Mountain aftershock sequence for the
three sections shown in figure 6. After Hamilton, 1972.
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magnetostratigraphy, a provisional date of 0.73 Ma has been obtained for the boundary
between the upper, conglomeratic Ocotillo Formation and the stratigraphically lower
Borrego Formation. Given fault parallel shortening of 800 m, and a long term slip rate on
the Coyote Creek fault of 1 to 10 mm/yr, it would take between 80,000 and 800,000 years
to produce the deformation observed at the Ocotillo Badlands assuming rigid body
translation outside the jog region. Thus if deformation indeed began about 700,000 years
ago, the fault jog at the Ocotillo Badlands has probably been active only on an intermittent
basis. One of the two jog-bounding faults may have an along-strike extension which is
occasionally active in accommodating the ongoing displacement and shunts the
antidilational jog along strike (c.f. Woodcock and Fischer, 1980). The transitory nature of
slip transfer across the antidilational fault jog at the Ocotillo Badlands reveals the danger of
viewing such irregularities on strike-slip faults as constant features affecting rupture

propagation.
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SEGMENTATION OF BASIN-AND-RANGE NORMAL FAULTS:
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ABSTRACT

The range-front normal faults of the Lost River and Lemhi Ranges, and the
Beaverhead and Tendoy Mountains in east-central Idaho and southwestern Montana
have well preserved fault scarps on Quaternary deposits along much of their
lengths. Fault-scarp morphology, the age of deposits displaced by the faults,
and the geomorphology of the range fronts provide a basis for dividing the
faults into segments. The Lost River, Lemhi, and Beaverhead fault zones are
141-151 km long, and each contains six segments. The Red Rock fault, the
range-front fault of the Tendoy Mountains, is divided into two segments that
span 27 km of the central part of the 60-km-long fault. Individual segments
that we describe here are typically 20-25 km long.

We identify four kinds of features that serve as guides to identifying
segment boundaries: (1) major en echelon offsets or pronounced gaps in the
continuity of the fault scarps, (2) distinct, persistent, along-strike changes
in fault-scarp morphology that indicate different ages of faulting, (3) major
salients in the range front, and (4) transverse bedrock ridges where the
cumulative throw is low compared to other places along the fault zone. Only
features whose size is measured on the scale of kilometers are regarded as
significant enough to define segment boundaries.

The ability to accurately subdivide faults into segments can contribute
to better seismic-hazard assessments. However, these assessments should not
assume that the barriers which segment faults are completely effective at
stopping every rupture. The topographic expression of mountain ranges
indicates that, at times during their history, all barriers must fail. Some
barriers apparently create "leaky" segment boundaries that impede propagating
ruptures but do not completely prevent faulting on adjacent segments.

INTRODUCTION

Accurate seismic-hazard assessments rely heavily on a basic understanding
of the coseismic behavior of potentially seismogenic faults. For example, the
ability to estimate the length of surface faulting, the amount of
displacement, and the thickness of the seismogenic layer permits magnitude
estimates for possible future earthquakes and helps define the nature of the
hazards associated with those events. The concept of fault segmentation has
important implications to hazard assessments because, if we can identify and
define the segments of a hazardous fault, we can constrain the location,
length, and area of the fault that will likely rupture during a single
earthquake.

The idea of fault segmentation is based on observations that only part of
long fault zones rupture during large earthquakes (Schwartz and Coppersmith,
1984, 1986). Recent studies of historical earthquakes and paleoseismic
investigations of major fault zones suggest that specific geologic features
form barriers on fault planes that physically divide faults into segments
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(Bruhn and others, 1987; Crone and others, 1987; Fonseca, 1988; King and
Yielding, 1984; Machette and others, 1987; Wheeler and Krystinik, 1987).
Barriers can slow or stop propagating coseismic ruptures, and, in some cases,
the barriers apparently persist through several earthquake cycles (Wheeler,
1987).

