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Oblique northward view of the Salton Trough in southern California and northwestern Mexico. Names of prominent
indicate segments of faults that moved at the time of the 1968 Borrego Mountain earthquake. The distance
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physiographic elements within and bordering the trough are shown in the adjoining line sketch. Lines within shaded areas
between meridians shown is 93.5 km along the 33d parallel. Apollo 9 photo AS9-23-3558, courtesy of NASA.
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THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

INTRODUCTION

By ROBERT V. SHARP
U. S. GEOLOGICAL SURVEY

Seismicity of the Imperial Valley region, perhaps
the most exceptional of California’s areas of active
tectonism, has been dominated in this century by
earthquakes of intermediate magnitude originating
along two members of the San Andreas system: the
San Jacinto fault zone and the Imperial fault. The
most recent shock in the series of nine or more mag-
nitude 6 and larger earthquakes along these faults
since 1915 occurred at 2:29 G.m.t.,! April 9, 1968,
near Borrego Mountain in northwestern Imperial
Valley. The magnitude 6.4 shock, California’s largest
in the more than 18 years between the Arvin-Teha-
chapi earthquakes of 1952 and the San Fernando
earthquake of 1971, was felt over most of southern
California and adjacent parts of Nevada, Arizona,
and northwestern Mexico. It caused little damage,
mainly because it centered in a sparsely settled des-
ert region. Horizontal (right-lateral) surface dis-
placement accompanied the earthquake along several
strands within the complex San Jacinto fault zone;
the Coyote Creek fault branch nearest the epicenter
moved a maximum of 38 cm. Smaller surficial offsets
occurred along the Superstition Hills fault and the
Imperial fault, also within the San Jacinto zone but
at considerable distance from the epicentral area, as
well as along a segment of the San Andreas fault
about 50 km northeast of the epicenter. (See frontis-
piece.) Although the Borrego Mountain earthquake
cannot be regarded as a great seismic event either
from the standpoint of magnitude or its effects on
the works of man, the recognition of many signifi-
cant geologic and seismologic consequences of this
shock underscores the necessity of intensive docu-
mentation of all major earthquakes.

!Greenwich mean time. Corresponding Pacific standard time was 6:29 p.m.,
April 8, 1968.

Several organizations have cooperated on this de-
tailed summary of investigations on the Borrego
Mountain earthquake. Data on surface rupturing,
including postearthquake creep, were obtained
jointly by personnel from the U.S. Geological Sur-
vey’s National Center for Earthquake Research and
the California Institute of Technology. Seismo-
graphic studies of the main shock were conducted by
the Seismological Laboratory at California Institute
of Technology and by the National Oceanic and At-
mospheric Administration (NOAA), and aftershock
activity was recorded through joint efforts of seis-
mologists of U.S. Geological Survey and California
Institute of Technology. Engineering effects, dis-
turbance of water resources, and the evidence of
previous fault movement were documented by the
U.S. Geological Survey. With the exception of inves-
tigations of continuing postearthquake surface creep
and the history of Holocene displacement, most of
the data reported here are essentially complete. In-
asmuch as some of the conclusions on creep may be
modified by future events, that part of this investi-
gation should be regarded as a summary of progress
as of January 1972. A preliminary report on the
Borrego Mountain earthquake has been published in
the Bulletin of the Seismological Society of America?
and reprinted in Mineral Information Service of the
California Division of Mines and Geology.?

The papers assembled here report several impor-
tant observations and conclusions, some of them
unique, that help to clarify mechanisms of crustal
strain release and its relationship to earthquakes.

2Allen, C. R., Grantz, A., Brune, J. N,, Clark, M. M., Sharp, R. V., Theo-
dore, T. G., Wolfe, E. W., and Wyss, M., 1968, The Borrego Mountain, Cali-
fornia, earthquake of 9 April 1968; A preliminary report: Seismol. Soc.
America Bull,, v. 58, p. 1183-1186.

31968, v. 21, no. 7, p. 103-106.
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Perhaps the most significant feature, heretofore
unrecorded for any other earthquake in California,
involves shaking-induced horizontal displacements
along faults that lie relatively far from the earth-
quake hypocenter and the main body of aftershocks.
Another unusual aspect of this seismic event was
the uneven distribution of postearthquake displace-
ment by creep along the principal Coyote Creek fault
breaks; the fault segment that initially shifted the
most at the time of the earthquake has subsequently
crept very little, whereas on another sector where
the initial displacement was relatively small, move-
ment has continued and apparently has not yet
stopped (1972). The observed aftershock distribu-
tion is likewise complex and widespread and is only
partly associated with the positions of known steeply
dipping surface faults, apparently reflecting com-
plexity of the San Jacinto fault zone and perhaps
other geologic structures at depth. Furthermore, the
complexity of the aftershock distribution contrasts
distinctly with that observed after the 1966 Park-
field-Cholame earthquakes, the only other shocks of
intermediate magnitude associated with predomi-
nantly strike-slip surface movement that have oc-
curred recently in the San Andreas system; the
aftershock pattern for those events was confined
within a narrow band along the zone of surface
breakage. The epicenter of the main Borrego Moun-
tain shock lies near the middle of the distribution
of aftershocks, apparently reflecting bilateral fault-
ing (fracturing propagating in two directions away
from the point of initial rupture) that has not been
observed in other recent California earthquakes.
Another contrast to the 1966 Parkfield-Cholame
earthquakes is the relatively great width of the zone
of rupturing developed along the lines of surficial
displacement along the Coyote Creek fault. The
ground surface, moreover, broke almost exactly at
those positions where prior movements are demon-
strable by geologic and geomorphic evidence; a simi-
lar relationship of prehistorfc repetitive offsets has
been established in a number of studies elsewhere
within the San Andreas system. Although displace-
ment was principally horizontal along the Coyote
Creek fault break, in several locations vertical offset
also was evident but was variable in sense along the
length of the fault; however, in every case the sense
matched that of previous Quaternary movement
shown by geomorphic features. That the history of
vertical movement appeared to be this systematic
has suggested the possibility of estimating the fre-

quency of recurrent displacement through the study
of local vertical offsets of datable flat-lying Quater-
nary beds transected by the Coyote Creek fault. De-
tailed followup studies on the record of Holocene
vertical displacement were accomplished by section-
ing the fault with several trenches; the data on re-
cent fault movements serve as a basis for projections
of future activity. Another study attempted was the
field estimation of accelerations developed in the
epicentral area during the earthquake through ob-
servations of dislodged stones mantling slopes and
ridges. Aside from these considerations of general
significance revealed by the study of the Borrego
Mountain earthquake, the exact positions of active
fault traces in the region of breakage also constitute
new data of appreciable local importance.

Special mention should be made of the paper on
source parameters of the Borrego Mountain earth-
quake, which presents a new technique for estimat-
ing the length of surface rupture and the amount of
displacement based solely on teleseismic data. The
capability of remote determination of these impor-
tant measures now permits comparison of past, as
well as future, tectonic ruptures that could not be
investigated in the field, such as those that lie be-
neath ocean basins.

Although the San Andreas fault system is prob-
ably the most thoroughly studied zone of active
faulting in the world, there have been relatively few
opportunities in recent times to study major earth-
quakes originating along it. The reports on the 1971
San Fernando earthquake (U.S. Geological Survey
Professional Paper 733, 1971), the 1966 Parkfield-
Cholame earthquakes (U.S. Geological Survey Pro-
fessional Paper 579, 1967), and the 1952 Arvin-
Tehachapi earthquakes (California Division of
Mines and Geology, Bulletin 171, 1955) are the only
others pertaining to the San Andreas system that
are comparable in scope and detail. Because of the
scientific interest now focused on the geologic and
seismologic effects of large earthquakes, similar in-
vestigations are being made in tectonically active
areas throughout the world. Probably the greatest
value in the comparison of such studies lies in the
recognition of the similarities and differences in
regional tectonic mechanisms now prevalent in the
mobile part of the earth’s crust and their implica-
tions with regard to earthquake occurrence and
crustal strain release. The papers presented here
mark a significant step toward better understanding
of these mechanisms. '



TECTONIC SETTING OF THE SALTON TROUGH

By ROBERT V. SHARP
U. S. GEOLOGICAL SURVEY

ABSTRACT

The Salton Trough, an extension of the Gulf of California
physiographic province, includes the Coachella and Imperial
Valley areas of southern California and the Colorado River
delta region of northwestern Mexico. Active right-lateral
faults of the San Andreas system have dominated in the for-
mation and subsequent development of the trough-gulf de-
pression. Marine and nonmarine sediments have accumulated
within the trough since it formed in Pliocene or possibly Mio-
cene time. Tectonic activity is continuing at present at a high
rate, as indicated by high levels of seismicity, geodetic measure-
ment of crustal strain, geomorphic evidence of recent fault
movements, and historic movements on faults in association
with earthquakes, the latest having been the shocks in 1968 at
Borrego Mountain and in 1971 at Superstition Hills.

INTRODUCTION

The Gulf of California physiographic province and
its northern onland extension, the Salton Trough,
together define a remarkably linear and narrow de-
pression over 1,400 km long. The Salton Trough
encompasses the low-lying areas of the Colorado
River delta region in Mexico and the Imperial and
Coachella Valley regions situated between the Penin-
sular Ranges of coastal southern California and the
mountains northeast of the Salton Sea. (See frontis-
piece for a regional geomorphic view of the trough.)
The land surface in the north-central section of the
Salton Trough is below sea level, having been cut off
from the Gulf of California by the aggrading deltaic
cone of the Colorado River. In Holocene time this
basinal segment of the Salton Trough has been peri-
odically inundated by bodies of water, the latest
having formed the Salton Sea in 1905. (See Menden-
hall, 1909, for a brief summary of its formation.)

The present geographic limits of the  Salton
Trough correspond approximately to the boundaries
of a late Cenozoic marine and nonmarine deposi-
tional basin that has been downwarped, downfaulted,
and laterally translated between the bordering
ranges along faults of the San Andreas system. (See
fig. 1.) The basin extends southward the length of
Baja California and is filled with as much as 6 km

of sediments in central Imperial Valley (Tarbet,
1951 ; Biehler and others, 1964, fig. 6) ; most of the
sediments may have accumulated in Quaternary
time alone. The basin is underlain and bounded by
Mesozoic and older crystalline rocks. On the west
side of the trough, they consist predominantly of
mid-Cretaceous granitic rocks of the southern Cali-
fornia batholith, as well as prebatholithic metasedi-
mentary and metavolcanic rocks. East of the trough,
diverse types of Precambrian crystalline rocks, as
well as Mesozoic granitic rocks and other rocks of
unknown age, are exposed. In the axial part of the
trough, sedimentation under intermittently marine
and nonmarine conditions may have been essentially
continuous since Pliocene time but perhaps began
even earlier.

TECTONIC CONTROL OF THE
CONFIGURATION OF THE TROUGH

Active fault zones of the San Andreas system
parallel the northeast margin of the Salton Trough
and obliquely transect its southwest flank. Intermit-
tent right-lateral movement on some members of
the system has continued to change the shape of the
basin, and vertical components of offset on many of
these faults have outlined the dominant physio-
graphic elements within the trough or bordering
on it. .

Despite its overall northwest-trending linearity,
the Salton Trough is not simply a narrow, grabenlike
structure. South of the Santa Rosa Mountains, for
example, where it is relatively broad, the trough is
actually a complexly folded and faulted crustal down-
warp. Structural complexity within the southwest
flank of the trough is reflected physiographically by
the projection of several structurally high basement
blocks from which the Cenozoic cover has been
stripped. In California these insular mountain
masses include Borrego Mountain, Fish Creek Moun-
tains, Superstition Mountains, and the Coyote Moun-

3
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tains (fig. 1), as well as Sierra de los Cucapas south
of the International Boundary. Part of the irregu-
larity of the west margin of the trough also is due
to right-lateral offset on strike-slip fault zones that
enter obliquely from the Peninsular Ranges to the
west. For example, right-lateral translation amount-
ing to 24 km on breaks within the San Jacinto fault
zone (Sharp, 1967) has produced the jutting projec-
tions of the trough margin represented by Clark

Valley and northern Borrego Valley.

34°

ORIGIN OF THE BASIN AND THE
STRATIGRAPHIC SUCCESSION

The origin of the Salton Trough, in particular the
age of initial sedimentation, is difficult to pin down
with the available evidence. The age of the trough
is uncertain chiefly because the oldest strata known
are exposed only in small areas along the perimeter.
Moreover, in the axial part of the trough (Imperial
Valley), basement lies at depths as great as 6 km
(Biehler and others, 1964, p. 132), and the deepest
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well (4.1 km) does not penetrate all the sedimentary
fill (Muffler and White, 1969, p. 170). On the basis
of stratigraphic and paleontologic evidence, all that
can be said of the segment of the trough in Cali-
fornia is that a structural depression was defined
there by Pliocene time. However, pre-Pliocene basin
fill may underlie the oldest exposed fossil-bearing
beds or may be concealed in the axial part of the
trough. By contrast, paleontologic evidence from the
San Felipe area, on the Gulf of California, estab-
lishes the age of the trough at that latitude as Mio-

cene or older (Hertlein, 1968, p. 405). Furthermore,
the age of the gulf is postulated as about 4 million
years (Pliocene) from rates of sea-floor spreading
at the junction with the East Pacific Rise near the
tip of Baja California, and a protogulf may have
formed in the late Miocene (Larson and others, 1968;
Moore and Buffington, 1968).

Early Cenozoic sedimentary deposits are unknown
within the Salton Trough, although they occur very
near both flanks. The early and middle Eocene ma-
rine Maniobra Formation of Crowell and Susuki

)
"

JACINTO
0COTILLO
< BADLANQS

MTN

COYOTE MTS

D)
Y
BA
Y IR R
A R RVANIYO

A Westmorlanq.

Piaster
City

Calipotria

IMPERIAL VALLEY

# Holtville

Calexico i

the Salton Trough, southern California.

476-246 O - 72 - 2



6 THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

(1959) and overlying nonmarine beds of probable
Oligocene age (Crowell, 1962, p. 28) crop out in the
Orocopia Mountains, northeast of the trough, but
they lie east of the San Andreas fault and, according
to the now widely accepted view, have been trans-
ported as much as a few hundred kilometers by
right-lateral slip. Coarse nonmarine gravels prob-
ably correlative with conglomerate of the Eocene
Poway Group (Kennedy and Moore, 1971) lie very
near the southwest margin of the trough (Sharp,
1968) and may locally project under the upper Ceno-
zoic deposits within the trough. The Poway Group,
however, is widespread across the Peninsular Ranges
west of the trough (see, for example, Woodford and

others, 1968), and it is unlikely that these gravels
represent Eocene basin fill.

Regional Cenozoic stratigraphy of the Salton
Trough north of the Mexican border has been briefly
summarized by Tarbet and Holman (1944), Tarbet
(1951), and Dibblee (1954). Composites of their
stratigraphic columns, together with modifications
and additions to stratigraphic subdivisions and age
designations that have resulted from subsequent
work, are shown in figure 2. In Mexico, stratigraphic
sequences have been outlined by Beal (1948) and
Anderson (1950) in their pioneer studies on Baja
California and the Gulf of California. Although
stratigraphic descriptions for this southernmost
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3]
s | 8 |
a w Southwestern side Northwestern side Northern end
Holo -
cene Alluvium, dune sand, and playa deposits
- — ?——M e~ - — - A~ A~
é Brawley Fm. Ocotillo Cgl. Ocotillo Conglomerate Cabezon Fanglomerate
<
2 \/\M/\/\M/—W
o Y]
.u_-’ § Borrego Fm. Borrego Deformed gravels of
g ] Canebrake Whitewater River
@ a Fm.
(@] @ Cgl. )
r—T NN
o Canebrake ?WV‘V\N\T
Palm Spring Fm.b Congiomerate Painted Hill
Formation
--?- 4 -7-4
= ?
@ !
§ Imperial Fm. ; Imperial Fm.
; E.: ? Imperial Fm. =< ?
— == - " ) . " ! W\/VV\/\__,—..W
’D_: N Split Mountain Formation _ (marine) €| ?
w 2 @ Fish Creek Gyp ¢ ¢
[ 29 defl Mecca Split Mountain
o 9 i : ; €, Coachella Fanglomerate
8 38 Split Mountain Fm. (terrestrial) Em. Formation
s &
Anza Formation d

FIGURE 2. — Composite stratigraphic columns along the flanks of the northern part of the Salton Trough. Wavy lines indi-
cate unconformable contacts, smooth lines indicate conformable contacts, queried lines indicate contacts not exposed.
Section on southwestern side after Tarbet and Holman (1944) and Dibblee (1954), with modifications from (a) Downs
(1957), (b) Downs and Woodard (1962) and Downs and White (1968), (¢) Durham and Allison (1962), (d) Woodard
(1962; 1963), and (e) Weismeyer 1968). Section on northeastern side.after Dibblee (1954), with modifications from
(f) Proctor (1968). Section at northern end after Allen (1957).
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sector of the trough are not yet comprehensive, a
number of recent studies in various parts of the
region have compared or correlated sedimentary
units with the Cenozoic sections exposed north of
the border. (See Durham and Allison, 1960; Mer-
riam, 1965; Hertlein, 1968; Slyker, 1969.)

Cenozoic sediments in the Salton Trough range
from boulder gravel (or its consolidated conglomer-
ate-fanglomerate equivalents) through predominant-
ly sandy flood-plain and deltaic deposits to lacustrine
or marine silts and clays. Continental conditions of
sedimentation may have prevailed in some marginal
parts of the trough throughout its history, although
in much of the basin deposition has been alternately
marine and nonmarine. Coarse clastic strata, mostly
around the periphery of the basin, have been given
the names Anza, Split Mountain, and Mecca Forma-
tions, Coachella Fanglomerate, Canebrake Conglom-
erate, Painted Hill Formation, deformed gravels of
Whitewater River, Ocotillo Conglomerate, and Cabe-
zon Fanglomerate (fig. 2). All these coarse deposits
are continental in origin, and many have yielded
vertebrate fossils. Strata consisting chiefly of sand
but locally interbedded with gravel or silt constitute
the upper, marine part of the Split Mountain For-
mation, the marine Imperial Formation, the terres-
trial Hathaway Formation, and the mostly terrestrial
but locally paralic Palm Spring Formation. The
Borrego and Brawley Formations consist mostly of
silt and clay beds of continental origin; however,
the Borrego also contains some sediments deposited
in brackish water. Other lithologies represented in
the Cenozoic stratigraphy include bedded gypsum
deposits (Ver Planck, 1952) termed the Fish Creek
Gypsum (Dibblee, 1954) and mafic volcanic rocks
that make up the Alverson Canyon Formation and
isolated flows in the Coachella Fanglomerate and
Painted Hill Formation (Allen, 1957).

The long-standing controversy regarding the age
of the abundantly fossiliferous Imperial Formation
bears on the problem of antiquity of the Salton
Trough because the underlying strata of the trough
generally lack fossil material. Although estimates
of the age of the Imperial Formation have ranged
from Cretaceous to Pliocene according to different
investigators, the most recent interpretations of the
faunal evidence by Durham and Allison (1960, p.
63) favor a Pliocene age. Moreover, despite the
tropical affinities of the Imperial fauna that hinder
comparison with the cooler water marine faunas
found along the Pacific Coast of California, the local
occurrence of one temporally restricted echinoid
(Encope tenuis) in both the Imperial and the late
Pliocene San Diego Formations suggests similarity

in age of the two units (Allison, 1964, p. 19, 21).
Only two definite occurrences of fossils from pre-
Imperial strata have been reported from the Salton
Trough—one not diagnostic as to age (Tarbet and
Holman, 1944; Durham and Allison, 1962; Allison,
1964, p. 21) and the other indicating pre-Imperial
deposition possibly only back to late Pliocene time
(Allen, 1957, p. 330; Allen, written commun., 1969).
Pre-Imperial sediments of Miocene age, perhaps
similar to the diatomite described near the head of
the Gulf of California (Hertlein, 1968, p..405), may
extend northward into the Salton Trough but have
not yet been found on the surface or below.

All known fossiliferous deposits above the Im-
perial Formation in the Salton Trough are late
Pliocene or younger. Although vertebrate fossils
have been reported from a number of widely scat-
tered locations on both sides of the northern part
of the trough, extensively studied faunas indicating
Blancan to Irvingtonian age have been recovered
only from the Canebrake Conglomerate and the
Palm Spring Formation west of the Fish Creek
Mountains (Downs, 1957; Downs and Woodard,
1962; Woodard, 1962; Downs and White, 1965).
An impoverished marine fauna also recovered in
the Palm Spring Formation indicates a brackish-
water environment (Downs and Woodard, 1962)
that may have prevailed intermittently up through
the deposition of fossil-bearing strata of the Borrego
Formation (Durham, 1950, p. 23).

A large number of source areas around the Salton
Trough probably were contributing clastic material
at any given time. Coarse clastic units along the
margins of the basin reflect local provenances both
in their distribution and the lithology of the clasts,
which can be correlated with different source ter-
ranes (Dibblee, 1954; Allen, 1957; Hays, 1957;
Proctdr, 1968). Studies of provenance for fine
detritus in the Salton Trough have suggested a more
complex picture. Merriam and Bandy (1965) and
Muffler and Doe (1968) showed that sandy Cenozoic
strata in the southern and southeastern parts of the
trough resemble material presently being trans-
ported down the Colorado River channel more than
they do modern sediment derived from ranges pe-
ripheral to the trough. Nevertheless, sedimentary
structures in some of the same formations elsewhere
along the west margin of the Cenozoic basin indicate
local provenance from the Peninsular Ranges.

CENOZOIC IGNEOUS ROCKS

Cenozoic intrusive rocks, or their volcanic equiv-
alents, occur at several localities within the Salton
Trough. In the largest area of exposure, in the
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northwestern Chocolate Mountains, hypabyssal in-
trusive rocks are largely silicic in composition
(Morton and Jennings, in Jennings, 1967). Rhyolitic
volcanic domes at the southeast corner of the Salton
Sea protrude through Holocene sediments on the
floor of Imperial Valley (Kelley and Soske, 1936;
Robinson and Elders, 1970, 1971 ; Elders and Robin-
son, 1970). These domes and the dacitic volcano of
Cerro Prieto in Baja California (see frontispiece
for location) constitute the only known Holocene
volcanism closely associated with the San Andreas
fault system north of the Gulf of California. The
domes consist of rhyolite, obsidian, and pumice that
have been radiometrically dated at about 16,000
years (Muffler and White, 1969, p. 162). A body of
Cenozoic extrusive rocks, named the Dos Palmas
Rhyolite by Dibblee (1954, p. 24), crops out in a
very small area near the San Andreas fault east of
Mecca. Other Cenozoic rocks, termed the Truck-
haven Rhyolite by Dibblee (1954, p. 24), that are
exposed near the west shore of the Salton Sea have
been reinterpreted as silicified sediments by Weis-
meyer (1968, p. 30-35).

Although extensive basaltic and andesitic flows in
the eastern Peninsular Ranges near Jacumba may
continue eastward into the Salton Trough, such a
relationship has not been established. These rocks
are middle Miocene in age, according to a radio-
metric age by Hawkins (1970, p. 3326). On the basis
of stratigraphic position, Dibblee (1954, fig. 1)
assigned a Miocene age to mafic volecanic rocks of the
Alverson Canyon Formation of Tarbet and Holman
(1944) sporadically exposed within the adjoining
southwest flank of the trough. Because of upward
revision in the age of the Imperial Formation, how-
ever, the Alverson Canyon Formation may be
younger than the voleanic rocks near J acumba..

CENOZOIC DEFORMATION IN THE
SALTON TROUGH

The Cenozoic deposits of the Salton Trough have
been considerably folded and faulted, and both pro-
cesses appear to be continuing at the present time.
Faulting is dominated by three active right-lateral
strike-slip zones, part of the very broad and complex
San Andreas fault system in southern California.
Major faults within the trough, as well as those
farther south under the Gulf of California, define an
en echelon pattern in which the separate strands
trend more westerly than the axis of the depression.
(See Rusnak and others, 1964; Biehler and others,
1964.) Much has been written regarding the amount
of cumulative displacement on the various fault
zones within the San Andreas system in California,

but major disagreements remain. Current ideas
relating to the history of movement within the fault
system as a whole are discussed by Crowell (1962)
and in Dickinson and Grantz (1968).

Folding of the Cenozoic deposits is evident
throughout the marginal areas of the Salton Trough.
The intensity of deformation by folding is especially
pronounced along certain belts bordering on or
bounded by the active faults traversing the trough.
The pattern of modern sedimentary accumulation
and the incipient development of anticlinal hills also
reflect continuing diastrophism in the trough, partic-
ularly on the southwest side.

Many features of the stratigraphy of the Cenozoic
deposits attest to regional crustal instability through-
out the history of the basin. Although there was
considerable initial relief on the basin floor, pro-
gressive diastrophism and erosion have allowed the
youngest to the oldest sediments to rest directly on
basement. Regional unconformities exist, but local-
ized intraformational unconformities are far more
common. Lack of lateral continuity, particularly in
the coarser detritus and in lacustrine beds, is evident
all along the margins of the trough. By contrast,
sediments in the axial parts of the trough are almost
uniformly fine grained; sediments penetrated by
deep wells in the southern Imperial Valley cannot
be directly correlated with the Cenozoic formations
exposed along the edges of the trough (Dibblee,
1954, p. 25; Muffler and Doe, 1968, p. 388). Wide-
spread instability in the flanking regions of the
trough is evident in the marked erosional truncation
of thick sections of sediments that accumulated
probably since Pleistocene time, such as those ex-
posed in the southern Borrego Badlands (fig. 3). The
detritus has been redeposited elsewhere in the axial
part of the basin, perhaps beneath the Salton Sea.
Features such as these suggest that the axial part of
the trough may well have been continuously sub-
siding, whereas parts of the flanks have alternately
received sediment and undergone erosion.

CENOZOIC FOLDING

Fault movement has outlined the Salton Trough,
but major crustal downwarping not attributable to
faulting has also taken place, particularly south of
the middle of the Salton Sea where the trough widens
markedly. Downwarping in the axial part of the
trough is demonstrated by the distribution of various
stratigraphic units and confirmed by data from wells
and geophysical work. (See Biehler and others, 1964,
fig. 7.)

Cenozoic sediments throughout the trough display
a multitude of intermediate- and small-scale folds,
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FI1GURE 3. — Oblique aerial view of southern Borrego Badlands (central and right foreground) and West Butte, Borrego Moun-
tain (left foreground). Poorly consolidated late Cenozoic strata in the badlands dip moderately to the north (right) and
are beveled by a relatively flat erosional surface. A thickness of about 3.5 km of sediments probably has been eroded from
the beds at the left side of the view since Pleistocene time.

as well as homoclinal dips over large areas. Generally
the older strata are more deformed than the
younger. Terrace gravels and alluvium, for example.
show only local signs of folding. However, some of
the most pronounced folding, including overturning
and isoclinal folding, is not restricted to older strata
but occurs in linear belts adjacent to fault zones,
such as in the Mecca Hills east of the town of Mecca
and in the Ocotillo Badlands. (See Sharp and Clark,
this volume.) Other zones of strongly folded strata
resembling diapirs with clay cores appear to de-
generate along strike into faults. Examples of the
latter occur in the Borrego Badlands.

That the land surface is being folded at present is
demonstrated by small incipient hills that reflect
anticlinal growth near at least one active fault
zone and by closed playa basins scattered through-
out the southwest side of the Salton Trough. (See
Sharp and Clark, this volume.) Furthermore, warped
shorelines of ancient Lake Cahuilla, which covered
most of the trough earlier in Holocene time, indicate
relatively recent large-scale diastrophic changes
(Stanley, 1963, 1966) .

CENOZOIC FAULTING

The principal fault zones in the Salton Trough
consist of the San Andreas zone, near the north-
east margin, a group of boundary faults that are
concealed along the southwest edge of Coachella

Valley, the widely branching San Jacinto fault zone
which transects the southwest flank of the trough,
and the Elsinore fault zone along the southwest
edge of the trough. (See fig. 1.) Except for the
breaks on the southwest side of Coachella Valley,
these faults all display the surficial features char-
acteristic of the San Andreas system throughout
California: linearity, northwest-southeast trend,
physiographic evidence of recent activity, and clear-
cut surficial evidence of right-lateral strike-slip off-
set. Episodes of historic right-lateral movement on
several of the faults, together with the rate of crustal
strain accumulation and the seismicity, all indicate
that the Salton Trough region is one of the most
active areas along the San Andreas system.

Larson, Menard, and Smith (1968) as well as
Moore and Buffington (1968) discussed the signif-
icance of the San Andreas fault system in terms of
the transformation of ocean-floor spreading move-
ments near the tip of Baja California to strike-slip
movement within the Gulf of California and the
Salton Trough. According to the transform-faulting
model, coastal California and Baja California are
drifting northwestward relative to the region east
of the Salton Trough and the Gulf of California;
movement is achieved by a combination of right-
lateral slip along northwest-trending faults and
horizontal spreading motions on offset segments of
the East Pacific Rise situated between the fault
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strands within the trough and gulf. The distribution
of recent small earthquakes in the Colorado River
delta region (Lomnitz and others, 1970) is consistent
with the transform model. Future geologic, seismo-
logic and geodetic investigations may provide evi-
dence that will indicate whether strike-slip faulting
occurs in conjunction with spreading in the trough.

SAN ANDREAS FAULT ZONE

The San Andreas fault zone comprises two princi-
pal fractures in northern Coachella Valley. An east-
ern branch (Mission Creek fault of Allen, 1957, and
Proctor, 1968) extends along a nearly straight line
to the San Bernardino Mountains, and a western
branch (Banning fault) curves to a nearly east-west
trend at the north end of the trough. Near Indio, the
zone includes a number of subsidiary breaks that lie
on the northeast side of the main fault. Southeast of
Indio, the San Andreas zone is relatively straight
and continuous to the northeast shore of the Salton
Sea. Throughout much of Coachella Valley, the fault
zone is defined in alluvium by scarps and by ground-
water and (or) vegetational effects (Hope, 1969)
and in the areas of exposed Cenozoic strata by
crushed sediments and gouge and by geologic dis-
continuities. Using gravity data, Biehler, Kovach,
and Allen (1964) estimated that pre-Cenozoic base-
ment rocks have been vertically downdropped at
least 3.2 km on the southwest side of the San Andreas
fault in Coachella Valley.

Surficial expression of the San Andreas fault zone
dies out southeast- of the Salton Sea. Although
sporadic surficial expression of breakage nearly on
line with the fault-trace projection from the north-
west is evident on the northern part of Imperial
Valley (Babcock, 1971, fig. 2), the large displace-
ment proposed for the San Andreas fault (for
example, see Crowell, 1962) suggests that it may
continue much farther southeastward in Imperial
Valley (Biehler and others, 1964, p. 137). Gravity
data (Kovach and others, 1962, p. 2867-2869) indi-
cate a major concealed structural break along the
northeast side of Imperial Valley that lies well east
of a linear projection of the exposed fault trace
northwest of the Salton Sea. However, on the basis
of electrical resistivity profiles observed near Braw-
ley, Tsvi Meidav (unpub. rept.) suggested that the
San Andreas fault bends to a more southerly trend,
bringing the break to a position closer to the axis of
the trough. Moreover, the possibility of crustal
spreading movement beneath the southeastern Salton
Sea area and its transformation into horizontal slip
on the San Andreas fault to the northwest has been
recently suggested (Meidav, 1970; Lomnitz and
others, 1970).

Historic movement on the San Andreas fault with-
in the Salton Trough has not been recorded in con-
junction with any earthquake prior to the Borrego
Mountain event of 1968. Major seismic events at
other times in the trough, however, may have pro-
duced ground breakage that escaped detection.

CONCEALED FAULTS ON THE SOUTHWEST SIDE OF
COACHELLA VALLEY

A long generally southeast-trending fault zone is
suspected to exist along the southwest side of Coach-
ella Valley (queried dotted line in fig. 1). Several
lines of evidence point to its existence: (1) The San
Jacinto and Santa Rosa ranges appear to have been
uplifted relative to the floor of the valley, and the
slopes along the east flank of the highlands are steep
(see Allen, 1957, p. 347; Proctor, 1968, p. 35); (2)

"there is a pronounced gravity gradient along this

line (Biehler and others, 1964, p. 138); and (3)
structural features in the crystalline rocks and over-
lying gravel beds in these ranges suggest that down-
folding along the east margin of the ranges cannot
account for the observed gravity gradient. The lack
of scarps or other surficial features along the valley
floor and the fact that many deeply incised canyons
along the edge of the ranges have nearly flat alluvial
floors indicate that the zone has been inactive for a
relatively long period. Consequently, the only clues
to the position of these faults are the gravity data;
the fault zone shown in figure 1 is only a schematic
representation of these data.

The breaks indicated by the gravity data appear to
end near the southeast terminus of the Santa Rosa
Mountains. Moreover, farther south in the basin the
basement surface apparently slopes gently rather
than abruptly eastward from points due south of the
Santa Rosa Mountains to the deepest parts of the
trough near its axis, as shown by well data (Oake-
shott, 1952, p. 12) and basement depths determined
by seismic and gravity methods (Biehler and others,
1964, p. 133).

SAN JACINTO FAULT ZONE

The San Jacinto fault zone enters the Salton
Trough from the northwest at about the latitude of
the Salton Sea and cuts diagonally into the basin.
(See fig. 1.) Throughout its length in southern
California the zone is characterized by southeast-
ward-divergent branching of multiple strands (Dib-
blee, 1954; Sharp, 1967). Where it enters the
trough, the zone is about 10 km wide and consists of
three recognizable strands. The northernmost, the
Clark fault, extends through Clark Valley and along
the south tip of the Santa Rosa Mountains (Dibblee,
1954 ; Sharp, 1972). The middle break lies along the
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west edge of Clark Valley and extends southward
from the Clark fault into the Borrego Badlands,
where it apparently dies out. The third strand, the
southwest one, is the Coyote Creek fault, along
which the principal breakage associated with the
1968 Borrego Mountain earthquake occurred. The
Coyote Creek fault follows the northeast edge of
Borrego Valley and, with en echelon overlaps and
branching, extends along the margins of Borrego
Mountain and the Ocotillo Badlands southeastward
to a point near the easternmost Fish Creek Moun-
tains. Mapping in the area of the 1968 breakage (see
Sharp and Clark, this volume) has demonstrated
highly complex patterns of surficial fractures along
the Coyote Creek fault. '

Other faults lying farther southeast in western
Imperial Valley and in the Colorado River delta
region in Mexico have also been regarded as part of
the San Jacinto fault zone (Beal, 1915; Dibblee,
1954; Biehler and others, 1964; Merriam, 1965;
Sharp, 1967). The Superstition Mountain fault and
the Superstition Hills fault fall -well within the
southeastward projection of the zone encompassing
all breaks near Borrego and Clark Valleys, as does
the fault extending southeastward from Cerro Prieto
in Baja California. (See frontispiece and fig. 4.)
Moreover, the Superstition Mountain fault may join
the Coyote Creek fault as a branch in the subsur-
face, although this cannot be proved yet. Alterna-
tively, the principal fracture of the Coyote Creek
fault could turn to a more southern trend and con-
nect with recently observed cracks of possible tec-
tonic origin near U.S. Highway 80 about 7 km east
of Plaster City. (See Sharp and Clark, this volume.)
The Imperial fault, as defined by the line of break-
age during the major 1940 Imperial Valley earth-
quakes, may also belong to the San Jacinto zone.
This fault lies nearly on the projection of the Clark
fault, and the two could join at depth (Sharp, 1967,
p. 726). However, it is also possible that movement
on the Imperial fault is partly transferred north-
eastward to the San Andreas fault by -crustal
spreading near the southern Salton Sea (Lomnitz
and others, 1970).

Displacement across the San Jacinto fault zone
in the Peninsular Ranges northwest of the Salton
Trough has been principally right lateral and has
amounted to about 24 km since movement began
(Sharp, 1967). About 19 km of this has been on
breaks east of Coyote Mountain, and about 5 km
has been along the Coyote Creek fault.

Vertical components of displacement. on various
breaks along the Coyote Creek fault have produced a
number of topographically high welts, some of which

show separations probably in excess of 1 km. The
crystalline rocks and sediments exposed at Borrego
Mountain were elevated in such a manner. In addi-
tion, sediments exposed in the Ocotillo Badlands have
been squeezed up between en echelon breaks along
the Coyote Creek fault. (See Sharp and Clark, this
volume.)

Except for slippage on the San Andreas fault, all
the lines of movement associated with the 1968
Borrego Mountain earthquake coincide with fault
strands lying within the broad envelope of the San
Jacinto zone. Ground displacement had been detected
several times on some of the same fault strands
prior to 1968. The first, and by far the largest, was
right-lateral offset of as much as 4.3 meters that
occurred on the Imperial fault during a series of
major earthquakes on May 18, 1940, the largest of
which was of magnitude 6.4 (Buwalda and Richter,
1941 ; Ulrich, 1941; Richter, 1958, p. 488; Trifunac
and Brune, 1970). A small amount of right-lateral
offset that was detected on the Superstition Hills
fault in February 1951 probably originated in asso-
ciation with a magnitude 5.6 earthquake in the Sup-
erstition Hills on January 23, 1951 (Allen and
others, 1965, p. 768). Very slight right-lateral move-
ment recurred on part of the Imperial fault at the
time of a magnitude 3.6 shock on March 4, 1966
(Brune and Allen, 1967b) and again after the
magnitude 5.3 Superstition Hills earthquake of
September 30, 1971 (C. R. Allen, oral commun.,
1971) ; the 1966 event was the smallest earthquake
ever known to have been associated with surface
displacement.

ELSINORE FAULT ZONE

The Elsinore fault zone, a distinct yet surficially
discontinuous zone of fractures, extends southeast-
ward from the Peninsular Ranges into the Salton
Trough near the Tierra Blanca Mountains (fig. 1).
In the trough the zone is best defined and most
continuous where it bounds the southwest sides of
the Coyote Mountains and the Sierra de los Cucapas
(frontispiece). As with breaks of the San Jacinto
zone that are concealed by alluvium on the floor of
Imperial Valley, continuity between many individual
strands cannot be demonstrated.

The total strike-slip offset on the Elsinore fault
probably is small compared with displacement esti-
mated on the San Jacinto and San Andreas zones
(Sharp, 1968; Baird and others, 1970). Historic
movement has not been documented, and, indeed,
within the Salton Trough only the sector south of the
International Boundary has been characterized by
appreciable seismicity in recent times.
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SEISMICITY IN THE SALTON TROUGH

A remarkably high rate of tectonic activity in the
Salton Trough is signified by the record of seismic
activity (fig. 4) and the accumulation of horizontal
crustal shear strain, as well as by geomorphic evi-
dence. In terms of earthquake frequency, both for
minor to moderate-sized events and for smaller
shocks down to the microearthquake range, the Sal-
ton Trough is evidently the most active area lying
astride the San Andreas system (Biehler and others,
1964; Allen and others, 1965; Brune and Allen,
1967a). However, very great earthquakes have not
occurred in the Salton Trough, at least within the
period of the historic record (Allen and others, 1965,
p. 783).

MINOR TO MODERATE-SIZED EARTHQUAKES

Although the regional level of seismic activity in
the Salton Trough is at present the highest known
in California, there is great diversity in apparent
rates of seismicity associated with the different fault
zones within its boundaries. The San Jacinto fault
zone both within the trough and in its sector farther
northwest is apparently the only break within the
San Andreas system in southern California that is
clearly delineated by post-1934 earthquake epicenters
(Allen and others, 1965, p. 772) ; moreover, of the
10 historic earthquakes of magnitude greater than 6
located within the area of figure 4, eight occurred
on or near breaks within the San Jacinto zone. In
contrast, the San Andreas fault zone has not in the
period of the historical record been associated with
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a large number of earthquakes, at least along the
zone north of the Salton Sea where physiographic
expression of recent activity along the break is evi-
dent. Southward from the Salton Sea, a diffuse belt
of seismicity converges with epicenters associated
with the San Jacinto zone. In a similar way, the
Elsinore fault zone north of the International Bound-
ary is rather loosely associated with a belt of rela-
tively small earthquakes, although in Mexico and
northwest of the trough larger earthquakes have
centered within this zone (Richter, 1958, p. 533;
Biehler and others, 1964; Allen and others, 1965).
A detailed study of seismicity in the Colorado River
delta region (Lomnitz and others, 1970) showed that
minor earthquakes are markedly concentrated along
lines of recognized faulting, a characteristic not re-
vealed by the earlier seismic records.

MICROEARTHQUAKE ACTIVITY

Brune and Allen (1967a) conducted a regional
survey of the San Andreas fault system in southern
California to measure microearthquake frequency
and distribution for comparison with the levels of
activity of larger earthquakes. In the Salton Trough,
they found that there is virtually no microearth-
quake activity on the San Andreas fault zone be-
tween Desert Hot Springs and the Mexican border,
an observation that agrees with the low level of
seismic activity shown by the record of larger earth-
quakes since 1934 (Brune and Allen, 1967a, p. 291).
In terms of microearthquake activity, the San Ja-
cinto fault zone appears to be the most active zone
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FIGURE 4.— Seismicity of the northern Salton Trough region. Seismic events less than magnitude 6 for period 1934-61
adapted from California Department of Water Resources (1964), with modifications from Trifunac and Bruce (1970).
Seismic events of magnitude greater than 6 for period 1912-68 adapted from Allen, St. Amand, Richter, and Nordquist
(1965) and Allen and Nordquist (this volume).
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in southern California, again in strong contrast with
the San Andreas zone (Brune and Allen, 1967a, p.
291; Arabasz and others, 1970).

RECENT CRUSTAL STRAIN

Geodetic data obtained from repeated surveys by
the U.S. Coast and Geodetic Survey in the northern
part of the Salton Trough over the past third of a
century enable an estimate of the rate at which
right-lateral crustal strain has been accumulating
across the San Andreas system (Whitten, 1956;
1960; Miller and others, 1970). According to recent
syntheses of geodetic data (Miller and others, 1970,
figs. 8, C8), buildup of right-lateral shear-strain
component as measured across the entire Imperial
Valley averaged about 2-3 cm/yr between 1934 and
1967. Over shorter intervals of time (1934-41, 1941-
54, and 1954-67) in this period, however, strain
rates varied remarkably. Crustal strain near the
Imperial fault in the central part of Imperial Valley
has been consistently right lateral, averaging about
2 cm/yr since the large 1940 earthquakes, whereas
the data suggest that strain in the left-lateral sense
has prevailed in other parts of the Imperial Valley
region at least at certain times. For example, an
area in eastern Imperial Valley along the southeast-
ward projection of the San Andreas fault apparently
shows strain accumulation in the left-lateral sense
parallel to the trough axis after 1941 (Miller and
others, 1970, fig. 6). Left-lateral strain buildup of
about 1 em/yr across the San Andreas fault zone in
the northernmost part of the Salton Trough has also
been reported by Hofmann (1968, fig. 1) for the
periods 1959-65 and 1965-67. The apparent temporal
variability of strain accumulation suggests that time
bases appreciably longer than a third of a century
will be required to obtain a meaningful estimate of
the average rate in the Salton Trough region. How-
ever, it is interesting to note that the average rate
of strain accumulation measured over the longest
term is comparable to recently measured rates of
crustal strain across the San Andreas fault zone in
central California, ranging from 0 to about 4 cm/yr
at different locations (Hofmann, 1968).
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FORESHOCK, MAIN SHOCK, AND LARGER AFTERSHOCKS OF
THE BORREGO MOUNTAIN EARTHQUAKE!

By CLARENCE R. ALLEN and JoHN M. NorbQuIsT
SEISMOLOGICGAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY

ABSTRACT

The Borrego Mountain earthquake, magnitude 6.4, occurred
at 02:28:59.1 G.m.t. on April 9, 1968 and has been assigned
a hypocenter at 33°11.4’ N., 116°07.7 W., h=11.1 km. The
focal-mechanism solution indicates right-lateral slip on a fault
striking N. 48° W. and dipping 83° NE., which is consistent
with the field observations of faulting and the regional tectonic
framework. A single foreshock of magnitude 8.7 preceded the
main shock by one minute, but no other precursory activity has
been identified. During the year following the event, 135 after-
shocks of magnitude 3.0 and greater have been identified and
located, outlining a broad zone of activity centered on but dis-
placed 2-3 km northeast of the 33-km-long surface rupture on
the Coyote Creek fault. Fracturing at depth during the after-
shock period evidently occurred throughout the width of the
San Jacinto fault zone, but initial surface faulting was local-
ized along the Coyote Creek fault at the zone’s southwestern
margin. The area of aftershock activity enlarged progressively
with time, and the region of the original epicenter became rela-
tively inactive late in the aftershock period, leading to a
doughnut-shaped epicentral distribution of late aftershocks.
Inasmuch as the epicenter of the main shock was roughly mid-
way along the zone of aftershock activity, the faulting pre-
sumably was bilateral. This kind of faulting is unusual in
California.

INTRODUCTION

The earthquake of magnitude 6.4 that occurred
near Borrego Mountain, Calif., was the largest earth-
quake to occur in the conterminous United States
since 1959. It ranks among the larger shocks recorded
in the southern California region since the establish-
ment of modern seismographic stations (fig. 5). The
earthquake was preceded by a minor foreshock, was
followed by a series of aftershocks that lasted for
several months, and was accompanied by right-lat-
eral surface faulting along a 33-km segment of the
Coyote Creek fault (Clark, ‘“Surface Rupture Along
the Coyote Creek Fault,” this volume). Probably the
most surprising and significant phenomenon associ-
ated with the earthquake was the triggering of small

1Contribution No. 1953, California Institute of Technology, Division of
Geological and Planetary Sciences, Pasadena, Calif.
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displacements on a number of distant faults far
outside the aftershock area (Allen and others, this
volume).

The Borrego Mountain earthquakes occurred in a
fortunate location with respect to the distribution of
seismographic stations that were in operation at the
time of the main shock. Seven stations of the Caltech
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network surrounded the epicenter within 150 km,
including a temporary trailer-mounted station 47 km
distant at Obsidian Butte (OBB, fig. 6). Thus we
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FIGURE 6. — Location of Caltech seismographic stations (solid
triangles) that were operating at the time of the Borrego
Mountain earthquake. The area of the detailed epicenter
map (fig. 7) is also shown.

have some confidence in the epicentral locations of
most of the larger shocks of the series, although
depth control was minimal until the time that the
first portable units were installed in the epicentral
area.

Although the main shock occurred in the evening
(6:29 p.m., April 8, 1968, local time), rapid com-
puter location of the epicenter using the Caltech
telemetered array allowed immediate planning of a
field-recording program. Several field crews were
dispatched to the epicentral area before 9:00 p.m.,
and the first backpack-mounted seismograph was
installed within 5 km of the epicenter shortly after
midnight. By 3:00 a.m., the first film-recording
trailer-mounted unit was in operation at Ocotillo
Wells (OCT, fig. 7), and two more trailer units were
installed the next day (ELW and FCR, fig. 7) (table
1). These trailer units operated up to and following

TABLE 1. — Caltech trailer-mounted stations in operation dur-
ing the Borrego Mountain aftershock period

Station K "

Tode Nams Lat (N.) Long (W.) Period of operation (G.m.t)
ELW Ella Wash................ 88°17.20° 116°08.95° 4-10-68 (03:06) to 5-13-68
FCR Fish Creck Range.. 33°01.82" 116°03.50° 4- 9-68 (19:23) to 6-12-68
OBB Obsidian Butte........ 33°10.15° 116°38.17" 1- 8-68 to 9-15-68
12-17-68 to 12-20-68

. 3-21-69 to 6-14-69

OCT Ocotillo Waells.......... 33°09.60’ 116°09.04" 4- 9-68 (10:12) to 6-11-68

the time that the much more extensive U.S. Geologi-
cal Survey array began yielding high-precision
hypocentral information on April 12 (Hamilton, this
volume). This paper describes the events that took
place prior to the installation of the U.S. Geological
Survey array and summarizes the larger aftershocks
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FIGURE 7. — Epicenters of shocks of magnitude 3.0 and
greater that occurred between April 9, 1968 and April 28,
1969. All shocks listed in table 2 are included, except for
those with “D”-quality locations. Of the 126 epicenters
shown, 69 were located by Caltech and 57 by the U.S. Geo-
logical Survey (Hamilton, this volume). Heavy solid lines
are accurately located faults; dotted lines are concealed
faults; the zigzag line is the approximate trace of the 1968
surface break along Coyote Creek fault (Clark, “Surface
Rupture Along the Coyote Creek Fault,” this volume).

‘that occurred during the entire aftershock period,

including those aftershocks that followed the removal
of the U.S. Geological Survey equipment in June.
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SEISMIC HISTORY

The San Jacinto fault zone, of which the Coyote
Creek fault is a member (Sharp, this volume), has
been the locus of repeated moderate seismic activity
within the entire historical record (Allen and others,
1965). Assuming that the zone extends southeast to
the Gulf of California, at least 10 shocks of magni-
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tude 6-7 have occurred along this line since 1912,
and the fault zone is better delineated by seismic
activity in this magnitude range than is any other
individual fault in California. Many of the epicenters
have been about equidistant along the fault (fig. 5),
and the 1968 epicenter lies roughly midway between
the epicenters of the 1942 Lower Borrego Valley
earthquake (M=6.5) and the 1954 Santa Rosa
Mountains earthquake (M—=6.2).

HYPOCENTRAL DETERMINATIONS

Table 2 is a listing of all shocks of magnitude
(M.) 3.0 and greater that occurred from the time
of the foreshock at 0227 G.m.t. on April 9, 1968 to
the time of the Coyote Mountain earthquake on
April 28, 1969, about 1 year later. The list was
terminated with the Coyote Mountain earthquake

TABLE 2. — Farthquakes of magnitude 3.0 and greater in the
area from 32°45 to 83°30° N. and from 115° to 116°30" W.
from April 9, 1968 through April 28, 1969

[“Q’ indicates quality, as discussed in text. Depths indicated by “R” were
restricted to that depth in the computer solution. Source “T” is California
Institute of Technology ; source “‘G” is U.S. Geological Survey. Quadrangle
names are those of USGS 15-minute quadrangles. All magnitudes are
assigned by Pasadena. A-, B-, and C-quality epicenters are shown in the
maps of figures 7 and 9]
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Time ; E . E &)
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YrMoDa HM S 3 3 & = s K
68 04 09 022736.7 3310.5 116073 B 3.7 4.8 T Borrego Mountain
68 04 09 022859.1 8311.4 11607.7 A 6.4 11.1 T Do.
68 04 09 023309.0 3310.0 11607.0 D 4.3 ... T Do.
68 04 09 023647.0 3310.0 116 07.0 D 8.7 ... T Do.
68 04 09 023930.0 3310.0 11607.0 D 4.4 ... T Do.
69 04 09 0244480 33100 11607.0 D 3.6 ... T Do.
68 04 09 024748.6 33053 11605.7 C 3.7 10.0R T Do.
68 04 09 030143.0 3310.0 116 07.0 D 3.9 T Do.
68 04 09 030353.6 3306.8 116022 C 6.2 B50R T Do.
68 04 09 030839.9 3249.6 11603.3 C 3.5 10.0R T Carrizo Mountain
68 04 09 0322220 3310.0 11607.0 D 3.3 ... T Borrego Mountain
68 04 09 0348103 33063 116022 C 4.7 48R T Do
68 04 09 035836.0 3303.3 11559.6 C 43 1.9 T Kane Spring
68 04 09 0405053 33128 11611.3 C 3.7 5.0R T Borrego Mountain
68 04 09 0415475 3306.7 116016 B 3.6 53R T Do.
68 04 09 0429569 33094 11604.7 C 3.2 100R T Do.
68 04 09 044650.0 3310.0 116 07.0 D 3.0 ... T Do.
68 04 09 0500654.7 3303.9 11601.4 B 3.7 1.3 T Do.
68 04 09 072047.2 3259.6 116046 C 3.2 b5.0R T Carrizo Mountain
68 04 09 073546.3 383115 116019 C 3.5 2.8 T Borrego Mountain
68 04 09 073623.0 3310.0 11607.0 D 3.6 ... T Do.
68 04 09 0738217 8309.9 116070 C 3.1 100R T Do.
68 04 09 074046.8 3307.2 116055 C 3.2 10.0R T Do.
68 04 09 080038.56 383064 116004 C 40 42R T Do.
68 04 09 080226.0 3310.0 11607.0 D 3.6 ... T Do.
68 04 09 082722.6 3314.2 11616.2 B 8.6 2.8 T Borrego
68 04 09 084352.1 38320.8 11613.0 B 3.4 7.6 T Rabbit Peak
68 04 09 092626.1 33052 11603.1 B 3.8 3.0 T Borrego Mountain
68 04 09 093833.0 3314.1 11616.0 C 4.0 5.2 T Borrego
68 04 09 104208.9 3310.6 116 07.7 C 3.1 10.0R T Borrego Mountain
68 04 09 1111496 3313.1 11609.1 C 3.1 100R T Do.
68 04 09 1117546 33062 11603.6 B 4.0 48R T Do.
68 04 09 122001.0 83154 11615.0 B 36 3.4 T Rabbit Peak
68 04 09 122428.0 3310.0 11607.0 D 3.0 ... T Borrego Mountain
68 04 09 1652517.7 3308.1 11603.8 C 3.2 10.0R T Do.
68 04 09 162056.83 3313.2 116125 C 3.4 10.0R T Do.
68 04 09 172536.7 33074 11603.56 B 356 —0.6 T Do.
68 04 09 183103.8 3318.9 11618.3 B 4.7 126 T Clark Lake
68 04 09 1938246.1 3302.2 11602.5 C 3.0 10.0R T Borrego Mountain
68 04 09 213904.1 38306.9 11606.9 C 3.3 5.0R T Do.
68 04 10 0001113 3306.8 116045 B 3.7 22 T Do.
68 04 10 0017 41.6 3310.2 116052 C 3.3 10.0R T Do.
68 04 10 04 0512.6 3306.6 116042 C 3.4 10.0R T Do.
68 04 10 052628.0 3301.5 11600.1 C 3.2 10.0R T Do.
68 04 10 053362.7 3304.7 116063 C 3.1 100R T Do.
68 04 10 060512.6 3313.8 116163 C 3.2 10.0R T Borrego
68 04 10 092257.5 8308.3 116054 C 3.5 10.0R T Borrego Mountain
68 04 10 1333049 33155 116050 B 39 04 T Rabbit Peak
68 04 10 191106.3 3313.9 11610.8 B 3.3 4.6 T Borrego Mountain
68 04 10 235758.0 38302.7 11600.1 C 3.0 100R T Do.

TABLE 2. — Earthquakes of magnitude 3.0 and greater in the
area from 32°45° to 33°30° N. and from 115° to 116°30" W.
from April 9, 1968 through April 28, 1969—Continued
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68 04 11 0112241 3313.0 11603.3 B 3.2 52R T Borrego Mountain
68 04 11 1100244 3311.3 11610.0 C 3.0 100R T Do.
68 04 11 1556 32.0 3310.0 116 07.0 D 3.5 ... T Do.
68 04 11 1556 57.0 3310.0 11607.0 D 3.7 ... T Do.
68 04 11 170151.0 3258.1 11615.1 B 3.5 5.2 T Mount Laguna
68 04 11 2228237 3306.2 116029 B 3.4 —0.8R T Borrego Mountain
68 04 12 013701.0 3310.1 11604.2 A 3.4 50 G Do.
68 04 12 112950.2 33183 11616.3 C 3.1 10.0R T Clark Lake
68 04 12 134249.56 33169 116158 A 3.3 26 G Do.
68 04 12 1526455 3301.0 11558.6 A 3.2 7.9 G Kane Spnng
68 04 12 210259.1 33 04.4 11602.6 A 3.1 6.8 G Borrego Mountain
68 04 13 012349.3 3316.6 11614.2 A 3.3 1.3 G Rabbit Peak
68 04 13 0827059 3306.0 116029 A 3.2 1.5 G Borrego Mountain
68 04 13 100518.2 3303.3 11601.0 A 3.2 2.4 G Do.
68 04 13 182324.5 3306.4 11603.6 A 3.3 8.7 G Do.
68 04 14 012304.2 3257.8 11615.0 A 3.2 11.2 G Mount Laguna
68 04 14 0126183 3308.5 116059 A 3.0 49 G Borrego Mountain
68 04 14 125558.7 3314.2 116114 A 43 108 G Do.
68 04 14 1646304 3309.4 116060 A 3.0 4.9 G Do.
68 04 15 1007116 33189 116133 A 3.3 3.0 G Rabbit Peak
68 04 15 122807.5 3317.4 116156 A 3.5 3.0 G Clark Lake
68 04 15 215650.3 33027 115669.3 A 3.4 7.3 G Kane Spring
68 04 15 220706.1 33029 11559.0 A 3.3 82 G Do.
68 04 16 033030.0 3302.9 11559.2 A 4.8 8.3 G Do.
68 04 17 0243475 38303.2 11559.6 A 3.7 7.9 G Do.
68 04 17 031425.8 3314.0 11611.3 A 34 11.4 G Borrego Mountain
68 04 17 111626.9 3316.8 116149 B 3.0 5.0 T Rabbit Peak
68 04 20 093737.6 33220 11614.6 A 3.2 10.1 G 0.
68 04 24 0903125 3308.0 116053 A 3.4 5.7 G Borrego Mountain
68 04 24 220954.2 33034 11601.7 A 3.0 1.9 G Do.
68 04 27 093280.0 33119 11609.4 A 3.0 5.1 G Do.
68 04 27 1909104 3315.1 115583 A 3.1 0.3 G Durmid
68 04 29 005251.2 33069 116047 A 3.0 3.3 G Borrego Mountain
68 05 01 2353387.2 8315.1 11558.0 A 3.0 0.3 G Durmid
68 05 02 005530.0 3317.4 11615.6 A 3.6 6.6 G Clark Lake
68 05 02 231926.0 3309.0 116048 A 3.1 7.6 G Borrego Mountain
68 05 03 121540.3 3301.8 115659.8 A 3.1 3.8 G Kane Spring
68 05 06 105336.9 33020 11600.1 A 3.5 9.2 G Borrego Mountain
68 05 06 173147.6 3302.4 1156569 A 4.0 6.7 G Kane Spring
68 05 07 075637.8 3316.3 11606.0 A 3.3 2.9 G Rabbit Peak
68 05 08 162338.1 33115 11609.8 A 3.3 3.1 G Borrego Mountain
68 05 08 223006.3 3310.7 116076 A 3.0 6.9 G Do.
68 05 09 102146.2 3306.1 11601.9 A 3.6 7.3 G Do.
68 05 10 0432252 3302.1 116024 A 3.4 53 G Do.
68 05 10 052807.8 3302.0 116024 A 33 4.8 G Borrego Mountain
68 05 11 081004.0 3302.4 116003 A 4.2 88 G Do.
68 05 11 0846 03.6 33 02.4 116 00.3 A 3.5 85 G Do.
68 05 11 103831.7 3316.7 11558.1 A 3.0 1.3 G Durmid
68 05 12 1424163 3327.7 116244 A 3.3 6.3 G Clark Lake
68 05 13 183352.2 3318.6 116157 A 3.3 8.5 G Do.
68 05 20 04 0417.9 3304.3 11608.2 A 3.2 8.7 G Borrego Mountain
68 05 21 143431.3 3304.2 116016 A 3.2 1.1 G Do.
68 05 21 231939.4 3302.1 115659.6 A 3.0 4.8 G Kane Spring
68 05 22 132655.4 3318.6 11613.4 A 4.4 7.5 G Rabbit Peak
68 05 26 064628.1 3302.4 11602.4 A 3.2 44 G Borrego Mountain
68 05 31 0029021 3303.6 11555.8 A 3.2 3.5 G Kane Spring
68 06 02 000243.9 3302.6 116002 A 3.3 7.2 G Borrego Mountain
68 06 03 091022.4 3311.7 11609.7 A 3.3 7.7 G Do.
68 06 04 034819.7 3302.4 116023 A 3.2 51 G Do. .
68 06 06 091202.0 3300.6 115557 A 3.2 6.4 G Kane Spring
68 06 06 131804.9 3300.8 11555.6 A 3.1 7.6 G Dq.
68 06 08 213700.9 33159 116025 A 3.1 1.3 G Rabbit Peak
68 06 09 142015.6 3316.8 11559.5 A 3.1 29 G Durmid .
68 06 09 144829.6 3304.6 115555 A 3.0 5.1 G Kane Spring
68 06 11 053217.3 33209 11620.0 A 3.1 10.1 G Clark Lake
68 06 14 163812.3 33021 11600.7 B 3.1 5.0R T Borrego Mountain
68 06 26 213511.3 33175 115594 B 8.0 50R T Durn}id
68 06 26 213823.3 33158 116007 B 3.1 —0.6 T Rabbit Peak
68 08 03 100218.7 3257.7 11612.7 B 3.4 2.3 T Carrizo Mountain
68 08 12 070707.7 3257.8 11601.4 B 3.0 4.5 T Do.
68 08 14 091921.8 3318.5 11612.6 B 3.7 —0.7 T Rabbit Peak
68 08 22 198518.7 32583 11550.1 C 8.3 —2.0 T Plaster City X
68 09 29 040607.4 3306.6 11601.6 C 3.3 6.0R T Borrego Mountain
68 10 07 141521.6 3317.4 11625.6 C 3.6 10.0R T Clark Lak.e
68 10 19 035018.6 3301.4 11559.4 B 3.0 —1.3 T Kane Spring .
68 10 23 1954427 33043 116024 B 3.1 —1.1 T Borrego Mountain
68 10 28 115155.7 3304.4 1160156 B 3.2 —0.8 T Do.
68 10 28 235313.0 3259.0 11617.0 B 3.1 10.0R T Mount Laguna i
68 10 31 0404 44.0 33035 11602.2 B 3.1 10.0R T Borrego Mountain
68 11 05 115050.6 8326.0 11626.8 B 3.0 6.6 T Clark Lake .
68 11 10 074200.1 3313.1 116043 B 3.0 10.0R T Borrego Mountain
68 11 23 103350.6 33207 11614.1 C 3.2 10.0R T Rabbit Peak
68 11 28 022958.0 3259.8 116151 C 3.2 100R T Mou!'lt Laguna i
68 12 14 223030.3 3253.6 11613.8 B 3.4 10.0R T Carrizo M_ountaln
68 12 17 225351.2 8302.7 11551.8 B 47 B8.0R T Kane Spring
69 01 30 160851.8 3303.8 116174 C 3.1 —2.0 T Borr?go .
69 03 29 065726.8 3267.2 11613.6 C 3.4 —2.0 T Carrizo Mountain
69 04 28 2320429 3320.6 11620.8 B 5.8 20.0R T Clark Lake
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(M=5.8) because it was larger than any earlier
aftershock; it occurred somewhat farther northwest
than most earlier aftershocks (fig. 7), and it had
numerous local aftershocks of its own. Table 2 is
thought to represent a relatively homogeneous cov-
erage of earthquakes of magnitude 3.0 and greater
during the 1-year period, except for a period of about
2 hours following the main shock, when some small
aftershocks could have been missed because of the
congested records. For the purpose of this study,
aftershocks were arbitrarily assumed to include all
shocks that occurred within the area of figure 7. This
area includes the following U.S. Geological Survey
15-minute quadrangles (from left to right, top to
bottom, in fig. 7) : Clark Lake, Rabbit Peak, Durmid,
Borrego, Borrego Mountain, Kane Spring, Mt. La-
guna, Carrizo Mountain, and Plaster City.

The establishment of precise time correction fac-
tors for the permanent stations of the Caltech net-
work was made possible by the presence of the
20-station USGS (U.S. Geological Survey) array in
the epicentral area (Hamilton, this volume) and by
the calibration of this array with three widely sepa-
rated explosions (Hamilton, 1970). Fifty-five of the
largest USGS-located shocks that occurred during
the 2-month period between April 12, 1968 and June
12, 1968 were used to establish station time correc-
tions to be applied to the Caltech computer-location
program (Nordquist, 1962). Average time correc-
tions for P-arrivals of the aftershocks at the nearby
stations are given in table 3; only those stations with
time corrections shown were used in the routine

TABLE 3. — Borrego Mountain earthquake data for stations of
the Pasadena metwork

P-wave Time Time ™ Distance

Station arrival time, correc- correc- to hypo- mr;gzix
main shock tion, tion, center, malin '
(G.m.t.) r:ai?( "{,,fte;' n;lain shock
—_—— shoc shocks  shock :
Code Name h m s Y P thony (quality)
BAR Barrett........ 02:29:11.8 +0.3 +0.1 76.8 D
CLC China Lake. 44.1 320.5
CWC Cottonwood 54.3 401.7
ECC El Centro.....coeuneeee 10.7 .0 70.2 C
ELW Ella Wash
(temporary) ........ — 4 15.8
FCR Fish Creck Range
...... — .2 21.9
44.2 815.9 D
17.6 +1.2 + 1 122.9 C
344 4+ .9 4 .2 2420 D
1.7 - .6 — b 74.2 D
47.6 348.4 D
30.8 - .1 —1.1 212.0 C
OBB Obsidian Butte
(temporary) ........ 07.6 — .6 — .6 47.3
OCT Ocotillo Wells
(temporary) ... ... - .8 11.9 [o]
11.1 — .2 -1 41.8 C
PAS Pasadena.... 30.0 —1.1 216.8 C
RVR Riverside.... 22.0 + 9 + .6 146.4 D
SCI  San Clemente
Island 32.1 + 6 + .2 226.7 C
SBC Santa Barbara 49.2 . e eseenes C
SWM Sawmill............ 40.9 282.6
SYP Santa Ynez Pe 52.0 385.4 C
TIN Tinemaha, 02:30:04.2 469.0 D
WDY Woody.....ocoereecrarerenne 02:29:50.4 373.6 D

locations of aftershocks.-These corrections were used
to determine the Caltech hypocenters listed in table
2, except for the main shock, which is discussed
separately below. Even with these corrections, not
all shocks could be assigned good hypocenters, mainly
because of poor arrivals masked by contemporaneous
events or wind noise or because of sporadic station
failures. “B” quality epicenters are thought to be
accurate within 5 km, “C” quality within 15 km,
and “D” quality greater than 15 km, although the
quality assignments in table 2 are generally conserv-
ative. “A” quality locations, such as those of the
main shock and the U.S. Geological Survey epicen-
ters, are the subject of special investigation and indi-
vidual error assignments. A measure of the accuracy
of hypocentral determinations from the Caltech
stations alone (“T” source in table 2), when the
above corrections are applied, can be determined by
comparing the depths assigned to all Caltech “B”
hypocenters that were independently located by both
networks. The average difference in depth assign-
ments is 2.0 km; this amount of difference suggests
that most of the “B” locations in table 2 are indeed
accurate to within 5 km and many are much more
accurate.
FORESHOCK ACTIVITY

A single foreshock of magnitude 3.7 preceded the
main shock by about 1 minute, and its hypocenter
can be considered identical with that of the main
shock within the limits of location error. Perhaps
the most significant feature of the foreshock activity,
however, is the complete absence of any other fore-
shocks or preceding regional activity. Records of the
47-km-distant station at Obsidian Butte, for ex-
ample, show no hint of any other earthquakes in the
epicentral region within the previous few hours and
days, and the general level of activity at this station
had been unusually low during the preceding 4
months. Within the year preceding the main Borrego
Mountain shock, only two earthquakes that might
be considered within the zone of subsequent after-
shock activity along the Coyote Creek fault are
listed in the Caltech Local Bulletin.

MAIN SHOCK
LOCATION

The main shock was located by using correction
factors that were based on arrival-time residuals of
only the 11 largest shocks that were recorded by
both the USGS and Caltech networks — all of these
shocks exceeded magnitude 3.4. The restriction to
larger shocks permits a more direct comparison with
the main shock, particularly for the more distant
stations. These time corrections, as well as the
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P-wave arrival times used in the solution, are given
in table 8; only those stations with time corrections
shown in table 3 were used in this solution. The
computed hypocenter is 33°11.4’ N., 116°07.7 W,,
h=11.1 km. Standard errors in the computer solution
of the x, y, and z components are 0.65, 0.96, and 2.01
km, respectively, but these are felt to be unrealistic
in view of the somewhat arbitrary assignment of
correction factors. On the basis of numerous at-
tempts to locate the epicenter using a wide variety
of assumptions and models, we believe that the com-
puted epicenter is correct to within 3 km, but be-
cause the nearest station (OBB) is 47 km away,
depth control is poor. Nevertheless, the compara-
tively large hypocentral depth of the main shock
relative to that of most aftershocks is consistent with
the observations of Hamilton (this volume), who
notes that all A- and B-quality USGS hypocenters
of shocks exceeding magnitude 3.4 are at depths
below 6 km; their average depth is 8.06 km, com-
pared to an average depth of 4.97 for the hypocenters
of all A- and B-quality aftershocks listed in table 8.

MAGNITUDE

A local magnitude (M.) of 6.4 has been assigned
to the Borrego Mountain main shock by C. F. Rich-
ter, who used records of seven widely spaced stations
of the Pasadena network. Most of the Wood-Ander-
son torsion seismometers of the network were driven
off-scale by the main shock; to determine the magni-
tude it was necessary to compare the main shock
with a well-recorded aftershock by using low-magni-
fication seismometers: (for example, 100X). The
magnitude 5.2 aftershock of 0304, April 9, was re-
corded on 12 torsion instruments and on 17 low-
magnification instruments that remained on-scale
during the main shock; comparing the amplitudes
on the various records is consistent with a magnitude
assignment of 6.4 for the main shock. Berkeley re-
ported a magnitude of 7.1-7.2 for the same shock
(Niazi and others, 1969), and the U.S. Coast and
Geodetic Survey PDE? card reported a magnitude
of 6.1 from the magnitude-determination system in
use at that time.

FOCAL MECHANISM

The focal mechanism for the Borrego Mountain
main shock is shown in figure 8. The focal mechanism
was solved by following the technique of Sykes
(1967) ; a focal depth of 10 km and a crustal velocity
of 6.0 km per sec were assumed. The two nodal
planes are both relatively well defined and must be
near vertical. It is reasonable to assume that the
fault is represented by the nodal plane that strikes

2Preliminary determination of epicenter.

$=132°
8= 83°NE

S

FIGURE 8. — Focal-mechanism solution for the Borrego Moun-
tain main shock. Diagram is an equal-area projection of the
lower hemisphere of the radiation field. Solid symbols repre-
sent compressions; open symbols, dilatations; square sym-
bols, stations of the Pasadena network; circular symbols,
distant stations of the Worldwide Standard Seismograph
Network (WWSSN) and Canadian network; crosses, wave
character indicating stations near nodal plane. ¢ and §
are - strike and dip of nodal planes, and arrows indicate
sense of shear on the plane chosen as the fault plane.

northwest and dips steeply to the northeast, at least
80°, and that has a right-lateral displacement of
almost purely strike-slip character. The only incon-
sistencies in the solution are from nearby stations of
the Pasadena network (table 3; square symbols in
fig. 8), where there is a discrepancy between the
first motions at Fort Tejon and Riverside compared
with those at Berkeley. The more distant long-period
arrival at Berkeley, which was clearly compressional,
is given precedence in the solution. Although 15 of
the 17 nearby stations are clearly consistent with
the more distant stations, minor inconsistencies in
the nearby stations are not surprising, particularly
in view of the very complicated crustal structure in
the epicentral region. Stations of the Pasadena net-
work that are presumed to have received direct P
arrivals are arbitrarily plotted at the edge of the
net in figure 8.

The fault-plane strike of 132° (N. 48° W.) corre-
sponds within a few degrees to the trend of major
aftershock activity (fig. 7) and to the trend of sur-
face faulting (Clark, ‘“Surface Rupture Along the
Coyote Creek Fault,” this volume). The steep dip,
however, seems to preclude the possibility that the
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apparent offset of the line of major aftershocks 2-3
km northeast of the trace of surface fracturing can
be caused by dip of the fault surface. Such a hypothe-
sis would require a much shallower dip of the fault
plane (for example, 70°) than is permitted by the
focal-mechanism solution; furthermore,
pothesis is not suggested by most of Hamilton’s
vertical cross sections (fig. 16). ‘
Late in the aftershock period, a number of events
occurred near the southeastern extremity of faulting
that may be related to the creep history of surface

displacement. During the aftershock period, little or |

no creep occurred on the northwestern segment of
the surface trace (north of Highway 78), but con-
siderable creep took place along the southeastern
segment (Clark, “Surface Rupture Along the Coyote
Creek Fault,” this volume). When one compares the
relative aftershock activity in the two areas, it seems
reasonable that at least some. of the creep in the
southeastern segment may have been associated with
the much more numerous aftershocks in this area,
such as the increased activity that took place here
shortly after April 14 (fig. 9C).

EPICENTRAL DISTRIBUTION OF
AFTERSHOCKS AS A FUNCTION OF TIME
Inasmuch as it was not possible to assign accurate

epicenters to a number of larger aftershocks that
occurred within a few hours of the main event

(table 2), arguments as to possible changes of after-.

shock activity with time are necessarily somewhat
limited. Within 2 hours of the main shock, it is
likely that aftershocks had occurred essentially over

the entire length of the surface rupture as it was

mapped in the days following the event. (Note, how-
ever, that most of the initial epicenters listed in
table 3 are of C-quality.) Nevertheless, there is a

definite suggestion of gradual enlargement of the

zone of aftershock activity i® the days and weeks
following the earthquake. Figure 9 shows the distri-
bution of epicenters during four successive time
periods having roughly equal numbers of shocks of
magnitude 3.0 and above, and the progressive expan-
sion of areal activity is obvious, particularly late in
the aftershock period (fig. 9D). For example, most
of the numerous events near the southeast end of the
fault trace, near 33°02’ N. 116°00’ W., occurred after
April 14 (fig. 9C). Likewise, the two outlying areas
of minor activity situated symmetrically with respect
to the fault trace near Salton City and Agua Caliente
Springs (fig. 7) became active primarily after April
27 (fig. 9D). Two of the largest aftershocks occurred
near the extreme ends of the aftershock zone many
months after the main event; these are the Coyote
Mountain earthquake (M=5.8) of April 28, 1969,

476-246 O - 72 - 3

this hy-

which may not be an aftershock in the usual sense,
and the shock of December 17, 1968 (M=4.7), which
lies almost on the trace of the Superstition Hills
fault (fig. 7, 9D). It is also significant that during

“the late period, when aftershocks were occurring

over a wide area, almost no shocks exceeding magni-
tude 3.0 occurred in the area of original surface

faulting except at its southeast end. Thus, the late-
. period aftershock distribution takes on almost a
~doughnut shape.

TECTONIC IMPLICATIONS

The hypocentral distribution of the Borrego Moun-
tain earthquakes leads to several conclusions of tec-
tonic significance: (1) Aftershocks are not limited
to a single fault plane; instead they are distributed
over a wide zone — in sharp contrast to the after-
shock distribution of the Parkfield-Cholame earth-
quakes (Eaton, 1967); (2) the zone of most
concentrated aftershock activity parallels but is
somewhat northeast of the line of surface rupture

-along the Coyote Creek fault; (3) the epicenters of

all shocks above magnitude 4.5, including that of the
main shock, seem to lie along a single line 2-3 km
northeast of the Coyote Creek fault trace, with the
exception of the shock of December 17, 1968 that is
near the Superstition Hills fault; (4) the zone of
rupturing at depth evidently extends farther north-
west than does the zone of surface faulting; and (5)
the epicenter of the main shock lies roughly midway

along the zone of aftershock activity and thus seems

to reflect bilateral faulting; the fracture propagates
both northwest and southeast from the point of
initial rupture.

As previously discussed, it seems unlikely that the
dip of the fault plane is so shallow that the surface
break represents the same fault plane as that indi-
cated by the hypocenters of the larger aftershocks.

| Nor, in the light of the careful explosion calibration

carried out by Hamilton (1970; this volume), is it
likely that there is a major systematic error in the
epicentral locations of the aftershocks.

The seeming lack of direct correlation between the
trace of surface faulting and the aftershock distri-
bution may be related to the complex local geology.
1t is obvious from the geologic map (fig. 7) that the
San Jacinto fault zone in this region (as opposed to
the San Jacinto fault itself) is not a simple fracture
— not nearly so simple, for example, as the San
Andreas fault in the Parkfield-Cholame area. The
zone comprises many individual Quaternary breaks:
northwest of the 1968 epicenters are the Buck Ridge,
San Jacinto, and Coyote Creek faults, and to the

southeast are the Superstition Hills and Superstition

Mountain faults, as well as a possible extension of
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FIGURE 9. — Epicenters of figure 7, separated into four consecutive time periods (A to D) containing roughly
equal numbers of shocks. Boundaries and coordinates of individual maps are the same as those of figure 7.
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the Coyote Creek fault, which is represented by
northwest-trending cracks across Highway 80, 4 km
east of Plaster City, that were first observed in
October of 1969 (fig. 7). Therefore it is not surpris-
ing that a major earthquake within the zone is a
complex event, with aftershocks distributed over a
number of individual breaks. Indeed, the aftershock
zone of the 1968 event alines rather well with the
center of the entire band of Quaternary faulting
along the San Jacinto fault zone, whereas the surface
faulting lies at the southwest edge of it. However,
the question of why the surface faulting is apparent-
ly localized only along the margin of the fractured
zone remains unanswered.

It is interesting that although the Borrego Moun-
tain and Parkfield-Cholame earthquakes are of some-
what comparable magnitude and displacement, there
are significant mechanical differences between them.
In addition to the markedly different patterns of
aftershock distribution, Max Wyss (oral commun.,
1970) has pointed out that the apparent stress at all
depths is higher at Borrego Mountain than at Park-
field-Cholame; average values for 12 events in the
two localities differ by two orders of magnitude.
Despite the fact that both earthquakes are low-
stress-drop events (Wyss and Brune, 1968; Wyss
and Hanks, this volume), the absolute stress at
Borrego Mountain was considerably higher, which
may be related to the markedly different patterns of
aftershock activity.

The geological conditions at Parkfield-Cholame,
typified by a relatively simple fault break that was
perhaps “lubricated” by the presence of abundant
serpentine in the fault zone (Allen, 1968), might
logically be associated with earthquakes at relatively
low levels of absolute stress. In the Borrego Valley
area, on the other hand, the complex and discontinu-
ous fault pattern might be visualized as necessarily
demanding a relatively high absolute stress for
breaking to be initiated, so that the faulting then
occurred over a wider zone of pervasive fracturing.

The epicenter of the Borrego Mountain main shock
lies roughly midway along the zone of aftershock
activity (fig. 7) and thus seems to reflect bilateral
faulting — with the fracture propagating both
northwest and southeast from the point of initial
rupture. This relation is in marked contrast to most
other recent earthquakes in California, in which the
initial epicenter has been at one end of the aftershock
zone, thus reflecting unilateral faulting. Among these
earlier earthquakes that have been well documented
are the 1933 Long Beach earthquake (Richter, 1958),

the 1940 Imperial Valley earthquake (Trifunac and
Brune, 1970), the 1948 Desert Hot Springs earth-
quake (Richter and others, 1958), the 1952 Kern
County earthquake (Richter, 1955), and the 1966
Parkfield-Cholame earthquake (McEvilly, 1966;
Eaton, 1967). Indeed, the 1906 San Francisco earth-
quake is perhaps the only other large earthquake in
California for which there is good evidence of bilat-
eral faulting (Bolt, 1968).
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ABSTRACT
Spectral analysis of teleseismic body phases at several
azimuths was used to determine the moment, fault length, dis-
location, stress-drop, and radiated energy of the Borrego
Mountain earthquake. The results agree well with the same
parameters obtained from the surface fracture and after-
shock distribution and local observations of radiated energy.

INTRODUCTION

The Borrego Mountain earthquake provided an
ideal opportunity to check the reliability of tele-
seismic methods to estimate the moment, dimen-
sion, and dislocation of a seismic source. Although
the event was large enough to be recorded by the
WWSSN (Worldwide Standard Seismograph Net-
work) at all epicentral distances, it was small

enough to be recorded well on the Wood-Anderson .

instruments (magnification =100) operating at
Pasadena and Riverside. More important, this
earthquake produced a well-defined surface rup-
ture with a measured right-lateral displacement
(Allen and others, 1968; Clark, this volume). De-
tailed studies of the aftershock sequence provided
further information on the extent of the source
region (Hamilton, this volume).

In the equivalent double-couple‘representation
of a seismic source (Burridge and Knopoff, 1964),

the seismic moment M, (Maruyama, 1963; Haskell,

1964) was shown by Aki (1966) to be proportional to
the product of the fault area 4 and the average
dislocation u :

Mo=uAu 1
where u is the shear modulus in the source region.
With this relation, M, can be evaluated from field
measurements of u and A, the latter calculated

‘Contribution 1819, Lamont-Doherty Geological' Observatory and Contribution
1930, Division of Geological Sciences, California Institute of Technology, Pasadena,
Calif.

from rupture length and depth based on field map-

‘ping and aftershock studies. Provided that the

dislocation theory models an earthquake source
correctly, M, can be determined from the long-
period amplitude spectral density (£},) of body or
surface waves. The two independently obtained

| values of M, will be compared in order to check the

validity of the dislocation theory. Previous com-
parisions of teleseismically estimated M, with
that obtained from fault area and surface dis-
placement suffered from considerable uncer-
tainties in the field observations (Aki, 1966; Wyss
and Brune, 1968).

Another important parameter that can be esti-
mated from teleseismic spectral data is the source
dimension r. Kasahara (1957) has related the
corner/peak frequency f, of P-wave spectra to the
radius of a spherical source model. Berckhemer
and Jacob (1968) have estimated the rupture area
of deep earthquakes using f; of P-waves. Brune
(1970) proposed a relation between f; of S-waves
and the radius of a circular rupture area. The
present results are a part of a larger study, one

| purpose of which is to check if any one of the

proposed relations between f, and r is correct for
earthquakes with known rupture length.
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DATA

The vertical components of P-waves recorded at
eight WWSSN locations (table 4) at distances
between 37° and 86° were Fourier-analyzed; the
resulting displacement spectra Q(w) and their
azimuthal distribution are shown in figure 10.
In order to cover as large a frequency range as
possible, the spectra of the long-period records as
well as of the short-period records have been de-
termined and plotted on the same graph. (), as
presented in figures 10 and 11, has been corrected
for the instrument response and for attenuation
using the results of Julian and Anderson (1968)
for an earth model MM8 (Anderson, Ben-Menahem,
and Archambeau, 1965). The units of ((w) are
given in centimeter-seconds for both P- and
S-waves.

The S-wave spectra of four stations are shown in
figure 11. Only one station furnished a usable
short-period record. The corner frequency fy, how-
ever, is clearly defined by the long-period spectra
alone. In order to avoid contamination of the S
phase by other phases, only stations between 63°
and 75° were considered. The window length
ranged from 30 to 60 seconds.

P- and S-wave spectra were also recorded at
local stations (Pasadena, A=220 km; and Riverside,
A=145 km). The recordings were obtained from
low-magnification Wood-Anderson instruments
(2gain=100). These data were considered useful
only in the range 0.5<f<2.5 Hz. Although these
data will not be useful in the moment or source
dimension determinations, they provide a lower
bound check for the radiated seismic energy.

In order to estimate the moment and the total
radiated energy, the following corrections of the

spectral amplitudes measured at any station have.

been made. For the combined displacement ampli-
fication by the free surface and the crust at the
receiver, an average value of 2.5 for P and S has
been assumed (Ben-Menahem and others, 1965).
For the radiation pattern correction, a vertical
right-lateral strike-slip source with strike azimuth
of N. 48° W. was used. The decrease in amplitude
due to geometrical spreading was accounted for,
and the spatial integration of the energy radiated
in different directions was performed using Wu’s
(1966) results. Because of the presence of the free
surface at the source, only half of the integral
given by Wu (1966) for the whole space was taken
for the energy integration.
SEISMIC MOMENT

At the long-period end, 50 = T = 10 sec, the
spectral amplitudes are approximately constant
and at shorter periods fall off approximately as
27
T
approximated as indicated in figures 10 and 11 and
given as (), in table 4. This approximation of the
spectrum is in accordance with the results of dis-
location theory (Aki, 1967; Brune, 1970), provided
that the spectral information in this period range
is a meaningful representation of the ultralong-
period level. On the other hand, the lack of data
for T > 50 sec admits the possibility that the
chosen level may only be the maximum of a broad
peak as required by Archambeau (1968). The
seismic moment M, was estimated from the cor-
rected Qo using equations for the far-field dynamic
displacement by Keilis-Borok (1960) and Ben-
Menahem, Smith, and Teng (1965).

The moments obtained from teleseismic spectra
are in good agreement with the moments esti-
mated from field observations. M, obtained from
the different stations are given in table 4.

w~%, where w===. The long-period levels have been

TABLE 4. — P~ and S-wave spectral data
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FIGURE 10. — Attenuation-corrected P-wave spectra of the Borrego Mountain earthquake. Solid line obtained from long-pe-
riod vertical WWSSN instruments, and dots obtained from short-period vertical WWSSN instruments. Azimuths with
respect to strike of fault. Vertical scale is log of displacement spectra, in centimeter-seconds; horizontal scale is log
frequency, in Hertz.
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FIGURE 11. — Attenuation-corrected S-wave spectra of the Bor-
rego Mountain earthquake from WWSSN recordings.

Unfortunately, some stations were close to
nodes in the P-wave radiation pattern. If the cor-

rection due to the radiation pattern alone was

larger than a factor of 10, the moment was not
computed, since small uncertainties in the focal
mechanism could introduce large errors. The
average of the P- and S-wave moments of table 4
is compared with M, derived from observations in
the source area in table 5. The depth of faulting
was assumed to be the depth to which the after-

shock activity extended, #=12 km (Hamilton, this
volume). M,, based on teleseismic (dynamic) mea-
surements, agrees within approximately a factor
of 2 with the field (static) observations.

The teleseismically determined moments are
likely to be affected by reflections from the free
surface. The inclusion of pP in the spectral
analysis is expected to cause an overestimate of
M,. This may explain why the teleseismic moments
are larger than the static ones (table 5). The long-
period data, however, do not indicate the expected
degradation of the radiation at periods long com-
pared to the timelag At of the reflected phase

(At = 10 km,

a=P-wave velocity=6.0 km/sec). The facts that the
Borrego Mountain earthquake ruptured the sur-
face and had a depth of rupture comparable to the
length of rupture undoubtedly complicates an
image point source representation of reflected
phases. Other error sources for individual stations
are uncertainties in the fault plane solution and
the effect of local upper mantle and crustal struc-
ture. These two effects could combine to form an
error that in general should not exceed a factor of
three in the moment determination for any one
station. In the average moment determination
from the several stations, some of these errors
should be cancelled out, and it is encouraging to
see that the RMS (root mean square) errors are
small (table 5).

TABLE 5.—Source parameters

2a—h-s 3 sec; h=source depth <

Moment Dislo- Stress-

Field observation or M, szgth A;ea De’pth cation drop
spectral estimate (102 (k_m)’ (km?) (k' ) u o

dyne-cm) m (cm) (bar)
Surface rupture.......... 3.6 - 33 396 '12 30 4
Aftershock zone......... 4.9(6.1) 45(56) 540(672) 12 30 -
P-wave (Brune),.. 10.x2 26+6.5 615 - 30 20
S-wave (Brune)........... 6.6x1 426 1460 - 14 3
P-wave (Kasahara) ..... - 8 53 - - -

P-wave (Berckhemer

and Jacob)............... - 8.5 58 - - -

'Assumed from aftershock distribution.

The moments obtained from field observations
will be affected by errors in the estimates of the
rupture area and the dislocation. The zone of in-
tense aftershock activity in the figures shown by
Hamilton (this volume) is 45 km long. If the
sporadic aftershock activity toward the north is
included, a length of 56 km is obtained. We feel,
however, that the intense aftershock zone outlines
the rupture area, whereas the more northern
events were caused by strain accumulations be-
yond the fault end. This view is supported by the
Coyote Mountain earthquake of April 28, 1969, and
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its aftershock sequence, which were located in
this zone of sporadic aftershock .activity,
33°20'N.,, 116°21'W. (R. M. Hamilton, oral commun.,
1970; Thatcher and Hamilton, 1971). Even though
we feel that 45 km is the value that should be used
for the fault length as outlined by the aftershocks,
the source parameters based on 56 km are also
computed and given in table 5 in parentheses. The
length of the surface rupture differs by a factor of
1.3 (1.7) from the extent of the intense (extended)
aftershock activity. The depth of the main shock
given by Allen and Nordquist (this volume) is
11 km, which differs from the depth of the deepest
aftershocks by a factor of 1.1. These factors may
combine to an error of less than 2 in the area esti-

mates. Insofar as no"creep occurred on- the .

northern branch of the fault, three-quarters
(Brune and Allen, 1967) of the maximum surface
displacement, 38 em (Clark, “Surface Rupture
Along the Coyote Creek Fault,” this volume), was
taken to represent the average displacement at
depth. It is hard to imagine that the displacement
could be in error by more than a factor of 3: Under
this assumption, the statically estimated moment
might be uncertain to a factor of 5. This is an
extreme value, however, and we believe that the
"~ static moment is estimated to w1th1n a factor of 3
from the correct value. :

The agreement in table 5 can be considered very
good, and it is concluded that the moment of a
double-couple source can be determined equally
well from teleseismic body phases or from field
observations in the source region.

FAULT LENGTH

The corner frequency f, was defined by the inter:
section of the horizontal line representing the
long-period spectral level and the line drawn
through the short-period data, if they were avail-
able. Otherwise, f, was estimated from the decay
of the long-period data. _

Brune (1970) related f, for S-waves to the source
dimension r by

2218 _ 1.2.
27rﬂ) S) fo Sy
where ris measured in kilometers.

Because the flat amplitude level at frequenc1es
smaller than f; is due to interference of waves with
wavelength A longer than the source size, it would
seem reasonable to obtain a version of equation 2
valid for P-waves by keeping A, constant and sub-
stituting a, the P-wave velocity, for 8, the S-wave
velocity. To estimate the source dimension from
the P-wave spectra, we use the relation

(2

22la _ 2.1 3)
27Tfo (P) fo Py

The source radii obtained from 2 and 3 and the
appropriate f; are given in table 4. The values from
stations at different azimuths are generally
consistent, indicating that such effects as focusing
due to rupture propagation, substation crustal
reverberations, and 6-second microseisms are not
sufficient to disguise the gross behavior of body-
wave spectra of the Borrego Mountain earthquake.
Averages for the P- and S-wave determinations
of L=2r and of the ruptured area A==r? are com-
pared to surface rupture and aftershock length

| in table 5. The agreement between the four length

determinations is very close, if Brune’s equations
are used, and it is concluded that the source dimen-
sions of an earthquake can be obtained with satis-
factory accuracy from spectral P- and S-wave
analysis using Brune’s (1970) results. It is to be

| noted, however, that the source dimensions ob-

tained from P-wave spectra are consistently
smaller than those from S-wave spectra. This fact
may indicate that the step from equation 2 to
equation 3 is not completely correct and needs
clarification.

Kasahara’s (1957) model relates the radius of a
spherical source to f; by

0.66

@) @

r=

If the average value for f, (P) from table 4 is used
in equation 4, we obtain L=2r=8.2 km. In Berck-

hemer and Jacob’s (1968) theory, the maximum
rupture velocity ¢ has to be assumed; their rela-
tion is

cz 1

2 2n° (5)
Even if a rather high rupture velocity of 3 km/sec
is assumed, the average area A, from 5 is only
58 km?. The diameter of a circular fault with this
area is approximately 8.5 km.

The values for 4, and r that are estimated by
equations 3, 4, and 5 are compared in table 5 to the
values observed in the source region. It is evident
that the theories of earlier authors (Kasahara,
Berckhemer, and Jacob) underestimate the source
dimensions, but Brune’s relation gives results
which are in excellent agreement with the field
observations.

The use of body waves for source size determina-
tion has great advantages over the surface wave
method (Ben-Menahem, 1961). The excitation of
surface waves is strongly dependent on the crustal
structure, and the source depth interference can
be severe (Tsai, 1969). Also, for smaller events it is

A0=
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difficult to extend surface wave spectra to the
short periods required without mode contamina-
tion, and deep earthquakes often do not excite
measurable surface waves. A disadvantage of the
body-wave method is that at a range of shallow
depths the surface reflections pP and sS cannot be
separated from the direct phase, and the inter-
ference of these phases with the direct waves can
be expected to complicate the analysis.
ENERGY ESTIMATES

The energy in a body wave spectrum is propor-
tional to _T; |Q(w)w |2dw. For a theoretical spectrum
as given by Haskell (1964), Aki (1967), or Brune
(1970), the energy integral can be conveniently
represented by Q% f3

, E=kQ% fb (6)

The constant £ contains corrections for geomet-
rical spreading, free surface and crustal effects at
the station, the radiation pattern, integration of
the radiation pattern over the focal sphere, rate
of decay of the spectrum for w>w, (here assumed
to be w~?), as well as material constants. The energy
radiated from a surface source into the halfspace
below was taken to be half the integral given by
Wu (1966) for a whole space. The total energy
radiated by the Borrego Mountain earthquake
as P- and SH-waves is given in table 4; the average
teleseismic estimates are E(SH)=0.44-102° ergs,
E(P)=0.16-10%° ergs. The teleseismic .observations
indicate that the total radiated energy, including
SV, was approximately 0.69°102° ergs.

The radiated seismic energy has also been esti-
mated from the seismograms written by the Wood-
Anderson torsion seismograph operating at a gain
of 100 at Pasadena and Riverside. Table 6 gives
estimates of the seismic energy radiated for all
components of P- and SH-waves in the frequency
range 0.5 < f < 2.5 Hz. The bulk of the seismic
energy, however, is not included in the above esti-
mate, because the corner frequency occurs outside
of the frequency range available for analysis. We
can check whether the locally recorded spectra
agree approximately with the teleseismic ones by

TABLE 6. — Local observations of radiated seismic energies

Station and Phase Energy, 10" ergs'

Pasadena:
P(Z) oo 1.3

‘Estimate based on spectral amplitudes corrected for
;e:szrrg%attenuation, with 0=500 in the bandwidth 0.5 =
2. z.
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extrapolating the slope of the local spectra as a
straight line to lower frequencies. At the average
corner frequency, this straight line should inter-
-sect with the long-period flat level of the spectrum,
which at that particular station corresponds to the
average moment. The agreement is fairly good.
If we assume that the long-period level corre-
sponding to the average moment, the corner fre-
quency, and the slope of spectral decay to high
frequencies are given, we estimate the total radi-
ated energy based on the Pasadena record to be
approximately 2-10%° ergs.

The energy estimated from the energy-magni-
tude relationship (Gutenberg and Richter, 1956)
amounts to several times 102! ergs, depending on
the relation used. The spectral estimates dis-
cussed above are an order of magnitude smaller.
The energies estimated by integration agree with
the energy estimated by DeNoyer (1959) for earth-
quakes with comparable magnitude. The problem
of energy should be studied in detail, but for this
task complete spectra, including the corner fre-
quency from nearby stations, are needed.

An interesting result is that the ratio of the
S-wave to the P-wave energy is 3.3 despite the con-
siderably larger long-period S-wave amplitudes.
Since the energy is a function of the ratio of
amplitude over period, the larger long-period S-
wave amplitudes are partly offset by a smaller
fo (S). This relation is best understood in terms of

equation 6, where (), is proportional to ;1_.;, while

fo and k are proportional to v (v=respective propa-
gation velocity). Therefore, the ratio of Sto P wave
energy should be (a/B8)?! = 3. Gutenberg and
Richter (1956) assumed a ratio of 2; this ratio
agrees with our observation.

STRESS-DROP

The stress-drop Ao=0,—~0: (o;=stress prior to
rupture, o:=stress after completion of the event)
can be estimated from the moment and the source
radius through the relation (Brune, 1970)

A0=lﬁ.

®)

From the field observations, the stress-drop was
also estimated using Knopoff’s (1958) equation
A0'=;—IZ,
three different estimates are given in table 5.
They agree well, and the average stress-drop is
Ao=9 bar. This value is much smaller than the
stresses that the earth’s crust is able to maintain.

where wu=dislocation and h=depth. The
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From the stress-drops of large shallow earth-
quakes, Chinnery (1964) estimated that the crust
can accumulate 100 bar shear stresses. Brune,
Henyey, and Roy (1969) obtained an upper bound
of 200 bars for the stresses accumulated on the
San Andreas fault, based on heat-flow measure-
ments. Evidently, the Borrego Mountain earth-
quake is another low stress-drop event like the
Parkfield (Aki, 1967; Wyss and Brune, 1968) and
the Imperial (Brune and Allen, 1967) earthquakes.
This result lends further support to the observa-
tion that the stress-drop of small earthquakes is
in general smaller than that of large earthquakes
(King and Knopoff, 1968; Wyss, 1970).

CONCLUSIONS

With the assumption of a double-couple source
model, the use of teleseismically observed body-
wave spectra has been successful in determining
the fault dimension and seismic moment (and,
equivalently, total offset and stress-drop) of the
Borrego Mountain earthquake. The results are in
close agreement with independently obtained
values resulting from local field observations. The
average fault length is 37 km, the average moment
is 6.3-10% dyne ¢m, and the average stress-drop is
9 bars.

The radiated seismic energy estimated from
teleseismic observations is 0.69°102° erg and from
local observations, extrapolated to include the
whole frequency range, is 2-102 erg.
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AFTERSHOCKS OF THE BORREGO MOUNTAIN EARTHQUAKE
FROM APRIL 12 TO JUNE 12, 1968

By RoserT M. HAMILTON
U.S. GEOLOGICAL SURVEY

ABSTRACT

Epicenters determined for 533 of the Borrego Mountain
aftershocks form a complex pattern consisting of a main band
60 km long, subparallel and near the Coyote Creek fault, and
two clusters centered 16 km northeast and 22 southwest of the
main band. Foci range in depth from near surface to 12 km;
the zone of shallow foci is partly associated with the zone of
surface fractures. All well-located aftershocks with a magni-
tude over 3.5 occurred below 6 km depth. The southeast fault
strand was the site of much of the aftershock activity; the
epicenter pattern along this strand exhibited a southeastward
extension of about 3 km after the first week. Focal mechanisms
are mostly of the strike-slip type. In the region of faulting, the
right-lateral nodal plane is subparallel to the fault trend. At
individual recording sites, average magnitude residuals are
directly related to P-wave traveltime delays and thus to base-
ment depth. .

INTRODUCTION

Aftershocks of the Borrego Mountain, California,
earthquake were monitored by 20 portable seismo-
graphs of the U.S. Geological Survey (USGS) from
April 12, 3 days after the magnitude 6.4 event, to
June 12, 1968. Also in operation in the aftershock
region during this 2-month period were four seismo-
graphs of the California Institute of Technology
(Caltech). The main goal of the monitoring was to
determine the relationship between the spatial dis-
tribution and focal mechanisms of the aftershocks,
on the one hand, and the surface breakage and
mapped faults, on the other.

In conjunction with the aftershock monitoring, a
seismic refraction experiment was conducted involv-
ing three explosions that were recorded at the port-
able seismograph stations and at 10 truck-mounted
seismic refraction units. The purpose of this experi-
ment was to provide information about P-wave
velocities in the upper crust in the Borrego Mountain
region in order to locate the aftershock hypocenters
more accurately. Details of this refraction study
were reported previously (Hamilton, 1970).

The combination of a large number of seismo-
graphs deployed, their careful distribution with re-
spect to the aftershock zone, and the special seismic
velocity study made possible unusually precise hypo-

center and focal mechanism determinations. The only
previous study of similar scope was done after the
Parkfield-Cholame earthquake of 1966 (Eaton,
O’Neill, and Murdock, 1970).
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SEISMOGRAPH STATIONS

The Borrego Mountain earthquake occurred at
6:29 p.m. local time (P.s.t.). The deployment of the
Caltech seismograph stations during the first day of
the aftershock sequence has been described by Allen
and Nordquist (this volume). The U.S. Geological
Survey dispatched 11 portable seismographs on the
day after the main shock, and they arrived in the
area of the earthquake a day later. At that time, the
approximate extent of ground breakage along the
Coyote Creek fault was known. It was assumed that
the aftershocks would occur in the vicinity of this
fracture zone, so some of the seismograph stations
were placed along the zone and the others were
distributed to surround it (sites 1-11, fig. 12).

About 10 days after the main shock, the seismo-
graph at site 5 was moved to site 12, and four other
seismographs that had become available were in-
stalled at sites 13-16 to expand coverage. Near the
end of April, 3 weeks after the main shock, the
density of the network was increased by station
additions at sites 17-19. About 3 weeks later, after
two earthquakes were detected southeast of the net-
work, the seismograph at site 13 was moved to site

31
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FIGURE 12, — Map of the Borrego Mountain region showing location of seismograph stations (triangles), epicenter of main
shock (Allen and Nordquist, this volume), aftershock epicenters (crosses), and active faults. Faults are solid where
there is evidence of recent or historic surface breakage, dotted where evidence is less conclusive.

20, and station 21 was established. The final change
in the network was the reoccupation of site 5, bring-
ing the number of stations to a total of 20. The
coordinates of the USGS seismograph stations have
been published elsewhere (Hamilton, 1970), except
for those of station 13, which are 32°50.06" N., 116°
09.33" W. Table 7 gives the period of operation for
each station.

The portable seismographs installed in the Borrego
Mountain region are the same units that were used
by the U.S. Geological Survey to record the Parkfield-

Cholame aftershocks of 1966. The recording system,
which uses magnetic tape, the playback system, and
the seismograms, have been described in detail by
Eaton, O’Neill, and Murdock (1970). Briefly, the
portable units all employ a short-period, vertical-
component seismometer; six of them are also
equipped with two horizontal-component seismom-
eters. The system is particularly sensitive to fre-
quencies ranging from 1 to 25 Hz (Hertz), with
peak response at 17 Hz. Maximum magnification,
for a typical attenuation setting, is about 5 million.
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TABLE 7. — Seismograph station date

[The station correction is subtracted from the observed arrival time; thus a
positive corrcction means waves are typically late. A positive magnitude
residual means that for a particular earthquake the specified station yields
o magnitude that is larger than the average magnitude using all stations.
P and X magnitudes are based on the maximum signal amplitude in the
P wave and the other waves, respectively.]

. Recording Period Station  p_p 0 onitude X-
Station Trom o cor(rscec‘:.;on residual rr;zgi!:ll::{le
4/11 6/12 —0.20 —0.25 —0.18
4/11 6/12 — .16 — .30 — .27
4/11 6/13 — .36 — .28 — .27
4/11 6/12 .39 41 42
4/12 4/18 — .23 — .01 .06
5/24 6/13 ...
4/12 6/12 37 .16 13
4/12 6/12 .10 .22 .08
4/12 6/12 — .14 — .24 — .16
4/12 6/12 27 21 27
4/12 6/12 — 24 — .13 — .15
4/12 6/12 .09 .05 .09
4/18 6/13 — .34 .25 33
4/18 5/18 200 ...
4/18 6/12 — .26 .00 .08
4/19 6/12 — .06 — .09 — .19
4/20 6/12 — 42 — .06 .00
4/28 6/12 .52 .07 — .14
4/29 6/12 — .07 — .13 — .21
4/30 6/12 .20 21 13
5/19 6/12 1 .45 .38
65/19 6/12 .89 42 - .18
4/09 6/11 - 27T L

13-component station. .

“Station corrcction derived from average of P-wave arrival time residuals.
Magnitudes not determined because seismograph was not satisfactorily cali-
brated.

3Caltech station.

DATA PROCESSING

In the 2 months that the seismograph network was
in operation, well over 10,000 earthquakes were re-
corded. Locating all of these events was not feasible,
80 it was decided to locate 500, a manageable number
to process with current techniques. The principal
goal in the analysis was to define the nature and
extent of the aftershock activity. The more formid-
able task of producing a uniform data set including,
for example, all earthquakes above a certain magni-
tude, was not undertaken.

Attention in locating the aftershocks was focused
on the larger events. Besides involving a dispropox-
tionately large part of the energy released by the
sequence, the larger aftershocks were recorded more
clearly at more stations and therefore -could be
located more accurately than the smaller ones. Also,
the direction of first motion on each record was
generally clearer. :

The earthquakes were selected from slow-speed
(37.5 mm/min) playbacks of the tapes from station
1. Station 1 was chosen as the primary source be-
cause it was located to the side of the main after-
shock band; distance effects were thereby minimized,
and it was easier to distinguish the larger from the
smaller earthquakes. Earthquakes were selected for
analysis if their maximum amplitude exceeded a
certain value; this value was varied with the S-P
interval or with the shape of the signal envelope to

allow for amplitude attenuation with epicentral dis-
tance. The amplitude threshold was set to limit the
number of events selected to about 500. Slow-speed
(60 mm/min) playbacks from stations 6, 9, 12, and
15 were used to fill periods when no record was
obtained at station 1.