The 1983 Borah Peak earthquake is a well-documented example of how
barriers can affect a propagating rupture on a segmented normal fault.
Geologic, seismologic, and geodetic data show that both ends of the 1983
rupture are delimited by barriers on the Lost River fault, and that
apparently, those barriers have also affected earlier ruptures (Crone and
others, 1987). The behavior of the Lost River fault during the 1983
earthquake may typify the coseismic behavior of many normal faults in the
Basin and Range province. Thus studies of the segmentation of the Lost River
and similar nearby faults may have widespread applications throughout the
province.

The range-front faults of the Lost River Range and adjacent mountain
fronts in east-central Idaho and southwestern Montana provide an unusually
good opportunity to study segmented normal faults because scarps along these
faults are well preserved and generally, are modified minimally by cultural
activity. Furthermore, the Borah Peak earthquake is a thoroughly documented
example of the coseismic failure of a range-front normal fault.

This report summarizes the geologic evidence and characteristics used to
define segments on the range-front faults of the Lost River and Lemhi Ranges,
and the Beaverhead and Tendoy Mountains in Idaho and Montana (fig. 1). We
also describe some general characteristics of segment boundaries based on
regional studies (Haller, 1988a, 1988b) and on detailed studies of the Lost
River fault (Crone and others, 1987; Schwartz and Crone, 1988). Our efforts
to examine the segmentation of faults in a broad region have two important
advantages to studies of a single fault. First, the regional approach
provides a more complete inventory of the kinds of features that may form
segment boundaries. Secondly, it provides insight into the regional
distribution of spatial and temporal patterns of surface faulting in an
extensional tectonic setting. The general similarities between the faults in
our study area with other Basin and Range normal faults suggests that the
segment-boundary characteristics we describe here might be applied throughout
the province.

Segmented Behavior of the Lost River Fault
During the Borah Peak Earthquake

On October 28, 1983, the M, 7.3 Borah Peak earthquake ruptured part of
the 141-km-long Lost River fault. The total length of surface faulting along
the Lost River fault was about 36 km (fig. 2) but geologic, seismologic, and
geodetic data show that the primary rupture was confined to the 22-km-long
Thousand Springs segment (Crone and others, 1987). The main shock nucleated
near the base of the seismogenic layer close to or within the geometric
barrier that separates the Thousand Springs segment from the Mackay segment to
the southeast. The Thousand Springs-Mackay segment boundary coincides with a
major salient in the range front; at this salient the range front changes
strike by 55° within a distance of a few kilometers. The rupture propagated
upward and unilaterally to the northwest on a planar fault dipping about 45°
to the southwest and continued along the entire length of the Thousand Springs
segment (Crone and others, 1987). The main zone of surface faulting was
confined to the Thousand Springs segment (fig. 2). On this segment, the
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FIGURE 1.--Generalized map of major range-front normal faults in east-central
Idaho and southwestern Montana. Cross-hatched areas are mountainous
regions. Segmentation of individual faults is shown in figures 3 and 4.
Star is epicenter of 1983 Borah Peak earthquake.

tectonic throw reached a maximum of 2.5-2.7 m, individual scarps are nearly 5
m high, and the zone of ground breakage is as wide as 140 m. En echelon
scarps with synthetic and antithetic displacements are common.

At the northwestern end of the Thousand Springs segment, the rupture
encountered a barrier at the junction of the Willow Creek hills and the Lost
River Range (fig. 2). This barrier either completely stopped the primary
rupture or deflected it away from the Lost River fault and onto a network of
smaller faults within the barrier. At the southern end of this barrier, the
1983 scarps divide into two splays, a minor splay that continues along the
Lost River fault for about 1-2 km before it ends, and a western splay composed
of discontinuous ruptures that extends across the crest and down the north
flank of the Willow Creek hills. Along the Lost River fault at the barrier,
there is a 4.7-km-long gap in 1983 surface faulting. Northwest of this gap,
small scarps and cracks formed along the Warm Spring segment in 1983.
Geologic (Crone and others, 1987), seismologic (Boatwright, 1985; J. Nabelek,
1988, written commun.), and geodetic (Stein and Barrientos, 1985) data all
indicate that the Willow Creek hills barrier effectively stopped the primary
rupture on the range-front fault, however, severe shaking and the directivity
of the rupture triggered some secondary slip on the Warm Spring segment
northwest of the barrier.
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ABSTRACT