.Although most of the larger aftershocks were
selected for analysis by this procedure, not all of
those selected were successfully located. A poor or
nonexistent radio-time-code signal from National
Bureau of Standards station WWVB and interfer-
ence from an earlier earthquake were two reasons
for not determining a hypocenter.

The times of the events selected were noted to the
nearest minute. High-speed playbacks (75 cm/min)
were then made covering a span of several minutes
including each time. From these playbacks, readings
were made of the P-wave arrival time, direction of
first motion, maximum amplitude in the P-wave
group, and maximum amplitude in the signal after
the P-wave group. Sharp onsets of P could, in gen-
eral, be read with a precision of 0.02 and 0.03 sec.
The readings were made for all events that appeared
on the playbacks and seemed large enough to be
locatable, even for smaller events that had not been
previously selected but that occurred within several
minutes of a selected event. Extensive use was made
of readings from the Caltech station at site 22 (fig.
12). Coordinates for this station have been given
previously (Hamilton, 1970), and they are also listed
in Allen and Nordquist (this volume).

The aftershock parameters (origin time, focal
coordinates, and magnitude) were computed using a
program written by Eaton (1969). Features of this
program are also discussed by Eaton, O’Neill, and
Murdock (1970). Locations, derived from P-wave
arrival times, were determined only for those events
read at six or more stations. Aftershock parameters
and data indicating the reliability of the parameters
are given in table 8.

The precision of location of each earthquake de-
pends mainly upon where the event occurred with
respect to the seismograph stations. Epicenters for
aftershocks within the net are thought to be accurate
within 1 km; this opinion is based on comparison of
the computed and actual epicenters of the explosions
(Hamilton, 1970) and on success in defining narrow
lineations in epicenter patterns and relating them to
recognized faults in a variety of similar studies
elsewhere. As the margin of the net is approached,
the epicenter precision declines rapidly. Experience
indicates that just outside a net like the one in the
Borrego Mountain area, epicenter errors of several
kilometers are not unusual. Within the net, uncer-
tainty in focal depth, in general, is probably about
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TABLE 8. — Borrego Mountain aftershocks

[For explanation of column heads see notes at end of table]

1968 HR MN SEC LAT N LONG W DEPTH MAG NO GAP DMIN ERT ERH ERZ MD
APR 12 1 37 1.0 33-10.1 116~ 4.2 5.0% »3.4 6 177 15.3 0.03 0.2 0.02
12 2 5 33.3 33- 6.3 116- 2.8 2.1 1.8 6 147 8.3 0.01 0.0 0.1 C.00
12 2 40 16.8 33-14.9 116- 6.2 5.0% 0.8 7 199 15.0 0.06 0.4 0.03
12 2 40 37.2 33- 4.2 116-12.7? 5.0% 1.8 6 119 6.2 0.48 4.2 0.51
12 2 42 52.6 33- 1.5 116-15.7? 5.0% 1.1" 6 224 4.7 1.08 7.8 0.50
12 2 43 24,7 33- 9.2 116- 6.4 2.0% 2.1 7 130 12.5 0.10 0.9 O.14
12 3 12 46.3 33- 9.0 116- 6.2 1.0 12.8 8 123 12.3 0.03 0.1 0.4 0.02
12 3 45 19.8 33-16.1 116-12.3 7.5 1.3 8 186 2.5 0.38 1.8 3.8 0.14
12 3 45 59.7 33-14.9 116-13.8 4.6 0.9 7 116 2.0 0.08 0.5 1.2 C.04
12 3 46 30.0 33- 3.4 116~ 1.1 1.5 1.9 7 159 4.6 0.02 0.2 0.4 0.02
12 3 48 55.2 33- 0.9 115-58.6 T.7 1.2 6 269 7.8 0.16 0.7 0.8 0.01
12 3 49 39.7 33- 3,6 116~ 1.3 3.7 1.1 7T 151 4.8 0.01 0.1 0.4 0.01
12 5 30 9.9 33- 2.6 116~ 2.5 6.5 1.3 7 161 2.1 0.01 0.1 0.1 0.00
12 S 31 47.3 33- 8.5 116~ 4.9? 0.6 1.6 7 122 10.6 0.04 0.2 0.5 0.02
12 7 52 31.1 33- 8.9 116~ 6.2 2.0% 1.6 6 126 12.3 0.09 0.8 0.10
12 7 53 39.7 33- 7.7 116~ 4.2? 1.0 0.8 6 112 10.0 0.08 0.5 1.0 0.05
12 8 55 23.2 33- 5.0 116~ 3.4 4.4 1.9 6 91 5.9 0.04 0.2 1.0 0.01
12 9 47 59.1 33- 3.7 116- 1.3 2.9 0.8 6 1647 4.9 0.07 0.6 0.9 0.03
12 9 50 26.7 33- 7.5 116~ 5.7 1.3 1.6 6 111 t1.1 0.00 0.0 O.1 0.00
12 9 51 58.7 33— 6.0 116~ 2.0 T.6 1.9 6 98 8.1 0.05 0.2 0.7 C.01
12 9 53 15.9 33- 1.8 116-13.4 5.0% 1.2 6 170 1.9 0.21 1.7 0.17
12 9 54 30.1 33- 4.0 116~ 1.1 2.6 1.3 6 144 5.4 0.02 0.2 0.3 0.0l
12 11 40 54.3 33- 6.1 116~ 1.7 8.0 1.4 6 100 8.3 0.05 0.2 0.6 0.01
12 11 42 4.3 33- 2.8 115-58.8 7.1 1.3 6 200 7.6 0.20 0.8 1.8 0.03
12 11 43 1.7 33-12.2 116-10.2 5.0% 1.2 6 149 15.9 0.05 0.5 0.06
12 11 43 53.1 33-11.3 116- 8.1 5.0% 0.8 6 149 15.2 0.06 0.5 0.07
12 12 59 S53.3 33- 3.3 115-58.6 .3.1% 2.3,2.9 7 189 7.0 0.07 0.5 0.05
12 13 42 49.5 33-16.9 116-15.8 2.6 2.693.3 9 159 3.4 0.04 0.4 0.3 0.04
12 14 15 38.2 33- 5.3 115-55.9 5.0% 1.7 6 149 2.0 0.17 1.4 0.11
12 15 26 45.5 33- 1.0 115-58.6 7.9 2.5¢3.2 7 229 7.8 O.l1 0.5 0.8 0.02
12 21 2 59.1 33- 4.4 116~ 2.6 6.8 +3.1 9111 5.0 0.02 0.1 0.2 0.01
12 22 48 0.9 33- 2.4 116~ 0.4 2.0 2.342.5 7 200 10.1 0.04 0.4 0.7 0.01
13 1 23 49,3 33-16.6 116~14.2 1.3 3.3 13 148 1.2 0.06 0.4 0.5 0.09
13 5 18 10.0 33- 7.7 116~ 5.4 3.0 2.0 10 73 1.1 0.03 0.3 0.6 0.05
13 5 51 15.5 33- 7.6 116- 5.4 4.4 1.9 10 72 1.0 0.03 0.2 0.6 0.05
13 6 43 13.8 33-14.2 116-10.8 9.2 1.9 10 103 5.8 0.07 0.3 0.7 0.04
13 6 46 2.5 33-13.7 116- 1.9 8.1 1.7 10 186 8.6 0.16 0.6 1.7 0.06
13 6 46 55.0 33-14.4 116- 0.9 5.5 le4 10 206 8.8 0.14 0.6 2.2 0.06
13 8 27 5.9 33- 6.0 116~ 2.9 1.5 #3.2 13 89 4.9 0.06 0.4 0.7 0.09
13 8 57 37.6 33- 2.0 115-59.2 le2 2.292.7 10 212 6.7 0.07 0.4 0.5 0.05
13 8 58 20.6 32-57.6 116-18.9? 12.7 1.8 . 10 272 11.3 0.18 1.0 0.3 0.05
13 9 14 57.2 33- 6.1 116- 2.9 le?7 2.742.9 10 88 4.8 0.03 0.3 0.5 0.05
1310 1 3.2 33~ 3.2 116~ 1.3 1.8 1.4 9 161 4.3 0.07 0.5 0.7 0.07
1310 2 2.4 33- 4.9 116~ 2.7 8.1 1.5 10 104 5.8 0.07 0.3 0.7 0.03
13 10 5 18.2 33- 3.3 116~ 1.0 2.4 #3.2 11 163 4.7 0.09 0.7 1.2 0.06
13 10 6 53.1 33- 3.4 116~ 1.1 4.3 0.3 6 159 4.7 0.30 1.5 6.1 0.09
13 10 18 38.3 33-11.9 116~ 9.2 5.2 1.7 10 80 3.1 0.07 0.4 1.2 0.07
13 10 30 56.6 33- 6.1 116~ 2.1 l.7 1.2 10. 96 6.0 0.09 0.7 1.2 0.13
13 12 14 57.7 33- 8.9 116~ 6.2 1.2 2.0 10 80 3.2 0.04 0.3 0.5 0.05
13 12 15 37.9 33-15.3 116- 5.7 8.2 1.0 8 144 4.2 0.10 0.4 0.9 0.03
13 12 16 11.5 33-13.9 116-13.5 T.5 1.6 10 88 3.9 0.07 0.3 1.0 0.04
13 12 17 50.2 33- 8.4 116~ 5.2 5.6 0.9 10 80 2.5 0.05 0.3 0.8 0.05
13 15 33 18.3 33-11.6 116~ 8.3 9.5 2.0 10 85 3.0 0.07 0.3 0.8 0.04
13 18 23 24.5 33- 6.4 116~ 3.6 8.7 v3.3 13 78 3.5 0.09 0.4 1.0 0.07
13 20 20 53.6 33-10.0 116~ 6.3 2.7 1.8 11 90 4.6 0.05 0.3 0.5 0.07
13 21 23 32.6 33--8.3 116~ 6.0 5.1 1.9 11 76 2.1 0.04 0.3 0.7 0.05
14 0 46 54.1 33-20.7 116-17.7 13.9 1.1 7 252 5.0 0.50 2.7 2.9 0.06
14 0 47 2.7 33- 7.1 116~ 6.1 8.9 1.8 10 120 0.6 0.21 1.0 2.1 0.1l2
14 1 21 2.3 33- 5.9 116~ 2.9 1ll.1 1.7 10 90 4.9 0.08 0.3 0.8 0.04
14 1 23 4.2 32-57.8 116-15.0 11.2 v3.2 11 266 6.8 0.19 0.9 1.0 0.04
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APR 14 1
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14 1
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14 3
14 3
14 7
14 7
14 7
14 12
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14 13
14 16
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15 12
15 15
15 21
15 21
15 22
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l6 4
16 6
16 6
16 9
16 10
17 2
17 3
17 22
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18 6
18 &
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19 1
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19 6
19 6
19 6
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19 8
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19 11
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19 12
19 12
19 14
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MN

24
25
26
26
27

29

51
14
15

45
55
13
14
46

50
28

50
56
58

30

56
35
37
49
51

43
14

21

17
18

28
31
46
28
23

24
46
11
12
54
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TABLE 8. — Borrego Mountain aftershocks—Continued

SEC LAT N LONG W DEPTH MAG NO GAP DMIN ERT ERH ERZ MD Q
36.4 33-15.2 116- 5.7 10.2 0.5 8 143 4.4 0.18 0.7 1.7 0.07 8
53.1 33- 9.2 116- 6.9 3.4 +3.0 7 79 4.1 0.03 0.2 0.8 0.03 8

4.8 33-17.2 116-15.3 2.1 0.4 8 156 3.1 0.10 0.8 0.9 0.10 8
183 33- 8.5 116~ 5.9 4.9 v3.0 11 77 2.5 0.03 0.2 0.5 0.03 A
34.6 33- 8.4 116~ 5.9 2.9 0.6 9 77 6.2 0.06 0.5 5.1 0.07 C
22.7 33- 7.8 116- 6.7 2.6 1.0 10 69 1.9 0.05 0.4 0.4 0.06 A
52.0 33- 8.4 116~ 5.8 4.6 1.6 11 88 2.2 0.04 0.3 0.7 0.06 A

4.6 33- 5.4 116- 2.8 l.4 1.6 10 89 5.6 0.02 0.2 0.3 0.04 B
45.3 33-15.4 116-13.9 3.5 0.3 6 71 1.0 0.04 0.3 0.6 0.02 8
34.8 33-11.6 116- 8.6 6.6 1.8 11 82 2.7 0.05 0.3 0.8 0.05 A
2le1 33- 7.7 116~ 6.6 0.5 1.2 10 112 1.6 0.07 0.4 0.9 0.08 A
58.7 33-14.2 116-11.4 10.8 v4.3 12 108 5.1 0.09 0.6 0.8 0.08 8B

Te4 33~ 3.4 115-59.1?7 2.9 2.242.6 10 102 6.7 0.04 0.6 1.1 0.05 B
47.6 32-53.7 116-18.7 5.0% 1.5 7 301 28.0 1.53 7.1 0.10 D
30.4 33- 9.4 116~ 6.0 4.9 +3.0 8 111 4.2 0.07 0.5 1.3 0.06 A
22.8 33- 7.2 116- 5.6 2.9 0.5 6 80 0.2 0.15 1.5 1.2 0.09 8
32.6 33- 7.1 116- 4.8 2.0 1.6 7 107 1.4 0.10 0.9 1.1 0.12 B
11.9 33~ 4.6 116- 2.2 1.3 1.7 9 115 5.5 0.04 0.3 0.6 0.05 B
11.6 33-18.9 116-13.3 3.0% ¢3.3 12 207 5.4 0.08 0.5 0.07 C

Te5 33-17.4 116-15.6 3.0 v»3.5 11 210 3.7 0.12 0.7 2.4 0.08 C
55.5 33- 9.1 116~ 5.9 3.9 1.9 9 110 3.5 0.04 0.3 0.9 0.05 A
50.3 33- 2.7 115-59.3 7.3 +3.4 10 219 8.4 0.09 0.5 1.1 0.04 B

0.2 33- 8.6 116- 5.7 1.2 8 84 2.7 0.14 1.1 2.4 0.12 8

6.1 33- 2.9 115-59.0 8.2 »3.3 11 18 7.3 0.18 0.9 1.7 0.08 C
29.9 33- 2.9 115-59.2 8.3 14.8 13 186 7.0 O0.l4 0.6 1.4 0.08 C
45.5 33- 2.4 116~ 0.3 2.9 1.8 11 197 5.2 0.04 0.3 0.3 0.03 B
31.3 33-11.7 116-10.1 4.5 1.1 9 71 3.1 0.05 0.3 1.1 0.06 A
33.4 33- 8.9 116~ 3.5 4.7 2.0 10 106 4.7 0.07 0.4 1.4 0.06 A
37.6 33-12.1 116- 9.3 8.3 2.2 10 77 3.6 0.04 0.2 0.5 0.03 A
34.0 33- 6.0 116~ 2.1 6.7 1.8 9 142 6.0 0.06 0.3 0.8 0.03 8
47.5 33- 3.2 115-59.6 7.9 v3.7 12 178 6.6 0.07 0.3 0.7 0.04 8
25.8 33-14.0 116-11.3 11l.4 v3.4 12 80 5.4 0.04 0.3 0.4 0.04 A
17.2 33- 8.3 116~ 4.9 7.0 2.2 9 96 7.5 0.04 0.2 0.6 0.03 8B

9.1 33- 2.7 115~59.4 9.2 2.1 12 102 5.5 0.13 0.4 1.1 0.05 A
25.6 33- 6.8 116~ 5.0 3.4 0.2 8 72 1.3 0.02 0.2 0.4 0.02 A
43.6 33— 5.4 116~ 4.0 9.6 1.5 12 65 4.3 0.06 0.2 0.6 0.04 A
25.9 33- 2.1 115-58.3 8.0 1.3 12 133 4.1 0.53 1.9 4.4 0.10 8
10.5 33- 7.6 116~ 5.3 10.0 1.6 12 71 1.0 0.12 0.5 1.3 0.08 8B
217 33- 6.8 116- 3.8 10.8 1.7 12 65 3.0 0.04 0.1 0.4 0.02 A
13.8 33- 2.4 116~ 1.3 8.0 1.5 12 116 3.6 0.06 0.3 0.6 0.03 A
26.2 33- 2.6 115-59.6 7.9 1.8 12 98 5.5 0.10 0.4 1.0 0.04 A
47.9 33-15.6 116-17.0 O.1% 0.6 6 155 4.4 0.14 1.0 0.12 C
46.4 33-11.8 116-10.0 5.6 1.5 10 84 3.3 0.04 0.3 0.7 0.04 A

8.8 33~ 9.4 116~ 3.6 5.6 1l.6 10 96 5.2 0.03 0.1 0.6 0.03 A
35.7 33- 8.1 116~ 1.9 1.2 1.6 13 78 6.2 0.04 0.3 0.5 0.07 B
15.9 32-56.2 116-16.3 10.4 1.1 13 201 10.2 0.10 0.5 1.2 0.06 8
15.5 33- 9.1 116~ 4.9 7.8 1.8 14 87 3.8 0.04 0.2 0.6 0.05 A
5le1 33- 1.5 116-13.6 0.2% 1.4 14 159 1.7 0.07 0.5 0.10 C
50.6 33~ 0.5 115-57.5 4.3 1.2 14 84 1.7 0.03 0.2 0.5 0.04 A

7.0 33~ 2.8 115-59.2 4.8 0.6 13 62 5.6 0.03 0.2 0.8 C.04 B
20.3 32-58.7 116-20.1 11.0 1.2 15 212 12.2 0.1C 0.5 1.4 0.06 B
27.0 33- 0.9 115-56.6 7.5 1.3 15 96 3.2 0.06 0.3 0.7 2.06 A
13.5 33~ 7.8 116- 2.1 1.7 1.3 15 73 5.6 0.03 0.2 0.4 0.06 8

4.1 32-56.8 116-17.1 5.3 0.8 8 204 10.1 0.10 0.6 2.5 0.CS5 C
5T«7 33~ 7.7 116- 3.8 O.1% 1.2 15 73 3.1 0.04 0.3% .09 B
48.2 33~ 1.2 116-11.2 3.4 0.9 15 87 2.5 0.04 0.3 -1l.1 C.07 A
28.0 33- 2.2 115-59.2 8.4 1.9 15 65 4.6 0.04 0.2 0.4 0.03 A
32.0 33~ 2.2 115-58.8 4.5 1.l 15 121 3.7 0.07 0.4 1.3 n.06 8
19.9 33-15.5 116- 0.8 0.3% 1.7 15 218 9.5 0.09 0.6 0.09 C
15.4 33~ 4.6 116~ 6.9 10.1 0.6 15 52 5.2 0.05 0.2 0.6 0.05 A
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TABLE 8. — Borrego Mountain aftershocks—Continued

1968 HR MN SEC LAT N LONG W DEPTH MAG NO GAP DMIN ERT ERH ERZ MD
APR 19 16 19 43.3 33-17.1 116-13.8 Te4 2.0 13 202 2.2 0.09 0.4 0.7 0.05
19 20 21 36.8 33- 2.2 116- 0.9 2.7 1.2 11 146 4.0 0.07 0.5 0.7 0.07
19 20 22 3.6 33-14.4 116-11.4 8.1 1.4 13 94 4.9 0.06 0.3 0.8 0.06
19 20 23 5.4 33- 7.4 116~ 1.7 6.2 2.1 13 66 7.3 0.04 0.2 0.9 0.04
20 0 41 21.6 33- 6.6 116- 4.0 1.8 1.4 14 64 2.9 0.03 0.2 0.4 0.06
20 1 10 2.1 33- 6.8 116- 2.7 2.0 1.2 14 64 4.7 0.03 0.2 0.3 0.04
20 1 41 44.3 33- 4.9 116- 2.8 7.2 1.5 14 54 5.8 0.08 0.5 .1.3 0.08
20 1 56 49.1 33- 1.8 116-11.0 2.5 1.2 14 77 3.1 0.05 0.3 0.6 0.06
20 2 3 12.6 33- 1.6 115-57.6 9.2 2.2 15 83 3.4 0.03 0.2 0.3 0.04
20 4 23 30.9 33- 1.3 1l16-11.1 3.7 0.5 8 113 2.8 0.l1 0.6 1.7 0.04
20 4 23 53.6 33- 5.1 116- 2.7 8.0 0.9 15 55 6.1 0.03 0.2 0.5 0.04
20 4 23 55.7 33- 7.1 116~ 5.5 2.9 1.7 13 67 0.4 0.03 0.2 0.3 0.04
20 9 37 37.6, 33-22.0 116-14.6 10.1 2.6,3.2 15 114 7.2 0.05 0.4 0.4 0.07
20 10 56 29.4 33~ 7.2 116~ 1.9 2.7 1.5 15 65 6.0 0.04 0.2 0.4 0.06
20 14 7 21.8 33- 9.3 116- 5.7 2.3 1l.4 15 86 3.9 0.04 0.2 0.4 0.05
20 14 8 53.7 33— 1.6 115-56.3 4.5 0.6 11 101 4.4 0.06 0.4 1.2 0.06
20 14 57 15.9 33- 8.4 116~ 3.6 5.2 1.7 15 83 4.0 0.03 0.2 0.6 0.05
20 15 19 47.9 33~ 5.4 116~ 1.9 7.5 1.3 15 62 6.7 0.04 0.2 0.6 0.05
20 16 38 35.2 33-16.7 116-15.4% 1.7 1.3 15 85 2.7 0.04 0.3 0.5 0.06
20 16 40 17.6 33-16.6 116~15.6 1.1 1.7 15 87 2.8 0.03 0.2 0.3 0.05
20 16 40.52.9 33-16.7 116-15.6 0.9 1.3 14 87 2.9 0.05 0.3 0.6 0.07
20 19 38 3.6 33- 5.5 116~ 0.9 6.6 1.8 15 71 7.8 0.04 0.2 0.6 0.05
20 23 21 47.4 33-12.3 116-10.5 3.7 1.5 13 85 4.3 0.03 0.3 1.5 0.07
21 4 25 34.1 33~ 9.9 116~ 1.6 3.1% 2.0 13 110 5.0 0.04 0.3 0.08
21 6 0 49.6 33~ 1.3 116~14.2 Te2 1.3 15 164 2.3 0.04 0.3 0.6 0.04
21 6 50 21.2 33- 4.1 116~ 2.4 8.5 2.3 15 53 4.6 0.03 0.2 0.4 0.04
21 7 48 7.1 33-11.6 116~ 9.3 7.8 1.6 15 81 2.7 0.04 0.2 0.5 0.05
21 7 48 38.5 32-59.6 116-14.1 6.1 0.7 11 171 3.2 0.07 0.4 0.9 0.05
21 13 12 10.1 33-14.0 116-11.4 11.0 1.9 .15 80 5.3 0.03 0.2 0.4 C.05
21 14 12 0.1 33- 4.1 116~ 2.0 lL.1 0.3 6 118 4.8 0.06 0.5 0.9 0.04
21 14 12 13.4 33- 7.1 116~ 5.1 2.7 1l.4 15 67 0.9 0.03 0.2 0.3 0.05
21 16 15 1.8 33- 7.1 116- 2.5 1.4 0.9 14 66 5.0 0.04 0.3 0.5 0.06
21 16 16 35.5 33~ 8.4 116- 4.6 2.6 1.6 14 80 2.8 0.05 0.3 0.5 0.06
21 21 O 48.9 33-16.1 116-16.1 2.1 1.8 13 91 3.4 0.24 1.1 2.0 0.17
21 23 13 28.0 33- 6.8 116- 5.2 4.9 l.4 14 64 8.9 0.08 0.5 2.9 0.09
21 23 14 33,4 .33- 7.6 116- 2.5 1.2 0.4 8 102 7.9 0.07 0.5 1.1 0.06
21 23 15 33.9 33- 1.7 115-59.3 8.0 0.2 7 73 3.8 0.09 0.5 1.2 0.05
21 23 39 30.8 33- 2.6 115-59.0 9.2 1.7 13 65 5.2 0.03 0.2 0.4 0.03
22 3 42 11.1 33- 7.7 115-58.5 5.9 0.6 12 127 4.6 0.07 0.4 1.1 0.05
22 3 42 32.6 33— 2.7 116~ 1.3 2,2 1.4 14 49 3.8 0.03 0.2 0.3 0.05
22 4 1.55.1 33- 1.8 115-59.2 6.0 1.3 15 66 3.9 0.03 0.2 0.5 0.04
22 4 5 12.8 33- 8.5 116- 6.1 6.0 1.4 14 78 5.8 0.03 0.2 0.7 0.04
22 6 36 28.5 33- 2.9 115-59.3 6.0 1.1 11 60 5.8 . 0.03 0.2 0.5 0.03
22 6 37 45.0 33- 1.5 115-49.4 l.1 0.5 10 208 7.2 0.09 0.5 0.6 0.06
22 6 37 47.2 33- 1.3 115-49.6 le4 2.542.7 12 205 7.0 0.08 0.5 0.5 0.07
22 7T 9 6.0 33- 2.5 116~ 0.1 5.8 2.242.7 15 56- 5.3 0.03 0.2 0.6 0.05
22 7 35 0.1 33- 7.8 116- 6.2 3.1, 1.2 15 72 1.5 0.02 0.2 0.5 0.04
22 13 17 14.3 33~ 3.7 116~ 1.3 3.9 1l.6 14 56 4.8 0.02 0.1 0.8 C.04
22 17 33 35.7 33- 3.5 116~ 1.8 7.2 1.0 13 96 4.1 0.04 0.7 0.5 0.05
22 18 59 55.5 33- 7.5 l16- 5.4 3.8 1.l 14. 71 0.8 0.02 0.2 0.5 0.04
22 22 27 35.4 33- B.6 116- 4.5 4.6 1.4 15 83 3.2 0.02 0.2 0.6 0.04
23 3 1 26.9 33- 1.8 116-11.0 2.5 0.9 14 70 3.2 0.05 0.3 0.6 0.07
23 8 23 30.3 33-11.6 116- 9.3 7.9 1.2 16 77 2.5 0.04 0.2 0.6 0.06
23 8 27 4l1.1 33- 1.7.115-56.1 4.3 0.4 16 105 4.8 0.05 0.3 1.2 0.07
23 8 29 4.4 33- 9,0 116- T.4 2.7 0.7 16 75 3.6 0.04 0.2 0.4 0.07
23 8 32 52.3 33-13.9 1ll16- 1.1 0.3% 1.7 16 178 8.1 0.05 0.4 0.07
23 9 32 6.8 33- 1.1 116-14.4 | LN P § 16 166 2.6 0.05 0.3 0.4 0.05
23 9 32 21.7 33- 1.6 116-14.2 0.2% 0.9 15 164 2.5 0.08 0.6 0.11
23 10 19 7.0 33- 1.0 116-14.4 2.1 1.3 16 166 2.5 0.06 0.3 0.5 0.07
23 11 19 5.9 33- 1.9 116~ 0.5 5.1 12.9 16 56 4.7 0.02 0.1 0.5 0.04
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TABLE 8. — Borrego Mountain aftershocks—Continued

HR MN SEC LAT N LONG W DEPTH MAG NO GAP DMIN ERT ERH ERZ MD

11 20 42.6 33- 2.6 115-59.7 5.6 0.7 16 59 5.5 0.05 0.3 0.9 0.06
13 17 54.4 33-16.2 116- 0.0 0.4 0.9 16 189 10.2 0.12 0.6 1.0 0.08
13 20 23.1 33- 2.9 115-55.4 5.0 1.7 14 119 4.1 0.10 0.5 1.6 0.09
13 37 48.2 33- 0.2 116-14.9 0.0*% 0.8 9 248 3.6 C.I3 0.7 0.04
16 21 22.8 33- 8.1 116- 2.0 2.0 0.3 7 116 6.0 0.07 0.6 0.8 0.06
16 46 9.7 33- 9.6 116- 6.7 6.0 1.4 16 83 4.1 0.03 0.2 0.6 0.05
16 48 35.1 33-16.5 116-16.2 3.6 0.8 12 92 3.7 0.03 0.2 0.9 0.05
16 49 54.2 33- 1.8 115-58.0 8.7 0.4 12 81 3.6 0.09 0.5 1.0 0.06
19 12 3.4 32-56.5 116-15.7 10.5 1.5 16 197 9.4 0.07 0.4 0.6 0.06
19 39 13.9 33- 2.4 115-59.7 5¢3 1.7 16 59 5.3 0.03 0.1 0.5 0.04
20 41 S1.3 33-10.3 116~ 8.3 S.1 0.9 16 79 1.5 0.03 0.2 0.5 0.05
20 45 9.6 33- 7.6 116- 2.2 6.7 1.5 15 71 5.5 0.04 0.2 0.7 0.05
22 8 37.2 33- 7.6 116- 2.2 1.8 1.5 16 72 5.6 0.03 0.2 0.3 0.04
0 28 42.0 33- 9.1 116~ 4.2 8.1 1.9 16 89 4.2 0.04 0.2 0.5 0.05
3 59 46.9 33- 7.6 116- 2.6 1.2 0.5 16 72 4.9 0.06 0.2 0.4 0.07
4 1 1.7 33-18.2 116-15.8 10.0 1.8 16 88 5.0 0.03 0.2 0.3 0.04
4 12 22.7 33- 0.6 115-55.7 7.4 0.7 15 108 4.3 0.06 0.4 0.8 0.06
4 12 41.6 33- 6.0 116~ 3.4 2.8 1.0 16 58 4.1 0.02 0.2 1.4 0.05
4 13 2.4 33- 0.4 116-15.0 6.1 0.7 10 173 3.6 0.07 0.5 1.0 0.05
4 16 12.4 33- 0.3 116-14.8 2.4 0.2 11 172 3.4 0.06 0.4 0.4 0.04
4 17 31.9 33- 0.1 116-14.9 2.5 '1.2 16 174 3.6 0.07 C.4 0.5 0.06
T 29 34.7 33- 8.1 116- 4.9 5.2 1.5 16 78 2.2 0.02 0.2 0.5 0.05
7 30 27.6 33- 6.9 116~ 5.1 2.6 0.9 16 66 1.0 0.02 0.1 0.2 0.04
7 49 23.2 33-16.6 116-15.2 2.8 0.5 14 83 2.3 0.05 0.3 G.4 0.06
T 49 34.5 33-11.9 116~ 9.6 Se4 - leb 15 75 3.2 0.03 0.2 0.7 0.06
7 49 56.3 33- 7.6 116~ 2.2 7.1 0.9 13 72 5.5 0.07 0.4 1.0 0.07
8 23 4.2 33-16.9 116-13.5 1.2 1.9 16 82 1.8 0.03 0.2 0.3 0.06
8 23 58.5 33-17.1 116-~13.3 0.2% 0.7 6 118 2.3 0.05 0.4 0.05
9 0 15.1 33- 6.4 116~ 3.2 3.7 0.3 14 60 4.1 0.03 0.2 1.0 0.05
9 1 2.2 33- 8.0 116~ 5.3 ST 1.2 16 74 1.6 0.03 0.2 0.5 0.05
9 3 12.5 33- 8.0 116~ 5.3 5.7 v3.4 16 75 1.6 0.02 0.2 0.5 0.05
9 4 3.7 33- 8.1 116~ 5.5 5.3 2.0 14 76 1.8 0.03 0.2 0.6 0.05
9 5 6.5 33- 8.1 116~ 5.1 5.5 1.3 16 76 1.9 0.02 0.2 0.5 0.04
10 13 13.4 33- 1.5 116~ 1.6 7.8 1.6 16 57 3.0 0.03 0.2 0.4 0.04
12 33 46.7 33-17.5 115-57.9 2.0% 1.6 16 202 13.1 0.10 0.6 0.09
13 6 26.7 33-17.6 115-58.0 2.0* 0.5 15 201 12.9 0.13 0.8 0.11
13 6 55.6 33- 3.4 116~ 1.1 5«3 1,7 16 S5 4.7 0.02 0.1 0.5 0.03
22 9 54.2 33- 3.4 116~ 1.7 1.9 ¢3.0 16 52 4.1 0.03 0.2 0.3 0.05
22 10 31.8 33- 3.1 116~ 1.9 1.4 1.9 1S S50 8.3 0.06 0.4 0.7 0.07
23 39 18.0 -33- 8.6 116- 3.9 1.9 0.1 12 84 3.8 0.06 0.4 0.6 0.08
23 39 41.6 33- 0.8 116-13.8 2.8 1.0 15 165 1.7 0.06 0.3 0.4 0.06
& 9 55.5 33- 8.3 116- 4.7 3.2 0.0 8 135 2.6 0.05 0.4 1.1 0.05
4 10 48.8 33-19.2 116- 9.8 10.0 1.6 16 132 6.2 0.04 0.3 0.4 0.06
4 34 44.5 33-16.8 116-14.5 3.2 2.2 16 78 1.7 0.04 0.3 0.8 0.06
4 35 48.7 33- 5.2 115-49.9? 2.0% 0.9 8 281 16.3 1.88 8.9 0.33
6 57 46.1 33- 9.9 116- 6.4 2.7 1l.4 16 88 4.5 0.04 0.3 0.4 0.06
7 33 16.3 33-10+8 116- 2.2? 1.8 1.6 16 126 6.0 0.06 0.3 0.6 0.08
10 11 30.7 33- 7.8 116- 2.8 8.6 0.3 15 74 4.7 0.06 0.3 0.9 0.08
10 12 36.6 33— 7.7 116- 6.1 2.1 1.7 16 71 1.2 0.03 0.2 0.3 0.06
10 13 38.4 33- 1.9 116~ 1.1? 7.8 1.6 16 54 3.7 0.23 1.2 3.1 0.26
10 14 24.4 33- 8.1 116- 4.7 5.9° 0.5 10 77 2.3 0.04° 0.3 0.6 C.04
20 59 26.3 33- 1.7 115-57.0 6.4 1.5 15 90 3.9 0.04 0.2 0.6 0.05
21 0 45.1 33- 8.4 116- 4.3 2.9 -0.0 11 81 3.0 0.04 0.2 0.3 0.04
23 S5 12.3 33- 5.3 116- 3.1 2.6 1.5 16 53 5.4 0.08 G.5 0.8 C.ll
23 7 27.8 33- 5.5 116~ 3.0 1.6 v2.9 16 54 5.2 0.02 0.1 0.3 0.04
9 32 30.0 33-11.9 116~ 9.4 5¢1 24343.0 15 76 3.3 0.03 0.2 0.6 0.05
19 9 10.4 33-15.1 115-58.3 0.3% +3.1 16 193 9.2 0.13 0.8 0.12
20 41 24.2 32-56.1 116-15.6 2.8% 1.0 15 198 9.9 0.06 0.4 0.07
22 50 32.7 33- 2.5 116- 1.1 2.1 1.942.9 15 51 3.9 0.03 0.2 0.4 0.06
4 11 13.3 33~ 6.1 116- 1.9 7.6 1.8 14 64 6.3 0.04 0.2 0.6 0.04
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TABLE 8. — Borrego Mountain aftershocks—Continued
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TABLE 8. — Borrego Mountain aftershocks—Continued

SEC LAT N LONG w DEPTH MAG NO GAP DMIN ERT ERH ERZ MD Q
45.7 33- 2.2 116- 2.5 4.5 1.8,2.6 18 56 1.8 0.02 0.2 0.4 0.04 A
50.8 33-16.5 116-15.2 3.1 1.8 17 83 2.2 0.03 0.2 0.7 0.05 A
50.9 33-17.7 116-13.7 5.0 2.242.9 18 89 3.1 0.04 0.3 0.8 0.05 A
56.0 33- 3.1 l1l6- 1.4 l.1 1.5 17 69 2.2 0.04 0.3 0.5 0.09 A
10.8 33- 8.8 116- 6.7 4.0 1.2 17 49 4.7 0.02 0.2 1.2 0.05 A
37.3 33- 7.3 116- 3.0 le7 1.842.5 18 54 4.2 0.02 0.1 0.2 0.04 A

5.0 33- 2.5 115-56.8 6.4 0.9 18 152 S5.4 0.08 0.4 0.9 0.07 8B
42.4 33- 2.1 115-57.0 Tel 1.892.2 18 153 4.6 0.11 0.6 1.1 0.08 C
48.5 33-16.4 116~ 0.2 0.3% 0.8 15 194 4.5 0.10 0.6 0.09 C
31.2 32-59.9 115-58.5 8.7 1.8 17 86 0.4 0.04 0.2 0.3 0.04 A

9.7 33- 2.4 115-56.9 6.3 1.7 17 152 5.1 0.06 0.3 0.7 0.05 8
26.0 33- 2.4 115-56.8 6.4 1.8 17 153 5.2 0.08 0.4 0.8 0.06 B
28.8 33- 2.2 116- 2.3 5.3 1.4 16 58 2.0 0.03 0.2 0.4 0.04 A
36.9 33- 2.0 116~ 0.1 9.2 v»3.5 18 87 4.7 0.05 0.3 0.5 0.05 A
21.0 33- 2.4 115-57.1 6.3 1.6 17 149 5.1 0.05 0.3 0.6 0.04 8
47.6 33- 2.4 115-56.9 6.7 14.0 18 152 5.0 0.07 0.3 0.7 0.05 8B
16.9 33- 9.9 116~ 5.0 10.3 1.5 19 48 5.1 0.05 0.2 0.6 0.07 A
38.6 33— 2.8 116- 1.1 Te3 1.952.6 19 51 2.7 0.04 0.2 0.5 0.05 A
16.7 33- 8.4 116- 0.3 4.8 1.6 18 83 4.3 0.04 0.2 0.8 0.05 A
41.8 33- 3.2 116- 1.2 2.3 1.6 17 72 2.0 0.02 0.2 0.2 0.05 A
39.8 33- 9.0 116- 3.6 10.0 0.5 14 52 4.8 0.07 0.3 0.8 0.06 A
37.8 33-16.3 116~ 6.0 2.9 v3.3 17 133 2.2 0.05 0.3 0.5 0.07 8B

3.6 33- 2.4 115-56.9 7.0 1.8 16 152 5.2 0.08 0.4 0.8 C.06 B
46.2 33-14.4 116-11.7 10.8 1.9 17 58 4.6 0.03 0.2 0.3 0.04 A
46.2 33-10.3 116- 2.5 6.3 1.7 16 74 6.4 0.14 0.8 2.4 0.15 C
39.4 33- 2.4 116- 2.4 5.1 1.5 17 51 2.0 0.02 0.2 0.4 0.04 A
22.4 33-12.2 116-11.7 1.0 -0.1 9 98 5.3 0.05 0.3 0.6 0.06 B
50.9 33-11.4 116- 9.8 3.8 1.8 17 63 2.5 0.03 0.2 0.8 0.06 A
38.1 33-11.5 116~ 9.8 3.1 »3.3 17 62 2.5 0.02 0.2 0.8 C.05 A
15.6 33- 8.3 116- 5.5 6.0 1.8 18 75 2.2 0.03 0.2 0.5 0.05 A

6.3 33-10.7 116~ 7.6 6.9 2.1,3.0 17 63 2.7 0.03 0.2 0.5 0.05 A
54.1 33-17.9 116-14.3 4.4 2.242.5 17 88 3.5 0.03 0.2 0.6 0.04 A
57.8 133- 2.2 115-57.1 6.2 1.8 18 88 4.7 0.04 0.2 0.5 0.04 A
46.2 33- 6.1 116- 1.9 7.3 13.6 18 74 3.4 0.04 0.2 0.5 0.05 A

1.5 33- 6.9 116- 3.1 1.3 1.0 18 75 4.0 0.04 0.3 0.5 0.08 A
17.8 33- 7.0 116~ 6.7 10.6 1.6 17 84 1.5 0.05 0.3 0.6 0.06 A
25.2 33- 2.1 116~ 2.4 5.3 3.4 18 47 1.8 0.03 0.2 0.4 0.05 A

7.8 33- 2.0 l16- 2.4 4e8 24243.3 17 56 1.7 0.03 0.2 0.4 0.04 A
24.8 33- 8.4 116- 3.5 4.4 0.5 17 48 4.2 0.03 0.2 0.8 0.05 A
46.6 33- 7.8 116- 5.0 0.7 1l.4 18 44 1.6 0.03 0.2 0.4 0.06 A

3.3 33- 7.8 1l1l6- 5.1 0.3% 0.9 L7 48 1.5 0.03 0.2 0.07 B
49.1 33- 9.4 116- 5.6 0.5 1.1 17 70 4.1 0.03 0.2 0.4.0.05 A
23.5 33- 5.6 116- 3.1 Tel le4 15 83 3.4 0.04 0.3 0.5 0.05 A
49.6 33- 7.7 116- 2.9 4.6 1.5 15 74 4.5 0.02 0.2 0.6 0.04 A

4.0 33~ 2.4 116- 0.3 8.8 v4.2 18 56 4.0 0.05 0.3 0.5 0.05 A
14.0 33- l.1 115-55.9 6.4 0.7 15 106 4.3 0.09 0.5 1.3 0.11 B
33.7 33- 2.4 116- 0.2 T3 1l.4 17 56 4.0 0.04 0.3 0.6 0.06 A
10.2 33- 0.1 116- 1.0? 11.6 0.5 8 122 5.0 0.59 2.7 6.1 0.33 C
19.2 33— 2.5 116- 0.1 7.9 0.5 8 138 4.0 0.13 0.7 1.3 0.08 8
55.2 33-14,3 116- 0.7? 0.2 0.6 12 180 0.8 0.10 0.6 0.8 0.07 C

3.6 33- 2.4 116~ .0.3 8.5 13.5 18 S6 4.0 0.04 0.3 0.5 0.05 A
31.7 33-16.7 115-58.1 1.3 2.1,3.0 18 199 6.8 0.1l1 0.5 0.6 0.07 8
26.0 33- 8.3 116~ 1.8 6.7 1.2 17 62 6,2 0,04 0.2 0,6 0.06°4
38.2 33~ 7.4 116- 4.0 1.4 0.9 9 83 2.7 0.03 0.3 0.8 N.06 &
3l.1 33- 2.5 116~ 0.2 7.0 0.1 7 109 3.9 0.12 0.6 1.3 0.06 8
54.3 33~ 7.9 116~ 2.2 1.3 1.0 18 60 5.6 0.03 0.2 0.4 C.06 B
51.4 33- 7.9 116~ 2.6 O0.1% 0.4 15 56 5.1 0.06 0.4 0.13 C
35.6 33- 4.6 116~ 1.9 1.5 0.7 18 58 0.9 0.03 0.2 0.3 0.07 &
21.2 33- 5.0 116~ 2.9 T.7 1.7 18 53 2.4 0.03 0.2 0.5 0.05 A
16.3 33-27.7 116~24.4 63 2.443.3 19 252 13.3 0.20 1.0 0.7 0.08 C
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8.3
7.6

28.0
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19.5
12.5
39.5

4a.6
11.9

2649
45.6
38.9
52.2
47.5

22.9
2443
27.0
45.7
23.8

53.4
42.0
18.8
13.9

35.7
59.8
17.0
24.8
45.8

36.8
39.1
24.0
30.4
49.1

34.5
44.0
26.6
22.4
36.4

0.7
19.6
47.2
43.4
14.8

50.6

1.9
1l.4
59.6
42.5

0.3
47.0
2646
25.5
17.9

9.7
10.5
39.7
25.2
36.9
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33- 6.1
33- 6. l
33-11.8
33- 9.2
33-

33-
33-
33~
33-
33-

33-10.0

33-

33-11.0
33-18.6
33- 2.0

33-19.2
33-15.6
32-59.4
33- 2.5
33-11.8

33- 7.9
33- 8.1
33~ 8.5
33-11.1

33-

33- 2.1
32-59.7
32-59.6
"33- 1.4
33- 1.6

33-
33-
33-

33- 1.5
33~15.3

33- 3.5
33- 3.2

33-

33-12.0
33-15.4

33- 5.9
33- 3.4
33- 2.6
33-18.1
32-59.3

33-16.5
33-11.7
33- 8.7
33- 8.7
33-17.4

33-
33-
33-
33~
33-

33-

33~
33-
33~
33-
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TABLE 8. — Borrego Mountain aftershocks—Continued

LONG W
116- 2.8
116- 2.8
116-10.6
116- 6.5
116- 5.4
116- 3.8
116- 1.9
116- 2.0
116- 2.1
116~ 6.3
116- 6.3
115-56.3
116- 1.9
116-15.7
116~ 2.3
116-17.8
115-57.3
116-18.7
116- 1.0
116-11.4
115-59.5
116- 6.6
116- 4.6
116- 1.4
116-17.7
116- 2.3
116-15.6
116-15.6
116- 6.0
116- 5.9
116- 7.1
115-56.3
116- 6.5
116- 6.0
115-57.9
116—- 1.6
115-42.3
116- 6.1
116-10.2
115-58.1
116~ 1.9
116~ 0.9
116- 0.3
116-11.7
116-13.9
115-59.7
116-10.1
1'16- 4.4
116- 4.3
116-15.2
116~ 4.5
116- 1.1
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TABLE 8. — Borrego Mountain aftershocks—Continued

SEC

38.4
32.3
48.4
16.8
39.0

31.3
25.2
21.3
15.3
56.1

39.4

4.3
55.4
23.2
38.9
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25.6
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22.2
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48.5
16.5
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36.8
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36.3
56.8

28.1

8.6
17.9
25.8
27.3

57.3

57.8

LAT N
32-57.3
33-17.4
33- 4.2
33-15.0
33- 3.4
33- 4.2
33- 3.9
33- 4.1
33~ 4.0
32-59.8
33~ 2.1
33- 3.5
33-18.6
33-18.8
33- 1.1
33- 9.2
32-58.8
32-53.5
32-57.1
33- 0.8
32-59.¢4
33- 4.7
33~ 6.4
33- 6.9
33- 3.1
33- 3.1
33-18.8
32-59.4
33- 0.1
33- 2.6
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33~ 7.4
33- 6.9
33~ 2.4
33-17.3
33- 8.4
33- 4.6
33- 2.9
33- 2.6
33- 9.4
33~ 7.9
33-17.2
33- 7.1
33- 1.2
33- 2.6
33- 3.6
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33- 3.7
33-10.0
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33- 9.7
33- 9,6
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TABLE 8.— Borrego Mountain aftershocks—Continued

IN ERT ERH ERZ MD

1968 . HR MN SEC LAT N LONG W DEPTH MAG NO GAP DM
JUN 3 6 2 19.6 33- 3.6 115-58.5 4.6 1.2 21 66 5.1 0.08 0.5 2.0 0.09
3 6 4 56.6 33-18.9 116-13.2 3.0% 2.142.5 21 102 5.5 0.03 0.2 0.05
3 6 6 26.1 33- 1.4 115-55.0 T.3 0.6 20 68 5.7 0.05 0.3 0.8 0.07
3 9 10 22.4 33-11.7 116- 9.7 1.7 3.3 20 47 3.0 0.04 0.2 0.5 0.06
3 9 11 42.4 33-11.9 116- 9.9 6.4 0.2 13 79 2.9 0.08 0.5 1.1 0.08
3 10 47 17.4 33— 4,2 115-57.9 5.5 1.7 21 77 5.3 0.03 0.2 0.7 0.05
3 12 31 37.3 33-11.7 116- 9.5 TeT 2.192.6 21 47 2.9 0.04 0.2 0.6 0.06
3 14 16 56.9 32-52.0 116- 1.0? 5.0% 2.0 15 155 7.1 0.33 2.6 0.47
3 21 28 34.9 33- 7.8 116~ 2.1 1.8 1.1 20 52 6.7 0.03 0.2 0.3 0.06
3 21 31 36.8 33- 7.9 1ll6- 2.1 2.0 1.1 21 53 5.8 0.03 0.2 0.3 0.06
3 21 32 31.4 33- 7.8 1ll6- 2.1 1.7 0.2 16 61 5.7 0.02 0.2 0.3 0.05
3 21 34 S56.4 33-11.7 116- 9.9 7.0 0.8 19 47 3.0 0.03 0.2 0.4 0.05
3 21 36 0.9 33- 7.8 l16- 2.0 1.7 0.6 20 53 5.8 0.03 0.2 0.3 0.06
3 22 25 51.0 33-16.1 115-59.5 3.4 1.6 20 176 4.6 0.06 0.4 1.9 0.07
4 2 14 16.7 33- 2.5 116~ 2.3 5.3 1.6 20 67 2.3 0.03 0.2 0.5 0.05
4 3 48 19.7 33- 2.4 116- 2.3 S.1 v3.2 21 69 2.2 0.03 0.2 0.4 0.04
4 13 37 42.2 33-16.4 115-59.6 0.9 2.0 19 176 5.0 0.09 0.4 0.7 0.07
4 13 38 44.4 33-15.8 115-58.3 1.9 0.5 16 180 S.4 0.10 0.4 0.6 0.07
5 118 49.1 32-58.8 116-15.0 T.6 0.8 16 203 5.2 0.07 0.4 0.8 0.05
5 23 23 39.2 33- 0.9 115-55.6 9.6 1.7 20 76 7.7 0.05 0.3 0.6 0.07
6 S5 27 46.4 33- 8.4 116- 0.4 4.7 1.6 20 67 4.4 0.03 0.2 0.7 0.06
6 6 13 48.5 33- 2.4 116~ 2.4 4.6 1.8 20 66 2.1 0.03 0.2 0.6 0.05
6 912 2.0 33- 0.6 115-55.7 6.4 +3.2 18 77 8.3 0.04 0.2 0.8 0.04
6 13 18 4.9 33- 0.8 115-55.6 7.6 »3.1 20 76 8.0 0.04 0.2 0.7 0.04
6 16 28 11.2 32-57.9 116-12.5 2.4 0.4 8 200 5.5 0.29 1.6 1.8 0.13
6 16 29 6.9 32-58.7 116-12.6 2.7 0.5 11 194 4.1 0.12 0.6 0.9 0.07
6 22 41 24.9 33- 7.8 116~ 6.0 1.5 1.0 19 56 1.1 0.03 0.2 0.3 0.07
7 2 18 13.1 33- 8.7 116~ 3.6 6.1 1.3 20 50 4.3 0.03 0.2 0.6 0.06
713 1 56.8 33- 1.4 115-56.4 7.7 1.7 21 68 4.1 0.03 0.2 0.5 0.04
7 13 36 50.1 33- 6.3 116-11.3 8.2 1.6 20 86 7.8 0.04 0.2 0.6 0.05
T 13 46 39.2 33-27.4 116-22.0 9.8 1.7 19 237 10.8 0.23 1.3 0.7 0.12
7 16 13 55.3 33- 8.3 116~ 3.6 4.6 1.7 19 47 3.9 0.02 0.2 0.6 0.05
8 16 14 10.0 33- 1,4 115-56.2 64 2.092.6 20 69 4.2 0.03 0.2 0.5 0.04
8 16 19 6.3 33- 1.5 115-56.2 6.2 1.6 20 68 4.4 0.04 0.2 0.6 0.05
8 20 51 18.8 32-58.5 116-15.4 7.9 1.5 21 207 6.1 0.09 0.5 1.0 0.07
8 21 37 0.9 33-15.9 116- 2.5 le3 2.3¢3.1 21 162 4.1 0.05 0.3 0.4 0.07
9 015 11.8 33-14.1 116- 0.6 0.4* 1.5 21 162 0.8 0.04 0.3 0.07
9 6 0 49.1 33-25.2 116-21.3 10.6 2.0 17 290 6.6 0.31 1.6 0.8 0.09
9 14 20 15.6 33-16.8 115-59.5 2.9 s3.1 18 211 5.6 0.14 0.6 0.8 0.09
9 14 48 29.6 33- 4.6 115-55.5 5.1 93.0 19 84 1.6 0.03 0.2 0.5 0.04
11 222 7.0 33- 1.8 115-58.6 6.6 -0.2 11 92 3.5 0.08 0.4 1.0 0.06
11 2 22 34.7 33- 2.6 1l1l6- 2.3 5.3 1.8 20 63 2.4 0.03 0.2 0.5 0.05
11 5 32 17.3 33-20.9 116-20.0 10.1 2.593.1 21 185 2.5 0.10 0.6 0.5 0.10
11 5 33 37.8 33-21.3 116-20.8 13.0 0.6 8 194 2.8 0.20 0.8 1.5 0.06
11 19 28 11.1 32-57.2 116-17.5 11.5 1.3 11 220 10.1 0.11 0.7 0.8 0.07
11 21 41 7.6 33- 2.1 115-59.2 8.3 1.5 20 84 4.5 0.05 0.3 0.6 0.06
12 1 9 47.9 33-17.1 116-16.3 6.3 0.l 12 75 2.7 0.04 0.2 0.5 0.04
12 1 9 52.5 33-16.3 115-59.6 0.4 1.6 21 176 4.9 0.08 0.3 0.6 0.07
12 12 31 8.0 33- 0.1 116-14.8 6.0 0.4 15 196 3.5 0.09 0.5 1.1 0.09
12 12 31 33.3 32-57.0 116-15.4 5.2 0.6 18 213 8.3 0.09 0.5 1.8 0.06
12 12 34 26.4 33-17.1 115-57.2 1.1 1.0 19 219 8.4 0.19 0.7 1.0 0.1l0
12 13 30 29.3 33- 2.1 115-56.6 4.9 0.9 33 53 2.0 0.02 0.2 0.4 0.05
12 13 38 11.6 33-10.6 116~ 5.5 9.8 1.2 21 54 5.9 0.04 0.2 0.5 0.06
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TABLE 8. — Borrego Mountain aftershocks—Continued

EARTHQUAKES SOUTHEAST OF PORTABLE SEISMOGRAPH NETWORK

THE

1968 HR MN SEC ILAT N LONG W DEPTH
APR 18 0 0 25.2 32-55.6 115-40.5 5.0%
23 15 42 41.1 32-45.9 115-32.2 5.0%

23 16 23 52.4 32-48.2 115-38.7 5.0%

23 16 24 09.1 32-46.3 115-35.8 5.0%

23 16 50 41.1 32+46.8 115-33.3 5.0%

24 12 32 31.1 32-49.2 115-39.5 5.0%

MAY 14 9 11 18.7 32-57.6 115-30.3 5.0%

NoTE. — List of Borrego Mountain aftershocks for which loca-
tions were determined. For each event the following data are '
given:

Origin time in Greenwich mean time: date, hour (Hr), minute
(Mn), and second (Sec).