Seventeen historical Basin and Range earthquakes associated
with surface faulting provide a data base for evaluating the
relation between surface rupture and fault zone structure in an
extensional tectonic setting. Several of these events had widely
distributed surface rupture patterns, ruptured in complex manners,

or extended beyond mapped lengths of faults. Eleven of the
seventeen events were divided into geometric or structural
segments. Moderate magnitude (M<7) events ruptured individual

geometric or structural segments (three events) and were associated
with sympathetic or secondary surface faulting (at least three
events). All of the earthquakes with magnitude >7 (eight events)
ruptured multiple geometric or structural segments. Approximately
half of the surface rupture end-points coincided with identifiable
fault zone discontinuities. The results of this study suggest that
inferred geometric or structural segments do not always represent
earthquake segments in the Basin and Range province. Further, some
earthquake discontinuities may be difficult to identify and
significant faulting may occur beyond postulated discontinuities.
Multiple geometric or structural segments should be considered and
several lines of physical and paleoseismic evidence are needed to
delineate earthquake segments in the Basin and Range province.
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INTRODUCTION

The division of faults into earthquake segments is becoming
a widely used technique for determining potential earthquake sizes
for seismic hazard analyses. One reason is that segmentation
techniques attempt to incorporate more physical and paleoseismic
information than more arbitrary techniques (e.g. assumed half
lengths).

Application of the concept of fault segmentation has been
proposed for a number of faults, including the San Andreas fault
system and the Wasatch fault system (Allen, 1968; Schwartz and
Coppersmith, 1984; Schwartz, 1988). At the present time there are
not enough well-documented examples of fault segmentation to assess
the extent of the applicability of segmentation models for
different types of faults and in different tectonic settings. This
study provides observations of seventeen historical earthquakes
associated with surface faulting within the Basin and Range
extensional province. Normal, normal-oblique, and strike-slip
senses of displacement are represented. We summarize the events
and discuss segmentation of the larger surface ruptures. The
amount of available data and first-hand experience with each of the
events varies to some degree. In each case a comprehensive
literature review has been conducted and most of the surface
ruptures have been visited in the field by at least one of the
authors. Unfortunately, there is only a limited amount of
paleoseismic data available for incorporation into this study.

FAULT SEGMENTATION

Fault segments have been identified at a wide range of scales
and with different criteria. This has led to many different
definitions of the term "segment", making it particularly important
to define or understand a specific author’s usage of the term.
This study examines historical "earthquake segments" or parts of
a fault or faults that rupture as a unit during an earthquake.
Earthquake segments have been referred to as "earthquake rupture
segments" and ‘"rupture segments" by other authors. Large
earthquake segments may comprise one or more fault segments as
defined in other ways, such as by fault geometry or structure
(geometric or structural segments, respectively).

Earthquake segmentation involves the identification and
substantiation of "earthquake discontinuities" along faults which
may potentially act as barriers to earthquake ruptures. Several
compilations of the characteristics of fault zone discontinuities
have been presented (Schwartz and Coppersmith, 1984, 1986; Slemmons
and dePolo, 1986; Knuepfer, 1987; Wheeler and Krystinik, 1988;

Barka and Kadinsky-Cade, 1988). Indicators of fault zone
discontinuities fall into several categories: geometric,
structural, behavioral, paleoseismic, geomorphic, geological,
geophysical, and rheological heterogeneities. Several lines of

evidence are needed to confidently identify an earthquake
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discontinuity and evaluate its persistence or non-persistence
through time.

Geometric discontinuities include changes in fault orientation
(bends), step-overs, and separations or gaps in a fault zone.
Wheeler (1987) points out that geometric discontinuities in map
view may not have a significant effect on earthquake ruptures with
a normal sense of displacement. An abrupt bend in a normal fault
in map view, for example, can accommodate a vertical slip vector,
and would not necessarily inhibit a propagating rupture. Thus, the
sense of displacement needs to be understood to evaluate geometric
data.

Structural discontinuities include branches and intersections
with other faults and folds or terminations at cross structures.
Since the ends of a fault 2zone can be considered structural
discontinuities, distinct or individual faults can be considered
structural segments.