Epicenter in degrees and minutes of north latitude (Lat (N.))
and west longitude (Long (W.)). Poor convergence of the epi-
solution is indicated by “?".

DEPTH=depth of focus, in kilometers. Assumed depth is indi-
cated by “*".

X-MAG=earthquake magnitude. Value on left determined from
USGS data (see discussion in text); value on right quoted from
Caltech bulletin (Nordquist and others, 1972).

NO=number of stations used in locating earthquake.
GAP=largest azimuthal separation, in degrees, between
stations.

DMIN=epicentral distance, in kilometers, to the nearest

station.

ERT=standard error of the origin time, in seconds.

ERH=standard error of the epicenter, in kilometers.
[=V(SDX*+SDY") /2],

where SDX and SDY are the standard errors in latitude and

longtitude, respectively, of the epicenter.

ERZ=standard error of the depth, in kilometers.
2R
MD =mean deviation of the time residuals. [=Ji\l_()i]' where R;is

the observed seismic wave arrival time less the computed time
at the ith station.

2 km, but this uncertainty depends strongly on the
distance from an epicenter to the nearest station.
The crustal model used in locating the aftershocks,
which was derived from the special refraction survey
(Hamilton, 1970), is summarized below:

Velocity Thickness Depth to top

(km/sec) (km) (km)
2.5 0.4 0.0
5.1 2.6 4
6.0 11.1 2.0
7.1 11.0 14.0
7.9 L. 25.0

MAG  NO ERT ERH MD

,3.2 14 0.11 1.4 0.11

16 0.43 3.0 0.09
,3.1 18 0.14 1.4 0.14
4.1 17 0.15 1.4 0.15

16 0.60 4.0 0.11
,3.4 18 0.22 2.1 0.26
,2.6 21 0.15 1.7 0.23

Q= solption quality of the hypocenter. This measure is intended
to indicate the general reliability of each solution:

Q Epicenter Focal depth
A, Excellent............... Good
Bl Good.......oeeevinnnnnnn. Fair
Coeeeeninnn Fair........cooeeenenen. Poor
Dol Poor........cooeeninins Poor

Q is based on both the nature of the station distribution with
respect to the earthquake and the statistical measures of the
solution. These two factors are each rated independently ac-
cording to the following scheme:

Station distribution

NO GAP DMIN
A, =8 =<120° < DEPTH or 5 km
B =6 =< 150° < 2XDEPTH or 10 km
Coeineis =6 < 225° <50 km
=4 =< 180° <50 km
Do Others ...
Statistical measures
ERH (km) ERZtkm) MD(sec) RMAX (sec)!
A <1.0 =20 =0.10 <0.25
.=25 <50 =0.20 =< 0.50
e =50 ... =<0.30 = 0.75
Others ... ...

'RMAX is the maximum residual.

Qistaken as the average of the ratings from the two schemes;
that is, an A and a C yield a B, and two B’s yield a B. When the
two ratings are only one level apart, the lower one is used;
thatis,an A and a B yield a B.

Station time corrections against this model are given
in table 7; a correction is subtracted from the ob-
served arrival time. The corrections were applied to
all arrivals, a procedure that is not strictly accurate
because the corrections were obtained from refracted
P, rays. Thus, direct P-wave arrivals would not be
appropriately corrected ; therefore, this method leads
to errors mainly in focal-depth estimates for earth-
quakes above the P, refractor and in the vicinity of
a station having a large correction. For example,
shallow shocks near station 17 probably are actually
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somewhat deeper than was computed. It does not
appear, though, that the method of applying station
corrections seriously distorted the hypocenter pat-
tern. '

AFTERSHOCK DISTRIBUTION

The general distribution of the Borrego Mountain
aftershocks in relation to mapped faults is shown
in figure 12. The aftershock distribution with respect
to surficial fracturing is shown in figures 13 and 14.
In these three figures, epicenters are plotted for all
. earthquakes with a mean deviation of the time resid-
uals (MD) <0.05 sec that are given in table 8.

Figure 12 shows that a large part of the after-
shock activity occurred in a band subparallel to the
northwest-trending fault system. The epicenter of
the main shock is near the center of this band,
although many more aftershocks occurred to the
southeast of it than to the northwest. The concen-
trated activity in the band southeast of the main
shock ends at a point about 5 km east of station 10

and about 28 km southeast of the main shock. North- |

west of the main shock, the band extends to near
station 12. The epicenter 3 km west-southwest of
station 12 lies 28 km from the main shock.

At its southeast end, the main seismic zone swings

toward the Superstition Hills fault, where movement
exceeding 1 ¢cm occurred near the time of the main
-earthquake (Allen and others, this volume). Three
earthquakes occurred on the Superstition Hills fault.
Five approximately colinear epicenters were located
about 5 km southwest of the Superstition Mountain
fault. The seven epicenters in the azimuthal quadrant
southeast of station 15, outside the portable seismo-
graph net, were located using readings from both
the portable stations and Caltech regional stations.
The time corrections for the Caltech stations that
were derived by Allen and Nordquist (this volume)
were used. The earthquakes are given at the end of
table 8. No earthquakes were detected near the San
Andreas fault; this fault also moved on the order of
1 cm (Allen and others, this volume).

Most of the aftershocks that are not in the main
band lie in two clusters centered about 16 km north-
east and 22 km southwest of the middle of the main
band.

A more detailed view of the epicenter pattern and
its relation to the surface faulting is presented in
figure 13. The surface faulting associated with the
Borrego Mountain earthquake can be divided into
two more or less continuous strands that come to-
gether in a complex pattern of faulting at the Oco-

tillo Badlands, a group of low hills in the vicinity of
station 9. Initial maximum horizontal displacement,
which was in the right-lateral sense, was 38 ¢m on
the northwest strand, near the main-shock epicenter,
and 20 cm on the southeast strand (Allen and others,
1968; Clark, this volume). Movement on the south-
east strand continued long after the main shock:
postearthquake displacement of 8 ecm occurred bea-
tween April 25, 1968 and May 4, 1969 (Burford,
this volume), and surface cracks continued to de-
velop at least until January 1970 (Clark, “Surface
Rupture Along the Coyote Creek Fault,” this vol-
ume). No evidence of continued movement was
found on the northwest strand.

The aftershocks in the main band are mostly along
the surface fracture or to the northeast of it. The
concentrated activity along the southeast fault strand
extends about 4 km beyond the surface break. To the
northwest, the earthquake 3 km west-southwest of
station 12 lies about 20 km from the nearest surface
fracture.

The southeast fault strand was far more active
seismically than the northwest strand during the
period of this study. Along the southeast strand, the
epicentral zone varies in width from over 5 km, near
the region of complex faulting, to about 1 km at the
center of the strand (near station 17). Farther to
the southeast, the zone is several kilometers wide.
On its southwest margin, the seismic zone along the

-southeast strand is rather sharply defined.

Seismic activity on the northwest fault strand is
concentrated primarily in one cluster near the north-
west end (near station 18). Another cluster of epi-
centers lies about 10 km northwest of the limit of
recognized surface faulting, and there was scattered
activity even farther to the northwest. Relatively
few aftershocks were located near the epicenter of
the main shock.

Variations in the epicenter pattern with time are
shown in figure 14. The pattern was fairly stable;
however, two variations are evident, both of which
occurred after the first week of monitoring. One is
the increased level of activity in the areas northeast
and southwest of the main aftershock band; the
other is the eastward extensions of the southeast end
of the main band by about 3 km.

The depth distribution of the aftershocks is shown
in figures 15 and 16, where earthquakes having ERH
<1km and ERZ <2 km (table 8) are plotted in ver-
tical sections along the lines indicated in figure 13.
The aftershocks are distributed from near surface
to about 12 km. Depth determinations for after-
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FIGURE 15. — Vertical sections through aftershock zone. Arrows indicate the approximate position of ground breakage on
the line of section. Maximum projection distances of foci are: A-B, 5.00 km; C-D, 30.00 km. Lines of section are

shown in figure 13.

shocks in the main band of activity along the fault
are generally good; they are thought to have a
precision of better than 2 km. The depths for the
shocks in the side clusters, on the margin of the
seismograph net, are not so reliable.

The minimum depth of aftershock occurrence
varies and is related to the surface faulting. On the
southeast fault strand (fig. 15, section A-B, distance
range 30-50 km), where continued movement was
observed, aftershocks occurred near the surface. The
aftershocks beyond the southeastern limit of ob-
served faulting occurred only as shallow as about
4 km. The aftershocks just beyond the northwestern
limit of observed faulting are below 7 km. Farther
northwest (between stations 5 and 6), foci are again
near the surface, but no surface breakage was ob-
served. This zone of activity lies in a thick section
of Tertiary sedimentary rocks. At the northwest
boundary of this zone the minimum depth of foci
sharply increases to about 10 km under Clark Valley.

The vertical sections perpendicular to the main
epicenter trend (fig. 16) reveal several interesting
characteristics of the aftershock distribution. The

aftershock zone of each section generally lies toward
the right, that is, toward the northeast of the surface
break, and usually ascends to its minimum depth
near the surficial fractures. In section I-J, which
crosses the zone of complex surface faulting, the
aftershock zone is about 4 km thick and dips about
60° NE. In section M-N, except for the small cluster
of earthquakes at 5 km depth near the left-hand
margin, the aftershock zone is within about 1 km
of a vertical line extending to a depth of 9 km.

A histogram of the depth distribution of all the
aftershocks in table 8 that are assigned a quality
of A or B is shown in figure 17A. An A or B rating
means that the focal depth is relatively well deter-
mined, probably with a precision better than 2 km.
The histogram shows that the foci are fairly evenly
distributed to a depth of about 8 km, below which
there is a steady decline to none below 13 km. The
relatively low number of foci above 1 km could be
the result of a systematic error in the hypocenter
determinations.

The possibility that larger and smaller earth-
quakes have different depth distributions is examined
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in figures 17B and C. In figure 17B, the A- or B-rated
earthquakes that are assigned a magnitude by the
U.S. Geological Survey are plotted in four magnitude
categories. No strong trend is apparent. The A- or
B-rated earthquakes that are assigned a magnitude
by the California Institute of Technology are plotted
in figure 17C. Although there are few earthquakes in
each category, the data show an increase in average
depth with magnitude. Most impressive is the fact
that none of the nine earthquakes of magnitude 3.5
or larger occurred shallower than 6 km.

One must question whether any variation observed
could result from some systematic error in the hypo-
center determination procedure that depends on mag-
nitude. The main difference in the data between
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FIGURE 17. — Depth distribution of aftershocks with well-de-
termined hypocenters (Q=A or B in table 8). A, All earth-
quakes. B, Earthquakes assigned a magnitude by the U.S.
Geological Survey. C, Earthquakes assigned a magnitude by
California Institute of Technology. The arrows indicate the
average depth.

large and small earthquakes is that the larger earth-
quakes are generally observed at more stations. In
figure 17, the earthquakes with magnitude > 1.8
were located by using an average of 16.2 readings,
whereas the smaller ones were located by using an
average of 13.6 readings. The variations in number
of stations used seems to be insignificant.

AFTERSHOCK FOCAL MECHANISMS

The nature of the focal mechanisms of the Borrego
Mountain aftershocks was determined from the
first-motion patterns of a large number of events.
The main problem in obtaining a nodal-plane solution
for the first-motion pattern from a network of close-
in stations (epicentral distance less than 50 km)
lies in determining the angle of incidence of a ray at
the focus. Given the focal depth, epicentral distance,
and crustal model, the computation is straightfor-
ward; however, if the focus is near a layer bound-
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ary or if a station is near a crossover distance,
particularly the crossover from the direct to a re-
fracted ray, large discontinuous changes in the first-
motion pattern can result from small changes in the
parameters of the focus or model. The general effect
of errors in the parameters is to confuse the pattern,
except for the strike-slip mechanism. Very few pat-
terns for the Borrego Mountain aftershocks appeared
to be so affected, and most of those that were affected
could be cleared up by a minor parameter shift. This
success in obtaining good nodal-plane solutions prob-
ably is a result of the relatively good crustal velocity
data, the precise hypocenter determinations, and the
predominance of strike-slip mechanisms. Each of the
first-motion patterns studied was plotted on an
equal-area projection of the lower half of the focal
sphere. Rays leaving the focus upward were plotted
as if they had left in the opposite direction.

In determining many of the nodal planes, the na-
ture of the first motion as well as its direction was
considered. In checking the seismograms for earth-
quakes yielding well-controlled solutions, it was
found that stations near nodal planes often recorded
either an emergent onset or a sharp short excursion
in one direction followed by a much larger excursion
in the opposite direction. Such onsets were noted on
the first-motion plots ; for poorly controlled solutions,
a nodal plane passing near them was favored.

Some examples of the better determined nodal-
plane solutions, chosen to show the variety of solu-
tions, are presented in figure 184-G. Figure 18H
shows the type of pattern obtained for events in the
side clusters of activity; such patterns are ambigu-
ous but are consistent with right-lateral strike-slip
motion in a direction subparallel to the regional
fault trend. Figure 18I shows a pattern that is con-
sistent with a variety of fault mechanisms.

Equal-area projections of the first-motion pattern
were made for each shock that was located; nodal-
plane solutions were then determined for the 50
largest aftershocks. The solutions that were unam-
biguous and well determined were plotted on a map
at their epicenters (fig. 19); areas where no solu-
tions were plotted were filled using good solutions
from among the smaller aftershocks. The map of the
nodal-plane solutions (fig. 19) was then checked
against the remaining solutions to assure that sig-
nificant variations had not been omitted.

Figure 19 indicates that strike-slip displacement
was the dominant mechanism for the aftershocks.
There were only a few patterns indicating thrust, or
reverse, faulting. Most of the patterns indicating
strike-slip displacement that are near the zone of
observed faulting have one nodal plane that sub-

FiGure 18. — Equal-area projections (lower hemisphere) of
the first-motion pattern for nine aftershocks, Compressional
first motion, solid dot; dilatational first motion, open circle;
nodal planes, solid lines. Examples A-G show the variety
of patterns in the main aftershock zone, H shows the type
of pattern obtained for aftershocks in the side clusters,
and I is an ambiguous pattern.

parallels the fault trend and indicates right-lateral
displacement, which is consistent with the observed
surface displacement. Many of the patterns for
earthquakes east of the surface faulting are rotated
with respect to-the patterns along the fault; for
some aftershocks the nodal plane corresponding to
the right-lateral displacement strikes nearly east.
Such a variation in strike is found in many of the
patterns at the southeast end of the seismic zone.

The first-motion patterns reveal some interesting
details about the southeast end of the main seismic
band. In the vicinity of station 17 (fig. 13), where
the seismic band is narrowest and most closely asso-
ciated with the surficial fractures, the patterns are
remarkably similar and have a nodal plane indicating
right-lateral displacement closely alined with the
strike of the fractures. On the other hand, 3-10 km
east of station 17, eight patterns were fo_und with a
distinctly more easterly strike for the right-lateral
nodal plane. Thus, the transition in the epicenter
pattern at the southeast end of the main band from
close alinement with the faulting to dispersal corre-
lates with a transition in strike of the focal mecha-
nism. :
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FIGURE 19. — Nodal-plane solutions, plotted at the epicenter,
for 72 aftershocks that yielded well-determined solutions.
Dark areas represent compressional quadrants and light
areas dilatational quadrants.

The more easterly striking patterns at the south
end of the seismic zone suggest that the zone of
tectonic activity associated with the Borrego Moun-
tain event swings toward the Superstition Hills fault
(fig. 12).. The mapped trace of this fault veers west-
erly. at'its northwest end toward the aftershock area.
It was mentioned earlier that three aftershocks were
detected on the Superstition Hills fault and that the
fault displaced about 1 ¢cm near the time of the main
shock.

The first-motion patterns were examined for all 14
events in the aftershock group centered at 33°02.3’
N. and 116°02.4” W. (See fig. 13, about 1 km south-
east of vertical section reference “M”.) Events in
the northern half of the group all had strike-slip
movement, and those in the southern half all had
either reverse- or thrust-fault movement. These two
pattern types are represented by two nodal-plane
diagrams at the corresponding positions in figure 19.

MAGNITUDE RESIDUALS AND
TRAVELTIME DELAYS

Magnitudes were calculated for the aftershocks,
following the procedure devised by Eaton, O’Neill,
and Murdock (1970), using both the maximum am-

plitude in the first few oscillations of .the signal,
referred to as “P magnitude,” and the maximum
amplitude in the rest of the signal, referred to as
“X magnitude.” In the computations, a period of 0.1
sec was uniformly used. The magnitude assigned to
each event is the average of the various station
magnitudes. In general, the estimates of the P- and
X-magnitudes agreed within a few tenths of a mag-
nitude unit. Only the X magnitude is listed in table 8.

Magnitudes could not be determined for the larger
earthquakes that caused all seismographs to be over-
driven. The California Institute of Technology bul-
letin (Nordquist and others, 1972) gives magnitudes
for 84 of the earthquakes given in table 8, including
all those that were too large for magnitude determi-
nation by the U.S. Geological Survey. For the 39
earthquakes given in table 8, magnitudes were deter-
mined by both California Institute of Technology
and U.S. Geological Survey. The Caltech magnitudes
are higher by an average of 0.7. The magnitude
computation scheme of Eaton, O’Neill, and Murdock
(1970) was designed to be consistent with the local
magnitude (M.) scale devised at Caltech. Thus, the
systematic difference is unexpected.

The USGS seismograms were reexamined to seek
an explanation of the magnitude difference. It was
found that for some aftershocks the amplitude was
read for a signal that possibly was clipped, or so
near to being clipped that the instrument response
might have been nonlinear. Reading this kind of sig-
nal could have resulted at most in a factor-of-two
error in the measured amplitude, with a correspond-
ing error of 0.3 in the magnitude.

Another possible source of error lies in uniformly
using a period of 0.1 sec. If the appropriate period
is actually 0.2 sec, the magnitude estimate would be
low by 0.3. The signal associated with the maximum
signal amplitude, however, was found to differ from
0.1 sec by less than a factor of two. Moreover, varia-
tions from that period occur in both ways and do not
seem to depend on magnitude.

It seems then that the systematic difference be-
tween the USGS and -Caltech magnitude estimates
is not just an error in applying the procedure of
Eaton, O’Neill, and Murdock (1970). A possible
explanation has been developed through discussions
with Wayne R. Thatcher. The Caltech magnitudes
are derived from Wood-Anderson seismograms, and
the maximum signal amplitude would have an asso-
ciated frequency of 1 to 3 Hz. This associated fre-
quency would lie near the corner frequency in the
source spectrum of a magnitude 3 earthquake
(Wayne R. Thatcher, oral commun., 1972). The
USGS magnitudes are based on waves with frequen-
cies near 10 Hz, which are over three times higher
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than those of Caltech. These frequencies occur in a
part of the spectrum where the amplitude is in-
versely proportional to frequency or frequency
squared. Assuming a fall-off in amplitude with fre-
quency raised to the power 1.5, the magnitude dis-
crepancy of 0.7 can be accounted for by a frequency
ratio of about 3.

The magnitude residual, that is, the difference
between the individual station magnitude and the
average magnitude, was found for each station for
each earthquake. Both the average P-magnitude and
average X-magnitude residuals for each station are
given in table 7.

The average magnitude residuals exhibit a range
of over 0.8 magnitude units. The P-magnitude and
X-magnitude average residuals were consistent at
each station (fig. 20). Examination of table 7 sug-
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FIGURE 20.— Average P-magnitude residual plotted against
average X-magnitude residual for each seismograph station.
The lihe indicates P-magnitude residual equals X-magni-
tude residual.

gests that there is a direct relation between average
magnitude residual and station time correction.
These data are plotted in figure 21. Eaton, O’Neill,
and Murdock (1970) observed a similar relation in
the Parkfield-Cholame region, but with a stronger
dependence of the magnitude residual on the time
correction. Their plot of magnitude residual against
station-time correction was fitted with a straight line
with slope 2.0; the lines for Borrego Mountain have
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FIGURE 21. — Average P-magnitude and average X-magnitude -
residuals (MR) plotted against station time correction
(TC). A large time correction means that waves arrive late.
The lines were fitted by the least-squares method.

slopes of 0.46 and 0.28 for the P and X magnitudes,
respectively.

Variations in the station-time correction are re-
lated directly to variations in basement depth in the
Borrego Mountain region (Hamilton, 1970). The
relation in figure 21 .suggests that the magnitude
variations may also be related to basement depth.
Although depth to basement is not the sole control
on magnitude anomalies, it is nevertheless a very
important one. The importance of the effects of
near-surface lithologic variations on controlling the
excitation in the coda of the seismic signal was
demonstrated by Aki (1969). Variations in thickness
of sediments in the San Francisco Bay region have
been related directly to variations in amplification
of horizontal and, to a lesser degree, vertical motion
from underground nuclear explosions at the Nevada
Test Site (Borcherdt, 1970).
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RATE OF AFTERSHOCK OCCURRENCE
VERSUS TIME

The rate of earthquake activity in the Borrego
Mountain sequence was analyzed by using ‘a continu-
ous slow-speed (37.5 mm/min) playback of the
tapes from station 1. This station was chosen because
it had three components of motion recorded, thus
making S-wave identification easier, and because it
was situated to the side of the main aftershock area
(fig. 12), thus minimizing effects arising from varia-
tions in epicentral distance. Almost all seismic activ-
ity in the sequence was within 40 km of station 1
and, except for the cluster of activity southwest of
the main zone, was at distances beyond 15 km.

The earthquakes counted had an S-P time between
1 and 10 seconds. This restriction eliminated events
that occurred outside the aftershock region and those
that occurred very near station 1. Events that pro-
duced a signal so large that the S waves could not be
recognized were counted; though some of them may
have had an S-P time outside the range specified,
such shocks made up less than 1 percent of the total.
The events counted were also required to have an
amplitude above a specified level; the amplitude
threshold corresponded to a magnitude 1 earthquake
at an epicentral distance of 20 km, the distance to the
main aftershock area.

Owing to recorder stoppages, a continuous record
was not obtained. The longest stoppage was for 5
days; other stoppages were less than 1 day’s dura-
tion. The total time lost was 10.6 percent of the
recording period. If less than 24 hours of record was
obtained in a day, the count was adjusted by dividing
by the fraction of the record obtained.

A total of 13,412 earthquake signals was counted.
There were 529 other signals that may have been
caused by earthquakes, but they also could have been
noise ; therefore, they were not included. Plots were
made of log n against {, where n is the number of
earthquakes per day and t is the day after the main
shock, and of log »n against log ¢. Straight lines fitted
by least squares to these plots had the equations

n—=836 exp (—0.185¢), and - (1)

n=5,130 £, (2)
The observed variations in the rate of aftershock
occurrence lies between these two relations, but the
second one is the better approximation of the two.
The data for equation 2 are shown in figure 22. Such
a time dependence has been observed for the rate of
aftershock occurrence in numerous other sequences.

RELATED STUDIES IN OTHER AREAS

Detailed earthquake studies using dense seismo-
graph networks have been carried out in recent
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FIGURE 22. — Rate of earthquake occurrence, n, plotted against
time after the main shock, ¢t. Open circle indicates that n is
based on less than half a day’s record and is therefore of
lower reliability.

years along a number of other sections of the San
Andreas fault system in California from the Imperial
Valley to north of San Francisco Bay. The maximum
depth determined for hypocenters in all but one of
these studies is within a few kilometers of the 12-km
maximum depth found for the Borrego Mountain
aftershocks. The areas studied include (1) southeast
of Anza (Arabasz and others, 1970), (2) Lake
Hughes and Cajon Pass (Brune and Allen, 1967),
(3) Parkfield-Cholame (Eaton, O’Neill, and Mur-
dock, 1970), (4) Bear Valley (Eaton, Lee and
Pakiser, 1970), (5) Watsonville (Udias, 1965), (6)
Corralitos (McEvilly, 1966), (7) the San Andreas,
Sargent, Hayward, and Calaveras faults in the San
Francisco Bay area (Eaton, Lee, and Pakiser, 1970),
(8) Antioch (McEvilly and Casaday, 1967), and (9)
Santa Rosa (Unger and Eaton, 1970). Exceptional
focal depths were found in the San Gorgonio Pass
area, where earthquakes occur as deep as 21 km
(Hanks and Brune, 1970).

The previously studied area nearest the Borrego
Mountain area lies at the trifurcation of the San
Jacinto fault about 10 km southeast of Anza and
50 km northwest of the main Borrego Mountain
earthquake (Arabasz and others, 1970). One hun-
dred earthquakes, located by using as many as six
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seismograph stations, occurred in a dispersed pattern
extending several kilometers outside the area out-
lined by mapped faults. The complexity of the epi-
center pattern indicates activity on more than one
fault in the area. The aftershock and creep patterns
in the Borrego Mountain area reveal a similar be-
havior. The dispersed tectonic activity observed near
Anza and Borrego Mountain reflects the locally
complex ‘and splaying nature of the San Andreas
fault system in southern California. In contrast, the
aftershocks near Parkfield in central California
(Eaton, O’Neill, and Murdock, 1970) mostly oc-
curred within 1 km of a near-vertical plane; the
intersection of this plane with the surface almost
coincides with the surface faulting along the rela-
tively simple and single-stranded trace of the San
Andreas fault in that area.

SUMMARY AND TECTONIC IMPLICATIONS

The epicenters of the Borrego Mountain after-
shocks define a rather complex pattern consisting of
a main band subparallel to the regional fault trend
and two side clusters. Most of the earthquakes in the
main band occurred in a distance interval of 56 km
and are approximately centered on the epicenter of
the main shock. The symmetrical extent of the epi-
center band with respect to the main-shock epicenter
suggests that the Borrego Mountain earthquake re-
sulted from bilateral faulting (Allen and Nordquist,
this volume). It also seems that the rupture started
near the bottom of the fault: the aftershocks suggest
that the fault extends to a depth of about 12 km, and
the computed depth of the main shock was 11.1 km
(Allen and Nordquist, this volume). This depth de-
termination cannot be considered very reliable be-
cause the nearest station was 47 km from the main
shock; however, it is supported by the observation
that all nine aftershocks with magnitudes over 3.5
and with well-determined focal depths occurred
below 6 km deep.

Although the extent of the aftershock zone was
apparently symmetrical with respect to the main
shock, the level of aftershock activity was not. Most
of the aftershocks occurred southeast of the main
shock, where part of the zone of activity was closely
associated with surficial faulting. The southeast sec-
tion of the surficial faulting was the site of continued
displacement long after the main shock (Burford,
this volume; Clark, “Surface Rupture Along the
Coyote Creek Fault,” this volume).

The continued fault displacement following the
1966 Parkfield earthquake was thought by Smith and
Wyss (1968) to result from the viscous properties
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of the near-surface materials. This explanation could
probably also be applied to the Borrego Mountain
earthquake; however, the southeasterly growth of
the aftershock zone, with earthquakes in the depth
range of 4 to 10 km, indicates further fault move-
ment in the basement. The additional displacement
on the surface fractures could then have resulted
from growth of the original faulting.

Although part of the aftershock activity was asso-
ciated with surficial fractures, most of the earth-
quakes occurred northeast of the fractures. To a
certain extent, the surficial fractures bound the main
aftershock band on the southwest. Wyss and Brune
(1971) found that the Borrego Mountain aftershocks
had higher stresses associated with them than did
the Parkfield aftershocks. Noting the dispersed Bor-
rego Mountain aftershock pattern, they inferred that
at Padrkfield the fault surface is a well-developed
zone of weakness, whereas at Borrego it is less well
defined.

Relatively few aftershocks were detected in the
vicinity of the main shock. The surficial fracturing
near the main-shock epicenter exhibited the greatest
initial displacement but showed no later displace-
ment.

Beyond the northwestern extent of surface fault-
ing, only a few aftershocks were detected. However,
approximately a year after the Borrego Mountain
earthquake, on April 28, 1969, a magnitude 5.8
earthquake occurred near the site of station-12 (fig.
12). Its aftershocks, monitored in a joint project by
California Institute of Technology and the U.S. Geo-
logical Survey (Thatcher and Hamilton, 1971), de-
fine a zone that is essentially a northwestward
extension of the Borrego Mountain aftershock zone.

Thus, aftershock studies reveal that the initial
bilateral faulting from the Borrego Mountain earth-
quake extended in markedly different ways at its.two
ends. On the southeast end, fault creep and gradual
growth are indicated, whereas on the northwest end,
sudden extension more than a year later appears to
have occurred.

The curious distribution of the main aftershock
band and the epicentral clusters northeast and south-
west of it suggests that the zones may be related in
a special way. One possibility is that the clusters are
associated with a fault system that is conjugate with
the northwest-trending system. However, the lack
of continuity between the two clusters detracts from
this suggestion, and such a system of active faults
is unknown in the cluster areas or in any other
nearby part of southern California. The shear-stress
changes resulting from the main shock may have
controlled the aftershock pattern. The stress changes
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from a strike-slip dislocation in a halfspace were
calculated by Chinnery (1963). His results show
that the greatest increase in shear stress in the
horizontal direction parallel to the dislocation plane
occurs in a complicated pattern near the ends of the
dislocation. However, the shear stress also increases
in areas centered on the order of one dislocation
length perpendicular to the center of the dislocation.
Such a stress redistribution resulting from the Bor-
rego Mountain faulting may account for the unusual
epicenter pattern.

An important result of this study is the correlation
between the aftershock distribution and the surface
faulting. In the area where the aftershock zone is
narrowest, along the southeast fault strand near
station 17 (fig. 12), the surface faulting runs
through the epicenter region (fig. 16, M-N). Near
station 9, where the fracture zone is widest, the
aftershock zone is wide (fig. 16, I-J). Beyond the
southeastern limit of faulting, the minimum depth of
foci increases to below 2 km (fig. 16, O-P). The
minimum depth of foci also increases at the north-
western limit of faulting (fig. 15, A-B). The fault-
plane solutions also correlate well with the aftershock

distribution. Where the aftershock zone is narrowest, .

near station 17, the fault-plane solutions are all
essentially identical, and one of the nodal planes
passes through the aftershock zone.

There is good evidence that aftershocks occurred
in the sedimentary rocks above the granitic base-
ment. Because of the uncertainties inherent in focal-
depth determination, such a conclusion would
generally be difficult to draw with confidence. For the
Borrego Mountain aftershock sequence, though, the
close-in distribution of seismographs and the explo-
sion-refraction study (Hamilton, 1970) provided
critical information. Along the southeast fault
strand, foci were computed to lie within 14 km of
the surface. The explosion data indicate basement
depths of about 134 km below station 9, 234 km
below station 17, 214 km below station 4, and 314
km in the area several kilometers northeast of the
surface faulting.
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SURFACE RUPTURE ALONG THE COYOTE CREEK FAULT

By MaLcoLMm M. CLARK
U.S. GEOLOGICAL SURVEY

ABSTRACT

The nearly linear 31-km-long surface rupture that accom-
panied the Borrego Mountain earthquake of April 9, 1968,
along the Coyote Creek fault comprised three well-defined
bands of fractures — the north, central, and south breaks
—each of which consisted of en echelon, complex, and
simple right-lateral fractures that cut Pliocene-Pleistocene
and Holocene sediments at the surface. Associated minor
diverging and isolated fractures and zones of fractures de-
veloped as far as 8 km from the well-defined breaks. A few
of these displayed dominant vertical ot left-lateral displace-
ment.

Maximum right-lateral displacement was 380 mm on the
north break and, including postearthquake creep into 1971,
260-300 mm on the central break, and 80-140 mm on the
south break. Subordinate vertical slip (230 mm maximum)
accompanied right-lateral slip along nearly half of the north
and central breaks and without exception was in the same
sense as earlier uplift of scarps and hills.

Some of the outlying fractures that displayed significant
left-lateral displacement have orientations that are com-
patible with some theories and observations of secondary
fracturing associated with strike-slip faulting. However,
others of these that also display large vertical displacement
appeared to be normal faults trending obliquely to the local
direction of tectonic extension.

Surviving older scarps and vegetation boundaries extended
along roughly one-third of the entire length of the 1968
rupture and were in all places coincident with new fractures.
However, where vertical displacements and vegetation bound-
aries were absent, other surface evidence that would have
betrayed the position of the fault was scanty. Few offset
drainage channels survived from previous displacements, be-
cause erosion in the poorly consolidated sediments proceeds
more rapidly than tectonic displacement. Along about 50
percent of the length of the rupture, the position of the main
fractures could have been predicted before the earthquake
to within #=100 m or closer.

The width of the band of fracturing along the three main
breaks exceeded 50 m along about 35 percent of the length
of the 1968 rupture and exceeded 100 m along 25 percent of
the length of the rupture. However, most of the ground dis-
placement along the main breaks occurred within a band less
than 20 m wide. Associated fractures with potentially
damaging displacements extended more than 100 m from the
main breaks in some locations and as much as 500 m from
the main breaks in a few locations. Because not all these
fractures followed obvious lines of earlier faulting, sub-

surface investigations should be mandatory around the site
of any proposed large or multistory structure within about
1 km of the 1968 rupture.

Fault creep and rain-induced collapse maintained or en-
larged some fractures as late as 1971, more than 3% years
after the earthquake. No significant postearthquake creep
took place on the north break, but simple measurements made
at irregular intervals since April 1968 reveal that postearth-
quake movement along the central and south breaks has in-
creased original displacements by as much as 100 percent.
Some of this creep was apparently continuous, beginning
immediately after the earthquake, but several parts of the
central break did not start moving until at least several
months after the earthquake, and the south break may not
have started moving until about 1 year after the earthquake.

Reconstruction of the creep history since the earthquake at
one place on the central break employed repeated measure-
ments of displaced tire tracks and new offsets in crusts
formed in material filling 1968 fractures. The reconstruction
is compatible with the exponential decay in creep rate re-
ported for other earthquakes, except for an apparent delay
of several months after the earthquake before the onset of
creep. The net result of creep on the central break has been
to increase initial displacements to amounts comparable to
those on the north break at the time of the earthquake.

The south break not only experienced smaller displacements
and a greater delay (perhaps more than 1 year) before the
onset of creep than did the central break, but it also includes
four sets of tectonic fractures that predate the 1968 earth-
quake by a few months to more than 15 years. This activity,
combined with postearthquake creep and a recent history of
earthquakes that includes one of magnitude 6.5, suggests
that the south break may behave more like the Superstition
Hills and Imperial faults than adjacent parts of the Coyote
Creek fault.

INTRODUCTION

This paper describes the surface rupture and dis-
placements that formed along the Coyote Creek fault
during and after the Borrego Mountain earthquake
of April 9, 1968. The fault is part of the San Jacinto
fault zone, a major branch of the San Andreas sys-
tem of right-lateral strike-slip faults. (See Sharp,
“Tectonic Setting of the Salton Trough,” this vol-
ume.) Conditions along the 1968 rupture have re-
vealed some characteristics of surface faulting that
are not obvious at many other places along the San

55
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FIGURE 23.—Vertical aerial photograph of the region of surface faulting associated with the Borrego Mountain earthquake. The
Lake; CM, Coyote Mountain; NB, north break; OB, Ocotillo Badlands; OW, Ocotillo Wells; SB, south break. Other features

Andreas fault system. The combination of scant
vegetation, low rainfall, low relief, and predomi-
nantly fine-grained sediment along the 1968 rupture
has resulted in preservation of many details of the
surface fractures and allowed continuing study of
changes in the rupture more than 3 years after the
earthquake. Many aspects of the surface faulting are
similar to patterns produced by earlier earthquakes
along the San Andreas system. Most of the rupture
consisted of right-lateral en echelon fractures that
coincided with locally surviving traces of earlier
faulting. The investigation also documented the asso-
ciation of significant and consistent vertical and
minor left-lateral components of displacement on
fractures associated with the main breaks, charac-
teristics not generally recorded or observed after

earlier earthquakes in the San Andreas system. Fur-
thermore, the investigation has pieced together a
complex ‘history of postearthquake creep that con-
trasts with the simpler relations found between
initial displacements, creep, and aftershocks of the
San Andreas fault at Parkfield-Cholame after the
earthquake of 1966.

Field investigation of the surface rupture started
about 8 hours after the earthquake and is still being
conducted at this writing (November 1971). The
initial effort to record fractures began at 2 a.m.
(P.s.t.) April 9, 1968, when C. R. Allen of California
Institute of Technology measured the rupture where
it crossed Highway 78. By April 14, most of the
fractures had been mapped. Allen was joined in
mapping the rupture by several U.S. Geological Sur-
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surface ruptures are shown as rows of open circles. BM, Borrego Mountain; BS, Borrego Springs; CB, central break; CL, Clark
can be identified from plate 1. USGS aerial photographs USAF 665V 037 and 039, taken by U.S. Air Force, November 1967.

vey geologists (Arthur Grantz, T. G. Theodore, R. V.
Sharp, E. W. Wolfe, and myself) . Later in April and
in May, Survey geologists E. W. Wolfe, R. O. Castle,
and T. L. Youd recorded additional fractures at some
distance away from the main breaks. In June 1968,
I noticed the first obvious evidence of continued
movement along the rupture and mapped additional
fractures that were either overlooked or not present
in April. Thereafter, I was accompanied at times
by A. Grantz, R. V. Sharp, M. Rubin, M. G.
Bonilla, and J. Kahle in recording increases in dis-
placement, new fractures, and other changes in the
surface rupture during visits in October 1968, March,
April, and October-November 1969, January and
December 1970, and March and November 1971.
Allen also monitored creep during other visits.

Many people in addition to the aforementioned
have contributed to this investigation. J. P. Lock-
wood helped identify and record ground ruptures
during the first few days of field study. Light Photo-
graphic Squadron 63 of the U.S. Navy at Miramar,
Calif., made excellent large-scale aerial photographs
of the surface rupture in 1968 and 1969. I especially
thank Commanders Hegrat and Dunkin for their
cooperation and expertise in getting these photo-
graphs. Mr. and Mrs. Earl Cartier and Mr. and Mrs.
John Balch of Ocotillo Wells provided important
information and assistance during our fieldwork.
Bob Densmore of Borrego Springs supplied logistic
support and took photographs of creep localities in
March 1970. H. B. Goldis helped compile many of
the illustrations of this report. Arthur Grantz, R. V.
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Sharp, M. G. Bonilla, and R. F. Yerkes offered help-
ful suggestions regarding the text.

Field parties used a variety of base materials for
mapping fractures. They recorded most of those
found in April and May 1968 on aerial photographs
taken by the U.S. Department of Agriculture in 1953
at 1:20,000 scale; they plotted the remaining frac-
tures found during this period on 1:25,000-scale
U.S. Geological Survey photographs or 1:24,000-
scale topographic maps. Subsequent investigations
used aerial photographs at 1:10,000 and larger
scales taken in May 1968 and April 1969 by U.S.
Navy aircraft from Miramar, Calif., and 1:8,000-
scale U.S. Geological Survey color aerial photographs
taken in April 1969.

DESCRIPTION OF THE SURFACE BREAKS

The principal surface rupture defines a narrow
roughly linear band about 31 km long (pl. 1; fig. 23).
The band consists mainly of right-lateral en echelon
fractures and trends roughly N. 40° W. across lower
Borrego Valley and along the northedstern base of
Borrego Mountain. Minor isolated and diverging
fractures formed as much as 3 km away from the
main zone of breakage. The surface fractures formed
entirely in Holocene alluvium and lake beds, except
in the vicinity of Ocotillo Badlands and at the ex-
treme north end of the main rupture. In both these
places, fractures traversed uplifted and folded Plio-
cene-Pleistocene sediments.

Two interruptions in the continuity of the rupture
divide it into three main breaks (fig. 23), the north
(loes. 1-14, pl. 11), central (locs. 14-26), and south
(locs. 26-33). The north and central breaks are en
echelon and are separated by the uplifted and tightly
folded sediments of Ocotillo Badlands. The central
and south breaks are connected by a narrow zone of
widely separated small fractures. Displacements on
each of these three breaks reached a maximum near
the center and diminished toward the ends. Maxi-
mum right-lateral displacement on the entire rupture
was 380 mm (15 in.) on the north break near the
base of Borrego Mountain.

Fractures of the 1968 rupture can be divided into
three categories: (1) nearly all fractures of the
three main breaks, (2) all diverging and isolated
tectonic fractures that lay more than about 100 m
from the centers of the three main breaks, and (3)
nontectonic fractures produced by differential com-
paction of sediment and by local slumping and
sliding on steep slopes bordering washes or in hills.
Although we intended to map only tectonic fractures,

1Throughout this and several subsequent chapters, locations along the fault
zone will be given by the horizontal coordinate system (kilometers) of pl. 1.

a few of the fractures on plate 1 (for example, those
1 km east of the north break at loc. 8 and within
Ocotillo Badlands at loc. 15) may actually be in the
nontectonic category.

Fractures of the three principal breaks (the first
category) shared characteristics that differed from
most of the fractures of the second category. All
fractures of the principal breaks showed right-lateral
displacement, except for minor extension and com-
pression fractures oriented nearly perpendicular to
the trend of the zones. Many fractures of the prin-
cipal breaks also exhibited vertical displacement that
was nearly always smaller than the associated hori-
zontal movement. The principal breaks trend more
or less uniformly N. 30°-50° W. and displayed an
essential continuity of fracturing within each break;
they also contain prominent scarps from previous
faulting, indicating continuity of position with re-
spect to past tectonic events.

In contrast, outlying and diverging fractures (the
second category) as a group showed different char-
acteristics. Although some showed right-lateral off-
set, others showed vertical offset only (loc. 3.4) or
vertical offset greater than horizontal (loc. 3.6), and
on a few, displacements were left lateral (locs. 3.6,
12.4, 14.0, 15.2, 15.8, 17.4). The outlying and diverg-
ing fractures also displayed a greater range of orien-
tations and, obviously, a lesser degree of continuity.
Maximum displacements in this group of fractures
were far less than the maximum displacements along
the main breaks. Many of the outlying and diverging
fractures had large vertical components of displace-
ment but did not follow older scarps, suggesting
randomness of position with respect to earlier frac-
turing.

Despite these differences, most of the diverging
and outlying fractures appeared to be tectonic,
rather than the secondary effects of shaking. Most
either connected with fracures of the main breaks
or bordered low uplifted hills and ridges underlain
by tectonically deformed Pleistocene and Holocene
strata, such as those southwest of the principal
rupture zone at locations 3 and 15 to 16, or northeast
of the zone at locations 13 to 14, 22, and 27.

Some of the isolated and diverging fractures of the
1968 rupture probably escaped detection. Many
shown on plate 1 had small displacements (less than
20 mm) and were quite inconspicuous. These are not
visible on our largest scale vertical aerial photo-
graphs and were found only during careful traverses
on foot. In addition, the wide bands flanking the
1968 rupture were not inspected as thoroughly as
the immediate areas of the main breaks and the
larger diverging fractures.
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Nontectonic fractures (the third category) were
common. The 140-m-high hills of Ocotillo Badlands,
made up of unconsolidated and poorly consolidated
muds, sands, and gravels, were shattered by hun-
dreds of slide and slump fractures from a few
meters to hundreds of meters long. Small subsidence
fractures also surrounded the many irrigated alfalfa
fields south and southeast of Ocotillo Wells.

: PATTERNS OF GROUND BREAKAGE

Displacement along the three principal breaks was
commonly distributed along a zone of fractures, en
echelon, parallel, or complex, rather than along a
single fracture. Most of the north break and much
of the central and south breaks consisted of en eche-
lon fractures from a few meters to tens or hundreds
of meters long that occupied a band ranging in width
from less than 1 m to more than 100 m. A small part
of the three main breaks consisted of bands of com-
plex fractures as much as 10 m wide or two or more
subparallel fractures in a zone as much as 100 m
wide. Other parts of the central and south breaks
consisted of single fractures as much as hundreds of
meters long.

As noted by Allen, Grantz, Brune, Clark, Sharp,
Theodore, Wolfe, and Wyss (1968), even in the wide
zones of complex fractures most of the displacement
took place within a narrower zone that was generally
less than 20 m across (figs. 24-28). This band of
maximum displacement did not occupy a consistent
position within the rupture zones and would have
been the location of greatest damage had manmade
structures been present along the rupture.

The en echelon pattern of fracturing persisted on
various scales in remarkable similarity to patterns
of surface faulting reported from such places as
Parkfield-Cholame on the San Andreas fault (Brown
and others, 1967) and Iran (Tchalenko and
Abraseys, 1970). En echelon separation ranged in
size from 2 km between the north and central breaks
to a few millimeters between en echelon hairline
cracks developed locally on smooth parts of the
surface.

The geometry of en echelon pattern requires com-
pression and distortion in the area between frac-
tures, which is shown clearly by the folded
sediments of Ocotillo Badlands, lying between the
north and central breaks. (See Sharp and Clark, this
volume.) However, compression was also displayed
over much smaller distances by regular patterns of
thrusting between en echelon fractures developed in
surface flakes and slabs of the muddy silt playa of
Benson Lake. Here fractures about 3 m apart dis-
played a notable regularity of spacing and behavior;
each was connected to the next by paired S-shaped

0 ' BOMETERS

FI1GURE 24. — Central break at location 19.7 showing en
echelon fractures as much as 20 m long and 2 m apart
within a zone about 2 m wide (sets of vehicle tracks are
about 1.6 m wide). The fractures follow an old scarp that
is 0.5-1 m high (southwest side up). Displacements on
this segment of the break at the time of the earthquake
reached 160 mm right lateral and 100 mm vertical. Photo-
graph by B. W. Troxel, California Div. Mines and Geology,
April 19, 1968.

overthrusts (figs. 28, 29). Thrusting here appeared
to be limited to a relatively brittle layer about 0.1—
0.2 m thick at the surface. Presumably, compression
below this layer caused distortion or flowage of the
material between the en echelon fractures.

In general, individual en echelon fractures trended
5°-40° clockwise from the strike of the breaks (pl.
1; fig. 24), with 30° the most common difference.
Thus, along the predominant N. 40° W. strike of the
north and central breaks, individual fractures
trended nearly north-south. However, in the vicinity
of Fish Creek Wash (loc. 25), where the central
break runs nearly north-south, individual fractures
strike N. 5°-30°E.

Although the position and relation of the three
main breaks probably reflect the configuration of the
fault in bedrock, the factors that control the detailed
appearance of the surface rupture itself remain un-
known. Magnitude of displacement does not obvi-
ously control the character of surface fracturing,
inasmuch as both small and large displacements
occurred across single, multiple, complex, and en
echelon fractures that occupied either narrow or
wide bands. Depth to bedrock may slightly influence
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FIGURE 25.— Band of complex fractures about 1 m wide
across hardened silty sand crust in a wash at the eastern
base of Borrego Mountain (near loc. 6). Right-lateral dis-
placement across the rupture reached 300 mm in the fore-

ground; right (southwest) side was raised about 100
mm. A subsidiary fracture is in the right center. Photo-
graph by C. R. Allen, April 13, 1968.

the surface fractures, because most long single frac-
tures were limited to the central break, which lies
entirely in a 2-4-km thickness of late Cenozoic sedi-
ment (Hamilton, 1970; Sharp, “Tectonic Setting of
the Salton Trough,” this volume), whereas the north
break, which essentially lacked long single fractures,
presumably crosses very shallow sediment alongside
Borrego Mountain. In contrast, however, en echelon
and complex breaks similar to those on the north
break next to Borrego Mountain were abundant in
the thick sediment of the central break. It seems
more reasonable to suppose that patterns of surface
fracturing tens to hundreds of meters wide are con-
trolled by physical properties within a surface layer
of comparable depth, rather than to suppose that
such patterns are transmitted unchanged upward
from bedrock through sediments tens to hundreds
of times thicker than the dimensions of these pat-
terns. An explanation for the varied appearance of
the surface trace probably requires further study
of subsurface material of the fault zone.

DISPLACEMENTS
Nearly all the displacements recorded on plate 1
were measured directly from irregularities on or in

FIGURE 26. — En echelon, parallel, and complex fractures in
a zone 6-10 m wide on the north break at location 6.4.
Cumulative horizontal displacement here was 380 mm, the
maximum measured along the 1968 rupture. Photograph by
C. R. Allen, April 13, 1968.

the ground itself, rather than from manmade objects

such as fences, pipelines, or buildings, few of which

are present in the fault zone. Vertical measurements
were simple to make because most of the rupture
crossed nearly flat terrain, but horizontal displace-
ments were more difficult to determine. We were
able to measure a few such displacements in places
where matching irregularities across fractures sur-
vived ; small channels across fractures in some other
places recorded horizontal offsets. However, the
best and most abundant indicators of horizontal
displacement were tire tracks. Hundreds of motor-
cycles, dune buggies, and four-wheel-drive vehicles
frequent this region every weekend and holiday
period during the cooler seasons. Tracks laced the
fault at the time of the earthquake and became one
of our most common indicators of lateral displace-
ment (figs. 30, 31). Unfortunately, drivers continued
to drive on and across the break after the earth-
quake, often obliterating evidence of displacement.
FRACTURES WITH RIGHT-LATERAL COMPONENTS
OF DISPLACEMENT

Horizontal displacement along any individual frac-
ture that does not connect with other fractures
increases from zero at each end to a maximum value
somewhere in between, usually near the center. This
distribution of displacement holds for each of the
three major breaks as well as for diverging or out-
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FIGURE 27. — Time sequence on central break at location 22.5. Here the central break was a single fracture with very few
en echelon fractures. For 100 m along the single fracture at this location, the vertical displacement in 1968 and in
the past raised the northeast side of the fault as shown here, in contrast to adjacent sections of the break, along
which the southwest side has moved up. (See fig. 24.) A large amount of postearthquake creep occurred on this section
of the break. A, April 12, 1968. Horizontal displacement about 180 mm, vertical, 100-150 mm. B, June 20, 1968. Hori-
zontal displacement has increased to 250-300 mm and vertical displacement to 150 mm at the shovel handle and 230
mm between the shovel and jeep. No further displacement occurred after this date. C, March 1969. Drifting sand fills
the fracture and is banked against the scarp. D, October 1969. Scarp is gradually being destroyed by erosion and

deposition.

lying zones and individual en echelon fractures. (See
fig. 32.) Maximum displacement on the north break,
380 mm, occurred in the central third of that zone at
the base of Borrego Mountain. Similarly, the maxi-
mum displacements measured on the central and
south breaks, 230-300 mm and 50-80 mm, respec-
tively, occurred in the central part of each.

Some of the pronounced variability in displace-
ment shown in figure 32 along each break probably
results from measurement errors. Generally, the
larger and smaller measurements of displacement on
each break are fairly accurate. The larger displace-
ments received special attention because we were
interested in the maximum displacements caused by
the earthquake. Smaller displacements (less than
30-50 mm) nearly always occurred on clean single

fractures and were easy to measure accurately. How-
ever, some intermediate values of displacement may
be too low, because total cumulative slip was not
recognized and measured, particularly across wide
zones of multiple, complex, or en echelon fractures.

The central and south breaks appeared to have a
continuous yet poorly developed connection, shown
on plate 1 between locations 25 and 28 as a series of
widely spaced fractures with small displacements.
There were probably more fractures in this zone
immediately after the earthquake than the map
shows. Unfortunately, strong winds drifted sand
along this and other parts of the central and south
breaks before mapping was completed. The sand
almost certainly filled some unmapped fractures at
the junction of the central and south breaks because
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FIGURE 28. — En echelon fractures at the north end of Ben-
son Lake (loc. 10.2). Fractures are connected by S-shaped
overthrusts shown in detail in figure 29. Photograph by
Arthur Grantz, April 10, 1968.

it filled some fractures in nearby areas that had
already been mapped. Thus, we probably missed
many of the small fractures in this region. However
the small displacements that characterize this sec-
tion also indicate that the connection at the surface
between the central and south break was poorly
developed, despite the fact that sand probably buried
much of the evidence. Mapping to the north and
south before the wind filled some of the fractures and
later to the south in areas not greatly affected by
blown sand indicated that displacements diminished
to very small values (about 10 mm) toward the
junction of the central and south breaks.

Horizontal slip along nearly all right-lateral frac-
tures of the three main breaks appeared to be parallel
to the N. 30°—40° W. trend of the entire rupture,
regardless of the orientation of individual fractures.
Thus, fractures trending N. 30°-40° W. showed only
strike slip, but those with increasingly divergent
trends showed an increasing component of opening
normal to the trend of the fracture. Fractures ori-
ented more than 45° from the general trend of the
rupture showed larger components of opening than
components of strike slip. Inasmuch as most parts
of the three main breaks nearly parallel the N. 40°
W. trend of the 1968 rupture, most individual right-
lateral fractures trend about 30° clockwise from
this direction and show roughly twice as much strike
slip as opening slip. However, near location 24,
where the central break runs roughly north-south,
individual fractures diverge about 60° from the
general N. 40° W. slip direction and show twice as
much opening slip as strike slip.

THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968
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FI1GURE 29. — Detail of symmetrical S-shaped overthrusts in
the clay-silt crust of Benson Lake. These thrusts connect
en echelon fractures of the main rupture shown in figure
28. Sketch by R. V. Sharp.

FRACTURES WITH VERTICAL COMPONENTS
OF DISPLACEMENT

Nearly all significant vertical displacement across
tectonic fractures occurred at locations showing
clear evidence of vertical displacement in the past.
Evidence of such displacement was found along
scarps, at the base of hills or mountains, or along-
side uplifted beveled strata. Moreover, vertical dis-
placement in 1968 everywhere continued the sense
of past vertical movements. For example, vertical
displacement on the north break occurred only along
the base of Borrego Mountain (mountain side up)
and along Ocotillo Badlands (badlands side up). On
the flat terrain north of Borrego Mountain and at
Benson Lake, the north break showed no vertical
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FIGURE 30. — Tire tracks at location 22.5 displaced about
180 mm across the single fracture at this location. Photo-
graph by C. R. Allen, April 10, 1968.

displacement. The central break displayed vertical
offset of 20-100 mm (southwest side up) nearly
continuously for 8 km from its north end south-
eastward along the base of Ocotillo Badlands and
beyond (description of an exception follows) along
a 14—1-m-high east-facing scarp as far as location
23, where the break diverged from the scarp. Far-
ther southeast, the break crossed flat terrain and
showed no vertical offset. The south break followed
no significant scarps and showed very little vertical
displacement.

A localized zone of anomalous vertical displace-
ment occurred along the scarp of the central break
at location 22.5. Along this prominent east-facing
scarp, vertical displacement in 1968 reversed along
a segment about 100 m long and created a west-
facing scarp that was 100-150 mm high on April 8
but rose to a height of 230 mm by June 1968 (fig.
27). No old west-facing scarp existed here, but color
aerial photographs taken in April 1969 and ground
examination revealed uplifted and beveled strata on
the east side of the break exactly at this location.
Evidently, there has been reversed uplift on this
short segment many times in the past.

New fractures were associated with upwarped
sediments in two other places, both east of the main
rupture. Near location 22, 1 km east of the central
break, a prominent secondary break traversed the
steeper, north slope of low hills formed by uplifted
unconsolidated sediments in an area of otherwise

FIGURE 31. — Dune buggy crossing the north break in Ben-
son Lake 6 days after the earthquake. Desert vehicles
supplied many tire tracks for measurements of horizontal
displacement; however, they also caused a small but sig-
nificant part of the destruction of the surface rupture.

undisturbed surficial strata. Gentle dips evident on
some of the strata reveal a pattern of upwarping
and beveling very similar to that of the reversely
uplifted section of the central break just described.
Near location 27.4, 5 km farther to the southeast
and some 3 km distant from the south break, the
sand-filled remnants of fresh cracks traverse the
scarp on the southwest side of a low hill. Again,
gently dipping beds are present at this scarp. The
fractures most likely formed during or after the
April earthquake, and as at the two locations just
mentioned and at Ocotillo Badlands, the vertical
displacements of the earthquake were continuing to
uplift a hill here that evidently owed its existence to
episodic tectonism. (See Sharp and Clark, this vol-
ume.)

FRACTURES WITH LEFT-LATERAL COMPONENTS
OF DISPLACEMENT

A fascinating aspect of the outlying fractures was
that some of them displayed left-lateral offset. We
found this apparently anomalous displacement at
four separate locations: (1) a series of fractures
lying as much as 1 km west of Ocotillo Badlands
(loes. 12-12.4; 15-16), (2) several fractures north-
east of Highway 78 and 1-2 km from Ocotillo Bad-
lands (locs. 13-14), (3) two small zones at the
northeast base of Ocotillo Badlands (locs. 15.1, 17.5),
and (4) a series of fractures near the north end of
the north break at the base of Borrego Mountain
(locs. 3-5). Unfortunately, the first two groups of
left-lateral fractures, recorded by R. V. Sharp, R. O.
Castle, and E. W. Wolfe, did not survive for further
study. However, the left-lateral fractures at the
other two locations did survive (those at the north-
east base of Ocotillo Badlands were not discovered
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from pl. 1). The fact that June measurements near loca-
tions 18-20 are smaller than measurements made the pre-
ceding April has no significance. The same features were
not measured each time, and the differences are within the

until June 1968), and much of the discussion of
left-lateral displacement is based on study of these
fractures.

Three generalizations can be made about the frac-
tures showing left-lateral offset. First, the three
groups in the vicinity of Ocotillo Badlands trended
northeast, rather than northwest or north as did the
right-lateral fractures in the same area. Second, at
least some of the fractures in each group displayed
a left-lateral en echelon arrangement. Third, all
fractures except those northeast of Highway 78 and
those southwest of the highway at locations 12-12.4
displayed about as much vertical as left-lateral dis-
placement. Indeed, most of the left-lateral fractures
at the base of Borrego Mountain had more vertical
than horizontal displacement. In contrast, almost
nowhere along the right-lateral fractures did vertical
displacement exceed horizontal.

Those left-lateral fractures that trend northeast
are compatible with patterns of faulting reported
by Dibblee (1954) and Tchalenko (1970) and with

accuracy of measurements of this amount of displacement
(roughly +£10 mm). However, comparable differences be-
tween measurements made in April and June between loca-
tions 23 and 26 are gignificant because the measurement
error is smaller (<5 mm) for small displacements.

a theoretical analysis by Chinnery (1966). Dibblee
ascribed the prevalence of minor left-lateral faults
in this region to clockwise rotation of northeast-
trending blocks, caused by drag along northwest-
trending right-lateral faults. The northeast-trending
left-lateral faults also fit the category of “conjugate
Riedel shear” fractures as summarized from labora-
tory and field observations by Tchalenko (1970),
although the northeast-trending faults along the
1968 rupture are not so widespread as those de-
scribed by Tchalenko. Chinnery’s (1966) model of
the stress system at the end of a strike-slip fault
also predicts left-lateral fractures.

Left-lateral fractures in the vicinity of Ocotillo
Badlands (those of the first three locations de-
scribed) fit Chinnery’s model in that they lay near
the ends of two strike-slip faults (the north and
central breaks), and their directions (roughly north-
east to southwest) generally fit the predicted trends
of secondary fractures showing displacement oppo-
site-in sense to that of a primary break.
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FIGURE 33. — Segment of an extensional fracture showing
dip slip at location 3.3, 1 km southwest of the north break.
Compass is parallel to the direction of extension, N. 20°
E. Vertical displacement is roughly 50 mm, and opening is
about 20 mm. Pencils and thermometer case point to
matching irregularities. Those to the left of the compass,
on a segment of the crack trending N. 10° W., show left-
lateral displacement, whereas those to the right, on a
segment trending N. 75° E., show right-lateral offset when
viewed normal to each segment.

An alternative explanation for left-lateral dis-
placement is suggested by the evidence at the north
end of the north break, where vertical displacement
exceeded left-lateral displacement on most breaks
that survived for further study two months after the
earthquake. Here fractures trended north or north-
west, so that explanations based on the northeast
strike of left-lateral fractures do not apply. These
fractures separated a steep mountain front from an
alluvial basin, and at least some of them resembled
normal faults because they were not straight and
they displayed a significant amount of displacement
normal to the trend of the fractures, in addition to
vertical and left-lateral displacement.

If normal faults are assumed to accommodate ex-
tensional strain, then a normal fault that is not
perpendicular to the direction of extension will ap-
pear to have a strike-slip component in addition to
the dominant vertical displacement. Figure 33 shows
part of a normal fault trace in the zone of left-lateral
fractures near the base of Borrego Mountain. This
fracture trended generally perpendicular to the ex-
tension direction measured across it, about N. 20° E.
In detail, however, the fracture followed a zig-zag
course and showed left-lateral displacement in some
places and right-lateral in others, depending on the
trend of the fracture at each place. Other nearby
fractures showed the same phenomena. Unfortu-
nately, all the fractures mapped in April 1968 show-
ing left- and right-lateral displacements in this

FIGURE 34. — Fractures showing left-lateral displacement at
location 17.5, northeast of the central break. The en
echelon arrangement of these fractures is opposite that of
right-lateral fractures of the main breaks; that is, in-

dividual fractures here are oriented about 30° counter-
clockwise from the trend of this fracture zone. Vertical and
left-lateral displacements are about equal (40-50 mm).

location could not be found later to verify whether
local changes in trend had caused the observed mix
of readings (pl. 1). However, since vertical displace-
ments were consistently larger than horizontal ones,
it seems at least possible, if not likely, that local
changes did occur. Thus, displacement on outlying
fractures at the north end of the 1968 break may
result primarily from vertical adjustments near the
boundary between a young range of crystalline rocks
(Borrego Mountain) and an adjacent deep alluvial
basin rather than from true left-lateral faulting. If
this explanation is correct, the presence of minor
left- and right-lateral displacements on these essen-
tially dip-slip faults need not have fundamental
tectonic significance.
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Some of the left-lateral fractures adjacent to
the uplifted Ocotillo Badlands may also be due
partly to the mechanism just described. These frac-
tures lay at the northeast base of the badlands (loc.
17.5) and displayed roughly equal amounts of left-
lateral and vertical displacement (about 20-50 mm).
In places, they followed older scarps that were as
much as 150 mm high. However, some of the frac-
tures displayed the en echelon pattern of left-lateral
faults (fig. 34), suggesting that they did not result
from normal faulting. Location of these fractures in
an area of local tectonic uplift, plus the presence of
significant vertical displacement on them, favors the
normal-fault explanation, whereas the northeast
strike and en echelon pattern of the fractures imply
that horiontal displacements were most important.

The position of the remaining left-lateral frac-
tures as much as 2 km away from Ocotillo Badlands,
the northeast strike of these fractures, and the lack
of older scarps adjacent to them suggest at least that
they were created directly by horizontal displace-
ments rather than as byproducts of normal faulting.

ALTERATION OF THE 1968 RUPTURE WITH TIME

Periodic reobservation of parts of the fault has
revealed extensive modifications of the 1968 rupture.
In general, blown silt and sand have filled fractures
and smoothed out abrupt scarps (fig. 27). Fractures
that were not filled or sealed by sand and silt were
enlarged by the action of storm runoff, which caused
walls to slump and collapse and carried the resulting
debris deep into the fractures (fig. 42; Clark,
“Collapse Fissures Along the Coyote Creek Fault,”
this volume). Most of the places where 1968 frac-
tures still survived 1 year later were the same places
that displayed obvious scarps or lines of vegetation
before the earthquake. By April 1969, most of the
north break north of Highway 78, a region lacking
older scarps, was obliterated by blown silt and sand
or by the action of San Felipe Creek. The same was
true of the central and south breaks between the
southeast end of the low scarp (loc. 22.6) and col-
lapsed fractures at location 29.8. In contrast, as late
as November 1971, many of the 1968 fractures and
others subsequently created or enlarged by creep
were still present and visible on the central break
along the low scarp and Ocotillo Badlands. Moreover,
many of the large collapse fissures of both the
central and south break, some of which were still
forming late in 1970, remained open in March 1971,
and some were still open in November 1971. (See
Clark, “Collapse Fissures Along the Coyote Creek
Fault,” this volume.)

POSITION OF THE RUPTURE RELATIVE TO OLDER
TRACES

The position of the 1968 and later fractures with
respect to older fractures is important because such
information helps us to predict patterns of future
ground breakage along active faults, which tend
to break repeatedly along the same trace. (See Ross,
1969; Clark and others, this volume.) Accordingly,
a map (fig. 35) was prepared showing preearth-
quake evidence at the surface indicating the presence
of earlier fault traces along the principal rupture of
1968. This map, based partly on interpretations of
aerial photographs, is similar to a series of strip
maps produced by the Geological Survey showing
recently active ruptures along the San Andreas and
other active faults of California. (See Ross, 1969;
Vedder and Wallace, 1970; Sharp, 1970; Clark,
1971; Brown and Wolfe, 1970.) Sharp and Clark
(this volume) discussed the implications of the
structural evidence for past faulting on and near the
1968 rupture.

Several different kinds of field evidence reveal the
presence of traces of active faults. Physiographic
evidence, such as scarps, offset channels, linear
valleys, and other features caused by faulting, is the
most common kind. These features are short lived
and indicate fault movement no older than the life-
time of the landscape. Other evidence includes
vegetation boundaries (caused by the influence of
faults on ground water or soil) and the lithologic
and structural criteria that ordinarily identify faults
of any age. This nonphysiographic evidence is not
restricted to active faults, because it merely indicates
the presence of faults, whose most recent movements
may be nearly as old as rocks they displace. How-
ever, most of the rupture of the Borrego Mountain
earthquake is in Holocene deposits, and any fault
that disrupts deposits this young must be considered
active or potentially so.

All these types of evidence of active faulting are
shown in figure 35. Roughly one-third of the 1968
rupture coincided with vegetation boundaries or the
bases of scarps made by previous displacements

FIGURE 35.— Map showing the location of recently active
traces of the Coyote Creek fault (heavy dashed line) in the
vicinity of the surface rupture of 1968 inferred from visi-
ble evidence that existed just before the earthquake of
April 9, 1968, and from knowledge gained during the post-
earthquake investigation concerning the association of this
evidence with surface fractures. Prepared with the help of
preearthquake aerial photographs. Collapse fissures lying.
2-3 km southwest of main trace may not be tectonic. (See
Clark, “Collapse Fissures Along the Coyote Creek Fault,”
this volume.) Light lines show 1968 surface ruptures.
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FIGURE 86. — View southeast along the central break showing
an old scarp 0.3-0.4 m high in alluvium at the northeast
base of Ocotillo Badlands. A single fracture of the 1968
rupture forms the base of this scarp but is not visible in
this picture.

(figs. 36, 37). The scarps are best developed along
the northwest and southeast flanks of Ocotillo Bad-
lands and, as noted before, extend for more than
3 km beyond the southeast tip of Ocotillo Badlands.
Less prominent scarps, also followed by isolated
fractures, exist along and within some of the up-
lifted hills east of the central break.

There is no scarp along the base of Borrego
Mountain, even though relatively large vertical dis-
placements took place there in 1968 and Borrego
Mountain itself may be a result of continuing
episodic uplift along the Coyote Creek fault. The
reason for this lack of a scarp almost certainly is
that water in San Felipe Creek and other washes
flows directly on the trace, leveling vertical displace-
ments soon after they take place. By April 1969,
flow in San Felipe Creek had effectively erased the
scarp created in its channels in 1968. A prominent
scarp has not formed immediately south of where
San Felipe Creek leaves the trace and the mountain
front (loc. 6.6) apparently because of a combination
of circumstances: (1) Minor channels flow parallel
to and on the break, (2) vertical displacement was
distributed across a zone more than 15 m wide, and
(3) between April and June 1968, drifting sand
buried most of the trace and completely filled a
nearby 1-m-deep stream channel.

Parts of the fault zone that showed no physio-
graphic evidence of previous vertical displacement
also lacked other significant visible geologic evidence
of faulting. This observation emphasizes that in an
area of active deposition on both sides of an active
fault, sedimentation acts to conceal lithologic and

structural changes caused by horizontal displace-
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ment, and horizontal faulting without vertical move-
ment has virtually no topographic expressions. In
addition, on a nearly featureless and horizontal
surface there are no topographic features to be
offset. These conditions obtain in parts of the north
break and almost all the central and south breaks
southeast of location 23.5.

Offset channels are virtually absent from the
zone of the 1968 rupture, despite clear evidence of
repeated late Holocene movement (Clark and others,
this volume). Large channels incised 3—-6 m into the
surface cross the fault at locations 24.8 and 27.8
(visible in fig. 23) with no apparent deflection. (The
prominent right-lateral offset in one of the washes
about one-half km downstream from the south break
at location 28 has no apparent tectonic cause.) More-
over, virtually none of the many small deep well-
developed channels and gullies that cross the central
break along the northeast base of Ocotillo Badlands
are offset. Such offset is common elsewhere along
the San Jacinto fault zone (Sharp, 1970) and along
other active strike-slip faults in California, such as
the San Andreas and Garlock faults. (See Vedder
and Wallace, 1970; Clark, 1971.)

The primary reason that channels along the 1968
rupture are not offset is apparently that they are
being enlarged by erosion faster than they are being
offset by tectonism. The large channels southeast
of Ocotillo Badlands at locations 24.8 and 27.8 lay
below the maximum level of Holocene Lake Cahuilla
(roughly the 40-ft contour line on pl. 1) and must
have developed after the lake dried up, about 800
years ago (see Clark and others, this volume), be-
cause the channels cut deposits of that lake. Since
the lake disappeared the total lateral displacement
across the fault in this location has probably been
less than 1 m, based on 1968 displacements (about
100 mm maximum) and probable recurrence in-
tervals for 1968-type events (about 200 years). (See
Clark and others, this volume.) Horizontal displace-
ment of 1 m almost certainly would not be evident
in walls of channels that have widened by 10-30 m
in the same period. Channels in Ocotillo Badlands
cross the fault above the highest levels of Holocene
Lake Cahuilla and hence are much older. However,
the significant vertical component of uplift of the
soft sediments of the badlands that attended the 1968
earthquake (pl. 1) and earlier ones evidently has
promoted deepening and widening of nearly all
channels sufficient to erase horizontal offsets.

The central and south breaks evidently act as
ground-water barriers, and zones of relatively abun-
dant mesquite on the southwest (upslope) side of
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FIGURE 37.— Central break at Old Kane Spring Road.
Dashed lines show position of breaks formed since the
earthquake. The central break follows alined bushes
(barely evident across the center of this photograph)
along a northeast-facing scarp %-1 m high. Small chan-
nels incise the relatively upthrown block (upper half of
picture). The central break also forms the northeast
boundary of prominent mesquite-stabilized dunes. Light
surface tone indicates the white shelly youngest deposit
of Holocene Lake Cahuilla. Removal of this layer from the
relatively upthrown blocks defines a graben between the

476-246 O - 72 - 6

central break and a branching break from locations 20.1-
20.5. Southeast of location 20.7, the shelly layer is pre-
served on both sides of the central break. Arrows indicate
fractures north of Old Kane Spring Road that follow
alined creosote bushes (Larrea), apparently the location
of previous fractures or collapse fissures. Faint north-
south lineaments across the central break from locations
20.8-21.4 are creosote bushes along old tracks of vehicles,
probably from World War II maneuvers. Aerial photo-
graph by Light Photographic Squadron 63, U.S. Navy,
Miramar, Calif., May 1968.
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FIGURE 38. — View westward over south break (open circles) in November 1956. Mesquite-stabilized dunes are concentrated
on the southwest side of the fault, which acts as a barrier to ground water. Relict collapse fissures visible as lines of
bushes are at a, b, and d. A prominent collapse fissure developed later (but before the 1968 earthquake) at c. (See
Clark, “Collapse Fissures Along the Coyote Creek Fault,” this volume.) U.S. Geological Survey photograph OAJ 5-129,

November 1956.

the fault reflect this (figs. 37, 38). Mesquite (Pro-
sopis juliflora), a phreatophyte whose roots may
penetrate to 20 m (Kearney and Peebles, 1960, p.
402), tends to accumulate blown silt and sand, creat-
ing prominent dunes as much as 5 m high from
which unburied branches protrude. Because they

are conspicuous, both on aerial photographs and on
the ground, any linear arrangement of or boundary
to the mesquite dunes is easy to recognize and to
check for fractures. However, such linear aspects
of the mesquite dunes that exist away from the
rupture did not show fractures. Some may represent
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formerly active traces, but others may well result
from other causes.

Creosote bush (Larrea), another plant very abun-
dant in the area of the 1968 rupture, also commonly
grows or flourishes along breaks. Indeed, since 1968,
many creosote bushes along collapsed fractures have
grown markedly and have become much fuller and
greener than others nearby because the adjacent
fractures have captured surface runoff. Several
collapse fissures in the vicinity of Old Kane Spring
Road and on the south break followed old lines of
creosote bushes, presumably former breaks or col-
lapse fissures (figs. 37,.38). '

In many areas where older sediments are exposed,
the usual geologic evidence of faulting also coincided
with the 1968 rupture. Lithologic changes and drag
effects on structural trends along the northeast base
of Ocotillo Badlands (described in detail in Sharp
and Clark, this volume) clearly coincide with the
position of the 1968 rupture.

Along parts of the 1968 rupture, wide zones evi-
dently must be considered vulnerable to future frac-
turing and large displacements, despite the lack of
surficial evidence of similar broad bands in previous
episodes of faulting. Although the 1968 rupture
closely followed virtually all scarps and other evi-
dence of former fracturing along its path, many
individual fractures of the rupture formed where no
obvious surficial evidence of previous breakage
existed. Some of these fractures formed in sections
of the rupture that entirely lacked such evidence, but
others, including many with displacements greater
than 50 mm, extended away from or developed
parallel to either side of obvious lines of earlier
faulting for distances greater than 100 m. Moreover,
some fractures, including those with displacements
greater than 50 mm, formed along lines known to
have remained unbroken during the last 300-1,600
years, yet they were adjacent to traces on which
movement had occurred many times in that same
period (Clark and others, this volume).

Where a branching or subsidiary break intersects
a primary break, the zone of fracturing may be
much wider. In the region where the central break
and its large subsidiary break cross Old Kane Spring
Road, fractures occupy a zone as much as 1 km wide
and more than 3 km long that trends roughly east-
west across the fault (locs. 19.8-22.8). Although
some of the fractures in this area followed older
scarps or alined bushes (fig. 37), many appeared to
be randomly oriented.

With the information in figure 35 and knowing
how the various types of surficial evidence generally
are associated with faulting in this region, R. V.

Sharp and I estimated how well the position of the
main breaks of 1968 could have been predicted be-
fore the earthquake (Youd and Castle, 1970, p.
1206-1207). The location of the principal fractures
could have been predicted to within =8 m along
about 10 percent of the length of the main 1968
rupture, within =10 m along an additional 20 per-
cent of the length, within =100 m along another 20
percent of the length, but only within =500 m over
most of the remaining 50 percent of the 1968
rupture. The predictions within =3 and 10 m were
along the prominent scarps of the central and
north breaks. Those within =100 m were on parts
of the central break and north break along or near
scarps. Those within =500 m included places along
the remainder of the rupture that lacked obvious or
unambiguous surficial evidence of the presence of the
fault.

ENGINEERING IMPLICATIONS OF PATTERNS OF
FRACTURING

Patterns of fracturing and the distribution of dis-
placement within those patterns must be considered
in evaluating the potential hazard to manmade
structures near the 1968 rupture. The preceding
section describes the clear evidence of earlier fault-
ing, such as scarps, that coincide with the main
fractures along many parts of the 1968 rupture, but
emphasizes that other fractures extend well beyond
all surficial signs of earlier faulting: This section
describes the variation in the width of the band of
fracturing that constitutes the 1968 rupture and the
possible widths of bands in which damaging dis-
placements might occur. The engineering implica-
tions of other recently active faulting in terrain
farther away from the 1968 rupture are discussed
by Sharp and Clark (this volume).

The variation in width of the band of fracturing
along the 1968 rupture is shown in table 9. The
large subsidiary break near Old Kane Spring Road

TABLE 9. — Width of the main rupture along the Coyote
Creek faultl

Percentage

Width of Cumaulative

] ) of total .
ru(p”t;re l?‘;ctgnt;L 'ﬁﬁgﬁﬁ,‘:{ Cumulative percentage
0-50............... 19.7 64 64 100
50-100............. 2.7 9 73 36
100-500............. 5.4 17 90 27
500-1000........... 1.0 3 93 10
>1000............. 2.2 7 100 7

1Estimated from fractures recorded on pl. 1 between locs. 1.8 and 32.8,
including all diverging ruptures, all fractures between the central and north
breaks in Ocotillo Badlands, and all fractures between locs. 19.8 and 22.7.
Isolated fractures or groups of fractures 14 km or more from the main breaks
at locs. 2.9-3.8; 4.6-4.9; 13.1~14 to the northeast and 15.0-16.8 to the south-
west of Ocotillo Badlands ; and 27.2 were not included in the rupture zone for
these estimates.

2Measured normal to the coordinate axis of pl. 1.

3Measured parallel to the coordinate axis of pl. 1.

‘Length assumed to be 31.0 km ; rounded to nearest 1 percent.
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is included as part of the band of fractures of the
adjacent part of the central break for these estimates
because it may connect with the central break at
depth and the area between them contains scattered
small fractures. Other isolated fractures more than
one-half km from the main break have not been
included in this band. (See table 9.) The estimates
show that fractures occupied a band more than 50 m
wide along about 35 percent of the length of the 1968
rupture, a band more than 100 m wide along about
25 percent of the length, and a band more than
500 m wide along 10 percent of the length. Bands of
fracturing less than 500 m wide occur at many
places along the 1968 rupture; wider bands occur in
only a few places, and these generally displayed pre-
1968 geologic clues about the width of the zone of
fracturing. For example, at locations 14-15.2 in
Ocotillo Badlands and locations 20-23 along the
central break, tectonically upwarped hills bounded
on one or more sides by scarps mark the positions
of these unusually wide bands of fracturing. Be-
cause of their more widespread occurrence (table
9), the bands less than 500 m wide seem to be the
most important for estimating the probability that
fractures would appear at a given distance from
any part of the Coyote Creek fault. On the basis of
the fractures that formed in 1968 and later, a 100-
500-m-wide zone along the entire fault must be
considered vulnerable to fracturing, inasmuch as 17
percent of the length of the 1968 rupture was be-
tween 100 and 500 m wide and 27 percent of the
length was more than 100 m wide.

The fact that a band of fractures developed on one
side or the other of the principal fractures at dif-
ferent places along the rupture in 1968 (pl. 1)
indicates that estimates of the extent of future frac-
turing along an identified fault trace (generally a
line only a few meters wide, such as a scarp) should
include a band on each side that is as wide as the
widest band of fracturing that could be anticipated
from field evidence. Thus, the band vulnerable to
future fracturing along a given fault will be twice
as wide as the anticipated band of fracturing.

At most places along the 1968 rupture, the zone
of potential damage to structures is narrower than
the zone of fracturing because the outermost frac-
tures in a zone tend to have small displacements. If
we assume that displacements of 50 mm (2 in.) may
damage structures, however, then the zone of
potential damage along the main breaks, although
narrower than the band of fracturing, is consider-
ably wider than the 20-m-wide band that contained
most of the displacement in 1968. Although most

fractures with 50 mm or more of displacement lie
within this 20-m band, enough extend beyond in
different places along the rupture to create a signif-
icant general risk to structures. In several places,
fractures with 50 mm or more of displacement ex-
tended more than 100 m from the main break (for
example, locs. 18, 30, 31.3, pl. 1). In the vicinity of
Old Kane Spring Road, such fractures were widely
scattered over the 1 by 3 km area across the central
break and-the large subsidiary break to the east.
The available observations, however, are far too
meager to allow any quantitative estimates of varia-
tion in width of the band within which displace-
ments of 50 mm occur along the 1968 rupture.

The degree of risk to structures near the Coyote
Creek fault depends on how far fractures with
some minimum amount of offset might extend from
the principal line or lines of fracturing and displace-
ment. To assess this risk we must know (1) the
location of the most recently active principal traces,
(2) the patterns of fracturing that are likely to
occur during an earthquake, and (3) the distribution
of displacement within these patterns.

Lacking data of the third sort, we cannot make
specific assessments of risk along this fault. How-
ever, the prevalence of apparently active faults in
the general region of the 1968 rupture (see Sharp
and Clark, this volume), plus the information dis-
cussed in this and the previous sections, indicates
that before any large structure or multistory build-
ing is built within that general region, the sub-
surface should be examined. Until we learn more
about distribution of displacement next to the fault,
such subsurface examination would seem to be
mandatory before any such structures are built
within about 1 km of the 1968 rupture or other
identified recently active faults nearby.

CREEP

After the 1968 earthquake, displacement (fault
creep) continued along parts of the central and
south breaks but not along the north break. Through
November 1971, this postearthquake movement had
added as much as 50 percent to the displacements
measured during the week after the earthquake (pl.
1; fig. 32). Fault creep has occurred along most of
the central break (nearly continuously along some
parts), beginning shortly after the earthquake. In
contrast, creep apparently did not occur on the
south break until about 1 year after the earthquake,
and then it occurred only in the middle part of the
break. Figure 39 shows areas affected by postearth-
quake creep along the 1968 break, and table 10 gives
approximate dates of this activity.



THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

0COTILLO
~la WELLS
~

FIGURE 39. — Areas of postearthquake displacement (a, b,
¢, d) after April 14, 1968, along the surface rupture.
Summaries of dates and total creep are in table 10.

TABLE 10. — Summary of creep at locations indicated in

figure 39
Estimated total
Date creep
Arca  Dato cree Date creep ceased }X'irzif’;tj‘l foes?
first note commenced (as of P March 1971
November 1971) (mm)

a...... June 1968...... Probably after
April 14, and
definitely before

June 19, 1968.

Before July 5, 1968.. 80~120

D June 1968..... Probably between Probably after Approximately
May 26 and Jan. 14, 1969; 120
June 14, 1968. definitely before

Covverens March 1969... After June 20, Mar. 22, 1969.

1968, and before Still moving as of  80-110
Jan. 14, 1969. November 1971.

d....... October 1969 Probably after Latest movement 30-60
Jan. 14, 1969. between Decem-

ber 1970 and
November 1971.

Possibly as late
as August 1969.

Fault creep first became apparent at several places
during mapping along the central break in June
1968 and could still be detected by tape measurement
in March 1971. Although a few precision strain-
measuring instruments and stations were established
by other investigators on the north and central
breaks shortly after the earthquake, only the array
on the central break recorded large changes (Bur-
ford, this volume). Observations of this geodetic
station have not been so frequent as the far less
precise observations reported here, which although
based in part on indirect evidence, offer a more
complete record of both timing and location of creep

along the 1968 break. Most changes in displacement |

were measured with pocket tapes between matching
irregularities on opposite sides of fractures. Periods
of creep could be determined only within broad limits
defined by our infrequent visits to the area and by
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our ability to deduce when creep occurred with re-
spect to sporadic heavy rains in the area.

Three general types of evidence indicate con-
tinued displacement along the rupture: (1) the
appearance of new (postearthquake) fractures, (2)
an increase in displacement measured at a specific
point on the rupture (for example, at a certain tire
track), and (3) a general increase in displacements
measured along a segment of the rupture in which
exact locations of previous measurements cannot be
recovered.

The first two types of evidence are best for
documenting creep. However, the second depends on
rediscovery of individual displaced features, few of
which were suitably recorded during the week fol-
lowing the earthquake. The creep discovered in June
1968 became evident only through observation of a
general increase of 50-100 mm in displacements
along specific areas of the fault (locs. 22.2, 24). As
a result of the discovery of postearthquake creep,
however, many individual tire trat¢ks and fractures
were photographed in June 1968, and some survived
erosion to indicate the presence or absence of creep
during ensuing months.

New postearthquake fractures, the most reliable
sign of continued movement, can commonly be dated
with respect to infrequent periods of intense rain.
Several times during the 3-year period after the
1968 earthquake, hard rain created widespread sur-
face runoff that eroded or -caused collapse of the
walls of many open fractures. (See Clark, “Collapse
Fissures Along the Coyote Creek Fault,” this
volume.) Fractures that developed after rain were
easy to distinguish from those that had been open
during heavy rains or runoff. The former had sharp,
angular edges; the latter rounded, eroded edges.
Intense rains also formed a crust on windblown silt
and sand that filled many fractures, and creep after
the rain broke this crust.

RUNOFF ALONG THE 1968 RUPTURE

In order to establish dates of runoff that limit
episodes of observed creep, we must combine rain-
fall records, which give dates when surface runoff
was possible, with repeated observations along the
fault to determine which storms produced runoff.
(See fig. 40.) Most of the scant rainfall in this area
(about 70 mm per yr) generally comes from wide-
spread winter storms and is commonly of relatively
low intensity ; however, a few cloudbursts connected
with thunderstorms usually occur during the sum-
mer months. Rain of sufficient intensity or amount to
cause surface runoff and obvious modification of
fractures falls only during the largest winter storms
or during summer showers. Unfortunately, published
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FIGURE 40. — Rainfall, estimates of dates of surface runoff on the central and south breaks, and dates of field investiga-
tions (heavy bars below time axis), January 1968 through November 1971. Rainfall is shown as cumulative totals
for 8-day periods; from Environmental Data Service (1968-71), records for Ocotillo Wells (heavy line) and Brawley

2 SW (light line).

data alone do not indicate when rainfall produced
surface runoff. U.S. Environmental Data Service
weather records for Ocotillo Wells list total daily
precipitation but not intensity of precipitation for
shorter periods. The nearest station that records
hourly precipitation, El Centro, is too distant to
yield reliable estimates of intensity in the area of the
rupture. Thus, detailed before-and-after field ob-
servations of channels and other surficial forms are
necessary to establish timing and location of episodes
of runoff in the fault zone.

Rainfall reported at Ocotillo Wells is assumed to
be representative of rainfall along the entire 1968
rupture. This assumption is supported by figure 41
and by the fact that vegetation is virtually uniform
along the fault. The record from Brawley 2 SW,

about 40 km east of the south break, is also included
in figure 40 because parts of the Ocotillo Wells
record in winter months are missing, and Brawley
rainfall is generally quite close to that of Ocotillo
Wells in winter.

Seven periods of runoff are crucial to our recon-
struction of the timing of creep episodes after April
1968. Rain that definitely caused surface runoff and
ensuing collapse of open fractures along the 1968
break fell on July 6, 1968, September 6-15 and
November 9-10, 1969, February to March and
August 1970, and August 1971. Rain on January 14,
1969, probably led to local runoff and collapse, but
previous observations during the brief field investi-
gation of October 1968 were insufficient to permit an
unequivocal distinction between all effects of the
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FIGURE 41. — Mean annual precipitation in the region of the
1968 break, 1931-60. From Hely and Peck (1964, pl. 3).
1 in. = 25.4 mm.

rains of July 6, 1968 and January 14, 1969. Precipi-
tation on July 6, 1968 (1.05 in.) was the highest
amount recorded in a single day from 1967 through
1971 at Ocotillo Wells and resulted in heavy rain
throughout the region and widespread surface runoff
along the entire 1968 break.

CREEP ON AND NEAR THE CENTRAL BREAK
AREA 4 (FIG. 39)

Obvious signs of continued displacement along the
1968 break were first noted in June 1968 near loca-
tion 22.8, the part of the central break on which
vertical displacement was reversed in sense for a
short distance along the prominent scarp southeast
of Ocotillo Badlands. Maximum vertical displacement
increased from 100 mm in April 1968 to 150-230 mm
2 months later, and horizontal displacement in-
creased from about 180 mm to 250-300 mm (fig. 27).
This same site was measured during all subsequent
visits to the fault zone, but no further displacement
could be detected.

Creep also affected the central break from location
22.5 southeast as far as location 25.0. Although no
repeat measurements were possible at individual
sites (the only offset exactly located and measured
in this section in April 1968 was obliterated by the
following June), many measurements made in June

were significantly larger than any made in April,.
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implying additional movement (pl. 1; fig. 32).

Measurements in October 1968 and later at many
sites marked carefully the previous June along this
part of the fault showed no further displacement.
The heavy rain of July 6, 1968, enlarged many
fractures in this area by collapse (fig. 42). However,
by March 1968, all the collapse fissures along this
part of the fault had been filled with sand and silt,
a further indication that movement had ceased.

AREA B (FIG. 39)

Persistent and widespread postearthquake creep
has taken place on many fractures along the subsid-
iary break east of the central break. This area pro-
vides clear documentation of formation of new
fractures after the earthquake and their subsequent
enlargement by collapse. The history of development
of fractures in this zone is not complete because
mapping in April 1968 did not cover all ground in
which fractures were later found. Some fractures
discovered as late as January 1970 might have de-
veloped as early as the time of the earthquake. For-
tunately, detailed mapping in certain parts of this
area in June 1968 documented later creation of new
fractures.

The first indication of continuing displacement in
this area after the earthquake was reported by W.
L. Cantrell, manager of a motel near Ocotillo Wells.
On June 9, 1968, he discovered a prominent fracture
on the low hill about 2 km east of the intersection
of Old Kane Spring Road and the central break (loc.
21.9). He was certain that the fracture was not
present 2 weeks earlier on May 26 when he visited
the same hill (oral commun., 1968). On June 21, I
mapped this creek and associated fractures north of
0Old Kane Spring Road and searched the area between
it and the main break without finding other frac-
tures. Subsequent field checks indicated that move-
ment continued in this area east of the central break
until sometime between January 14 and March 22,
1969. As determined from evidence of surface runoff,
new fractures evidently formed in this area in each
of three periods after June 21, 1968: June 21 to July
6, 1968, July 6, 1968 to January 14, 1969, and Janu-
ary 14 to March 22, 1969. Since March 1969, no new
fractures have appeared here, nor have old fractures
opened further.

Figure 43 shows new fractures that formed in this
area after June 1968. Most individual fractures were
oriented roughly north-south, as on the main break,
but many others were oriented closer to N. 30° E.
In accord with observations made on the main break
in April, these fractures showed significant compo-
nents of opening movement as a result of their
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orientation 80°-60° from the regional trend of the
central break. Maximum opening was about 50 mm;
however, most fractures opened 20-30 mm.

AREA C (FIG. 39)

The most complete record of postearthquake creep
on the central break comes from the section near
Ocotillo Badlands. Creep commenced here between
June 1968 and January 1969 and continued through
November 1971. By March 22, 1969, displacement of
tire tracks immediately north of the road that inter-
sects the central break at location 19.6 had increased
to 210-240 mm from the 130-160 mm measured in
the same area in April and June of 1968 (fig- 44).

FIGURE 42.— Time sequence showing collapse and eventual
filling along a fracture of the central break at location 23.8.
A, June 23, 1968. Opening of the tectonic fracture (be-
tween arrows) has increased from about 10 mm in April
to 20-30 mm. B, October 20, 1968. Surface runoff from the
heavy rain of July 6, 1968, caused slumping and collapse
of the walls of the fracture, followed by partial filling
when water could no longer flow readily into the depths
of the fracture. A tire track made June 23 became a chan-
nel conducting water to the fracture. No measurable creep
occurred at this location after June 23, 1968. C, April 29,
1969. Blown silt and sand fill most of the collapsed fracture
and channel.

Creep after the rains of January 1969 left a clear
record of offset crusts and channel deposits through-
out the length of this segment of the central break
(figs. 45-47). As measured in March 1969, offsets
across these fresh, postrain fractures diminished
steadily northwestward from about 40 mm near
location 20.5 to 5 mm near location 15 (fig. 47).
Postrain displacements to the southeast along the
central break diminished to zero between locations
20.5 and 22.3.

Subsequent observations in 1969, 1970, and 1971
revealed evidence of further small displacements.
Silt and sand filled these new fractures after March
1969 ; then the rains of September 1969 formed new
crusts on this material. New channel deposits of
hard silt at location 17.6 and new crusts that formed
in the main fracture between there and location 19.6
showed new fractures in October 1969 with about
1-2 mm of right-lateral displacement. (Cracks with
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FIGURE 43. — Fractures (heavy lines) that apparently formed near the central break between June 21, 1968, and March 20,
1969 (light lines show fractures that formed at the time of the earthquake and afterward until June 21, 1968). Many
of the fractures probably formed after October 1968. Postearthquake fractures labeled “a” follow alined vegetation
(evident on 1953 aerial photographs) that apparently grew on earlier fractures. Base and kilometer grid from plate 1.

openings of less than 1 mm are easily visible in the
hard silt of these channels. The tectonic fractures
‘described here are precisely on the 1968 rupture,
show en echelon patterns, and generally have larger
openings than shrinkage cracks in the same depos-
its.) By January 1970, displacements on some of
these same fractures had apparently increased by
about 1 mm more. Heavy rains in February to March
1970 and high winds erased these small fractures by
March 7, 1970. Whether or not new fractures formed
between then and the heavy rains of August 1970
is unknown, but any displacement in that period
probably did not exceed 10 or 20 mm. New fractures
developed again along the central break after August
1970 between locations 17.6 and 20.6, with as much
as 10 mm of displacement, as observed in December
1970. At location 17.6, this displacement increased

by several millimeters by March 1971 and by several
more before November 1971.

Figure 48 summarizes the history of displacement
measured near location 19.4 on the central break
within area ¢ of figure 39. These crude measure-
ments of postearthquake creep are grossly com-
patible, except for an initial delay, with the
exponential decay of creep found by Wallace and
Roth (in Brown and others, 1967, fig. 25) and by
Smith and Wyss (1968) after the Parkfield-Cholame
earthquake on the San Andreas fault. Furthermore,
Burford (this volume) inferred exponential decay
of creep for the central break from a nearby aline-
ment array. The data for the central break contrast
with those for Parkfield-Cholame in that creep on
this segment of the central break evidently did not
begin immediately after the earthquake.
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FIGURE 44.— Tire tracks at location 19.4 offset 240 mm
horizontally. March 1969. Rain, blown sand, and newer
tracks had virtually obliterated these tracks 1 year after
this photograph was taken, preventing further measure-
ment of total offset at this site. Photograph by C. R.
Allen.

CONTINUED DISPLACEMENT ON THE SOUTH BREAK
AREA D (FIG. 39)

Probably the most unusual zone of continued dis-
placement along the 1968 rupture is on the south
break near location 31. (See fig. 49.) Large displace-
ments did not occur on the south break during the
earthquake, nor did it show any signs of continued
movement in the months immediately following. Yet
significant creep commenced between January and
September of 1969 and was still apparent in a few
places in December 1970. This creep reopened 1968
fractures, created some new fractures, and reopened
a relict fracture that predated the earthquake. Be-
cause no displaced tracks or other evidence of the
original offset of April 1968 survived after Septem-
ber 1969, we have no measurements of cumulative
displacement after the earthquake. Creep on the
south break has added an estimated 30-60 mm of
horizontal displacement to the maximum of 80 mm
measured in April 1968.

Careful examination during nearly every visit to
the 1968 rupture has enabled us to reconstruct the
history of postearthquake creep on the south break.
A detailed check of the entire south break in June
1968 revealed no indication of continued displace-
ment. Indeed, north of location 31.1, many of the

FIGURE 45. — New breaks with 30 mm of right-lateral offset.
March 1969. These fractures broke the crust that was
created by rains of January 1969 on blown silt and sand
filling a large 1968 fracture (indicated by arrows). Loca-
tion 19.4.

fractures were no longer visible 2 months after the
earthquake because they were filled by blown sand
and silt, and between locations 29.4 and 25 all signs
of the 1968 rupture were obliterated by drifted sand.
However, a field check in October 1969 revealed
renewed displacement along the 1968 fractures of the
south break and creation of two new fractures di-
verging from it at location 31.4 (fig. 49, e). The
rains of September 1969 had caused large runoff and
initiated major collapse of many of the newly opened
and reopened fractures, including the two new frac-
tures. Both these new fractures increased in length
by more than 30 m after the rains of September, as
shown by sharp-edged postrain extensions of each
across channels that carried water in September
(fig. 50). Triangular arrays of stakes placed across
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FIGURE 46. — Detail of the fracture shown in figure 45.
March 1969. The pencil lies parallel to the direction of
tectonic movement; displacement here is 30 mm.

these two new fractures in October 1969 showed that
the southernmost of the two fractures had opened
another 10 mm by December 1970. In contrast, other
nearby new and reopened fractures apparently
ceased further significant movement late in 1969.
Two additional new fractures (fig. 49, g) developed
in this area after early November 1969 and con-
tinued to open and extend between January and De-
cember 1970. Movement also recurred on a prominent
preearthquake fissure (fig. 49, ¢, described next)
after January 1970 and continued in the period
August-December 1970. Total opening on these latest
fractures did not exceed 15 mm, and movement
apparently ceased by December 1970.

The period during which the ruptures of April
1968 first reopened and the new fractures began to
form on the south break is fairly well defined. These
fractures were definitely not open at the time of the
field check in June 1968. The field check of March
1969 did not include parts of the south break that
displayed renewed displacement the following Octo-
ber. However, large-scale aerial photos taken in
April 1969 along the entire rupture show only one
section of minor collapse on the south break, about
3 m long at location 30.4, in the center of the area of
later extensive collapse. (This same series of photo-
graphs clearly shows all the collapse fissures else-
where along the 1968 break.) Lack of collapse in
April 1969 means that the fractures had not re-
opened at the time of the previous runoff, very
probably January 1969 but certainly July 1968.
Thus, renewed displacement on this part of the south
break definitely began between July 1968 and Sep-
tember 1969 and probably began between January
and September 1969. The fact that the two new

fractures (fig. 49, e) continued to extend after the
rains of September 1969 suggests that the tectonic
activity had begun shortly before those rains.

In addition to renewed displacement after perhaps
1 year or more of stability subsequent to the earth-
quake, the south end of the 1968 rupture is notable
for its association with preearthquake fractures. A
fresh collapse fissure and at least three prominent
groups of relict collapse fissures nearby all predate
the 1968 earthquake. Of these fissures, shown in
figure 49, a-d, a and d developed before 1953, b
developed after 1953-56 but ceased movement sev-
eral years before 1968, and ¢ evidently opened or
reopened less than 1 year and possibly just a few
months before the earthquake (Clark, “Collapse
Fissures Along the Coyote Creek Fault,” this vol-
ume) . All these fissures almost surely developed from
tectonic fractures. In addition, several small (less
than several meters long) alined sinks that predated
the earthquake were present on the south break at
locations 28.4 and 32.0.

The relict fissures, creep behavior, and small total
displacement since 1968 suggest that the region at
the south end of the 1968 rupture is one of more
frequent tectonic activity than the areas to the north
along the 1968 rupture. The older fissures at a and d
appear to represent tectonic activity perhaps 15-20
years before the earthquake, whereas b seems to
have developed, or at least collapsed, after 1953 but
well before 1968. Fissure ¢ strongly indicates tec-
tonic movement in this area shortly before the earth-
quake. The reactivation of the 1968 break and
creation of new fissures resulted from creep that has
continued for more than 2 years after the earth-
quake.

PATTERNS OF CREEP ALONG THE 1968 RUPTURE

Ready explanations are not apparent for the pat-
tern of postearthquake creep indicated for the 1968
rupture. Creep did not simply migrate from one end
of the rupture to the other, as at Parkfield in 1966-67
(Smith and Wyss, 1968). It started first on the
southeast end of the central break and on the outly-
ing fractures along Old Kane Spring Road but then
shifted by unknown steps to the northwestern part
of the central break. The net result of creep on the
central break has been to increase the amount of
displacement closer to that of the north break than
it was immediately after the earthquake. No clear
relation exists between creep and the pattern of
larger local aftershocks. Figure 51 shows the loca-
tions of aftershocks of M >3.0 through 1970. (See
also table 11.) Although the delayed onset of creep
along the south break might be connected with the
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Base from U.S. Geological Survey
1:24,000 Shell Reef, 1959;
Borrego Min SE, 1958

N\ 116°02'30"

FIGURE 47.— Horizontal displacement, in millimeters, measured March 21-22, 1969, on either (1) post-January 1969
fractures in crusted deposits filling the 1968 fracture, (2) new channel deposits laid across the 1968 fractures in
January 1969, or (3) new post-January 1969 fractures in sediments that were not broken in 1968. Direction of
offset shown by arrows. Base and kilometer grid from plate 1.

enlarging “doughnut” of aftershocks noted by Allen | creep along the central break is not obviously related
and Nordquist (this volume), the persistence of | to any pattern of recorded local aftershocks.
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FIGURE 48. — Displacement from April 9, 1968, to March 1971 near location 19.4. Offsets were measured on tire tracks
and rain-consolidated crusts along a segment of the central break about 100 m long.

TABLE 11. — Earthquakes of M=8 in the area from 82°45’
to 88°15' N. and from 115°45" to 116°15° W. from April
29, 1969, through 1970

[Epicenters are plotted in fig. 61. See Allen and Nordquist, table 2, this vol-
ume, for an explanation of symbols. From preliminary lists of shocks in
southern California during 1969 and 1970 supplied by C. R. Allen, California
Inst. Technology]

N
-]

. © ¢ |Latitude Longitude £ 2 Quadrangle

2 g < o0

o S «

z S r)§> &=

07 31 55.67 33°10°71” 116°02°58” B.3.2 Borrego Mountain.

10 58 13.92 32°59’57” 115°47!37” C 3.1 Plaster City.

11 19 25.66 33°10°15” 115°48'97” C 3.5 Kane Spring.

11 22 30.38 33°01°12” 115°48°31” B 3.0 Do.

13 59 37.62 33°12’'76” 115°57'14” C 3.9 Do.

22 40 06.46 33°00°37” 116°12'44” B 3.0 Borrego Mountain,

15 29 57.24 33°01'17” 116°13’50” B 4.0 Do.

15 39 24.89 33°00'12” 116°13'02” B 3.0 Do.

20 01 37.84 33°00°68” 116°14°50” B 3.0 Do.

14 38 17.85 33°00°31” 115°50'46” A 3.0 Kane Spring.

23 17 30.17 33°10°58” 116°03'83” C 3.7 Borrego Mountain.

16 25 11.70 33°11'94” 116°07°36” C 3.5 Do.

01 43 19.46 33°09°36” 116°07°19” B 3.1 Do.

22 18 41.99 32°55°27” 116°09'38” C 3.4 Carrizo Mountain.

15 15 35.01 32°56'28” 116°10'48” B 3.8 Kane Spring.

14 59 39.87 32°58'52” 115°53'51” A 3.0 Plaster City.

12 04 36.65 33°10°72” 116°03'59” C 3.1 Borrego Mountain.

00 06 22.56 33°14'43” 115°57°63” B 3.1 Kane Spring.

10 23 §7.15 32°50'45” 115°51'77” C 3.4 Plaster City.

16 04 07.09 33°05°53” 116°08’97” B 3.3 Borrego Mountain.