Behavioral discontinuities include changes in complexity or
pattern of surface faults, slip-rates, interseismic intervals,
senses of displacement, or creeping versus locked behavior.

Paleoseismic data help to constrain the rupture histories of
earthquake segments and discontinuities. In this paper,
paleoseismicity refers specifically to prehistoric earthquakes.
Determining the history and extent of paleoearthquake segments
along a fault zone can provide direct spatial and/or temporal
evidence of previous segmentation behavior.

Geomorphic data can fall into geometric, behavioral and
paleoseismic categories, but because geomorphology is a common tool
used in the study of faults, it warrants its own category.
Geomorphic indicators occur at many scales (e.g. large salients in
range fronts and smaller scale features such as differences in the
morphology of fault scarps related to differences in the timing of
discrete events).

Geological indicators of discontinuities include Quaternary
basins and young volcanic fields. These features are commonly
associated with local tectonic extension along a fault zone, which
can influence rupture behavior. Abrupt changes in geologic units,
particularly where these units have crustal scale dimensions, can
also be potential fault zone discontinuities.

Geophysical data can help image subsurface characteristics and
geologic structures that can act as discontinuities to faulting.
The occurrence of seismicity has also been used as an indicator of
discontinuities.

Rheological heterogeneities, which can be important in the
physics of discontinuities, include large variations in fault
width, crustal type (continental vs. oceanic), thermal gradient,
and geologic materials.
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Figure 1.

Location map of Basin and Range province surface
faulting earthquakes discussed in text. 1, 1869
Olinghouse; 2, 1872 Owens Valley:; 3, 1887 Sonora,
Mexico; 4, 1903 Wonder; 5, 1915 Pleasant Valley; 6, 1932
Cedar Mountain; 7, 1934 Excelsior Mountain; 8, 1934
Hansel Valley:; 9, 1950 Fort Sage Mountain; 10 and 11,
1954 Rainbow Mountain; 12, 1954 Fairview Peak; 13, 1954
Dixie Valley; 14, 1959 Hebgen Lake; 15, 1980 Mammoth
Lakes; 16, 1983 Borah Peak; 17, 1986 Chalfant Valley.
Base map modified from Stewart (1978, Fig 1-2) and
Renyolds (1977).
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BASIN AND RANGE PROVINCE

The Basin and Range province of the western United States and
northern Mexico is a Cenozoic extensional province that is actively
deforming (fig. 1). The province encompasses the extensional areas
between the Rocky Mountains on the east and the Sierra Nevada on
the west, and from the Lewis and Clark Line in Montana (Reynolds,
1979) south into northern Mexico (fig. 1). Spatial and temporal
variations in the rates of activity have occurred within the
province throughout the Cenozoic. Today, higher rates of tectonic
activity occur in the northern Basin and Range province and along
the province’s east and west margins than in the southern half of
the province.

Most of the active extensional region is marked by high heat
flow, thin crust, sparsely distributed, bimodal volcanic activity,
and generally shallow earthquakes with focal depths of 10 to 15 km
or less. Geomorphic, geophysical, and topographic information
indicates widespread domains of tilted fault blocks and horst and
graben development. Historical seismic activity in the Basin and