03 49 26.41 33°01'62” 115°56’50” B 3.2 Kane Spring.

The observed creep conceivably is related to after-
shocks of M <3, for which there is no reliable cover-

age during the period considered here, or it may
reflect a delayed response to the initial or subsequent
displacement in underlying- rocks, as discussed in
this volume by Burford and by Allen, Wyss, Brune,
Grantz, and Wallace.

THE UNUSUAL STATUS OF THE SOUTH BREAK

The history of seismicity and displacement along
the south break has only a few characteristics in
common with that of the central and north breaks, in

“addition to the rupturing of all three in 1968. A

major similarity of the south and central breaks is
that both experienced postearthquake creep, although
at different times and in different amounts. The
major common characteristic of the south and north
breaks probably is their proximity to epicenters of
large earthquakes. A magnitude 6.5 earthquake oc-
curred on or near the southeast end of. the south
break in October 1942. (See Allen and Nordquist;
Clark and others, this volume.) No surface investi-
gation has been reported for the epicentral area of
the 1942 earthquake, but if the location is correct,
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33°00

116°00" 2080 000 FEET N PLASTER CITY

Base from U.S. Geological Survey
1:24,000 Harpers Well, 1958

FIGURE 49. — Special features of the south break (light lines).
a-d (dashed lines), relict collapse fissures; e, fractures that
probably formed after January 1969 and extended after
September 1969; f, area of renewed movement after
January 1969 and collapse of new and reopened fractures
after the rains of September 1969 and later; g, fractures
that developed after November 1969 (parts of relict fissure
at c¢ also reopened after January 1970); h, old collapse
features exposed in gully. Base and kilometer grid from
plate 1.

surface ruptures may have formed at that time near
or on the south break and, perhaps, on the Supersti-
tion Hills or other nearby faults. Indeed, the older
collapse fissures evident near the south break (fig.
49, d) may be remnants of breaks formed during the
large earthquake of 1942. In strong contrast to the
south break, however, the north break displays no
comparable history of displacement immediately be-
fore the 1968 earthquake and, so far, no significant
postearthquake creep. Lack of evidence of preearth-
quake movement on the north break could be simply
the result of poor preservation of the evidence.
Nevertheless, lack of postearthquake creep is an
established and important difference, particularly if
it is a typical difference after other earthquakes.
Contrasts in displacement history and geometry
between the south break and the central and north

FIGURE 50.— October 1969. Sharp-edged fracture (fig. 49,
e) that formed after the channel that it crosses carried
water in September 1969. Pencil is parallel to the direction
of net movement.

breaks seem to be more important than similarities.
In addition to the completely different history of
creep, the south break showed much smaller displace-
ment in 1968 and was shorter. It trends roughly
N. 50° W., whereas the central and north breaks
each trend about N. 40° W. The south break connects
to the central break at an anomalous north-south
segment of the 1968 rupture, whereas the central and
north breaks join by an en echelon overlap that
repeats the pattern shown throughout the 1968 rup-
ture for smaller fractures. These differences suggest
that the south break is fundamentally distinct from
the central and north breaks and that it will continue
to behave differently from the remainder of the 1968
rupture.

The south break is possibly more a transitional
element between the Coyote Creek fault and the



THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

83

e

\\S__
‘@JIU.‘:HJ)N/{

— - N S
: \ bistored e~ M ) A SALTON SEA TES]
( O_\ ' surtace W e PP / 3 - A7)
L C bR T AN 1o
> Q 0 e — = |
TR g O e 0 e LT
L 8 = - N I Wates|)
7l \% olo ‘e( I
{lq w« O ———m 3] =
('i’ 00'9'950 \ Q D g]_; ® .é & 'L
. G \@ kS © “Bur
/‘(l' Moo/w s \'Q’/x, 5@ ._.} / u
LA - 'y i . [l
AN l\ \&2 g O N\ 301 . S ;
—— = : ‘\'(Wcsam Well

s

ROCKY A\S(C‘“z |
Lo e v 5
\ N N
RRIZO
EXPLANATION Enne
O 30-34
O 35-39

FISH CREEK

I OUNTAINS
b jras SUPERSTITION
| i 760 MOUNTAIN _
: B! R
2& I, P
oS ¢ARR|zol e
.3 ST MESA B
L2 '__)MPACT |
3 ! o
Do . / B
_ - I
' U S TNAVAT]

I
I
I
T
g
I
i
SN
|
-

N2 ,j
N !
N i
NGB r=

) - Naval
0O =zseo0 ( ]
Eorthquake epicenters, showing magnitude ‘ P
- FMILES . oS
. NTAL
o) 5 KILOMETERS Ul o . .

GUNNERY RAN

Bose from U.S. Geological Survey Salton Seg,

1959-67, Sonta Ang,
1958

ond E! Centro

1959, San Diego, 1958~ 64

April 9-June 30, 1968

FIGURE 51. — Location of aftershocks and other earthquakes of M>=3 and areas of creep (heavy line) during three
periods after April 8, 1968. Locations and dates of seismic events from table 11 and from figure 9. Locations and dates
of creep from figure 39 and table10.Light line shows 1968 surface rupture.



THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

\ Distorted
surface

~tossit hady. -~
. Alk.
- e e -
~
—
..... .
- E
‘A

\‘ ‘r —-‘{"‘"3r ——

/

Berrson Dry ]*l/((:,“ ~— B “y

/\( ¢ \,LYHE?’;““

ore Il)n\en Ryfye

gy |

Ty
/ ( W
{ ~
P/Ph?\mm muml tegks l 330__{
fu(c'z . O
259 !
c—mpx\-\ .
Y l < - SUPERSTITION
N S P “66 MOUNTAIN _
. A o
A-BORREGO:|DESERT STATE PARK 2l ondrizo ¢ zol [
?'E IMPAGT ARER ( ¢ QARR!?Q(! s ro~
( ) ]g, I_,.-}!r».wx(, | i
- v; o Slx‘: ! l .
2 B 2 N S T
) f?@{ N U'S NAVAL
N 5 o GUNNERY RAN
‘2\\\:3 T(pfz"\'\ﬂ S
3 Arrize ( N \I
el // ! i [ N Naval 1
Sk L
!
! | ;’
} i
Swee{rey Pass }
AN e -

July | -December 3l, 1968

Ficukk 51. — Continued.



.

THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

85

~.

l ) T = w/
. \ Distorted SN SALTON SEA TEST
( L ! surface . _/-/ B
. n N 2202
- 2\ o _
-3 ~ z R —
| - ® 2 :Z) —
7 N b 813
H \ s 4 e Q
'(' ! 4o \ | o
‘n."l\ e, 3 oz
V4 O \"’4 w'=
i) 00,\,, O, ol O !
KA \i De 40
AT N e T
/! : . \ NS |
e : \ T STTTI _)
- . ’ Qen\.‘wm Dry L{:kél'\
- (-
—— ~\
~ : | M~
»\\ ity -
- ( o
l,u:ol.}'s Ranch , =’

)

thﬁtoric animal 1t V:
A ) _/-/f .
W N\ e we e T P
ROCKY ey i { % | FisH CREFK
) = Y ] 5 ,f | OUNTAINS
. '\ b ‘ Qod/' | o Tas SUPERSTITION
o\ S N i ! 760  MOUNTAIN _
" : ) — ! e
A . . |> cadrizo 28 b I
A-BORREGODESKRDSTATE PARK  5H1Z ; 7€ GARRIZOL. ) I
N S IMPAGT AREA [ C , R 7 ™
~ N 3 = 2y l al ST MESA ,
noc‘Pv o © '8—- ~ s; pe-iMPACT | ) R
. Q' i .;'7 m ! e i I8
S 1 P Joe 1 s
,\}L.s\—‘,\ ) %{&_\‘“‘ T~ o U S NAVA
B IE N . ) :'“. b |
\\ AR R GUNNERY RAN
R TR C_,\:\\J':’;f'\;_/ 7o
> NI S LT Y A
Pountain Pally 2 - | \ Naval /
Springs Areq _./ / '—‘—_-*-F‘.-OCK;Y——'—' e _...l[ -] 1
ek LN e .
3/ ®Bow Wil Sweepey Poss ; - -
ane . CARRIZO
/ Rangee Stalion S~ 1 Mc‘umuuul J
\ . ! L o

476-246 0 - 72 - 7

lee
January |, 1969 through 1970

FIGURE 51. — Continued.



\

86 THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

Superstition Hills and Imperial faults to the south-
east than it is an integral part of the Coyote Creek
fault. Its history of displacement and seismicity has
intriguing similarities to that of the Superstition
Hills and the Imperial faults.

Except for the lack of comparably large historic
earthquakes near it, the Superstition Hills fault has
several characteristics in common with the south
break. Creep since the 1968 earthquake and the in-
ferred creep during the preceding 20 years or so
along the south break resemble the intermittent
small displacements recorded along the Superstition
Hills fault that are evidently related to or triggered
by local or distant earthquakes. (See Allen and
others, 1965; Allen and others, this volume.) Since
1934, the region common to these two faults has also
experienced several earthquakes of magnitude 5-5.6
(see Sharp, “Tectonic Setting of the Salton Trough,”
this volume, fig. 4), at least one of which was appar-
ently associated with small displacements on the
Superstition Hills fault. Although neither the south
break nor the Superstition Hills fault appeared to
move during the latest nearby moderate earthquake
(M=5.3 in Superstition Hills in September 1971;
see Allen and others, this volume), it seems reason-
able to suppose that the south break may have moved
during one or more of the earlier moderate earth-
quakes, some of which were closer than that of 1971.

Historic behavior of the Imperial fault perhaps
comes closer to that observed and deduced for the
south break. In 1940, there was a swarm of major
earthquakes along the Imperial fault (Ulrich, 1941;
Trifunac and Brune, 1970) and associated large dis-
placements, followed by later displacements, includ-
ing delayed creep, that were apparently associated
with small or distant earthquakes (Brune and Allen,
1967 ; Allen and others, this volume). Although both
faults combine major earthquakes with displacement
at other times, their behavior certainly is not iden-
tical. The earthquake of September 1971, for ex-
ample, was roughly equidistant between the faults,
but displacement then occurred only on the Imperial
fault.

REFERENCES CITED

Allen, C. R., St. Amand, Pierre, Richter, C. F., and Nord-
quist, J. M., 1965, Relationship between seismicity and
geologic structure in the southern California region:
Seismol. Soc. America Bull., v. 55, no. 4, p. 753-797.

Allen, C. R., Grantz, Arthur, Brune, J. N,, Clark, M. M.,
Sharp, R. V., Theodore, T. G., Wolfe, E. W., and Wyss,
Max, 1968, The Borrego Mountain California earthquake
of 9 April 1968 — a preliminary report: Seismol. Soc.
America Bull, v. 58, no. 3, p. 1183-1186.

Brown, R. D., Jr., Vedder, J. G., Wallace, R. E., Roth, E. R,,

Yerkes, R. F., Castle, R. O., Waananen, A. O., Page,
R. W., and Eaton, J. P., 1967, The Parkfield-Cholame

California, earthquakes of June-August 1966 — surface
geologic effects, water resources aspects, and preliminary
seismic data: U.S. Geol. Survey Prof. Paper 579, 66 p.

Brown, R. D., Jr.,, and Wolfe, E. W., 1970, Map showing
recently active breaks along the San Andreas fault
between Point Delgada and Bolinas Bay, California: U.S.
Geol. Survey open-file map.

Brune, J. R., and Allen, C. R,, 1967, A low stress-drop, low-
magnitude earthquake with surface faulting — The Im-
perial California earthquake of March 4, 1966: Seismol.
Soc. America Bull,, v. 57, no. 3, p. 501-514.

Chinnery, M. A,, 1966, Secondary faulting; I and II: Cana-
dian Jour. Earth Sciences, v. 3, p. 163-190.

Clark, M. M., 1971, Map showing recently active breaks
along the Garlock and associated faults, California: U.S.
Geol. Survey open-file map.

Dibblee, T. W., Jr., 1954, Geology of the Imperial Valley
region, in Jahns, R. H., ed., Geology of southern Califor-
nia; chap. 2, Geology of the natural provinces: California
Div. Mines and Geol. Bull. 170, p. 21-28.

Environmental Data Service, 1968-71, Climatological data,
California: Natl. Oceanog. and Atmospheric Adm., v.
72-75.

Hamilton, R. M., 1970, Time-term analysis of explosion data
from the vicinity of the Borrego Mountain, California,
earthquake of 9 April 1968: Seismol. Soc. America Bull.,
v. 60, no. 2, p. 367-381.

Hely, A. G.,, and Peck, E. L., 1964, Precipitation, runoff,
and water loss in the lower Colorado River-Salton
Sea area: U.S. Geol. Survey Prof. Paper 486-B, 16 p.

Kearney, T. H., Peebles, R. H., and others, 1960, Arizona
flora: Berkeley, Univ. California Press, 1085 p.

Ross, D. C., 1969, Map showing recently active breaks along
the San Andreas fault between Tejon Pass and Cajon
Pass, southern California: U.S. Geol. Survey Misc. Geol.
Inv. Map I-553. .

Sharp, R. V., 1970, Map showing recently active breaks along
the San Jacinto fault zone between San Bernardino and
Borrego Valley, California: U.S. Geol. Survey open-
file map.

Smith, S. W., and Wyss, Max, 1968, Displacement on the
San Andreas fault subsequent to the 1966 Parkfield
earthquake: Seismol. Soc. America Bull, v. 58, p. 19556
1973.

Tchalenko, J. S., 1970, Similarities between shear zones of
different magnitudes: Geol. Soc. America Bull, v. 81,
p. 1625-1640.

Tchalenko, J. S., and Ambraseys, N. N., 1970, Structural
analysis of the Dasht-e Bayaz (Iran) earthquake frac-
tures: Geol. Soc. America Bull., v. 81, p. 41-60.

Trifunac, M. O., and Brune, J. N., 1970, Complexity of energy
release during the Imperial Valley, California earth-
quake of 1940: Seismol. Soc. America Bull,, v. 60, p.
137-160.

Ulrich, F. P., 1941, The Imperial Valley earthquakes of 1940:
Seismol. Soe. America Bull,, v. 31, p. 13-31. )

Vedder, J. G., and Wallace, R. E., 1970, Map showing recent-
ly active breaks along the San Andreas and related
faults between Cholame Valley and Tejon Pass, Cali-
fornia: U.S. Geol. Survey Misc. Geol. Inv. Map 1-574.

Youd, T. L., and Castle, R. O., 1970, Borrego Mountain earth-
quake of April 8, 1968: Am. Soc. Civil Engineers Proc.,
Jour. Soil Mechanics and Found. Div., v. 96, no. SM4,
p. 1201-1219.



-

DISPLACEMENTS ON THE IMPERIAL, SUPERSTITION HILLS, AND SAN ANDREAS FAULTS
TRIGGERED BY THE BORREGO MOUNTAIN EARTHQUAKE!
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AND
ArTHUR GRANTZ and ROBERT E. WALLACE,
U.S. GEOLOGICAL SURVEY

ABSTRACT

The Borrego Mountain earthquake of April 9, 1968, trig-
gered small but consistent surface displacements on three
faults far outside the source area and zone of aftershock
activity. Right-lateral displacement of 1-21% cm occurred
along 22, 23, and 30 km of the Imperial, Superstition Hills,
and San Andreas (Banning-Mission Creek) faults, respec-
tively, at distances of 70, 45, and 50 km from the epicenter.
Although these displacements were not noticed until 4 days
after the earthquake, their association with the earthquake
is suggested by the freshness of the resultant en echelon
cracks at that time and by the absence of creep along most
of these faults during the year before or the year after the
event. Dynamic strain associated with the shaking is a
more likely cause of the distant displacements than is the
static strain associated with the faulting at Borrego Moun-
tain because (1) the dynamic strain was much larger and
(2) the static strain at the San Andreas fault was in the
wrong sense for the observed displacement. The principal
surface displacements on the Imperial fault took place with-
in 4 days of the earthquake and may have occurred simul-
taneously with the passage of the seismic waves, but the
possibility of delayed propagation to the surface is indicated
by a 1971 event on the Imperial fault in which the surface
displacement followed the triggering earthquake by 8-6 days.
All three of the distant faults are “active” in that they show
evidence of repeated Quaternary movement, and surface dis-
placements occurred only along those segments where the
fault trace is well delineated in surface exposures, at least
in uncultivated areas. This is the first documented example
of fault displacement triggered by seismic shaking far from
the source area, although such displacement has probably
gone undetected many previous times here and in similar
tectonic environmments. This phenomenon forces us to be
much more conservative in estimating the probabilities of
damage from surface displacements along active faults in
seismic regions.

1Contribution 1833, California Institute of Technology, Division of Geologi-
cal and Planetary Scicnces, Pasadena, Calif.

INTRODUCTION

The Borrego Mountain earthquake of April 9, 1968
(magnitude 6.4) was associated not only with a con-
spicuous surface break in its source region along the
Coyote Creek fault (Clark, “Surface Rupture Along
the Coyote Creek Fault,” this volume), but also with
displacements far outside the epicentral region along
three major faults in the Imperial Valley region to
the east and southeast of the epicenter (fig. 52). The
Imperial, Superstition Hills, and San Andreas? faults
broke along segments at least 22, 23, and 30 km long,
respectively, at distances of 70, 45, and 50 km from
the epicenter. Remeasurements of several small-scale
geodetic networks that had been established before
the earthquake, as well as observations of en
echelon cracking, showed that right-lateral displace-
ments of 1-21%4 em had occurred on these three dis-
tant faults. This is the first documented case of an
earthquake apparently causing fault displacements
well outside the epicentral region. A similar phe-
nomenon may have occurred along a segment of the
Garlock fault as a result of the 1952 Kern County
earthquake on the White Wolf fault (Buwalda and
St. Amand, 1955, p. 53), but the Garlock fault is
relatively close to the White Wolf fault and was
almost within the zone of aftershock activity.

This paper presents evidence that the displace-
ments on the Imperial, Superstition Hills, and San

2The branch of the San Andreas fault system northeast of the Salton Sea
has sometimes been called the Banning-Mission Creck fault because it repre-
sents the combined Banning and Mission Creek faults southeast of their point
of coalescence near Indio and because of this fault’s debatable continuity with
the San Andreas fault farther north. The name San Andreas is used in this
report for the sake of brevity and in keeping with usage by Dibblee (1954)
and Hope (1969).
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FIGURE 52. — Index map showing relation of the Coyote
Creek fault (locus of the 1968 Borrego Mountain earth-
quake) to the three distant faults, the San Andreas, Super-
stition Hills, and Imperial, upon which triggered movements
occurred. Heavy lines represent approximate segments
which broke at that time.

Andreas faults were in fact triggered by the seismic
shaking of the distant Borrego Mountain earthquake,
that these displacements were not associated with
normal aftershocks, and that they were not caused
by the change in the regional static strain field that
resulted from the fault displacements of the Borrego
Mountain earthquake.
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OBSERVATIONS
IMPERIAL FAULT

Although a number of auxiliary faults near Bor-
rego Mountain were examined for possible surface
displacements on the day after the April 9 earth-
quake, the Imperial fault, 70 km distant, was not
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visited until April 13. At that time, Wyss and R. D.
Nason noticed fresh en echelon cracks along the
trace of the fault at Highway 80° (fig. 53) suggest-
ing at least one-third centimeter of right-lateral
displacement. It was this discovery that then stimu-
lated the careful examination of other distant faults
and led to the subsequent documentation of surface
displacements on the Superstition Hills and San
Andreas faults, as well as at other localities along
the Imperial fault.

Because of the unusual fault displacement along
the Imperial fault in March 1966 (Brune and Allen,
1967a) and the suspicion that creep might be occur-
ring along this and related faults, Brune and Allen
in 1966 and 1967 established a series of small geo- -

FIGURE 53.— Fresh cracks in unconsolidated material (be-
neath ruler) at north edge of Highway 80. Older tar-filled
cracks in pavement resulted from earlier movements at
this locality. (See Brune and Allen, 1967a.) Photograph by
R. D. Nason, April 13, 1968.

3Since completion of the adjacent freeway in 1971, the former Highway 80
is now known as Evan Hewes Highway, Imperial County route 80S.
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detic networks that straddled the Imperial, Supersti-
tion Hills, and San Andreas faults. These networks,
each comprising a single theodolite station and 5-10
markers within a few hundred meters on both sides
of the fault trace, were patterned on the similar net-
works that had been established earlier across the
San Andreas fault near Parkfield (Smith and Wyss,
1968). The locations of these stations are shown in
figure 54 and on plate 2, and their coordinates are
given in table 12.

TABLE 12. — Caltech fault-crossing geodetic networks in the
Imperial Valley area

. Number of
Station Foult Lat (N.) Long (W.) ,,First —— observa-
1-1-71
All-Am;:ricnn Imperial............ 32°40.55' 115°21.45' 5-10-67 9
anal.
Baileys Well.....Coyote Creek...  33°06.20° 116°03.63°  3-31-69 3
Bertram............. San Andreas..... 33°24.68° 115°47.54' 5- 5-68 6
Harris Road..... Imperial............ 32°53.02° 115°32.34" 1- 5-68 10
Meloland................ [ [« 2R 32°48.21’ 115°28.01° 6-19-66 12
North Shore.....San Andreas..... 33°31.71' 115°56.21' 6~20-69 3
Ocotillo Wells..Coyote Creek...  33°09.65° 116°07.85' 4- 9-68 12
Red Canyon....San Andreas.... 33°37.62° 116°02.91" 5-11-67 8
Suﬁ?{lstit on  Su| c;{lsdtion 32°55.60° 115°41.84° 5- 7-67 9
s. s.
32°50.85° 115°30.69° 5-10-67 11

Worthington Imperial............
Road.

Figure 55C shows that about 2 ¢m of right-lateral
displacement took place along the Imperial fault at
Highway 80 between January 5, 1968, and April 19,
1968, and evidence is presented in a later section to
indicate that this displacement took place at about
the time of the Borrego Mountain earthquake and
not as creep distributed throughout the 3-month
interval. Three additional geodetic networks had
been established across the Imperial fault prior to
the earthquake (figs. 54, 55). The southernmost net-
work, at the All-American Canal, showed no obvious
displacement during the 3-year period shown in
figure 55. The northernmost station, at Harris Road
(fig. 554), showed a clear displacement of about
0.8 cm at about the time of the earthquake. However,
the intervening network at Worthington Road (fig.
55B) showed a displacement of about 1.1 ecm between
May 1 and December 29, 1967 (the year before the
earthquake) and no displacement at the time of the
earthquake. We feel that tnese findings are consis-
tent with our argument that the Borrego Mountain
earthquake triggered the release of elastic strain
along most of the fault; if the strain had already
been relieved shortly prior to that time, as it was
near Worthington Road, then no further displace-
ment took place.

The geodetic observations were supported by field
evidence of intermittent surface faulting along more
than 22 km of the Imperial fault, extending distinctly
farther both to the north and to the south than the
10-km segment broken during the 1966 Imperial
earthquake (Brune and Allen, 1967a). Clear en eche-

lon cracks were observed at several localities from
Harris Road on the north to Heber Road on the
south (figs. 54, 56-58), although they could not be
followed continuously throughout the intervening
area because of extensive and continuing cultivation;
cracks were not present near Worthington Road,
where geodetic data indicated no movement. Fresh
cracks in soil were generally observed only on the
shoulders of roads between cultivated fields. En eche-
lon cracks showed up particularly well in many
asphalt roads that were crossed by the fault (fig.
56), although in some places it was difficult to dis-
tinguish cracks still existing from the 1966 earth-
quake from further cracking caused by the 1968
event (fig. 57). The absence of obvious cracking at
some localities suggests that not everywhere did the
fracture reach the surface as a discrete plane, which
is not surprising in view of the small displacement
and the known discontinuous nature of the much
larger 1940 displacement in some localities (fig. 54).
It is significant however, that wherever fresh cracks
were observed, they followed precisely the trace of
the 1940 break, which in some areas is well docu-
mented to within 1 m (J. P. Buwalda, unpub. data).
Although the full extent of the 1968 trace is not
known because of agricultural developments at the
north end and sand dunes at the south end, careful
examination revealed no fresh cracks where the
Imperial fault crosses Keystone Road on the north
and Highway 98 on the south (fig. 54), thus giving
a total length of between 22 and 30 km. .

For more than 3 years after the Borrego Mountain
earthquake, no further slip on the Imperial fault at
Highway 80 was observed visually or indicated by
surveying records. On September 30, 1971, however,
a further displacement was observed after an earth-
quake of magnitude 5.3 in the Superstition Hills,
37 km northwest of the Highway 80 locality; this
earthquake represents the heaviest shaking the
region had experienced since the Borrego Mountain
event of 1968. Six days after the shock, right-lateral
displacements of about 114 cm were clearly visible
in the pavement of Highway 80, and a resurvey of
the geodetic network on October 13 showed a dis-
placement at this time of 1.4 cm (calculated on the
same basis as that used for the earlier measure-
ments shown in fig. 55C). As discussed in a later
section, however, there is some evidence that the
observed displacement did not take place exactly
at the time of the earthquake, but between 3 and 6
days later.

The Imperial fault was first noticed and named at
the time of the 1940 El Centro earthquake, but a
history of repeated Quaternary displacements along
the fault is indicated by (1) a conspicuous scarp as
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FIGURE 54. — Map of Imperial fault trace based primarily on
aerial photographs taken shortly after the 1940 El Centro
earthquake and on the unpublished 1940 field notes of J. P.
Buwalda. Triangles show locations of Caltech fault-cross-
ing geodetic networks that were surveyed before and after
the Borrego Mountain earthquake of April 9, 1968. Solid
circles show localities where fresh cracks were observed in

loose soil on April 19-28, 1968, presumably resulting from
triggered fault displacement on April 9. Open circles are
localities where freshness or significance of cracks was
questionable. Trace is dashed where projected across areas
where surficial evidence of faulting (scarps, ground-water
barriers, or lineaments on aerial photographs) is indistinct
or absent. See figure 52 for location.
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FIGURE 55.— Measurements of fault-crossing geodetic net-
works between May 1, 1967, and May 1, 1970, showing
displacements at time of Borrego Mountain earthquake.
Localities are shown in figure 54 and on plate 2. Circles
represent averages of measurements of 2-4 independent
lines crossing the fault at each locality, and error bars in-
dicate twice the standard deviation of repeated measure-

much as 7 m high that delineates the northern 11 km
of the fault trace, (2) a marked ground-water
barrier that is sometimes visible from the air even
in cultivated fields, and (8) a pronounced gravity
anomaly along the fault trace (Kovach and others,
1962). However, the total exient of the Imperial
fault beyond the 60-km segment broken in 1940 is
not known; there is as yet no good geological or
geophysical evidence of the fault north of Keystone
Road, where the 1940 trace died out, or south of a
point near Tortuosa Check (Mexico), at the south
end of the 1940 break. Possibly, the Imperial fault
is a transform fault whose active segments indeed
do not extend much beyond its presently known
length (Lomnitz and others, 1970).

1-1-69 1-1-70

ments of individual lines in the surveys following the
earthquake. Survey lines average 90 m long. Triangles in
diagram E show readings of taut-wire creepmeter located
81 km north of Imler Road, showing lack of further dis-
placement there after installation of creepmeter on May 17,
1968.

SUPERSTITION HILLS FAULT

On May 11, 1967, Allen and Brune had established
a small geodetic network across the Superstition
Hills fault where it crosses Imler Road (pl. 2);
reoccupation of this station on April 19, 1968, 10
days after the Borrego Mountain earthquake, re-
vealed about 214 cm of right-lateral displacement
(fig. 55E) . At the same time, fresh en echelon cracks
showing as much as 1.5 cm of right-lateral displace-
ment were discovered along the Quaternary fault
trace in the same vicinity (figs. 59, 60). On April 25,
these cracks were followed northwest for about 8 km
along the fault trace, and on May 13-15, Grantz and
Wyss mapped the entire broken zone, which extended
for 28 km (pl. 2).
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FIGURE 56.— Fresh en echelon cracks crossing Ross Road.
View southeast. Photograph taken April 28, 1968.

The cracks, as mapped on May 13-15, varied from
a single, narrow well-defined break several centime-
ters to a meter wide, the most common type, to zones
of en echelon cracks as much as 7-10 m wide in
which the individual cracks stepped to the left in the
manner of ground -cracking along right-lateral
strike-slip faults. Their dip, as recorded at four
near-vertical exposures, were 80°-90°. The cracks
followed very closely the trace of the Superstition
Hills fault across the strongly folded Pleistocene
sedimentary rocks of the Superstition Hills and vi-
cinity. Commonly, they lay within the 14-124-m-wide
gouge zone of the Quaternary Superstition Hills
fault, but in a number of places, the cracks occurred
in the Pleistocene sediments as much as 7 m from the
Quaternary fault. Where they departed from the
Quaternary fault gouge zone, the cracks usually, but
not always, lay northeast of it.

Where the cracks formed a narrow well-defined
zone, they commonly coincided exactly with a single

FI1GURE 57. — En echelon cracks on Meloland Road first ob-
served following the Imperial earthquake of 1966 (Brune
and Allen, 1967a) but slightly widened during the Borrego
Mountain earthquake. Fault displacement of about one-
half m occurred at this same locality in 1940. Photograph
taken April 28, 1968.

fault-controlled line of desert shrubs (fig. 61), small
drainage sumps and collapse pits or trenches (fig.
62), local ground-water barriers, small fault scarps
in soft sediments, or, at a few places, right-laterally
offset small ridges and gullies. This alinement and
the character of the alined features indicate that the
fault cracks of April 1968 follow a well-established
line of latest Holocene faulting as well as a Quater-
nary bedrock fault.

The displacements measured on May 13-15 along
the partly wind-eroded and sand-filled fault cracks
indicated dominantly right-lateral strike slip, with
only local vertical displacement and no instances of
left-lateral slip. The right slip was as much as 1.8 cm
but averaged about 0.8 or 0.9 em. Of only possible
significance, because of the erosion and filling of the
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FIGURE 58. — Fresh cracks across Heber Road. Displacement
of about 1% m took place here in 1940, but no further
displacements are known to have occurred here until
1968. Photograph taken April 28, 1968.

cracks, is the fact that most of the largest right-lat-
eral displacements were recorded near, although not
at, the ends of the fault break of April 1968. Most
displacements of 114 em and greater occurred be-
tween 1.7 and 5.8 km of the southeast end and
between 2.8 and 4.7 km of the northwest end of the
23-km-long fault break. Displacements of between
0.4 and 1.0 cm were common along the central part
of the break. Vertical displacements, along three
short (=75 m) segments of the fault, were as much
as 215 em. Two, at the northwest end of the break,
were up on the northeast; one, near the middle of the
break, was up on the southwest. In all three places,
the uplifted side is also the topographically higher
side, and in two of them the uplifted side holds up
a low scarp cut in soft Pleistocene sediments. These
relations indicate that the local vertical components
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FI1GURE 59. — Right-lateral displacement of about 2 cm on the
Superstition Hills fault in see. 23, R. 12 E.,, T. 14 S.
Diameter of coin is 1.7 e¢m. Photograph taken April 22,
1968; note that crack has filled in since time of probable
formation on April 9.

of slip in April 1968 acted in the same sense as the
latest Holocene displacements at those places.
When the cracks were first observed on April 19,
they were relatively fresh appearing, but by the time
mapping was completed on May 15, windblown sand
had already obscured much of the fault trace. We
conclude that the cracks could not have come into
existence long before April 19, and their origin in
association with the Borrego Mountain earthquake
on April 9 seems highly probable. Because of suspi-
cion that creep might be taking place on this fault
following the earthquake, a creepmeter was ingtalled
across the fault on May 7 at a locality midway along
its length (pl. 2). A recorder registered the displace-
ment as measured by a taut 10-m Invar wire, similar
to an instrument previously used at Parkfield (Smith
and Wyss, 1968). Seventeen subsequent readings of
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FIGURE 60.— En echelon cracks indicative of right-lateral
displacement along Superstition Hills fault in sec. 9, R.
12 E,, T. 14 S. Photograph taken April 27, 1968.

the creepmeter, through November 1971, revealed
no evidence of further significant movement on this
segment of the Superstition Hills fault, nor have any
further cracks appeared in the nearby paved road
where it is crossed by the fault. These observations
further support the inference that the displacement
observed on April 19, 1968, occurred relatively sud-
denly in association with the Borrego Mountain
earthquake.

Minor displacements on the Superstition Hills
fault similar to those observed in 1968 have occurred
at least three other times in recent years. In 1951,
Joseph Ernst (written commun.) noted fresh en
echelon cracks along about 3 km of the Superstition
Hills fault, approximately centered within the seg-
ment that broke in 1968 and along exactly the same
trace. A magnitude 5.6 earthquake had been centered
in this area about 2 weeks earlier, and Ernst con-
cluded that the rate at which windblown sand was

FIGURE 61.— New en echelon cracks of right-lateral habit
following the line of desert plants that marks the Super-
stition Hills fault in NW4 sec. 26, T. 13 S, R. 11 E. The
larger plants are about 1 foot high. Photograph taken May
13, 1968.

filling the cracks demanded their origin within about
this period. Similarly, in late December of 1965,
Brune noticed fresh en echelon cracks along the
Superstition Hills fault at Imler Road, and he and
Allen subsequently followed these for about 1 km
north and south of the road; these cracks may have
been triggered by a nearby magnitude 4.0 shock on
November 30, 1965. The cracks were quickly ob-
scured by blowing sand, and it is clear from repeated
subsequent visits to the area that significant creep is
not occurring continuously. Similarly, fresh cracks
were noted along the fault south of Imler Road dur-
ing a visit to the area on December 20, 1969, al-
though they could not be correlated with a specific
local earthquake. The movement did not extend far
enough north to affect the creepmeter. The move-
ment in April 1968 is evidently only one in a series of
small episodic surface displacements that have char-
acterized this fault in recent years; the same be-
havior may well be true of the segments of the
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FIGURE 62. — Small collapse pits, alined vegetation, and varia-
tion in abundance of vegetation along the Superstition
Hills fault in SW4 sec. 9, T. 14 S, R. 12 E. New hairline
cracks follow the alined features but are largely obscured
by windblown sand and silt. Photograph taken May 14,
1968.

Imperial fault and San Andreas fault that broke at
about the same time.

Like the Imperial fault, little is known about the
possible extent, if any, of the Superstition Hills fault
beyond the segment broken in 1968. On the south-
east, the 1968 fractures ended about 1 km north of
Edgar Road, at very nearly the same point that the
Quaternary trace disappears as observed on aerial
photographs and in the field. Likewise, the fractures
continued northwest only about as far as the mapped
trace of the Quaternary fault (Dibblee, 1954 ; unpub.
data). The Superstition Hills fault, together with the
nearby Superstition Mountain fault, appear to be
branches of the San Jacinto fault zone, and if pro-
jected still farther northwest, they would join the
Coyote Creek fault — also a branch of the San Ja-
cinto zone — on which the Borrego Mountain earth-
quake occurred.

SAN ANDREAS FAULT

In February 1967, A. G. Sylvester (oral commun.)
found fresh cracks along the trace of the San An-
dreas fault in the Mecca Hills north of the Salton
Sea; they were particularly evident in the 4-km
segment between Painted Canyon and the unnamed
canyon (locally called Red Canyon) in sec. 28, T. 6
S., R. 9 E. (Thermal Canyon quadrangle). We were
not convinced at that time that the cracks necessarily
reflected tectonic movements, because among other
reasons there has been very little historic seismicity
(Allen and others, 1965) or microearthquake activity
(Brune and Allen, 1967b) along this segment of the
San Andreas fault zone. However, to check this
possibility, we established a small geodetic network
across the fault in the unnamed canyon noted (sta-
tion “Red Canyon” in table 12; pl. 2) on May 11,
1967. Resurvey of this network on April 24, 1968,
indicated 1.3 em of right-lateral displacement, and
since that time there has been no significant addi-
tional change (fig. 55D). A second fault-crossing
geodetic network was established across the fault
near Bertram (station “Bertram” in table 12; pl. 2)
on May 5, 1968, and it likewise has shown no signif-
icant change in six subsequent surveys through
August 7, 1970.

Despite the low seismicity along this segment of
the San Andreas fault, the fault trace is so clearly
marked in the field that displacements along it must
have occurred in very recent years. Small scarplets
as much as 50 em high and only slightly eroded are
abundant along the fault (fig. 63). Zones of en eche-
lon fractures, eroded and distinctly older than the
recent fractures (fig. 64), appear to be too transient
to have persisted for much more than a decade;
conceivably, all the erosion along the older fractures
could have been accomplished by one heavy. rain-
storm. Similarly, piping of rainwater into the frac-
ture zone in places appears very recent. From this
evidence, it would appear that more than one episode
of recent fault displacement has occurred in this
area despite the scarcity of historic seismic activity.
Whether such previous displacements likewise ac-
companied distant earthquakes is unknown.

When this area was first visited after the Borrego
Mountain earthquake on April 24, fresh en echelon
cracks were observed at the base of the scarplets
(fig. 65) and at several other localities along the
fault trace. Wallace and Wyss subsequently mapped
the fresh break for more than 30 km from near
Bertram on the south to Thermal Canyon on the
north (pl. 2), although it is significant that surface
fracturing was by no means continuous throughout
the 30-km segment. The average right-lateral dis-
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FIGURE 63. — En echelon cracks (in shadow, foreground) at
base of scarplet along San Andreas fault in sec. 28, R.
9 E.,, T. 6 S. View northwest. Geodetic data at nearby
station “Red Canyon” indicated about 1.8 em right-lateral
displacement (fig. 55D). Photograph taken April 28, 1968.

placement was estimated to be between 0.5 and
1.0 cm.

One of the puzzling features of the San Andreas
fault in this region is its apparent termination oppo-
site the south end of the Salton Sea, particularly
because this segment of the fault may have as much
as 260 km of post-early-Miocene strike-slip displace-
ment (Crowell, 1962). The apparent termination
might be explained simply by concealment of the
fault trace southeast of this point by Quaternary
sediments, including those of Lake Cahuilla that
inundated all this region for 1,300 years, ending
perhaps as recently as 300 years ago (Lake LeConte
in Hubbs and others, 1960). Likewise, there is some
geophysical evidence suggesting continuity of the
fault farther southeast (Kovach and others, 1962;

FIGURE 64. — New fracture in old fracture zone along San
Andreas fault in sec. 28, R. 9 E., T. 6 S. New en echelon
fractures are subparallel to old en echelon fractures. Note
that erosion has progressed along old fractures. Photograph
taken May 9, 1965.

S. Biehler, unpub. data). On the other hand, the San
Andreas fault may be a transform fault whose active
segment does indeed terminate near the Salton Sea.
Adding weight to such a hypothesis is the presence
of the northeast-trending Salton voleanic domes that
might be a manifestation of a ridge segment in a
transform fault system (Lomnitz and others, 1970).
Nonetheless, it is significant that the 1968 fractures
on the San Andreas fault extended southeast to
almost exactly the same point where the continuous
Quaternary trace disappears (Hope, 1969).

DESCRIPTION OF THE SURFACE DISPLACEMENTS

En echelon cracking oriented so as to clearly in-
dicate right-lateral displacement was the typical
style of surface rupture along the Imperial, Super-
stition Hills, and San Andreas faults (figs. 656—-67).
Individual cracks rarely gaped more than 1 or 2 mm
when fresh. Individual en echelon breaks were typi-
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FIGURE 65. — En echelon cracks along the San Andreas fault
near Salt Creek, in the center of sec. 28, T. 8 S., R. 11 E.
View northwest. The fault here brings rocks of the Palm
Spring Formation (right) into contact with those of the
Borrego Formation (left), and the contact is visible in
line with the cracks in the middle distance. Photograph
taken April 28, 1968.

cally less than 1 m long where the zone of cracks
was several centimeters to less than 1 m wide, but
they ranged in length from 2 to 30 m in those less
common places where the fractured zone was 1-7 m
or more wide. The fractures showed up not only in
undisturbed soil but also in asphalt roads that were
crossed by each of the three faults. All the broken
sections of the Superstition Hills and San Andreas
faults were traversed in their entirety by one or
more of the authors. This was not possible along the
Imperial fault because of intensive cultivation of
most of the area; instead, each road and canal cross-
ing was checked.

The newly formed fractures along the three dis-
tant faults were such minor features that they would
easily have escaped detection if we had not specifical-
ly looked for them and if we had not known from

e
FIGURE 66.— En echelon fractures along the San Andreas
fault approximately 2 km south of Salt Creek, in SW4
sec. 34, T. 8 S., R. 11 E. Photograph taken May 10, 1968.

FIGURE 67. — En echelon fractures, sec. 28, T. 6 S., R. 9 E.
Scale is 19 em long. View southeast. Photograph taken
May 9, 1968.

other geologic evidence the exact locations of the
active fault traces to within a very few meters. The
precise trace of the Imperial fault, despite its loca-
tion within the heavily cultivated floor of the Impe-
rial Valley, was known from J. P. Buwalda’s very
detailed notes on the much larger 1940 earthquake
displacements, as well as from the subsequent dis-
placements along part of the trace in 1966 (Brune
and Allen, 1967a). The detailed trace of the Super-
stition Hills fault is clear on large-scale aerial photo-
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graphs and on the ground because of the abrupt
truncation of well-exposed and highly deformed
Pleistocene sedimentary rocks at the fault. Similarly,
segments of the San Andreas fault are well deline-
ated on detailed aerial photographs because of
ground-water damming and the truncation of
young sedimentary rocks (figs. 68, 69) (Hope,
1969). Both the Superstition Hills and San Andreas
faults traverse desert areas that, for the most part,
have never been cultivated or otherwise culturally
modified. Considerable stretches of both faults are
mantled with a veneer of sediments dating from the
last major filling of the Salton depression by Lake
Cahuilla between about 300 and 1,600 years ago.

Seldom have such well-defined faults been exam-
ined in such great detail after a major nearby
earthquake, and although this may be the first docu-
mentation of fault displacements caused by seismic
shaking, the same phenomenon may have happened
many times before, not only here, but also on other
active faults in similar tectonic environments.

It is particularly significant that, with minor ex-
ceptions, surface fracturing occurred in 1968 only
along those segments of the Superstition Hills and
San Andreas faults where examination of aerial
photographs and field exposures could clearly delin-
eate preexisting active breaks. Several examples
have already been cited in the preceding section, but
perhaps the most intriguing localities are along the
San Andreas fault northeast of the Salton Sea. In
this area, some segments of the fault are much more
clearly delineated by features of recent displacement
than others, and it is only on the clearly delineated
parts that fresh fractures were found after the Bor-
rego Mountain earthquake, despite careful searches
in some of the intervening ‘“inactive” segments (for
example, Box Canyon Wash, Salton Sea State Park
headquarters area, Highway 111 northeast of Bom-
bay Beach). This distribution is well illustrated by
Hope’s (1969) map, which shows both the 1968
fractures and the Quaternary breaks that were vis-
ible on 1:14,000-scale aerial photographs flown in
1966. Either (1) contemporary movements are tak-
ing place along a discrete fault plane at the surface
in some segments and throughout a distributed zone
in other segments or (2) contemporary displace-
ments are limited to certain weak segments of the
fault in contrast to other stronger segments that are
temporarily locked, to be broken through during a
larger earthquake at some time in the future. The
second argument is analogous to that sometimes used
for the San Andreas fault as a whole (for example,
Allen, 1968), but whether this kind of reasoning is
applicable on such a small scale is unknown.

It should also be noted that the geodetically mea-
sured displacements (fig. 55) were consistently
larger than those estimated from field observations
of the faulting. Inasmuch as the geodetic lines used
for the calculations of figure 55 were typically about
100 m long, this variation suggests that some shear
deformation was taking place that was not expressed
as discrete visible fractures at the surface. Indeed,
in attempting to interpret the geodetic data at locali-
ties where many stations were surveyed, one could
not escape the conclusion that, at least at some
localities, deformation took place in a distributed
fashion rather than entirely along a single fault
plane. The accumulation of such distributed deforma-
tion during repeated fault displacements is the mech-
anism that produces the drag so commonly observed
along faults in layered rocks. At the Coyote Creek
fault rupture of April 9, 1968, this mechanism pro-
duced pronounced drag in late Holocene sedimentary
rocks and in places produced more than half the
total late Holocene deformation. (See Clark and
others, this volume.)

OTHER FAULTS

At the same time that fresh displacements were
being discovered on the Imperial, Superstition Hills,
and San Andreas faults, a number of other faults in
the region were carefully checked in the field and
found to show no evidence of surface displacements.
These include the Superstition Mountain fault, Elsi-
nore fault, Laguna Salada fault, Earthquake Valley
fault, San Felipe fault, and branches of the San
Jacinto fault system north of Borrego Valley. One
feature that distinguishes these faults is that they
are predominantly in crystalline rocks, whereas the
parts of the three faults that moved are all in deep
alluvium or late Cenozoic sedimentary deposits. The
estimated minimum distance to crystalline basement
based on seismic work (Kovach and others, 1962;
Biehler and others, 1964) is 3,500 m along the
Superstition Hills fault, 6,000 m along the Imperial
fault, and perhaps 2,000 m, but locally only 400 m
(Babcock, 1970), along the San Andreas fault. It is
also probably significant that the only three faults
in southeastern California for which we had some
evidence of slippage before the earthquake (and
which had therefore been straddled with small geo-

-detic networks) were the same three faults that

moved during the Borrego Mountain earthquake.

MECHANISM OF DISPLACEMENT

Three lines of evidence lead us to believe that the
observed fault displacements took place on or about
April 9, 1968: (1) The geodetic measurements that
were made during the year before and the year after
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FIGURE 68. — Linear valley eroded along San Andreas fault, Mecca Hills. New fractures followed this valley but could not be
found in the dry alluvium of Painted Canyon (far background).

the earthquake indicate little or no creep, except at
Worthington Road. It thus seems unlikely that creep
should have characterized only the short interval
that included the earthquake, unless triggered by it.
(2) On March 8, 1968, 1 month before the earth-
quake, a heavy and unusual rainstorm brought ap-
proximately 5 ecm of precipitation to the entire
Imperial Valley—Coachella Valley area, causing con-
siderable runoff and local flooding. All the fresh

cracks observed after the earthquake must have
originated after this rainstorm. (3) Blowing dust
and sand are characteristic of the entire region, and
everyone who studied the displacements on these
three faults, as well as the main break near Ocotillo
Wells, was impressed with the rate at which fresh
features disappeared. Within 2 weeks of the earth-
quake, many of the cracks along the main break had
become barely recognizable because of windblown
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FIGURE 69. — View southeast along San Andreas fault. New fractures closely followed this lineament to point shown by
arrow in distance. Bat Caves Buttes on left; Salton Sea in distance; Salt Creek in foreground.

sand. It is our judgment, based on field experience
in this area, that the fractures first observed be-
tween April 13 and April 24 must have come into
existence during the first 2 weeks in April. Particu-
larly along the Imperial fault, the fresh cracks in
powdery alluvium that were first observed on April
13 must have originated within the preceding few
days. It seems to us to be a reasonable, indeed a
highly likely, conclusion that all the fractures came

into existence at the approximate time of the Bor-
rego Mountain earthquake on April 9.

STATIC VERSUS DYNAMIC STRAIN

If the hypothesis is accepted that the breaks on
the Imperial, Superstition Hills, and San Andreas
faults were caused by the Borrego Mountain earth-
quake, the important question still remains as to
whether the displacements were caused by the dy-
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namic strain associated with the shaking or by the
static strain associated with the main fault break.
The static strain is the permanent strain field caused
by the 33-km-long break on the Coyote Creek fault;
the dynamic strain is the transitory strain associated
with the seismic waves generated by the earthquake.

For an estimate of the static strain, we use the
diagrams of Press (1965). The length of the surface
break is taken as 33 km, and the hypocentral depth
now assigned by the Seismological Laboratory, Cali-
fornia Institute of Technology, is 11 km. For an
upper limit of the static strain at distance, we there-
fore use Press’s case in which L=D; the far-field
strains were calculated by scaling down Press’s
figures to correspond to an average fault displace-
ment of 30 cm. The resulting static strains at
distances of 45, 70, and 50 km in the directions of
the Superstition Hills, Imperial, and San Andreas
faults are 4x1077, 11077, and —3X10~7 respec-
tively, assuming these faults to be parallel to the
Coyote Creek fault. The minus sign for the San
Andreas fault indicates that the residual static strain
induced by the Coyote Creek fault displacement was
left lateral (Dr. John McGinley, California Inst.
Technology, oral commun., 1968).

The dynamic strain caused by S waves with a
period of approximately 4.8 sec, recorded at El Cen-
tro near the Imperial fault, was about 1.1Xx107°
(corresponding to a trace amplitude of 4.9 cm at a
period of 4.3 sec on the strong-motion Wood-Ander-
son instruments). This dynamic strain is two orders
of magnitude larger than the static strain at this
distance. This fact, in addition to the persuasive
argument that the static strain would have led to
the opposite sense of displacement on the San An-
dreas fault, strongly indicates that the dynamic
(vibratory) strains rather than the static strain
induced the observed ruptures on the distant faults.

SUDDEN DISPLACEMENT VERSUS CREEP

Even granting that the dynamic strains caused
the displacements, the question remains as to
whether these displacements took place suddenly or
during a period of creep lasting several minutes,
hours, or days. After the distant displacements were
first noticed, geodetic measurements were repeated
at closely spaced intervals to determine if creep was
perhaps still taking place (fig. 55) ; it appears that
within the accuracy of the measurements, no creep
was occurring at this time on any of the three dis-
tant faults except for one possible increment at

Superstition Hills (fig. 55F). The sensitive creep-

meter installed subsequently at Superstition Hills
further substantiates this conclusion. The observa-
tions at Highway 80 indicate that if displacements
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occurred during a period of creep after the earth-

quake, this period must have been shorter than 4

days.

If any of the three distant breaks had occurred as
sudden ruptures, however, seismic waves would have
been radiated. Because the seismographic records of
most southern California stations were off scale for
several minutes following the Borrego Mountain
earthquake, we cannot state with assurance that
earthquakes did not occur at the three distant locali-
ties immediately following the main event, although
it seems unlikely that the magnitudes of such events
could have exceeded 4.5 without being detected.
However, three lines of evidence suggest that such
sudden displacements, if they did occur, were not in
any sense ‘“normal” earthquakes:

1. The fault lengths of 22, 23, and 30 km are much
longer than could typically be associated with
earthquakes of magnitude less than 4.5 (Wyss
and Brune, 1968).

2. Only a very few possible aftershocks could be
associated with the three distant faults, in
sharp contrast to the usual high aftershock
activity accompanying fault breaks of this
length. Despite a careful search of seismic rec-
ords from several stations close to the distant
faults, including temporary stations within the
Imperial Valley at Obsidian Butte and near
Westmoreland, only six small shocks could be
found that might possibly have been associated
with the Superstitution Hills fault within a
month after the earthquake, one small shock
that might have been associated with the Im-
perial fault, and none in the area of the San
Andreas fault. A particular search was made
of the Hayfield* records for events with short
S-P intervals, because the San Andreas fault
is much closer to this station than to the Coy-
ote Creek fault, near which the principal
aftershock activity occurred. The absence of
aftershocks in the vicinities of the distant
faults is substantiated by microearthquake
surveys in two of these areas by Walter Ara-
basz on April 20-21. Using a backpack instru-
ment that recorded on smoked paper and
operated at a magnification of 100,000 at 20 cps,
he found no nearby microearthquakes during
13 hours of continuous recording at the Im-
perial fault near the south end of the fractured
segment. Similar but shorter periods of record-
ing farther north along the Imperial fault and
in a granite quarry at Superstition Mountain
(5 km from the Superstition Hills fault) like-

4For the location of the Hayfield station, see fig. 6.
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wise revealed little or no microearthquake
activity.

3. Another obvious peculiarity of these displace-
ments is the unusually low ratio of average
offset to length of rupture. For most earth-
quakes, when the faulting length is about 20—
30 km, the average offset is about 10-100 cm,
whereas the average offset observed here is
only 1-214 cm. In addition, it appears that the
breaks may not have been continuous on the
San Andreas and Imperial faults.