TABLE 1. HISTORICAL SURFACE FAULTING EVENTS IN THE BASIN AND
RANGE PROVINCE

No. Date Magnitude Earthquake, Main Style of
or Fault Surface Faulting

1 12-27-1869 6.7 Olinghouse, NV Strike-slip,
normal-oblique?
2 03-26-1872 M, = 7.8- Owens Valley, CA Strike-slip
8.0
3 05-03-1887 M, = 7.2- Sonora, Mexico Normal
7.4
4 1903? 5.5- Wonder, NV Normal, normal
6.5? -oblique?
5 10-03-1915 M, = 7.6 Pleasant Valley, NV Normal
6 12-21-1932 M, = 7.2 Cedar Mtn., NV Strike-slip
7 01-30-1934 6.3 Excelsior Mtn, NV Normal-oblique?
8 03-14-1934 6.6 Hansel Valley, UT Normal-oblique?
9 12-14-1950 M, = 5.6 Ft. Sage Mtn., CA Normal
10 07-06-1954 M, = 6.3 Rainbow Mtn., NV Normal
11 08-24-1954 M, =7 Rainbow Mtn., NV Normal
12 12-16-1954 M, = 7.2 Fairview Peak, NV Normal-oblique
13 12-16-1954 M, = 6.8 Dixie Valley, NV Normal
14 08-17-1959 M, = 7.5 Hebgen Lake, MT Normal
15 05-25-1980- M = 6.0- Mammoth Lakes, CA Strike-slip &
05-27-1980 6.3 Normal-oblique
16 10-29-1983 M, = 7.3 Borah Peak, ID Normal-oblique
17 07-21-1986 M, = 6.2 Chalfant valley, CA Strike-slip
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Range province is concentrated in three major belts: 1) along the
western margin of the province, 2) within the western part of the
province, along the Central Nevada-Eastern California seismic belt,
and 3) along the eastern margin of the province, along the
Intermountain seismic belt.

HISTORICAL SURFACE FAULTING EVENTS

Seventeen events are reviewed in this paper that have been
associated with surface rupture in the Basin and Range province
(table 1, and fig. 1).

Historical surface ruptures are not uniformly distributed
throughout the Basin and Range province, but rather, occur in
discrete spatial/temporal groupings (Wallace, 1987). Eleven of the
seventeen events (Events 2,4-7,10-13,15 and 17) occurred within the
northeast-trending Central Nevada-Eastern California seismic belt
(Wallace, 1984b). Events 8, 14 and 16 occurred in the
Intermountain seismic belt.

1869 Olinghouse, Nevada Earthquake

The December 27, 1869 Olinghouse earthgquake is believed to
have ruptured a portion of the arcuate east to northeast-trending
Olinghouse fault zone in west-central Nevada (fig. 1) .
Displacement was primarily left-lateral (D= 3.7 m), with
additional dip-slip (up to 0.9 m) offsets locally (Sanders and
Slemmons, 1979). Toppozada and others (1981) dquestion the location
of the 1869 event and instead prefer an epicenter located farther
south, based on an isoseismal map of the event. The seismic
parameters of this pre-instrumental event are poorly known; the
isoseismal pattern and maximum intensities, however, suggest an
estimated 6.7 magnitude (Slemmons, 1977).

Length of the 1869 surface rupture is not well constrained but
may have ruptured a maximum of 23 km from the southwestern edge of
the Pyramid Lake fault zone and late Cenozoic basin to where the
Olinghouse fault dies out or splays about 3 km northwest of Clark
Station. Bell (1984) indicates 5 to 12 km of historical surface
rupture. The uncertainties of the event location and rupture
extent make it difficult to evaluate the relation between surface
rupture and fault zone structure.

1872 Owens Valley, California Earthquake

The March 26, 1872 Owens Valley earthquake is the largest
historical event in the Basin and Range province, both in apparent
size and rupture parameter measurements. It had an estimated
magnitude of M=7 3/4 to 8, and was felt strongly over an area of
324,000 km“ (Beanland and others, in review; Coffman and von Hake,
1973).
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The 1872 earthquake caused 100 to 110 km of surface faulting
along the Owens Valley fault zone (OVFZ) in the westernmost Basin
and Range province (fig. 1). Surface displacements were dominantly
right-lateral strike-slip, with a maximum lateral offset of 7 m,
an average lateral offset of 6 m, a maximum vertical offset of 4.4
m, and an average vertical offset of 1 m (Beanland and others, in
rev.). The surface rupture consisted of a relatively straight
central section located in the middle of a large graben (Owens
Valley) and more distributed, non-linear northern and southern
sections (fig. 2).

Both the north and south ends were at or near extensional
basins. The north end of the rupture zone appears to step and
distribute slip into northern Owens Valley, forming small
depressions within the valley such as Klondike and Warren Lakes.
The OVFZ at this location has complex intersections or stepping
relationships with other fault zones.