After the Borrego Mountain earthquake, we con-
cluded (1) that the displacements on the three
distant faults occurred rapidly, but with a mecha-
nism of strain release different from that of typical
earthquakes associated with fault breaks of these
lengths, (2) that this relatively rapid motion com-
menced with the arrival of the first intense seismic
energy from the Borrego Mountain earthquake, and
(3) that it probably lasted at most only as long as
the strong shaking persisted. The displacements
were visualized to have been triggered by strong
seismic shaking, which is a previously undocumented
mechanism of strain release on active faults.

These three conclusions must be tempered, how-
ever, by subsequent events along the Imperial fault.
As was mentioned in an earlier section, there was
no further movement along the Imperial fault after
the Borrego Mountain earthquake until September
30, 1971, when a magnitude 5.3 shock in the Super-
stition Hills, 37 km away, was followed by about
1.4 cm of right-lateral displacement on the Imperial
fault at the Highway 80 locality. Fresh cracks were
observed along a segment of the fault at least 10 km
long extending from south of Ross Road to north of
Robinson Road. But evidence suggests that the fault-
ing did not occur at the same time as the earthquake:
3 days after the earthquake, Brian Tucker (oral
commun., 1971) examined the Highway 80 locality
and noticed no fresh cracks despite his familiarity
with the locality and its history. However, 3 days
later, on October 6, 1971, fresh cracks and lateral
offsets were obvious to several visiting parties. Re-
peated subsequent visits to the site revealed no
increase in displacement, so we must conclude that
virtually all the surface faulting took place between
3 and 6 days after the earthquake. One might argue,
of course, that the near coincidence of the two events
was fortuitous, but this seems unlikely in view of
the two earlier movement episodes, both of which
(1966, 1968) also occurred in close association with
large local shocks. As for the Borrego Mountain
earthquake, we are forced to conclude that this later
faulting was triggered by the dynamic waves of the
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nearby shock, but the mechanism of local strain
release and its apparent delay remain problematical.
Perhaps the Imperial fault was triggered only at
depth at the time of the September 30 earthquake,
and this dislocation then extended surfaceward only
gradually, something like the situation visualized
by Smith and Wyss (1968) for the Parkfield dis-
placements and by Burford (this volume) for the
Coyote Creek fault displacements. We must now
recognize that the same sort of delay may have
characterized the 1968 displacement as well; the ac-
tual triggering may have occurred at a depth of
perhaps 4 km in the elastically strained sedimentary
rocks, with the displacement then propagating to the
surface within the following 4 days. Only contin-
uously recording creepmeters will resolve this prob-
lem in future events.

Many additional aspects of the mechanics of dis-
placements on the three distant faults remain unex-
plained. We assume that elastic strain was released
by the displacements, but the depth at which this
elastic strain had accumulated is problematical. An
attractive but unproved hypothesis is that creep is
taking place continually in the crystalline basement
rocks along these three faults, partly reflecting the
unusual semioceanic crust and complex fault pattern
of the region (Allen, 1968). Elastic strain is visual-
ized to accumulate only in the overlying thick section
of indurated sedimentary rocks, to be relieved inter-
mittently either by episodic creep, by very shallow
small earthquakes such as the Imperial earthquake
of 1966 (Brune and Allen, 1967a), or by occasional
intermediate-sized shocks such as the El Centro
earthquake of 1940 on the Imperial fault. Such
events may in turn be triggered by externally caused
shaking.

*What determined the amount of displacement on
the three distant faults is another unanswered ques-
tion. Scholz, Wyss, and Smith (1969) argued that
the amount of episodic creep displacement is not a
function of the nature of the instigating event, but
instead is related to the stress-drop between a con-
stant rupture stress and a constant frictional stress
on the fault. Had the tectonic stress accumulated to
a critical value, the creep presumably would have
started even without instigation by the earthquake,
as presumably happened at Worthington Road before
the earthquake (fig. 55B). On the other hand, field
evidence may suggest that the total displacements on
the three distant faults might have been at least
partly a function of the strength of shaking; the
larger displacement on the Superstition Hills fault
as compared to the Imperial fault may be an indica-
tion not of higher stress accumulation but, at least
in part, of stronger shaking closer to the source.
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STRESS-DROPS

In order to estimate the stress-drops associated
with the displacements on the distant faults, a fault
depth must be assumed. We arbitrarily assume a
depth of 4 km, equal to about half the thickness of
the sedimentary section in the center of the Imperial
Valley (Biéhler and others, 1964) and corresponding
to the depth of transition between stable sliding and
stick-slip in the Parkfield model of Scholz, Wyss,
and Smith (1969). If the average displacement is
assumed to be 1.5 em, the stress-drop is 0.5 bar, close
to (that is one-half of) the value obtained by Brune
and Allen (1967a) for the Imperial earthquake of
1966.

TRIGGERING

We have chosen to use the word “trigger” in con-
nection with the displacements on the Imperial,
Superstition Hills, and San Andreas faults in recog-
nition of the fact that one event initiated other
events. However, it must be recognized in these
examples that the displacements were initiated by
a much larger event than the displacements them-
selves. As was indicated in a previous section, the
maximum dynamic strain at El Centro was about
1.5%1075, and assuming a fault depth of 4 km and an
average displacement of 1.5 cm on the nearby Im-
perial fault, the calculated strain associated with
the displacement was only 2.5x107%. In contrast, a
different type of seismic triggering might be the
multiple ruptures of the Alaska earthquake, where
small events apparently triggered larger events
(Wyss and Brune, 1967).

ENGINEERING IMPLICATIONS

In the planning of engineering structures adjacent
to or across active faults, it has usually been assumed
in the past that significant fault displacements would
occur only infrequently — perhaps about once every
few hundred years on even the most active faults.
The documentation of semicontinuous creep along
parts of the San Andreas fault has tended to modify
this kind of thinking (for example, Wallace, 1970),
and the present study emphasizes still further the
difficult problems of estimating probabilities of fault
displacements. A few years ago, for example, one
might have estimated that the San Andreas fault
opposite the Salton Sea would break perhaps once
every hundred years, the inferred recurrence time
for large earthquakes on this segment of the fault.
However, if one now assumes, on the basis of the
Borrego Mountain experience, that an earthquake
of magnitude 6 or greater anywhere in the Imperial
Valley area might cause a small displacement on
parts of the San Andreas fault, then the estimated
chances of fault displacement are considerably
higher. The recurrence curve for the Imperial Valley
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region based on 1934-63 records (Allen and others,

1965) suggests that an earthquake of magnitude 6

or greater should occur about once every 614 years.

Perhaps the reason that some of the scarplets along

the faults look so fresh (fig. 63) is that displace-

ments indeed take place with about this frequency.

Although it does not necessarily follow that active
faults in all parts of California would behave in the
same manner as the Imperial, Superstition Hills,
and San Andreas faults when heavily shaken, it
seems clear, nevertheless, displacements occur more
frequently than previously recognized along the
myriad of active faults that underlie California and
other tectonically similar regions. Although many
types of engineering structures have sufficient flexi-
bility to withstand fault displacements of a centi-
meter or two without significant damage, it should
be remembered that the disastrous failure of the
Baldwin Hills Reservoir in 1963 was caused by a
fault displacement of a comparably small amount
(Hudson and Scott, 1965).

Lest the impression be left that all faults in
earthquake-prone regions should now be suspect of
possible small but frequent displacements, we em-
phasize once again that the three distant faults that
moved because of shaking generated by the Borrego
Mountain earthquake were all “active’” faults in that
they showed abundant evidence of repeated Quarter-
nary displacements. Furthermore, the only segments
on which displacements took place were clearly de-
lineated by surface exposures (at least in unculti-
vated areas), and each of the three faults had
histories that suggested similar movements within
the previous few years. These findings point out the
need for thorough geologic studies prior to engineer-
ing developments in faulted areas but also give some
confidence that even in highly faulted regions danger-
ous areas can reasonably be differentiated from
safe areas.
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CONTINUED SLIP ON THE COYOTE CREEK FAULT AFTER
THE BORREGO MOUNTAIN EARTHQUAKE

By R. O. BURFORD
U.S. GEOLOGICAL SURVEY

ABSTRACT

Two alinement arrays designed for the precise determina-
tion of continued slip or deformation were established across
surface breaks associated with the Borrego Mountain earth-
quake within a few days of the main shock. One array was
established on the north break near the point of maximum
initial offset (about 38 e¢m), another on the central break
about 6 miles southeast of Ocotillo Wells where the initial
offset was about 13 e¢m. Measurements made over a 33-
month period show that a complex pattern of relatively small
displacement (0.6 cm) developed at the north site, compared
with a simple pattern of larger continued slip (18 cm)
at the central site. Apparent logarithmic decrease in 'slip
rate at the central site, a similar decrease in frequency of
aftershock occurrence, and the presence of a thick sedi-
mentary cover (3 km) over basement rocks along the central
trace in Lower Borrego Valley indicate that continued post-
earthquake slip on the central break is largely due to delay
in upward propagation of sudden basement-rock displace-
ment through the sediments. Studies of continued slip on the
San Andreas fault within Cholame Valley after the 1966
Parkfield earthquakes led other investigators to similar
conclusions.

INTRODUCTION

A few days after the Borrego Mountain earth-
quake, two alinement arrays were installed across
the surface fractures. One was placed across the
north break at Borrego Mountain, and the other
across the central break in Lower Borrego Valley
about 6 miles southeast of Ocotillo Wells (fig. 70).
The arrays were designed for long-term periodic
monitcering of continuing slip on fracture surfaces
(termed ‘“‘afterslip” by Nason, 1969, 1971) and of
shallow elastic strain changes in the vicinity of
the surface breaks. Initial observations were com-
pleted at the Borrego Mountain site on April 19 and
at the Lower Borrego Valley site on April 25, 1968.
A third array, installed slightly beyond the south-
east end of the south break near the Fish Creek
Mountains on December 10, 1969, was resurveyed on
January 25, 1971. All three alinement arrays will
be remeasured at approximately yearly intervals.

A typical alinement-array configuration is shown

‘in figure 71. Experience with similar installations in

central California has demonstrated that monuments
installed this way are stable enough under usual
surface conditions, but the stability of individual
monuments has not been tested. A general indication
of monument stability is evident in the final results.
The contribution of possible monument instability
to the total noise in the alinement-survey data is
thought to be negligible compared with the noise
level introduced by random errors in instrument
positioning, pointing, and scale reading.

Angles and alinements were measured with a
Wild T-3 theodolite. Typical standard deviations of
the changes in mean angle values obtained by com-
parison of theodolite pointings on different dates
cluster about +2 seconds, as determined according
to the following formula:

0y = (o:12+0.2) %,
where o; and o, are the standard deviations of the
mean angle values at time 1 and time 2, and ¢, is
the standard deviation of the change in the mean
value of the angle. This error corresponds to an
uncertainty of about =1 mm in the value of lateral

shift at an end station 100 m from the instrument

station. Estimated average positioning errors for
theodolite and targets are +=0.1 mm; this estimated
error adds to the uncertainty in the value of lateral
shift by only an insignificant amount. The average
error in the determination of alinement changes for
stations between the instrument station and the end
stations is estimated to be about =0.2 mm.
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RESULTS OF MEASUREMENTS
BORREGO MOUNTAIN SITE

The initial alinement of the Borrego Mountain
array was determined on April 19, the 11th day
after the main shock. Observations were repeated on
April 24, 1968, and again on February 15, May 5,
and December 11, 1969. Comparison of each set of
repeat measurements with the initial set yielded the
results shown in figure 72.

Abrupt steplike offsets between stations are inter-
preted as being due to fault slip, whereas lesser
offsets comprising a pattern of gradual bending
across the terrain are thought to be due either to
changes in elastic shear or perhaps to permanent
deformation. No attempt has been made to establish
definite displacement limits to distinguish between
the possible cases.

The general displacement pattern developed
during the course of the repeated measurements
shows that slight right-lateral slip continued to
accumulate across the zone of surface fractures
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FIGURE 72. — Plan view of alinement changes at the Borrego
Mountain array. Each profile shows the change between
April 19, 1968, and the date of the repeat survey shown.
Approximate slip values are listed to the right of prom-
inent offsets of the monument line; these offsets are
indicated by slip arrows. Dashed lines indicate un-
certainty about actual distribution of displacement between
points.

generated during the main shock. The slip rate was
higher, and slip was concentrated across a relatively
narrow zone occupied by faint surface fractures
between stations 7 and 9 during the period of the
first three sets of observations.

Deformation after the third set of observations
on February 15, 1969, was much more complex. The
slip rate decreased, and the width of the active slip
zone increased to at least 70 m by the time of the
fourth set of observations on May 5, 1969. Right and
left slips with frequent reversals through time are
evident on a number of possible fractures distributed
across the array (fig. 73). The cumulative effect of
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Mountain array. Approximate slip values are listed to the
right of prominent offsets of the monument line; these
offsets are indicated by slip arrows. Dashed lines indicate
uncertainty about actual distribution of displacement be-
tween points.

this period of readjustment across the laterally ex-
panding slip zone was a smoothing-out of the dis-
placement profile and an apparent slight decrease in
net right-lateral shift across the entire array (figs.
72, 73). The results suggest that overfling oc-
curred during the initial offset and early afterslip;
it was followed by a readjustment that was pre-
sumably produced by partial relaxation of elastic
compression in the southwest block and elastic ex-
pansion in the northeast block imposed by gradual
decay of right-lateral slip along the fault between
the array and the northwest end of the surface
break.

We began monitoring level changes along the
Borrego Mountain alinement array on February 14,
1969. The terrain profile across the fracture zone
that is shown in figure 74 is based on the measured
heights of the monuments (1-3 ¢cm above the ground
surface) relative to station 9. Approximate positions
of the surface fractures that were associated with
the main shock and the additional lines of afterslip
that were detected by alinement changes are in-
dicated. The most obvious surface break associated
with the main shock was only slightly active during
the period of measurements, while a faint surface
fracture noted between stations 7 and 8 on April
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19, 1968, developed into a prominent line of activity
(figs. 72-74).

Results of comparisons of successive sets of level
readings are shown in the lower two profiles of
figure 74. The maximnum elevation changes shown
are barely ‘significant; most of the changes are
within the estimated average error of +0.25 mm.
Pressure ridges or scarps with crests near stations
6 and 15 may have been accentuated by slight up-
ward movement during the period between February
14 and May 5, 1969.

LOWER BORREGO VALLEY SITE

Initial alinement observations were completed at
the Lower Borrego Valley site on April 25, the 17th
day after the main shock. Measurements were re-
peated on February 14, May 4, and December 11,
1969. Results of comparisons of repeated alinement
measurements with the initial measurements are
shown in figure 75. In contrast to the results ob-
tained for the Borrego Mountain array, afterslip
on the central break accumulated at a high rate.
The slip activity was confined to the prominent
surface fractures formed during the main shock.

Surficial material in the northeast block shows
very little distortion, except for a possible slight
left-lateral slip between stations 9 and 10 which
developed late in the course of the measurements.
An increase in displacement near the fractures on
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the southwest side is consistent with elastic rebound
within surface material, a conclusion that is based
on dislocation models developed by Chinnery (1961).
Lack of evidence for elastic rebound in the north-
east block and the resulting asymmetry in the dis-
placement pattern across the fracture zone remain
unexplained; the pattern may be associated with a
shallower depth to crystalline basement rocks on the
southwest side of the fault.

Cumulative right-lateral slip across the Lower
Borrego Valley array is plotted with respect to

time elapsed since the main shock in figure 76. The
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Borrego Valley alinement array plotted with respect to
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initial offset is based on measured slip a day or so
after the main shock (Clark, “Surface Rupture
along the Coyote Creek Fault,” this volume). It is
assumed that offsets measured on the fractures at
that time took place during a brief period of main-
shock slippage, although early afterslip at a rate
of about 2 cm/day probably had already begun
(fig. 77). The shapes of the time-slip curves shown
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in figures 76 and 77 indicate that the rate decreased
logarithmically after the main shock in a manner
similar to that demonstrated for slip on the San
Andreas fault in Cholame Valley after the 1966
Parkfield earthquakes (Wallace and Roth, 1967;
Smith and Wyss, 1968). A data point based on a
fifth set of measurements, completed on January
25, 1971, was added to both figures.
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FIGURE 79. — Plan view of alinement changes at Fish Creek
Mountains array from December 10, 1969, to January
25, 1971. Approximate slip values are listed to the right
of possible offsets of the monument line; these possible
offsets are indicated by slip arrows.

A terrain profile across the fractures at the array
site and elevation changes during the period of
February 14 to December 10, 1969, are shown in
figure 78. A nearly uniform surface slope to the
northeast along the array is interrupted by north-
east-facing scarps at the lines of prominent surface
fractures. Scarp heights compare with those at the
Borrego Mountain site. A third minor scarplet may
lie between stations 3 and 4, but its existence was
unconfirmed by noticeable surface fractures or by
afterslip. A slight broad swell with a crest near
station 10 suggests the development of a pressure
fold.

Significant vertical slip components accompanied
the right-lateral slip recorded during 1969 (fig. 78).
Relative vertical movement was generally down on
the northeast sides of fractures, a continuation of
the prominent Holocene trend developed along most
of the Coyote Creek fault. (See pl. 1.)

FISH CREEK MOUNTAINS SITE

The Fish Creek Mountains array was installed,
and initial measurements were completed on De-
cember 10, 1969, after Malcolm Clark (oral com-
mun., 1969) observed that fresh surface cracks along
the south break. were enlarged by continued slip
after the rainy season of the previous spring. The
array was positioned slightly beyond the southeast
end of the obvious surface fractures, in anticipation
of possible southeastward propagation of afterslip
along the same trend. Results of the first remeasure-
ment, completed on January 25, 1971, suggest right-
lateral slip of about 4 mm during 1970, accompanied
by possible elastic rebound of about 110~ within
a sliver of material bounded by apparent slip sur-
faces. The results, shown in figure 79, remain ques-
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tionable; additional measurements are needed to
confirm or clarify the pattern.

TECTONIC IMPLICATIONS

The marked difference in the level of afterslip
activity at the north and central alinement array
sites is representative of the general difference in
behavior of the two separate breaks. The north
break is apparently characterized by a general lack
of significant afterslip; this fact confirms the re-
sults of early postearthquake measurements by
Allen, Grantz, Brune, Clark, Sharp, Theodore,
Wolfe, and Wyss, (1968) and by Nason (1969) at
a number of sites. In contrast, there is abundant
evidence of significant afterslip at a number of
localities along the central break (Clark, “Surface
Rupture along the Coyote Creek Fault,” this vol-
ume). The difference in afterslip behavior correlates
with differences in thickness of poorly consolidated
sediment within the two areas. The available evi-
dence indicates that a blanket of sediment about
3 km thick covers basement rocks along the central
break within Lower Borrego Valley. Basement rocks
are exposed immediately southwest of the north
break, and the maximum thickness of sediment in
the basin on the northeast side of the north break
is probably about 1 km (Hamilton, 1970).

The slip-date decay on the central break cor-
responds in a general way to the decay in after-
shock activity (Hamilton, this volume). A similar
history was demonstrated for afterslip and after-
shocks of the 1966 Parkfield earthquakes (Eaton,
1967; Wallace and Roth, 1967; Smith and Wiyss,
1968). Thus, afterslip on the central break probably
was due chiefly to delay in propagation of slip from
the granitic basement upward through the layer of
sediments.

CONCLUSIONS

During a 33-month period following the Borrego
Mountain earthquake, the initial slip of about 13 ¢m
on the central break was increased to perhaps
as much as 31 em through afterslip activity. During
this same period, only about 0.5 cm of additional slip
accumulated across the north break adjacent to
Borrego Mountain, where the initial slip amounted
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to about 38 cm.

The pattern of afterslip distribution at the Bor-
rego Mountain site was particularly complex com-
pared to the simple pattern of continued slip across
well-defined lines of surface fractures at the Lower
Borrego Valley site on the central break.

The afterslip rate at the array site on the central
break apparently decreased logarithmically during
the period of repeated measurements; this decrease
corresponded to a similar decrease in frequency of
aftershock occurrence.

The presence of a thick blanket of sedimentary
cover over basement rocks along the central break
in Lower Borrego Valley and an afterslip and after-
shock history similar to that established for the
Parkfield earthquakes of 1966 indicate that after-
slip on the central break probably was due largely
to a delay in propagation of sudden basement-rock
displacement through the sediments.
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HOLOCENE ACTIVITY OF THE COYOTE CREEK FAULT AS RECORDED IN
SEDIMENTS OF LAKE CAHUILLA

By MaLcoLm M. CLARK, ARTHUR GRANTZ, and MEYER RUBIN
U.S. GEOLOGICAL SURVEY

ABSTRACT

Much of the late Holocene history of the southern part of
the Coyote Creek fault, including the part that ruptured
during the magnitude 6.4 Borrego Mountain earthquake of
1968, can be inferred from progressive vertical deformation
of the flat-lying sediments deposited in Holocene Lake Ca-
huilla, which covered parts of the fault until at least 800
years ago.

The recurrence interval for tectonic events like that of 1968
along the Coyote Creek fault was determined by comparing
vertical components of displacement of 1968 with earlier
movement recorded in offset sediments of Lake Cahuilla.
Pre-1968 displacements were measured from two structural
profiles across the central break of 1968 and from a trench
across a branch of this break. The offset strata were dated
by C14, Fault offsets measured in the two profiles suggest
that during the last 860 years, 1968-size events occurred every
160 or 190 years. Total vertical deformation (fault offset
plus adjacent bending) measured across the branching break
suggests that during the last 3,080 years, 1968-size events
occurred every 205 years. Vertical fault offsets alone across
this same branching break suggest that during the last
1,230 years, 1968-size events occurred every 195 years.
Thus, three sets of Clt-controlled structural measurements
suggest a recurrence interval of roughly 200 years for
tectonic events like that of 1968. This recurrence interval is
compatible with those intervals estimated from historic
seismicity of the San Jacinto fault zone and from long-term
slip rates and historic faulting of the San Andreas fault
north of the Transverse Ranges.

Rates of late Holocene strike-slip displacement along the
Coyote Creek fault were derived in two different ways from
measured rates of vertical displacement. Both methods sug-
gest that the strike-slip rate is about 83 mm/yr, a value
compatible with Sharp’s (1967) estimated minimum rate of
2.6 mm/yr for the San Jacinto fault zone during the
Pleistocene.

Structural profiles and trenches also show that total vertical
deformation is a combination of slip at the fault and inelastic
bending of equal or greater amount within a zone 2-50 m
wide or more on either side of the fault. Thus, at least in
poorly consolidated deposits, estimates of seismic moment or
stress-drop at faults during earthquakes may be in error
by a factor of 2 or more if they are based solely on fault
offsets.

The trenches and natural exposures reveal that most late
Holocene faulting occurred repeatedly within zones 1 m or
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less in width along the same traces. Two exposures show
recurrent fault displacement along a single trace during the
last 2,400-3,000 years. In one location at least three and
possibly 17 episodes of faulting have taken place during the
last 3,000 years along a planar zone only a few tens of milli-
meters wide. A few new fractures, however, do appear in the
fault zone. A conspicuous new fracture that branches from
a trace showing repeated late Holocene movement broke
1,650-year-old sediments for the first time in 1968.

INTRODUCTION

Tectonic deformation of Holocene strata amen-
able to C'* dating has yielded valuable information
about timing, position, and rates of Holocene activ-
ity along those parts of the Coyote Creek fault that
ruptured during the Borrego Mountain earthquake
of April 9, 1968 (fig. 80, 81; pl. 1). Most of the
information was obtained from three trenches ex-
cavated across the central break and its branches
(see Clark, “Surface Rupture Along the Coyote
Creek Fault,” this volume) in November 1969.
These trenches showed progressively greater vertical
offset of older strata. The oldest dated layer (about
3,000 yr B.P.) is offset nearly three times as much
as the base of the youngest (860 yr B.P.). Natural
exposures of Holocene strata elsewhere along the
1968 rupture show evidence of pre-1968 faulting in
some places and evidence of lack of pre-1968 move-
ment in others.

Displacement rates and recurrence intervals de-
scribed here are based on local vertical components
of movement along a predominantly strike-slip fault.
This approach was taken for several reasons: (1)
We could not find offset geologic features from which
pre-1968 horizontal displacements could be dated;
(2) vertical displacements are locally large along the
Coyote Creek fault (Clark, ‘“Surface Rupture Along
the Coyote Creek Fault,” this volume), and the
vertical component of displacement in 1968, although
variable, was everywhere in the same sense as in
the recent past; (3) shelly sediments deposited in



THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

Holocene Lake Cahuilla provide a means of dating
small, very recent progressive vertical offsets along
the central and south breaks of the Coyote Creek
fault.

The use of vertical offset as a proportional mea-
sure of horizontal or net displacement rates and as a
basis for determining recurrence intervals for slip
on the Coyote Creek fault rests on the assumption
that the pattern of slip in 1968 was typical of prior
late Holocene events. This assumption can, at
present, only be evaluated by the internal consistency
of our data and by their agreement with other kinds
of information on displacement rates on the Coyote
Creek and related faults. Although we feel that this
assumption is probably valid for the Coyote Creek
fault, we recognize that it cannot be rigorously test-
ed until other sorts of data become available. (For
example, the results of long-term geodetic monitor-
ing of vertical and horizontal movement across the
fault.) We also tacitly assume that all displacements
at the fault result from sudden slip accompanied by
earthquakes and by associated preearthquake and
postearthquake tectonic creep similar to that as-
sociated with the earthquake of April 1968. Regard-
less of the validity of these assumptions, our data
provide useful information on the history of vertical
deformation along the Coyote Creek fault.

The shelly strata in which recent vertical dis-
placements along the 1968 breaks could be measured
were deposited in Holocene Lake Cahuilla. This
fresh-water lake occupied the Salton Basin and
covered part of Lower Borrego Valley from at least
1,900 years ago until perhaps as recently as 220100
years ago, according to C'* dates of charcoal, pelec-
ypods, and calcareous tufa associated with shore-
lines at high stands of the lake (reported in Hubbs
and others, 1960, 1963, and 1965 and Hubbs and
Bien, 1967). Prominent well-preserved beaches and
waterlines of high stands lie 12.8-13.7 m above sea
level (fig. 81; pl. 3; Stanley, 1963). This highest
shoreline roughly follows the 40-foot contour on
plate 1. Shorelines of an older lake, considered to
be late Pleistocene by Stanley (1963, 1966), have
been detected south of the area of the 1968 rupture
at about 49 m above sea level. We have not identified
the deposits and shorelines of this older lake in the
area of the 1968 rupture, nor recognized its deposits
in the trenches.

The highest shoreline of Holocene Lake Cahuilla
1s not obviously displaced where it crosses the 1968
rupture near location 19 on plate 1. However, the
uncertainty of the horizontal position of the shore-
line at this place is on the order of 10-15 m, so any
horizontal displacement .of the shoreline less than
about 15 m would be difficult to recognize.
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The youngest deposit of Lake Cahuilla (860 yr
B.P.) in Lower Borrego Valley, called layer A in
this report, is an important datum for measuring
and estimating the latest Holocene activity of the
Coyote Creek fault. This deposit is a prominent
whitish shelly layer as much as 0.5 m thick that is
conspicuous both in the field and on aerial photo-
graphs (fig. 80). In spite of its youthfulness, much
of it has been reworked or entirely removed by
erosion or buried by waterborne and windborne
mud, silt, and sand. Where layer A is exposed,
pelecypod and gastropod shells are abundant on the
surface. Erosion of layer A from the top of the
locally upwarped sediments on the northeast side of
the central break of 1968 at location 22.5 on plate 1
indicates uplift of this small area between the time
that Lake Cahuilla withdrew, less than 860 years
ago, and 1968. Similarly, prominent scarps cutting
layer A at the central break of 1968 clearly reveal
vertical displacement along the fault between 860
years ago and 1968.

The displacement rates and recurrence intervals
derived in this report are based on C'* ages with
analytical uncertainties that range from =200 to
+600 years, or from =10 percent to +=23 percent
of the nominal ages. These uncertainties are a mea-
sure of analytical precision. They cannot tell us how
closé the stated ages are to actual ages, nor do they
necessarily encompass the actual ages. For these
reasons, only the nominal C'¢ ages, without un-
certainty ranges, were used in the calculations
described here.
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HISTORY OF FAULT DISPLACEMENTS AND
RECURRENCE INTERVALS
CENTRAL BREAK
Displacements of the Coyote Creek fault during
the last 860 years are recorded by offset and warping
of layer A at the central break of the 1968 earth-
quake. (See fig. 82.) For a distance of about 4 km
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FiGure 80.— Vertical aerial photographs of central and
branching breaks of the 1968 earthquake at Old Kane
Spring Road showing a shallow graben between the breaks
and the location of trenches 1, 2, and 4 and profiles 1 and 2.
(These photographs were taken in April 1969, about 1
year after the earthquake. Fig. 37 shows the same area a
few weeks after the earthquake and gives a general

description of this scene. Numbers along the bottom of the
photographs refer to the coordinate system of pl. 1.) Heavy
rains of July 1968 and January 1969 enlarged tectonic
fractures of the branching break to gaping fissures (dark
lines). The sediments in trench 1 record repeated late
Holocene offsets along the branching break, whereas the
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1968 fracture crossed by trench 4 broke the upper 3 m of
sediments for the first time. Dendritic light-toned strips
northeast of the branching break in the bottom part of the
right-hand photograph are topographically high remnants
of the youngest deposit (layer A) of Lake Cahuilla. This
whitish shelly layer stands as much as 0.5 m above the

100 METERS

adjacent surface, which has been lowered by wind erosion.
These strips may represent topography inverted from
channels beneath which the whitish lake beds became
slightly indurated. Aerial photographs by Light Photo-
graphic Squadron 63, U.S. Naval Air Station, Miramar,
Calif.
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FIGURE 81.— Index map showing the three principal breaks
of the 1968 rupture of the Coyote Creek fault. Dashed
line shows the highest shoreline of Holocene Lake Cahuilla
(modified from Strand, 1962; Rogers, 1965; and Jennings,
1967).
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FIGURE 82.— Structural profiles across the prominent scarp
along the central break of 1968. The profiles are 930 m
apart and show the base of the youngest bed of Holocene
Lake Cahuilla (layer A); locations are shown in figure 80.
Of the total height of the scarp, 450 mm at both profiles
is estimated to be due to fault slip at the face of the scarp
during the last 860 years. (Measured with the help of J. E.
Kahle, California Div. Mines and Geology.) )

southeast from its intersection with the Lake Ca-
huilla shoreline (locs. 19-23, pl. 1), the central
break of 1968 follows a low pre-1968 scarp at which
layer A was broken and deformed during both the
1968 and earlier tectonic events. The scarp itself
was probably very low or nonexistent when layer
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A was deposited. If it had been as high then as it is
now, wave and current action and perhaps slumping
would probably have caused local changes in thick-
ness or texture of clay and silt strata deposited on it,
but no obvious evidence of such changes has been
found in layer A.

Two structural profiles across this scarp (fig. 82),
drawn on the base of layer A, show that both fault
slip and tectonic bending (drag) within about 50 m
of the fault contributed to the vertical displacement
of the layer at the break. If layer A was indeed
planar when deposited, one of these profiles indi-
cates 900 mm, and the other 1400 mm, of total
vertical deformation across the scarp since the layer
was deposited some 860 years ago. For both profiles,
about 450 mm of this vertical movement is due to
slip at the fault itself. (See fig. 82.) The ratios of
vertical drag to vertical fault slip in layer A at the
central break in profiles 1 and 2 are 2:1 and 1:1,
respectively. The difference between them evidently
represents variation in the vertical component of
past slip along the Coyote Creek fault analogous to
that found along the surface breaks of 1968. (See
pl. 1.) The average rate of vertical fault slip at these
profiles during the last 860 years is 0.5 mm/yr. For
this period the rate of total vertical deformation, slip
plus drag, at profile 1 is 1 mm/yr and at profile
2, 1.6 mm/yr.

The number of 1968-size events required to form
the present scarp since layer A was deposited some
860 years ago, and the recurrence interval for such
events during the last several hundred years, can be
approximated from the estimated vertical fault slip
measured at the base of layer A at profiles 1 and 2
(450 mm) and the vertical component of slip pro-
duced at the fault scarp during the 1968 earth-
quake. The vertical component of slip on the central
break resulting from the 1968 event, as measured
in 12 places near profiles 1 and 2 (that is, between
locations 19.5 and 22.1 in pl. 1), ranges from 0 to
100 mm. (See pl. 1.) Most readings, however, are
between 30 and 100 mm, and the readings of 0 mm
are on fractures with displacements that elsewhere
are as much as 80 and 100 mm. The variations in
slip are due mainly to the en echelon arrangement of
the individual fractures that constitute much of the
fault break in this area. The mean of the average
values of slip at each of the 12 field stations near
profiles 1 and 2 is about 60 mm, the mean of the
maximum values of slip is about 70 mm, and the
largest individual offsets measured were 100 mm.
Because of the en echelon character of the fractures
and because small vertical offsets are difficult to
recognize and measure, the mean of the maximum
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values (70 mm) and in particular the maximum
observed values (100 mm) are thought to be more
representative of the total vertical component of
slip than the mean of average values (60 mm). By
using 450 mm as the vertical fault slip of layer A
in the last 860 years and 100 mm as the vertical
fault slip produced by the 1968 event, the number
of 1968-size events required to produce the scarp
at the central break of 1968 is calculated to be
4.5 (450 mm/100 mm). If 70 mm is used as the
1968 fault slip, the number of required events would
be 6.4 (450 mm/70 mm). From these figures the
recurrence interval for 1968-size events during the
last 860 years near profiles 1 and 2 would be either
190 years (860 yr/4.5) or 130 years (860 yr/6.4).
(See table 15.)

We have no objective way to evaluate which of
the preceding is the better value, but because of the
difficulty of measuring total slip on en echelon frac-
tures, we tentatively favor the 190-year interval or
the average of the 190- and 130-year intervals, which
is 160 years. A similar calculation for the total
vertical tectonic deformation (slip plus drag) across
the central break cannot be made because the total
vertical deformation that occurred at profiles 1
and 2 in 1968 cannot be distinguished from the total
deformation of layer A in the absence of precise
pre-1968 level lines across the central break.

BRANCHING BREAK

Data on fault displacements older than layer A
(860 yr B.P.) were obtained at the branching fault
break near profile 1 (locs. 20.02-20.67, fig. 80). The
terrane between this and the central break has been
relatively downdropped, and layer A has been pre-
served in the shallow graben between the breaks.
It has also been preserved west of the graben, and
its change in level at the central break is reflected
topographically in a 0.5-1.5-m-high east-facing
scarp. It has been stripped, however, from most of
the relatively upthrown terrane east of the graben.
The change in level at the branching break is now
represented topographically by isolated mounds east
of the graben with caps of layer A that survive as
erosional remnants as much as 0.5 m higher than
the general surface. Some of these mounds lie with-
in 1 m of the branching break.

Late Holocene recurrence intervals for seismo-

- tectonic events on the branching break are probably

applicable to the central break because these breaks
share the downward displacement of the graben
between them and because the branching break of
1968 is relatively short (700 m) and rejoined the
central break at both ends. The graben appears to
move regularly downward along both bounding

476-246 O - 72 - 9

faults during each seismotectonic event. The evi-
dence for this coordinated movement is that the
ratio of total vertical deformation of the base of
layer A to measured or reconstructed total vertical
deformation in 1968 across each bounding fault is
essentially the same. (See table 13.) This means that
the total vertical deformation along both faults in
1968 was typical of vertical deformation since dep-
osition of layer A.

TABLE 13. — Vertical deformation along faults bounding the

graben between the central break and branching break
shown in figure 80

Central break  Branching break

at profile 1 at trench 1
(fig. 82) (fig. 88)
Ratio of vertical drag to .
vertical fault slip (“offset
ratio”) e 2:1 1:1
Measured vertical fault slip
in 1968 (see text).................. 70-100 mm 50 mm

Measured total vertical defor-

mation in 1968 (see text)...... ... 100 mm
Total vertical deformation in

1968 estimated from offset

ratio and fault slip in 1968..... 210-300 mm 100 mm
Total vertical deformation since

deposition of layer A........ 1,400 mm 560 mm
Ratio of total vertical de-

formation, postlayer A:1968.. 4.7-6.7:1 5.6:1

At the branching break, vertical slip associated
with the 1968 earthquake was about 50 mm, and
the land surface east of the break appeared to be
roughly 50-150 mm higher than the surface of the
depressed block west of it. Precise determination of
the difference in elevation is difficult because the
smoothest parts of the surface in the vicinity of the
break contain at least 100 mm of relief. The pattern
of surface fractures also suggested that the hori-
zontal was comparable to the vertical displacement
in 1968, but this movement could not be accurately
measured. Because pre-1968 microdrainage patterns
showed no obvious signs of the difference in eleva-
tion of the land surface across the branching break,
it appears that the 1968 event caused the 50-
150 mm of vertical displacement found across the
break after the earthquake. Here, as near profiles 1
and 2, the uncertainty in the total 1968 displacement
results from our inability to determine the configura-
tion of the pre-1968 surface.

Trench 1 (fig. 80), excavated across the branch-
ing break in November 1969, revealed a clear record
of pre-1968 vertical deformation. It exposed the
base of layer A, which was found to have been offset
vertically a total of 560 mm. Part of the offset was
due to fault slip at the break (including about 50 mm
of offset from 1968), and part was due to bend-
ing of the strata within a zone 2 m wide on either
side of the break. (See fig. 83.) Deeper strata ex-
posed in the trench are offset and flexed progressive-
ly greater amounts.
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FIGURE 838. — South wall of trench 1 showing progressively
greater offset of older strata and bending of strata
(drag) across the branching break of the 1968 event. All
deposits appear to be lacustrine, although some are pos-
sibly fluvial or eolian. Some. deposits east of the break

have been removed by erosion. Surface water that entered

where inferred

CIW-2448 (12302 250)
Radiometrically dated sample
(see table 14)

/Vurhbers in parentheses indicate
C’? age in years before present

this fracture in July 1968 eroded the tunnel and caused
surface collapse along the break within 30 m of the
trench. Sample W-2456 was collected from the surface
of the youngest lake deposit 1 km southeast of this.
trench. (From sketches by M. M. Clark and R. V. Sharp.)
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The vertical offset of these beds at the break is
not the result of large horizontal offset of slightly
inclined beds but is due to a vertical component of
displacement. The same strata are exposed in the
upper parts of trenches 1 and 4 and are within
2 m of the same elevation. Because these trenches
are more than 300 m apart (fig. 80), the tangent of
the dip of these strata is less than 0.01. With this
dip, if slip were entirely horizontal, the ratio of
true horizontal slip to apparent vertical displace-
ment of the youngest bed in trenches 1 and 4 would
exceed 100:1. Judging from the length and opening

of individual fractures, however, horizontal dis--

placement at trench 1 in 1968 could not have been
more than about two or three times as large as the
vertical offset and probably was approximately
equal to it.

Table 14 gives C'* ages of shells from trench 1
and other places along the 1968 break. (See figs.
83, 88, 89.) Pelecypod shells collected from the
surface of layer A, which is vertically offset 560
mm at trench 1, yield an age of 860+=200 years
B.P. (W-2456). Gastropods in a deeper layer
(W-2448) exposed in trench 1 and offset 350 mm
at the break (740 mm total) yield an age of 1,230+
250 years B.P. This layer in turn is underlain by a
lithologic contact that has been offset about 1.7 m
total and lies some 200 mm above gastropod shells
yielding an age of 3,080=600 years B.P. (W-2468).

TABLE 14. — C' ages of mollusk shells in Holocene sediments
near the 1968 break

Figure showing CM age?

USGS Lab. No. Description?

. location. (yr, B.P.)
W-2448........ Gastropod shells......c................ 83 1,230+=250
W-2454........ Mostly gastropod shells.......... 89 1,650+250
W-24565........ Mixed gastropod and :
pelecypod shells..................... 89 1,370+250
W-2456........ Unbroken pelecypod valves.. 83 860200

W-2468........ Shell fragments 83 3,080=+600
W-2469........ Shell fragments 88 2,450+250

Identifications by W. O. Addicott, U.S. Geological Survey :
Pelecypods :
Anodonta sp.
Gastropods :
Goniobasis spp.
Hydrobia sp.
Physa sp.
1Tryonia sp.
JA1l dates are based on the Libby half-life value of 5,670%80 years. Dating
performed by U.S. Geological Survey Radiocarbon Laboratory.

These shells supply limiting ages for the strata
they occupy. The gastropods tend to occur in local
concentrations within the sediments, indicating re-
working after death; hence they possibly were
eroded from older strata and therefore supply maxi-
mum ages for the enclosing strata. Some of . the
pelecypod shells collected from the surface of the
thin shell-rich layer A may also have been eroded
from older strata; however, very few could have
been added to layer A because the fragile valves,
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many of which were still articulated, could not have
survived much transport. Nevertheless, the age
given for layer A must be considered an average for
the entire stratum, inasmuch as we do not know
from which part of the layer the shells came.

The relation of the 860-year-B.P. date for the
pelecypod shells in layer A to the history of the latest
stages of Lake Cahuilla is somewhat uncertain. In
the area of the 1968 rupture the youngest bed ex-
tends to the highest shoreline of Holocene Liake Ca-
huilla. Therefore its age should be within the range
of ages for this shoreline reported by Hubbs and
Bien (1967) and Hubbs, Bien, and Suess (1960,
1963, 1965). The C** ages range from 1,800==200
and 1,890=500 down to 220100 years B.P. Some
of these ages cited for the highest shoreline, which
lies at 13.7 m above sea level, overlap the date of
the first reported visit by Europeans to the Salton
Trough in 1774 (Bolton, 1930). These visitors
crossed within the area of the lake defined by the
highest shorelines to a point 45 m below: sea level
but did not report the presence of a lake at all.
Therefore, the lake had either dried up or retreated
to near the low point of the trough at 84.7 m below
sea level by that date. In addition, an Indian esti-
mate, cited somewhat dubiously by Mendenhall
(1909, p. 19-20), placed the retreat of the lake some
400-500 years prior to 1900. In view of (1) the
conflict between the youngest possible C* ages for
the highest shoreline and the admittedly meager
historical data before 1774, (2) the continuity of
860-year-old layer A with the highest shoreline, and
(3) the probability that the 860-year date for layer
A represents an average age for a layer that took
at least several tens of years to accumulate, we
believe that the youngest dates for the highest
Lake Cahuilla shorelines do not invalidate the
860+200-B.P. date obtained for layer A by direct
measurement of its pelecypods. This age is near but
younger than the median of 18 ages for Holocene
Lake Cahuilla shorelines and related deposits in
and near the Salton Trough cited by Hubbs, Bien,
and Suess (1965, p. 89).

A potentially more serious problem is the possi-
bility that the dated fresh-water mollusk shells were
not in isotopic equilibrium with atmospheric carbon.
Hubbs, Bien, and Suess (1965, p. 69) cross-checked
dates based on the fresh-water mussel Anodonta
from Holocene Lake Cahuilla and elsewhere with
dates on charcoal and calcareous tufa and stated
that “Empirical data lead us to place con-
siderable reliance, at least as approximations, on
dates based on Anodonta when solid, lustrous shell
is. used and when any powdery, chalky coating is



120

removed by initial treatment with weak acid.” The
shells dated in the present study (including Ano-
donta) were treated with acid to remove outer layers
and any chalky material present, and the C'* dates
from three stratigraphic positions indicate the same
rate of structural deformation along the Coyote
Creek fault for the last 3,000 years or so (see suc-
ceeding text) ; however, the possibility that some
disequilibrium existed between the shells when liv-
ing and the atmosphere cannot be entirely dis-
counted. ,

Figure 84 shows the C* dates plotted against the
total vertical deformation of the dated beds in
trench 1 and against the vertical offset produced in
the 1,230-year-B.P. layer at the fault alone. The
slopes of the resulting curves represent the rate of
total vertical deformation (curve A) and the rate
of vertical offset due to fault slip alone (curve B)
across the branching break. The rate of total
vertical deformation is 0.52 mm/yr, whereas the
rate of vertical fault slip alone is 0.24 mm/yr. The
first rate is based on four points (3,080, 1,230, and
860 yr B.P. and 1968 A.D.), and the second on only
two points (1,230 B.P. and 1968 A.D.). The aline-
ment of the four data points on curve A and the
continuity of the curve on passing from the segment
controlled by C'¢ dates to the point controlled by
the event of known date (1968) and approximately
known vertical deformation suggest that the data

are indeed valid. The fact that curve A is straight

indicates that the gross deformation rate here has
been essentially constant for the last 3,000 years and
that the timing and displacement of the 1968 event
are compatible with the past deformation rate.

In view of the analytical uncertainty in the C¢
dates and the range in the structural data against
which they are plotted in figure 84, curve A might
not be straight; however, the alinement of the
median values of the data points is striking, partic-
ularly when compared with the plots of median
points of C1¢ dates versus thicknesses of sedimentary
deposits in the graben bounded by the branching
break in trenches 1 and 4. (See fig. 85.) Not only
is the deposition rate for each trench in figure 85
.apparently variable, but the two curves are also

dissimilar, even though the trenches are only about

330 m apart.

It should be noted that sample W-2468 was taken
almost 200 mm below the deepest contact in trench
1 that could be traced across the fault with cer-
tainty. In view of the unconformities east of the
fault revealed by trench 1, sample W-2468 may be
significantly older than the contact above it, which
has been tectonically offset 1.7 m. If it is, the slope
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FIGURE 84. — Graphs showing relation of vertical offset to
C14 age along a branching break of the 1968 earthquake,
determined from late Holocene sediments exposed in trench
1. Data from figure 83 and table 14. Deformation associ-
ated with the 1968 earthquake is shown along the vertical
axis. Curve A represents the total vertical component of
deformation (warping or drag plus slip at the branching
break) through mean data values. Curve B represents the
vertical component of fault slip only through mean data
values. Curves A’, A”, B’ and B” represent alternate de-
formation rates based on extreme values for the total
and fault-slip-only vertical component of uplift in 1968.
Note that the intercepts of these curves with the horizon-
tal axis represent recurrence intervals (R.I.) for vertical
deformations on the branching break of the size that oc-
curred in 1968. Curves A, A’, and A” were derived from a
least-squares fit of a line through the three Cl4-controlled
data points and vertical deformation, respectively, of
100 mm, 150 mm, and 50 mm at age=0. Curves B, B’ and
B” drawn, respectively, through vertical deformation of
50 mm, 65 mm, and 35 mm at age=0.

of the oldest segment of deformation rate curve
A in figure 84 should be greater.

The curves in figure 84 are very sensitive to the
values of total vertical deformation and vertical
fault slip at the branching break in 1968. Measured
fault slip ranged from 0 to 50 mm, but the maximum
values (about 50 mm) are thought to most accurate-
ly represent. the true 1968 vertical slip at the fault
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FIGURE 85. — Deposition rates of sediments southwest of the
branching break of 1968 in trenches 1 and 4. Data from
figures 83 and 89 and table 14.

because (1) the break consisted of en echelon frac-
tures along which offsets ranged from 0 to the
maximum values observed, (2) measured offsets
tend to be minimums owing to the difficulty of ac-
curately measuring and summing all multiple small
offsets on partly parallel fractures in a natural land
surface, and (3) the branching break was not found
until 11 months after the earthquake, when the
offsets had been partly obliterated by wind and rain.
The precision of this measurement is estimated to
be about 15 mm, and accordingly the value of the
1968 vertical slip at the branching break used in
figure 84 ranges from about 35 to 65 mm, with an
average value of 50 mm. Because the ratio of total
vertical deformation to vertical slip for beds in
trench 1 is about 2:1, 100 mm is used for total
vertical deformation — twice the most probable
value for fault slip alone and the average of the
estimated values of total vertical deformation.
Recurrence intervals for 1968-size events on the
branching break are represented by the negative
intercepts of curves A and B with the axis of
abscissas in figure 84. By using mean values for the
1968 offsets, the recurrence interval based upon
both the total vertical deformation (curve A) and
the total vertical offset due to fault slip only (curve
B) is determined to be about 205 years. If the
contact 200 mm above sample W-2468 is significant-
ly younger than 3,080 years, then curve A (taken
to be straight) would be steeper, and the recurrence
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interval derived from it would be shorter than 205
years. If the uncertainties in the amount of 1968
offset are considered, the recurrence interval for
total vertical deformation at the branching break
would be (without rounding off numbers) 20461
years, and for vertical fault slip alone 20972
years. The fairly close agreement between these
numbers and the most likely recurrence intervals
(190 yr or perhaps 160 yr) derived from the
structural profiles across the central break lead us
to conclude that the recurrence interval for 1968-
size events on the Coyote Creek fault is about 200
years, with an uncertainty of perhaps 60 or 70
years.

COMPARISON OF RECURRENCE INTERVALS WITH
OTHER DATA
The validity of a 200-year recurrence interval for
1968-size events on the Coyote Creek fault (table
15) can be evaluated by comparison with other kinds
of displacement-rate data. At present, however, only

TABLE 15. — Recurrence intervals for 1968-size events along
the Coyote Creek fault based on the vertical component of
late Holocene displacements along the central and branching
breaks of 1968

Length of Recurrence

Fault segment (rgx::n;drs) in::;;\)'al x]))o%t:;
Central break of 1968:
1968 vertical fault 860200......... 130 Profiles
slip taken to be 1and 2
70 mm.
1968 vertical fault ... do.............. 190 Do
slip taken to be
100 mm.
AVErage......coooeeeeeceeeeeeeeeeeeeeeen 160 o
Branching break of 1968:
Total 1968 vertical 3,080+600...... 205 Trench 1.
deformation taken
to range from 50
to 150 mm.
Total 1968 vertical 1,230+250...... 205 Do

fault slip taken
to range from 35
to 656 mm.

two sets of data seem useful for this purpose, and
both are marginally so. One set compares the Coyote
Creek and its parent San Jacinto fault with the
San Andreas fault with respect to the ratio of re-
currence interval to displacement rates. The other
comparison in effect checks the 200-year recurrence
interval for the Coyote Creek fault against one
derived from the length of the 1968 rupture and the
T0-year history of major earthquakes along the San
Jacinto fault.

The 200-year recurrence interval derived for 1968-
size events at a point on the Coyote Creek fault is
about seven times longer than the 28-year interval
estimated by Wallace (1970, figs. 4, 8) for events of
similar magnitude (6.4) at a given point along the
San Andreas fault. Wallace’s estimate is based on
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an empirical relation between horizontal offset and
Richter magnitude and an assumed long-term hori-
zontal strain accumulation rate of 20 mm/yr along
the San Andreas fault, whereas the recurrence
intervals summarized in table 15 are based on a Ct-
dependent chronology of late Holocene geologic
events at three adjacent points along the Coyote
Creek fault.