The exact position of the southern end of the 1872 surface
rupture is less certain. Faults that ruptured in 1872 clearly
offset the shorelines at the northern end of Owens Lake, whereas
at the southern end there was extensive liquefaction and the
tectonic component is less clear. The southern end of the rupture
can be estimated with an uncertainty of <10 km, however, and
probably terminated near Olancha, where the basin ends at the south
against a northeast-trending fault zone and the Coso Range.

The OVFZ can be divided from south to north into four
geometric segments (fig. 2): the Owens Lake segment, the Lone Pine
segment, the Independence segment, and the Poverty Hills - Klondike
Lake segment. The Owens Lake segment extends about 25 km from
Olancha to the northern edge of Owens Lake and has a slightly more
northerly trend than the rest of the OVFZ. Both segment ends may
be at cross-fault intersections. The OVFZ is difficult to
delineate along this segment due to the presence of young lake bed
sediments and liquefaction features. The Lone Pine segment is up
to 2.5 km wide and includes a number of faults between the northern
edge of Owens Lake, northward for about 27 km to a 1.5 km right-
step (approximate cross-strike distance) between the Lone Pine and
Independence segments, which ruptured through in 1872.

The Independence segment (35 km 1length) is a remarkably
linear, narrow fault zone (up to 0.5 km wide), with sag ponds and
small left-stepping en echelon patterns. At the northern end of
the Independence segment, the Poverty Hills form a distinct
discontinuity in the OVFZ. A discontinuity is interpreted here
based on several factors: <change in fault geometry and
distribution, fault intersections, a postulated left step in the
fault zone (Martel, 1984), a bedrock high between the Owens Lake
and Bishop basins and associated geophysical anomalies, and
Quaternary volcanism. This discontinuity appears to have deflected
the 1872 rupture's orientation and displacement, but did not
terminate the rupture. The Poverty Hills - Klondike Lake segment
extends 23 km north of the Poverty Hills. This segment trends
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Figures 2 - 11. Selected Basin and Range province historical
surface ruptures. Solid lines denote simplified surface
ruptures.

Figure 2.

Figure 3.

Balls on downthrown side of fault. Bold
lines denote segment boundaries discussed in text.

1872 Owens Valley (from Beanland and others, in prep.),
IS=Independence segment, LPS=Lone Pine segment,

OLS=0Owens Lake segment, PH=Poverty Hills, P-KS=Poverty
Hills-Klondike Lake segment.

1887 Sonora, Mexico (from Bull and Pearthree, 1988).
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slightly more westerly and exhibits a complex pattern with several
secondary faults.

The 1872 event ruptured four geometric segments along the
OVFZ. The OVFZ shows evidence of at least two prior Holocene
events which may have ruptured the same reach as in 1872 (Beanland
and Clark, 1987). Determination of the extent of paleoseismic
events may result in a fairly accurate delineation of the 1872
earthquake segment.

1887 Sonora, Mexico Earthquake

The May 3, 1887 Sonora earthquake, in the southern Basin and
Range province, had a moment magnitude of M=7.2 to 7.4 and an
estimated felt area of nearly two million square kilometers(DuBois
and Sbar, 1981; Herd and McMasters, 1982; DuBois and Smith, 1980).
Surface faulting (fig. 3) occurred along the Pitaycachi fault for
a distance of 75 km (Bull and Pearthree, 1988). The displacement
was dominantly normal, with scarp heights of 0.5 to 4 m (Bull and
Pearthree, 1988).

Surface faulting occurred along a mountain front - alluvium
contact for much of the rupture length (Goodfellow, 1888; Bull and
Pearthree, 1988). Ssurface faulting at the northern end of the
rupture splayed from the range front, bordered a pediment for
several kilometers, and extended 5 km into the San Bernardino
Valley basin; at the southern end, surface faulting appears to have
died out in bedrock, along a range front (Dubois and Smith, 1980;

Bull and Pearthree, 1988). The 1887 earthquake segment consisted
of at. least two and possibly three structural segments (Pearthree,
pers. comm., 1988). The southern segment had less than 1 m of

vertical displacement and was separated from the northern ruptures
by a right step with a cross-strike distance of about 2 km. A
northern segment is considered where the fault enters a pediment
or structural bench.

The total length of the fault that ruptured in 1887 may have
been difficult to identify prior to 1887. Although pre-existing
fault scarps are present in older alluvium, much of the fault was
covered by Holocene and 1late Pleistocene deposits, and the
continuity along this zone may have been difficult to assess (Bull,
pers. comm., 1988). Bull and Pearthree (1988) suggest that about
200,000 years have elapsed since the event prior to 1887.

1903(?) Wonder, Nevada Earthquake

The Wonder earthquake occurred along a fault which was re-
ruptured during the 1954 Fairview Peak - Dixie Valley earthquake
sequence (fig. 1). Information about this event is incomplete and
comes principally from an investigation by Slemmons and others
(1959) and unpublished research by Peizhen Zhang and Slemmons. No
historical earthquake was recorded for this area, so the timing of
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this event is uncertain.

Surface faulting from this event occurred on the Gold King
fault on the eastern side of Dixie Valley, near the mining town of
Wonder. An unpublished map by F. C. Schrader in 1911 indicates 5
or more kilometers of surface rupture (Slemmons and others, 1959).
Personal interviews conducted by Slemmons and others (1959) of a
cattleman and miners indicated that surface fractures probably
extended a significant distance to the south (potentially as much
as 16 km further south). Schrader noted, "the fissure is marked
by an open cleft or crack 3 to 5 feet wide, particularly in
alluvium, which in places was open to depths of about 5 feet."
Slemmons and others (1959) measured 0.15 to 0.6 m vertical offsets
produced by the 1954 event, and speculated that the 1903 (?) surface
ruptures were similar. Recent field work by Peizhen Zhang and
Slemmons suggests that the vertical offsets from 1903(?) were
closer to 10-30 cm. No earthquake size has been estimated for this
event. Because the earthquake was not recorded at the town of
Fallon, it is assumed to have been a moderate event, perhaps of
magnitude 5.5 to 6.5. The paucity of data on this earthquake
rupture makes it difficult to evaluate its potential segmentation.

1915 Pleasant Valley, Nevada Earthquake

The October 2, 1915 Pleasant Valley earthquake, in north-
central Nevada, had a surface-wave magnitude of 7.6 (Bonilla and
others, 1984), and was felt between southern Washington and the
Mexican border and from western Colorado to the Pacific coast.
Four major . fault scarps formed in a right-stepping en echelon
pattern (fig. 4) for a combined, end-to-end rupture distance of 60
km (Wallace, 1984a). From northeast to southwest the major 1915
earthquake scarps are: China Mountain (10 km; D =1.5 m), Tobin
(8.5 km; D, =4.7 m), Pearce (30 km; D,,=5.8 m), and Sou Hills (10.5
km; D, =2.7 m). Cross-strike distances between the en echelon
steps ranged from 3.5 to 6 km. A fifth scarp near the crest of the
Stillwater Range (1.5 km; D,,=1.2? m) has been attributed to
gravitational spreading (Wallace, 1984a). However, its position
as a potential fifth right-step to a zone of faulting with a
similar spacing, orientation and west-side-down character suggests
a tectonic origin. If this scarp was tectonic, then the total
rupture zone length would have been 74 km. ’

The four major ruptures occurred near the base of west-facing
range blocks and mainly followed pre-existing late Quaternary fault
scarps. In detail, ruptures formed branching, discontinuous
scarps, some of which included abrupt changes in strike and gaps
of hundreds of meters. Faulting was predominately dip-slip, with
maximum vertical displacement of 5.8 m on the Pearce scarp and an
average vertical displacement of 2 m (Wallace, 1984a). Up to 2 m
of right-lateral offset occurred locally.

Surface rupture took place on what might be considered four
or five individual faults or structural segments, based on the
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Figure 4. 1915 Pleasant Valley (from Wallace, 1984), CM=China
Mountain scarp, P=Pearce scarp, S=Stillwater scarp,
SH=Sou Hills scarp, T=Tobin scarp.

Figure 5. 1932 Cedar Mountain (from Gianella and Calleghan, 1934),

GV=Gabbs Valley, MCV=Monte Cristo Valley, SV=Stewart
Valley.
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