If the Coyote Creek fault responds to the stresses
generated by the northwestward drift of coastal
California more or less as does the main San
Andreas fault north of the Transverse Ranges, then
the recurrence interval for slip events and associat-
ed earthquakes of the same magnitude along the two
faults should be proportional to their deformation
(slip) rates. For the main San Andreas fault north
of the Transverse Ranges, 20 mm/yr (Wallace,
1970, p. 2877) seems a reasonable average rate for
long-term slip, although modern rates as high as
85 mm/yr are suggested in the southern Salton
Trough by geodetic data (Scholz and Fitch, 1969,
p. 6664) and 60 mm/yr is suggested for the Gulf
of California region by sea-floor magnetic anomalies
(Larson and others, 1968). For the Coyote Creek
fault, data on long-term displacement are limited
to a record of 5.14 km of right-lateral offset of
the early Irvingtonian (early Pleistocene) Bautista
Beds of Frick (1921, p. 283-288) along the middle
of the parent San Jacinto fault zone (Sharp, 1967,
p. 714, 727). This amounts to a rate of >2.5 mm/yr,
because these beds are probably no more than 2
m.y. old. The long-term slip rate for the San Andreas
fault is about eight times as great, which is in gen-
eral agreement with the 7:1 ratio between the
recurrence intervals of magnitude 6.4 earthquakes
along the two faults. Adjustments in these ratios to
accommodate possibly larger post-Irvingtonian dis-
placement on the San Jacinto and higher displace-
ment rates on the San Andreas would tend to
" increase both ratios. Comparison of ratios involving
the main San Jacinto fault zone on one hand (long-
term slip) and the Coyote Creek fault on the other
(late Holocene recurrence intervals) may be justi-
fied because the Coyote Creek fault bears clear
evidence of late Holocene activity, whereas definite
evidence of such activity has not been discovered
on other strands of the San Jacinto fault zone east
of Borrego Badlands. The fact that the long-term
slip rate and the recurrence interval for magnitude
6.4 events on the San Andreas fault are, respective-
ly, several times larger and smaller than on the
San Jacinto—Coyote Creek fault lends some support
to our estimated recurrence intervals for the Coyote
Creek fault. The large ratios also follow from the
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fact that the slip rates and recurrence intervals for
the San Andreas north of the Transverse Ranges
probably reflect most of the relative motion between
the Pacific and North American plates, whereas the
Coyote Creek fault probably shares this motion with
at least three other active fault systems south of
the Transverse Ranges (the Banning-Mission Creek
segment of the San Andreas, the Elsinore-Agua
Caliente, and the Newport-Inglewood fault zones).
Our 200-year recurrence interval for the 1968
break is also compatible with recurrence intervals
estimated from historic seismicity of the entire San
Jacinto fault zone. Seven earthquakes of magnitude
6.0 or greater have occurred in the zone since 1899,
at an average interval of 11.4 years. (See fig. 86;
table 16.) Assuming (1) a length of 215 km for the
San Jacinto fault zone, (2) a constant crustal strain
rate along the entire zone, and (3) that ground
ruptures are associated only with earthquakes of
magnitude 6.0 or greater and release all the strain
accumulated along the ruptured length of the zone,
a simple relation, derived from the concepts of
Wallace (1970), exists:
_RXL
R.’D_ L ’

x

(1)

[} 10 20 30 40 50 KM

FIGURE 86. — Historic earthquakes of magnitude. 6 and
greater along the San Jacinto fault zone (after Allen
and others, 1965, fig. 5, table 1). The epicenter and
magnitude of the 1899 earthquake are unknown, but
descriptions by Danes (1907), Townley (1918), and
Rolfe and Strong (1918) indicate that its epicenter was
near that of the 1918 earthquake and that its magnitude
was comparable to or greater than that of the 1918
earthquake. Fault traces after Sharp (1972).
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TABLE 16. — Earthquakes of magnitude 6.0 and greater along
the San Jacinto fault zome since 1899

[After data in Allen, St. Amand, Richter, and Nordquist (1965, table 1, fig.5) ]

. Interval .
Date Lat (N.) Long (W.) Magnitude p:el:r‘;::us
event (yr)
Dec. 25, 1899...... e 2>6.0 ...
Apr. 21, 1918........ 333%° 117° 6.8 18.3
July 23, 1923........ 34° 117%° 634 5.3
Mar. 25, 1937..... 33°28' 116°35’ 6.0 13.7
Oct. 21, 1942........ 32°68* 116°00’ 6.5 5.6
Mar. 19, 1954 .... 33°17 116°11’ 6.2 114
Apr. 9, 1968........ 33°12' 116°08’ 6.4 14.0
iNear San Jacinto.
SEstimated.
where

R,=recurrence interval at a point in the zone
for earthquakes that produce ruptures,
R,=recurrence interval for all earthquakes
along the zone that produce ruptures,
L,=total length of the fault zone, and
L,=length of rupture for a given earthquake.
Equation 1 simply states that the number of events,
L./L,, required to break the entire length of the zone
multiplied by the average time interval between
these events, R;, equals the interval between succes-
sive events at the same point in the zone, R,.

For a point in the San Jacinto fault zone (R,=11.4

years, L,=215 km),

=200 @)
Because L, is not known for the six earthquakes that
happened before 1968, equation 2 is plotted as
curve A in figure 87 to show better the range of
possible values of L, and R,.

The recurrence. interval of 200 years reported
here and the length of the 1968 rupture of 31 km
(pl. 1) are within a factor of about three of values
derived from the historic record in equation 2 (fig.
87, curve A). A reasonable value for average length
of ground rupture, L,, on curve A of figure 87,
namely 12 km, corresponds to our recurrence inter-
val, R., of 200 years, and this value also falls within
the range (roughly 5-70 km for magnitude 6-7
earthquakes) given by Wallace’s (1970, fig. 2) least-
squares curve for data showing the relation between
rupture length and magnitude of earthquakes in
western North America. The 1968 rupture is con-
siderably longer and gives a value for E, of about 80

INo systematic, detailed investigations of the San Jacinto fault zone were
reported after the earlier carthquakes. Although Danes (1907) described a
8-km surface rupture resulting from the 1899 earthquake, Sharp (1972) indi-
cated that the known surficial effects probably are entirely of landslide origin.
After the 1918 earthquake, Townley (1818) and Rolfe and Strong (1918)
found no evidence for surface ruptures at the places they checked. Laughlin,
Arnold, and Kew (1923) cvidently did not inspect traces of the San Jacinto
fault after the 1928 earthquake, and we are not aware of any fleld investiga-
tions of the cffects of the earthquakes of 1937, 1942, or 1954.
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FIGURE 87. — Recurrence intervals, R, at a point in the San
Jacinto fault zone for different values of rupture length,
L.. Curve A, all historic earthquakes of magnitude 6 and
greater; curve B, earthquakes of 1899, 1918, 1942, and
1968 only (magnitude 6.4 and greater). Based on equation
1 and data in table 16, with a total length of fault zone,
L:, of 215 km. For curve A, average interval between
earthquakes, R. is 11.4 years. For curve B, R: is 22.8
years.

" 1000

instead of 200 years on curve A of figure 87.
Considering the broad nature of the assumptions
underlying equation 1, these values represent fair
agreement between the two independent estimates
of recurrence intervals.

Two additional assumptions about the historic
earthquakes bring much closer agreement between
the recurrence intervals estimated by the two dif-
ferent methods. Of the historic earthquakes in table
16, the ones most likely to have been associated with
significant ground ruptures are those larger than
the 1968 earthquake. Assuming that the earthquake
of 1899 was about equal to that of 1918 (magnitude
6.8, fig. 86) and that the earthquakes of 1923, 1937,
and 1954 (magnitude less than 6.4) were not as-
sociated with significant faulting, the remaining
four earthquakes (magnitude 6.4 or greater) have
an average interval,"R;, of 22.8 years. (Notice that
the intervals between these four earthquakes, 18.3,
24.6, and 25.4 years, differ less than the intervals
between all seven earthquakes given in table 16.)
By using the value of R, (22.8 yr) for these four
largest earthquakes, equation 1 then becomes

R 4900

= @)
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which is plotted as curve B in figure 87. With curve
B, our recurrence interval of 200 years corresponds
to a rupture length of 25 km; conversely, the 1968
rupture length, 31 km, corresponds to a recurrence
interval of about 160 years. These values represent
very close agreement between the two estimates of
recurrence intervals, particularly if the ends of the
1968 rupture, which had very small displacements
(pl. 1), overlap by several kilometers into adjoining
segments of the fault broken by other earthquakes.
Such overlap would shorten the effective length of
the rupture used in this analysis. In view of the
uncertainties, however, both in the recurrence inter-
vals estimated from field data and in the assump-
tions underlying equation 1, a conclusion that sig-
nificant faulting and regularity of occurrence attend
only those earthquakes of roughly magnitude 6.4
and greater along the San Jacinto fault is highly
speculative. The record of historic seismicity, how-
ever, definitely does not conflict with a recurrence
interval of 200 years; indeed, historic seismicity ap-
pears to support it.

RATE OF LATE HOLOCENE STRIKE-SLIP DISPLACEMENT

The rate of late Holocene right-lateral strike-slip
along the Coyote Creek fault can be estimated from
our measurements in two ways: by applying the 200-
year recurrence interval for 1968-size events to the
right-lateral strike-slip displacements observed in
1968 or by multiplying the vertical deformation
rates by the ratio of the horizontal to the vertical
components of slip measured along the relevant
part of the central break after the 1968 event. Both
estimates rest on a number of assumptions and other
estimates, and as with the recurrence intervals, they
can be tested only by comparison with other kinds
of displacement-rate data. The assumptions are that
(1) late Holocene vertical displacement rates across
the fault at the structural profiles and trench 1 are
proportional to horizontal displacement, rates on the
central break; (2) the late Holocene recurrence in-
tervals we derive from the rate of vertical deforma-
tion at three points on the central and branching
breaks can be extrapolated to the entire Coyote
Creek fault; and (3) the total fault slip in 1968,
both sudden offset at the time of the earthquake and
subsequent creep, is represented in the fault off-
sets recorded on plate 1. The chief estimates are of
(1) the horizontal and vertical components of slip
in 1968 (and the ratio between these components)
along the part of the central break that was most
strongly uplifted on the southwest side in 1968 and

for which we estimated recurrence intervals and
(2) the ratio of the horizontal component of drag
to strike slip along the central break. Data sum-
marized in the next section suggest that drag at
least commonly accompanies slip along faults where
they traverse unconsolidated or poorly consolidated
sediments near the earth’s surface.

Each of the two estimates of late Holocene strike
slip rests on the stratigraphically based C!¢-dated
vertical-deformation rates derived from structural
data in profiles 1 and 2. The first estimate, inasmuch
as it uses the 200-year recurrence interval, is in
addition based on the C¢-dated vertical deformation
rates derived from structural data in trench 1. This
estimate applies the 200-year recurrence interval
to the horizontal-slip components of the 1968 event.
The estimate relies heavily on the extent to which
the vertical components of displacement near the
profiles and at the trench are representative of both
the 1968 and earlier events. Comparison with other
data in the preceding section suggests that they are,
in general, representative.

The results of the first approach are presented in
table 17. The horizontal deformation rates are de-

TABLE 17.— Rate of late Holocene strike-slip deformation
on the Coyote Creek fault based on 200-year recurrence
interval for 1968-size events

Maximum 1968 Total horizontal deformation rates based

i i ed ratios of hori 1
Brak Gl " aras b fout i Comibr)
(mm) 0:1 1:1 2:1
North............. 380 1.9 3.8 5.7
Central............. 300. 1.5 3.0 4.5
South............... 140 70 1.4 2.1

rived by first converting the maximum horizontal
fault displacements (slip) observed in 1968 (re-
corded on pl. 1) to total horizontal deformation by
multiplying them by the factors 1, 2, and 3, corre-
sponding to three alternatives: no horizontal drag,
drag equal to fault slip, and drag twice as large as
fault slip. The maximum 1968 slip was chosen be-
cause we believe it probably most closely approaches
“deep” or bedrock displacement. Horizontal drag
is probably a significant factor. Allen, Wyss, Brune,
Grantz, and Wallace (this volume) reported that
such deformation accompanies displacement along
the nearby Superstition Hills, Imperial, and San
Andreas (Banning-—Mission Creek) faults, which
also traverse areas of late Cenozoic sedimentary
deposits. (See also the following section of this
report.) However, they did not report the propor-
tion of horizontal drag to fault slip, so we arbi-
trarily use the ratios of vertical drag to fault slip

&
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found in trench 1 and profiles 1 and 2 (1:1 and
2:1) and also the ratio for no drag (0:1). The
ranges in rates so obtained for the more strongly
displaced northern and central breaks are, respec-
tively, 1.9-5.7 mm/yr and 1.5-4.5 mm/yr. Within
these ranges, the rates corresponding to a drag-to-
slip ratio of 1:1, namely 3.8 and 3.0 mm/yr, may
possibly be best, because this ratio characterized
vertical drag in two of the three structural sections
measured in profiles 1 and 2 and trench 1.

A similar analysis, presented in table 18, esti-
mates vertical deformation rates along representa-
tive parts of the north, central, and south breaks of
1968. The vertical drag coefficients used, 1:1 and
2:1, are based on those found in trench 1 and
profiles 1 and 2. Such estimates may be useful, for
example, in geomorphiec, structural, or engineering
studies of the hills or scarps that are being tectoni-
cally uplifted now in the region of the Coyote Creek
fault.

TABLE 18. — Rate of late Holocene vertical deformation at
selected points along the Coyote Creek fault based on 200-
year recurrence interval for 1968-size events

Total vertical deformation

Sample 1968 rates based on assumed
Break vertical Locality ratios of vertical drag
rea; fault slip (see pl. 1) to fault slip
(mm) (mm/yr)
1:1 2:1
200 8.1 2 3
100 19.1 1 1.5
40 30.2 4 .6

The results of the second approach to estimating
the rate of late Holocene strike slip along the fault
are presented in table 19. They were derived by
multiplying (1) the stratigraphically based late
Holocene vertical deformation rates in profiles 1
and 2 and (2) the ratio of the horizontal to the
vertical component of slip along the part of the
central break showing the greatest and most uniform
uplift in 1968. This ratio is the cotangent of the
angle between the net slip and the horizontal com-
ponent of slip if the Coyote Creek fault is indeed
vertical, as suggested by field mapping.

TABLE 19. — Rate of late Holocene strike-
slip deformation on the Coyote Creek fault
based on wvertical deformation rates and
ratio of horizontal to wvertical displace-
ment

Rate adjusted for 1968 horizontal
to vertical displacement ratio
of £.7:1 and various assumed

ratios of horizontal drag to

Displacement rate

(vertical fault slip

only) in profiles
1 and 8

(mamfyr) fault slip (mm/yr)

0:1 1:1 2:1
0.5 14 2.7 4.0
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The deformation rates in table 19 are based on an
average ratio of horizontal to vertical slip derived
from ratios measured at eight places showing large
right slip along the most uplifted part of the central
break of 1968. These places lie between localities 16.1
and 21.9 on plate 1 and encompass profiles 1 and 2.
The ratios at the eight places range from 1.3 to 4.6
and average 2.7. Although only measurements with
more than 100 mm of right slip in 1968 were used,
the average value of the ratio would not differ
greatly if all the ratios recorded in plate 1 from
the most uplifted area were used. The product of
the vertical deformation rate and the average ratio
was modified by factors for no horizontal drag, drag -
equal to, and drag twice as large as horizontal slip.
The strike-slip displacement rates that result from
this analysis, 1.4-4.0 mm/yr, are similar to those
obtained by the first. This approach avoids using
the recurrence intervals, which depend heavily on
the representativeness of the 1968 deformation at
trench 1 and near profiles 1 and 2, and it has the
advantage of using the average of eight ratios of
horizontal to vertical slip from points evenly spaced
along 5.8 km of the most uplifted part of the central
break. The considerable variation in this ratio along
even this most uplifted part of the central break,
however, causes a large uncertainty in the calculated
strike-slip deformation rate.

The rates of late Holocene strike slip estimated
for the Coyote Creek fault in tables 17 and 19 are
comparable to Sharp’s (1967) estimate of the rate
of Pleistocene slip, >2.5 mm/yr, for the main San
Jacinto fault. Sharp’s rate falls within the range of
strike-slip rates estimated by both approaches and
lies closest to the displacement rates estimated for
the central break with a drag-to-slip ratio of 1:1.
For the north break, estimated only by the first
method, Sharp’s minimum rate lies between the
values for drag-to-slip ratios of 0:1 and 1:1. The
fairly close correspondence of Sharp’s estimates and
ours is encouraging but, because of differences in
the age and character of the offset features used
in Sharp’s estimate and ours, does not constitute
conclusive verification of our estimates. Neverthe-
less, it does support the suggestion, based upon our
estimates of vertical displacement rates and re-
currence intervals for the central break and the
most commonly observed ratio of vertical drag to
fault slip in the profiles and trenches, that the rate
of late Holocene strike-slip displacement on the
Coyote Creek fault is about 3 mm/yr.
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SIGNIFICANCE OF DRAG ADJACENT
TO THE FAULT

- Both horizontal and vertical components of fault
drag were found adjacent to the fractures of the
"Coyote Creek fault, even where it crosses late Holo-
cene sedimentary deposits. This evidence of drag
indicates that displacements across fractures alone,
at least where measured at the earth’s surface, may
be significantly less than total permanent deforma-
tion in this and other fault zones. The vertical com-
ponent of drag is clearly demonstrated in the
deformation of originally flat-lying Holocene sedi-
ments exposed in trench 1 (fig. 83) and in steeply
dipping Quaternary sediments adjacent to the fault

in Ocotillo Badlands; horizontal drag is shown by

a characteristic bending of strike of the steeply
dipping strata next to the fault (Sharp and Clark,
this volume). Thus, the horizontal and vertical
offsets recorded on plate 1, which represent the
cumulative slip (including subsequent creep) along
the discrete fractures that constitute the 1968
fault break, are probably not a true measure of the
total displacement across the fault zone associated
with the 1968 earthquake. The fact that figure 83
shows greater vertical drag in successively deeper
Holocene beds indicates that the drag is permanent
strain.

Our data do not reveal whether the ratios between
vertical slip on macrofractures and drag (roughly
1:1 in trench 1 and profile 2 and 1: 2 in profile 1)
hold also for horizontal movement at those places or
elsewhere along the Coyote Creek fault. Preliminary
measurements of horizontal creep from an aline-
ment array on the central break established near
profile 2 a few days after the 1968 earthquake sug-
gest that postearthquake displacements across the
smaller of two fractures in the fault zone consist of
roughly equal amounts of slip on fractures and dis-
tortion in the adjacent sediments, although the
larger fracture does not show drag (Burford, this
volume, fig. 75). Whether this distortion is perma-
nent or is instead elastic and temporary is not yet
known. Without repetitive measurements of pre-
earthquake lines across the rupture of 1968 on the
Coyote Creek fault, the distribution of total strain
across the rupture cannot be determined. Repeated
regional triangulation across the northern part of
the Coyote Creek fault near the Truckhaven road
(Whitten, 1956), however, suggests continuing
right-lateral strain across the general zone of the
Coyote Creek and San Jacinto faults.
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It is of interest here that where preearthquake
geodetic lines 100 m long had been established across
the segments of the Imperial, Superstition Hills, and
San Andreas (Banning—Mission Creek) faults on
which slip was triggered by the 1968 earthquake,
drag deformation was found to have occurred in the
horizontal plane. (See Allen and others, this vol-
ume.) The horizontal offsets determined by re-
measuring these geodetic lines after the earthquake
were consistently larger than the slips measured at
the fault itself, indicating that distributed horizontal
deformation (drag) accompanied the fault slip.

It should be emphasized that with the exception
of the differentially uplifted and intensely deformed
block of Ocotillo Badlands, nonelastic strain (slip
plus drag) along the Coyote Creek fault in the area
of the 1968 break accumulated only in a narrow
zone. This zone is about 4 m wide on the branching
break cut by trench 1 and about 100 m wide in
profiles 1 and 2 and in the zone of vertical dips
exposed next to the central break of 1968 in the
Ocotillo Badlands. Deflected fold axes in the Ocotillo
Badlands indicate that the active fault zone there
may, at times, have been as much as a few hundred
meters wide. Even the large possibly diapiric struc-
tural knot of Ocotillo Badlands, which lies between
the central and north breaks of the Coyote Creek
fault, is less than 2 km wide. Compared with the
elastically strained zone on both sides of such breaks
(the elastic zone of the Imperial fault, for example,
is 120 km wide according to Scholz and Fitch, 1969,
p- 6652), these zones of nonelastic deformation have
negligible width. For regional studies the slip and
drag components, where present, can usually be
considered together as displacement at the fault, but
for detailed studies along active faults, these two
aspects of deformation must be differentiated.

Drag has been reported along other active faults.
It was a common feature of displacement along the
San Andreas fault in 1906. Lawson and others (1908,
p. 148) reported that its effects extended, at one
place, almost 1 mile from the fault, and they stated
that:

The recognition of the distribution of the movement on
auxiliary cracks, some of which may not have appeared at
the surface, and the deformation of the ground along the
zone of rupture, justifies the conclusion that, except under
peculiar conditions * * * the maximum figures obtained for
the displacement by the measurement of offsets at the surface
must be a minimum expression for the true extent of the
movement in the firm rocks below.

Drag also accompanies deformation during earth-
quakes at thrust faults, as at San Fernando in 1971

(U.S. Geol. Survey, 1971; Kamb and others, 1971),
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and at normal faults, as at Hebgen Lake, Montana,
in 1959 (Myers and Hamilton, 1964, p. 81-83). It
probably occurs, to some extent, in most episodes of
faulting.

Drag associated with slip events along active faults
is generally difficult to detect where there are few
manmade features of known predeformation shape
such as roads, fences, or survey lines. Our observa-
tions serve as a reminder that where such features
or lines are not present, slip measured across the
surface breaks of active faults may not represent
total offset and should not be taken as a quantitative
measure of total strain. Thus, for example, conclu-
sions drawn from comparisons between local strain
at faults and regional strain may be in error, and
calculations of seismic moment or stress-drop will
be too low, if determined solely from fault slip where
drag was a significant component of the deformation.

POSITION OF PRE-1968 FRACTURES

The trenches and natural exposures of Holocene
sediments along the 1968 rupture record important
information about the position of past fractures. In
some locations fracturing has occurred repeatedly
along exactly the same fault plane for as long as
3,000 years, whereas elsewhere sediments as much
as 1,650 years old were first ruptured in 1968.

Trench 1 (fig. 83) reveals the clearest evidence of
repeated displacement along a single narrow trace.
Differential displacement of the three dated layers
cut by the trench demonstrates at least three episodes
of faulting in the last 3,080 years. Furthermore, if
the total verti¢al deformation from each episode were
the same as that in 1968 (estimated 100 mm), then
17 such events would have been required to produce
the total offset (1.7 m, including that of 1968) of
the oldest dated layer exposed in that trench. What-
ever the actual number of tectonic events, the trench
shows that about one-half the total vertical deforma-
tion in the last 3,080 years has taken place along a
fault plané that is in places no more than a few tens
of millimeters wide.

Two trenches excavated across the main scarp of
the central break also showed that most past fault
displacement has been confined to a narrow zone.
Trench 2 was at the site of profile 2 (fig. 80), and
trench 3 was about 1 km farther southeast along
the same scarp. Although no strata could be corre-
lated across the fault in either trench (layer A was
eroded off the surface at each site), the main rupture
zone in each consisted of several discrete fractures
a few tens of millimeters wide that occupied a band
less than 1 m wide.
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About 10 km farther southeast, along the south
break, natural exposures in the walls of a wash that
has developed since Lake Cahuilla withdrew also
show a long history of repeated activity along the
same fault strands. The wash is 1.5 m deep and cuts
across three old en echelon fault strands, two of
which moved either at the time of the earthquake
or later, as a result of creep (Clark, “Surface Rup-
ture Along the Coyote Creek Fault,” this volume,
fig. 49h; pl. 1, loc. 30.7). Figure 88 shows two
episodes of channel cutting along a relict fracture
of one of these breaks, as exposed in the walls of the
wash. Channeling is interpreted to have been caused
by water flowing in the fracture toward nearby areas
of active collapse in the same fracture. Such collapse
occurs only in open fractures (Clark, ‘“Collapse Fis-
sures Along the Coyote Creek Fault,” this volume) ;
hence, these channels were cut soon after the faulting
that opened the fractures and during periods when
Lake Cahuilla had withdrawn below the elevation of
this location (about 5 m below sea level). C** dates
on shells that fill the lower channel show that it may
be as much as 2,450 years old (W-2469), whereas
the younger channel is post-Lake Cahuilla (860
years) but pre-1968. The earlier date represents a
maximum for the older channel, inasmuch as the
shells may have been reworked from older deposits.

In contrast to fault strands on which movement
had occurred repeatedly in the past, some branching
ruptures of 1968 broke late Holocene strata for the
first time. One fracture broke sediments 1,650=+=250
years old (W-2454) for the first time in 1968 (fig.
89), yet it joined two fractures — one only 50 m
distant — that show evidence of repeated movement
during the last 1,650 years. Elsewhere, several rup-
tures branching from the central and south breaks
appear to have breached the youngest lake bed for
the first time. These new fractures outside the main
fracture zone, together with the diffuse fractures

shown in the other trenches and cuts (figs. 83, 88,
"89), contribute to the drag component of displace-

ment adjacent to the main fault breaks and decrease
the slip component. New breaks like these may reflect
a temporary or permanent shift in position of a
fracture zone, and such shifts in the past would
decrease the number of tectonic events apparent in
the main fracture zone. Although fault breaks tend
to remain in the same places during successive local
earthquakes, new breaks do form and must be
recognized as a hazard, even near a fault with a
demonstrated history of repeated movement along
preexisting traces.
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(@]
1

DEPTH (METERS)

\Bonom of wash

I Il ! é T %

HORIZONTAL DISTANCE (METERS)
EXPLANATION

Silt and sand
Eolian and Ffluvial(?)

%

Fill along animal burrow, root,
) or possible fracture
Consists of material from youngest lake bed
and the next older bed

‘ Fill in upper channel
Consists of rotated pieces of youngest! lake bed
in matrix of material from next two older beds

Ldye F A
White shelly caicareous silt. Youngest deposit of
Lake Cahuilla

Crossbedded to thinly bedded silt to coarse sand
Contains some shells; probably lacustrine

Fracture
Dashed where inferred

W-2469
— (24501 250)

Radiometrically dated sample
(See table 14)

Nurnbers in parentheses indicate
C’? age, in years before present
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o

T | T

o | 2 3
HORIZONTAL DISTANCE (METERS)

s

EXPLANATION

Clay and reworked caicareous silt
Fluvial and eolian(?)

Layer
White shelly calcareous silt
Youngest deposit of Lake Cahuilla

Light-gray-green lime-rich silt
containing abundant mollusks

Crossbedded fo massive clay, silt,
and sand containing scattered
mollusks

Fracture
Dashed where inferred

0O W-2454
(1650+250)
Rodiometrically dated sample (see table 14)
Numbers in parentheses indicate
C’? age, in years before present

129

REFERENCES CITED

Allen, C. R,, St. Amand, Pierre, Richter, C. F., and Nordquist,
J. M., 1965, Relationship between seismicity and geologic
structure in the southern California region: Seismol.
Soc. America Bull,, v. 55, no. 4, p. 7563-797.

Bolton, H. E., 1930, Anza’s California expeditions, v. 1, An
outpost of empire: Berkeley, Univ. California Press,
529 p.

Danes, J. V., 1907, Das Erdbeben von San Jacinto am 25.
December, 1899: Geogr. Gesell. Wien Mitt.,, nos. 6-17,
p. 339-347.

Dibblee, T. W., Jr., 1954, Geology of the Imperial Valley
region, in Jahns, R. H., ed., Geology of southern Califor-
nia; chap. 2, Geology of the natural provinces: Califor-
nia Div. Mines and Geology Bull. 170, p. 21-28, pl. 2.

Frick, Childs, 1921, Extinct vertebrate faunas of the bad-
lands of Bautista Creek and San Timoteo Canyon,
southern California: California Univ. Pub., Dept. Geol.
Sci. Bull,, v. 12, p. 277-424.

Hubbs, C. L., and Bien, G. S., 1967, La Jolla natural radio-
carbon measurements V: Am. Jour. Sci. Radiocarbon
Supp., v. 9, p. 261-294.

Hubbs, C. L., Bien, G. S., and Suess, H. E., 1960, La Jolla
natural radiocarbon measurements I: Am. Jour. Sci.
Radiocarbon Supp., v. 2, p. 197-223.

1963, La Jolla natural radiocarbon measurements
III: Am. Jour. Sci. Radiocarbon Supp., v. 5, p. 254-272.

—— 1965, La Jolla natural radiocarbon measurements
IV: Am. Jour. Sci. Radiocarbon Supp., v. 7, p. 66-117.

Jennings, C. W., compiler, 1967, Geologic map of California,
Olaf P. Jenkins edition, Salton Sea sheet: California Div.
Mines and Geology, scale 1:250,000.

Kamb, Barclay, Silver, L. T., Abrams, M. J., Carter, B. A.,
Jordan, T. H., and Minster, J. B., 1971, Pattern of fault-
ing and nature of fault movement in the San Fernando
earthquake, in The San Fernando, California, earth-
quake of February 9, 1971: U.S. Geol. Survey Prof.
Paper 733, p. 41-54.

FIGURE 89. — South wall of trench 4 showing a surface
fracture associated with the 1968 earthquake that developed
where there had never been a break before. Displacement
across this fracture was almost entirely pull apart (30 mm
max.), with virtually no lateral or vertical displacement.
None of the older fractures shown is as large as that of
1968. The second and third beds from the surface correlate,
respectively, with the first and third beds from the surface
in trench 1 (fiz. 83). Location of trench 4 is shown in
figure 80. (From sketches by M. M. Clark and R. V.
Sharp.)

FIGURE 88. — Pre-1968 fractures and fissure collapse along
the Coyote Creek fault as exposed in a natural cut at
location 30.7. Although this fracture did not rupture
during or after the 1968 earthquake, two nearby strands
did. This section shows two pre-1968 episodes of erosion
and filling presumably related to collapse along the
fracture zone. In both episodes the channels were
evidently eroded by water running in or along the frac-
tures toward deeper openings. The younger episode is"

post-Lake Cahuilla, as shown by rotated blocks of the
youngest lake bed (layer A) in the fill of the upper
channel. The older episode is represented by a shallower
channel cut into the lowest deposit evidently during a
period when Lake Cahuilla had withdrawn from this
area. The fill of the lower channel contains a slump
block of the lowest deposit. Eolian and fluvial(?) mud,
silt, and sand have covered the youngest lake deposit at
this location since Lake Cahuilla withdrew.



130 THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

Larson, R. L., Menard, H. W., and Smith, S. M., 1968, Gulf
of California — A result of ocean floor spreading and
transform faulting: Science, v. 161, no. 3843, p. 781-784.

Laughlin, Homer, Arnold, Ralph, and Kew, W. S. W., 1923,
Southern California earthquake of July 22, 1923: Seismol.
Soc. America Bull,, v. 13, p. 105-106.

Lawson, A. C., and others, 1908, The California earthquake
of April 18, 1906, Report of the State Earthquake In-
vestigation Commission: Carnegie Inst. Washington Pub.
87, v. 1, 451 p. - :

Mendenhall, W. C., 1909, Ground waters of the Indio region,
California, with a sketeh of the Colorado Desert: U.S.
Geol. Survey Water-Supply Paper 225, 53 p.

Myers, W. B., and" Hamilton, Warren, 1964, Deformation
accompanying the Hebgen Lake earthquake of August
17, 1959: U.S. Geol. Survey Prof. Paper 435-1, p. 55-98.

Rogers, T. H., compiler, 1965, Geologic map of California,
Olaf P. Jenkins edition, Santa Ana sheet: California
Div. Mines and Geology, scale 1:250,000.

Rolfe, F., and Strong;, A. M., 1918, The earthquake of April
21, 1918, in the San Jacinto Mountains: Seismol. Soc.
America Bull., v. 25, p. 63-617.

Scholz, C. H., and Fitch, T. J., 1969, Strain accumulation
along the San Andreas fault: Jour. Geophys. Research, .
v. 74, no. 27, p. 6649-6666.

Sharp, R. V., 1967, San Jacinto fault zone in the Peninsular
Ranges of southern California: Geol. Soc. America Bull,,
v. 78, p. 705-730.

1972, Map showing recently active breaks along the
San Jacinto fault zone between the San Bernardino area
and Borrego Valley, California: U.S. Geol. Survey Misec.
Geol. Inv. Map I-675. .

Stanley, G. M., 1963, Prehistoric lakes in Salton Sea basin
[abs.]: Geol. Soc. America Spec. Paper 73, p. 249-250.

1966, Deformation of Pleistocene Lake Cahuilla
shoreline, Salton Sea basin, California [abs.]: Geol.
Soc. America Spec. Paper 87, p. 165.

Strand, R. G., compiler, 1962, Geologic map of California,
Olaf P. Jenkins edition, San Diego-El Centro sheet:
California Div. Mines and Geology, scale 1:250,000.

Townley, S. D., 1918, The San Jacinto earthquake of April
21, 1918: Seismol. Soc. America Bull., v. 8, p. 45-62.

U.S. Geological Survey, 1971, Surface faulting, in The San
Fernando, California, earthquake of February 9, 1971:
U.S. Geol. Survey Prof. Paper 733, p. 55-76.

Wallace, R. E., 1970, Earthquake recurrence intervals on the
San Andreas fault: Geol. Soc. America Bull.,, v. 81, p.
2875-2890.

Whitten, C. A., 1956, Crustal movement in California and
Nevada: Am. Geophys. Union Trans., v. 37, no. 4, p.
393-398.



GEOLOGIC EVIDENCE OF PREVIOUS FAULTING NEAR THE 1968 RUPTURE
ON THE COYOTE CREEK FAULT

By RoserT V. SHARP and MALcoLm M. CLARK
U.S. GEOLOGICAL SURVEY

ABSTRACT

Detailed structural mapping along the segment of 1968
rupture on the Coyote Creek fault reveals a complex zone
of prior faulting and folding. Past vertical tectonism shown
by small upwarps in alluvium and by uplift along the
principal strands is consistently in the same sense as that
shown by the 1968 movement. Faults of east-west, north-
south, and northwest-southeast trend diverge from the main
strand of the Coyote Creek fault near Borrego Mountain,
but none apparently moved in 1968. En echelon discontinuity
of the Coyote Creek fault trace at Ocotillo Badlands and
compressional folding evident there may be surface mani-
festations of a continuous fault at depth. Structural com-
plexity along the 1968 trace apparently increases with the
age of the exposed rocks. Beyond the ends of the 1968 break,
the Coyote Creek fault probably connects northwestward
through concealed branch faults with the main strand near
Coyote Mountain, and to the southeast it possibly extends
along the southwest margin of Superstition Mountain or
perhaps to fresh surficial fractures east of Plaster City.
The great width of the tectonically disturbed zone indicates
an engineering hazard for structures near this or similar
faults. Studies and measurements of regional horizontal
strain must take into account the complex horizontal and
vertical movements that apparently characterize past tecton-
ism in this area.

INTRODUCTION

This paper describes the relation of 1968 ruptures
to older fault strands in the region of the Coyote
Creek fault.! (See fig. 90.) At several locations along
or near the 1968 rupture, excellent exposures reveal

clear evidence of earlier movements on the same or

other fault strands within the zone and show that
complex folding in young sediments is closely asso-
ciated with some of the faults. Some fault strands
can be seen at the surface, but others, in areas where
exposures are poorer, are inferred from stratigraphic
and structural relations. Our detailed mapping shows
that the Coyote Creek fault along the segment of the
1968 rupture is at many places a complex zone con-
sisting of multiple strands that are either widely

3IPhysiographic evidence of earlier faulting is discussed in greater detail by
Clark in “‘Surface Rupture Along the Coyote Creek Fault,” (this volume).

.divergent from or nearly parallel to the regional

trend. Several strands have not been previously rec-
ognized.

Holocene deformation along the Coyote Creek fault
is expressed at the surface by folding and doming
of Quaternary strata, as well as by strike-slip fault-
ing with local uplift shown by secarps. This deforma-
tion is locally distributed across a relatively broad
zone, and the width of the disturbed belt implies an
engineering hazard for structures built across this
or similar fault zones. Although there was ne move-
ment on many strands near the main Coyote Creek
fault during the 1968 earthquake, they should not
be considered inactive.

NORTH BREAK?

The northern segment of the 1968 break along the
Coyote Creek fault marks the structural boundary
between the southern Borrego Badlands to the north-
east and the Borrego Mountain area to the south-
west (pl. 3). The southern Borrego Badlands are
eroded in Pleistocene terrestrial deposits that are
downdropped and displaced in a right-lateral sense
relative to the granitic basement rocks exposed
across the fault at Borrego Mountain. The depth to
granitic rock on the northeast side of the fault
probably ranges from very shallow opposite East
Butte to a few kilometers beyond the north end of
the 1968 break. (See pl. 8.) South of State Highway
78, the sense of net vertical throw on the fault is
reversed from that to the north, as shown by the
structural and topographic elevation of Pleistocene
and Holocene strata in Ocotillo Badlands northeast
of the break. Geomorphic and geologic evidence for
the exact position of the trace along the north break
prior to 1968 is sparse because of a widespread cover
of very recent alluvium, particularly along the 10-km

2The designation of fault strands in this discussion is the same as that used
by Clark (‘“‘Surface Rupture Along the Coyote Creek Fault,” this volume).
They are termed the north, central, and south breaks.
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FIGURE 90. — Regional map of the Coyote Creek fault showing its relation to faults outside the 1968 rupture zone.
pre-Cenozoic

segment where the fault is followed by the wash of
San Felipe Creek.

As indicated by the position of the 1968 break
northwest of the north end of East Butte of Borrego
Mountain, the Coyote Creek fault traverses the
nearly featureless bottom of San Felipe Wash for
about 2 km and then follows the west side of a low,
flat bench formed by Holocene terrace gravels for
about 1 km. In the next kilometer northwest, the
fault again crosses alluvium of San Felipe Creek and
projects directly into a small hill at the edge of
Borrego Badlands halfway between Big Wash and
Third Wash (pl. 3). This is one of the very few
places along the entire length of the 1968 break
where Cenozoic deposits were apparently newly
broken. ‘A few additional minor cracks occurred
along the southwest-facing scarp marking a bound-
ary fault at the edge of the badlands for about 2 km
north-northwest of this hill.

The 1968 rupture at the hill between Big Wash
and Third Wash apparently did not coincide with the
traces of older faulting at that location. Detailed
mapping shows that a fault continues for probably
at least 2 km north-northwest into the Borrego Bad-
lands, nearly on the projected trend of the 1968 break
south of Third Wash. (See pl. 3; fig. 91.) The fault
that borders the southwest side of Borrego Badlands
converges east-southeastward with this fault near
the hill just mentioned. Apparently, the 1968 rupture

at the hill is a new break that approximately bisects
the angle between the previously established branch
faults. No evidence of earlier movement on projec-
tion from the 1968 rupture was found either on the
hill or farther north.

The positions of similar fold axes on opposing
sides of the fault extending into Borrego Badlands
suggest a small right-lateral offset (fig. 91). Al-
though the gross structure throughout the southern
Borrego Badlands is a north-dipping homocline,
small superimposed folds define unique domains of
anomalous southward dip on each side of the fault
in southeastern sec. 13, T. 11 S., R. 7 E. The traces
of bedding in the fault surface as projected from
each side of the fault are nearly identical, supporting
the interpretation that the folds are correlative and
older than the offset. The amount of horizontal shift
is about one-third kilometer; the amount and sense
of vertical separation are unknown.

Exactly how far this fault extends northwestward
into the Borrego Badlands is uncertain, but it does
not simply cross the badlands and join one of the
main fractures of the San Jacinto zone near Coyote
Mountain (fig. 90), as might be expected from the
distribution of aftershocks of the 1968 earthquake
in this area. (See Hamilton, this volume.) Exposures
of sheared sediments are visible where the fault
intersects Big Wash, but the fault is covered by ter-
race deposits for at least the next kilometer to the

«
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northwest. Continuous badland exposures of. the
Palm Spring Formation (Sharp, ‘“Tectonic Setting

of the Salton Trough,” this volume) even farther

northwest appear to be unfaulted on large-scale
aerial photographs, implying either that there is no
displacement or possibly that the trace has swung to
a slightly more westerly trend and transects the
section parallel to the strike of bedding. Although
the second possibility has not been investigated fully
in the field, such an extension of the fault could at
best tie irregularly into the main Coyote Creek fault
strand south of Coyote Mountain (fig. 90). More-
over, because intervening parts of the Borrego Bad-
lands are definitely unfaulted, this fault does not
connect northward at the surface with the fault
bounding the east side of Coyote Mountain.

Although the pre-1968 branch lying within the
Borrego Badlands may be an active fault, several
lines of evidence suggest that the most active strand
of the Coyote Creek fault is now the branch fault
lying along the southwest boundary of the badlands.
This segment of the fault ruptured at three places
in 1968, and for 1 km west of the branching point,
relatively fresh-looking southwest-facing scarps lie
along this strand. In contrast, no geomorphic fea-
tures of faulting are preserved along the branch
extending into the badlands, although a crush zone
in the Pliocene and Pleistocene Palm Spring Forma-
tion is exposed at Big Wash. Furthermore, the
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show Pleistocene and older Cenozoic deposits and

branch along the badlands’ boundary lies nearly
along the most direct route between the 1968 break
and the strand of the Coyote Creek fault that shows
evidence of Holocene movement west of Borrego
Badlands. (See fig. 90, and Sharp, 1972.)

The Coyote Creek fault along the west side of
Borrego Badlands is expressed at the surface only
by two rounded northeast-facing linear scarps in
alluvium about 2.5 km north of Borrego Sink Wash
(pl. 3). Northwest from these scarps as far as Coy-
ote Mountain (fig. 90), the trace is not visible, but
the fault is marked by a very steep gravity gradient
reflecting a concealed step in the basement rocks
(Biehler and others, 1964, chart 1). Although its
trace is concealed by apparently unfaulted alluvium
southeast from the same scarps, the fault defines a
structural boundary between nearly homoclinally
dipping sediments in Borrego Badlands and more
intricately folded but otherwise similar beds lying
southwest of the fault. Because this strand of the
Coyote Creek .fault apparently does not directly
cross the wash of San Felipe Creek, continuity of
faulting to the southeast probably is achieved by an
eastward bend or branch of the fault that connects
with the northernmost 1968 ruptures.

Southeast from the north end of East Butte to
the settlement of Ocotillo Wells, the precise location
of the currently active strand of the Coyote Creek
fault is known only from the trace of rupturing in
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FIGURE 91. — Simplified geologic map of the area at the
north end of 1968 Coyote Creek fault ruptures. Area in
this figure is shown on plate 8.

1968. Extensive alluvial cover and the absence of
surficial features of Holocene faulting in the allu-
vium prevent close delineation of the fault by geo-
logic or physiographic means.

Geologic evidence at Borrego Mountain and in the
hills east and northeast of Benson Dry Lake demon-
strates that several widely divergent branch faults
exist along the north break of the Coyote Creek fault.
Granitic rocks and overlying beds referred to the
Palm Spring Formation (Sharp, “Tectonic Setting
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of the Salton Trough,” fig. 2, this volume) exposed
at East Butte and West Butte of Borrego Mountain
(Dibblee, 1954, pl. 2) are broken by several south-
trending faults, some of which display small vertical
components of offset. There may have been lateral
components of displacement on these fractures, but
no clear evidence supports strike slip. In contrast,
on the east side of the Coyote Creek fault, locally
tightly folded and faulted strata of the Imperial
Formation, Palm Spring Formation, and Ocotillo
Conglomerate of Dibblee (1954) (Sharp, ‘“Tectonic
Setting of the Salton Trough,” fig. 2, this volume)
define a large compressional zone with east-west
structural grain. At least two major east-trending
faults, one bounding Squaw Peak on the south and
the other underlying San Felipe Wash where it turns
abruptly eastward, are required to explain convine-
ingly the distribution of the basement rocks and
distinctive Cenozoic stratal units. (See fig. 92.) The
presence of a fault at Squaw Peak is indicated by
the abutment of south-dipping beds of the Palm
Spring Formation against the crystalline basement
along the south edge of the hills; this relation could
be explained by a depositional contact on the south
limb of an anticline centered on the axis of the hills,
but uniformity of gneissic structure in the basement
rocks indicates that such anticlinal arching has not
occurred. The southern east-west fracture is shown
by stratigraphic relations —in particular, by the
omission of the Ocotillo Conglomerate from the sec-
tion exposed on the north side of San Felipe Creek.
The post-Pleistocene compression indicated by the -
folding subparallel to the traces of both these faults
suggests that they may be reverse or thrust faults.
The regional gravity map of Biehler, Kovach, and
Allen (1964) depicts east-west alinement of gradi-
ents in this area and establishes that the structural
trends evident at the surface are reflected in the
configuration of the basement at depth.

OCOTILLO BADLANDS SECTION OF THE
COYOTE CREEK FAULT

The north and central breaks of the 1968 rupture
are disposed in a left-stepping en echelon arrange-
ment along the margins of Ocotillo Badlands (pl. 1;
fig. 93). Tarbet and Holman’s (1944) Borrego For-
mation and Dibblee’s (1954) Ocotillo Conglomerate
exposed in the badlands almost certainly were folded
complexly and bulged upward in response to the
same tectonic forces that produced the boundary
breaks, and the deformation along the faults and on
the folds dispersed between them is considered in
this report to be interrelated.
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Whether the faults bounding the Ocotillo Badlands
project beyond those segments that broke at the
time of the 1968 earthquake (the north and central
breaks) is unknown. Although the north break ter-
minated as a coherent line of displacement near the
northwest corner of the badlands, the linear form of
the west margin of the hills suggests that the fault
may continue southeastward and may intersect the
central break. Abundant geologic evidence demon-
strates the continuity of the central break along
nearly all the northeast boundary of the hilis. The
possibility that the central break extends beyond
State Highway 78 at least to Benson Lake is sug-
gested by the alinement of alluvium-filled passes
between low hills covered with terrace gravels, but
no other evidence for a continuation of the fault is
known,

Geologic structure in the Pleistocene Borrego For-
mation and Ocotillo Conglomerate exposed in the
Ocotillo Badlands signifies compressional tectonics
(fig. 93). Because bedding in these formations and
in older alluvium dips away from the hills around
the periphery of the badlands, the gross geologic
structure is a closed anticlinal upwarp. However,
the detailed structure is extremely complex, involv-
ing a large number of tightly folded anticlines and
synclines that have essentially an east-west orienta-
tion. The folds are relatively open and widely spaced
near the west boundary of the hills, where they are
exposed in the Ocotillo Conglomerate, but they be-
come tightly appressed and closely spaced eastward
in the underlying Borrego Formation. In the central
part of the badlands, fold axes are generally straight,
but many folds are abruptly terminated either by
convergence and cancellation of anticlines by syn-
clines, by offset along minor faults, or by a combi-
nation of both mechanisms. In addition, extreme
attenuation in the limbs of nearly isoclinal folds
locally has destroyed bedding and reduced originally
competent sand beds to scattered phacoidal bodies

in clay or silt matrix. Near their eastern extremities, |

the fold axes curve and become parallel with the
trace of the central break, suggesting right-lateral
drag along the fault. In addition, dips increase to
nearly vertical within a few tens of meters of the
break, perhaps as a result of drag from the vertical
component of displacement.

The geometry of the folds on the southwest side of
the badlands is more varied than to the east, but the
nonuniformity probably is partly related to the age
of the exposed beds. Fold axes in the Borrego For-
mation trend southwest before dying out or turning
northwest near the southwest margin of the bad-
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lands. Although the folds are not nearly as tight or
abundant on the southwest as they are on the north-
east, where present their relation to the probable
southwestern boundary fault is similar to that of
the northeastern folds to the northeastern boundary
fault. In contrast, fold axes in the Ocotillo Conglom-
erate overlying the Borrego Formation at the south
end of the badlands bend southwestward and die out
in southwest-dipping homoclinal beds. Moreover, at
some places in the badlands, bedding in the Ocotillo
Conglomerate is strongly discordant to structure in
the underlying Borrego Formation. (See fig. 93.)
Thus, the structural simplicity apparent along parts
of the southwest edge of the badlands may belie
more pronounced but concealed folding at depth that
may closely resemble the complex structural effects
near the northeastern boundary fault. The tightness
of folding probably reflects principally the age of
the beds involved, but it is also possible that depth of
burial and lithology affected the structural develop-
ment to some degree.

Another structural complexity at the central break
in Ocotillo Badlands, in addition to the apparent drag

effects, is the presence of several small closed anti-

clines and synclines elongate parallel to the fault.
These closed structures are less than several hundred
meters long and lie next to the fault. The fact that
they represent both doming and subsidence of strata
implies that they resulted from differential vertical
movements of material below the surface adjacent
to the fault. Restriction of the closed anticlines and
synclines to the region of apparent drag effects sug-
gests that they were created by flowage of buried
strata of clay and silt adjacent to the fault in reac-
tion to local drag effects. As already noted, tight
folds exposed in the center of Ocotillo Badlands
reveal widespread flowage of such strata.®
Deformation in the Ocotillo Badlands is almost
certainly a manifestation of continuity of distributed
right-lateral displacement transferred from the
north to the central break. Surficial material that is
deformed in a right-lateral sense across two breaks
with these orientations must theoretically be short-
ened in the north-south dimension and extended

3Closed anticlines and synclines are even more striking 256 km to the south-
east in the uplifted hlock adjacent to the Superstition Hills fault. Inspection
of aerial photographs and brief field investigation show that the upthrown
block (the Superstition Hills) consists of a complex sequence of closed, open,
and faulted anticlines and synclines in poorly consolidated sediments similar
to those of Ocotillo Badlands. The number and complexity of these folded
structures increase toward the fault, although the Superstition Hills fault
does not everywhere follow a course that is completely obvious from local
structure. Future detailed mapping and analysis of the well-exposed structure
of Superstition Hills may lead to answers concerning the origin of such small
closed folds and also to a better understanding of their relation to the faults
associated with them.
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either vertically or in the east-west direction, or
both. In this area, there is obvious vertical extension.
At great depth, however, it is probable that both
surficial breaks converge into a single continuous
shear zone, perhaps in the manner shown in figure
94. At depth, such a continuous fault surface would
not require the type of strong deformation in the
adjoining materials that is now present at the sur-
face in Ocotillo Badlands.

CENTRAL BREAK SOUTHEAST OF
OCOTILLO BADLANDS

Structural expression of the central break south-
east of Ocotillo Badlands is simple and is entirely
lacking in the southeasternmost part. (See Clark,
“Surface Rupture Along the Coyote Creek Fault,”
this volume.) Briefly, a low scarp (southwest side
up) extends along the central break for nearly 4 km
southeast from Ocotillo Badlands. This part of the
central break also acts as a barrier to ground water,
limiting abundant growth of mesquite (Prosopis juli-
flora) to the southwest (upthrown) side of the fault.
North of Old Kane Spring Road, a secondary break
diverges eastward from the scarp, creating a graben
between the two breaks. Near the southeast end of
this scarp, the sense of vertical uplift is locally
reversed, and domed strata are exposed for about

Position of
Ocotillo Badlands

FIGURE 94. — Three-dimensional view of possible configura-
tion for Coyote Creek fault beneath Ocotillo Badlands.
Distal ends of volume of strongly compressed sediments
(stippled) shown by dashed and dotted lines.
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100 m along the northeast side of the break. This
small closed anticline resembles those in Ocotillo
Badlands described previously but is unusual in its
isolated setting and small size. Southeast of the low
scarp the central break has no structural expression
at the surface. :

The scarp, graben, and localized doming resulted
from a consistent but small vertical component of
displacement associated with the dominant strike
slip. These surficial manifestations of faulting are
visible today only because the rate of deposition on
this alluvial plain (and former lakebed) is less than
the rate of tectonic uplift.

AREA EAST OF THE CENTRAL BREAK

Several of the 1968 breaks extend along isolated
low hills east of the central break. The largest of
these hills are as much as 1 km long and consist of
upwarped and eroded sediments, commonly in the
form of closed anticlines with moderately dipping
strata that are easily recognized on vertical aerial
photographs; others are covered by unusually large
mesquite-stabilized dunes. None is more than 10 m
high.

Although all such hills east of the central break
as far as a closed anticline 2 km south of Harpers
Well (fig. 90) were checked in June 1968, fractures
were associated with only two: the large upwarp
1 km east of the central break and immediately south
of Old Kane Spring Road, and a prominent hill 5 km
farther southeast and about 3 km east of the main
break. The fracture along the first hill was clearly
associated with renewed uplift in 1968, as shown by

| the sense of vertical displacement (pl. 1). Unfortu-

nately, blown sand obliterated most of the fractures
and all evidence of relative displacement along the
second hill. However, the surviving fractures lie
along the base of the scarp that bounds one side,
suggesting renewed uplift of this hill also in 1968.
Because the fractures were probably more -extensive
originally, it is possible that fracturing occurred
during the earthquake or later on other hills within
a few kilometers to the northwest and southeast.

The conclusion seems inescapable that these low
hills of upwarped sediments are growing as a result
of present tectonic activity in this area and that
those crossed or bounded by fresh breaks were given
additional uplift in 1968. Furthermore, the hills
along Old Kane Spring Road and those to the south-
west lie approximately on the projection of the
Superstition Hills fault, and they may mark a con-
nection between the fracture branching from the
central break at Old Kane Spring Road and the
Superstition Hills fault.
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HILLS SOUTHWEST OF OCOTILLO BADLANDS

In contrast to the upwarped and gently folded
strata that lie to the east of the central break, tightly
folded and locally vertical strata are exposed in the
linear hills that lie about 1 km southwest of Ocotillo
Badlands. Small ruptures were found in the central
part of these hills after the earthquake. Those frac-
tures that traversed exposed strata followed older
structural trends, such as offset strata or nearly
‘vertical bedding. However, no new fractures ex-
tended to the southeast through the steeply dipping
strata of the southern part of the hills, although this
area appears to be an anticline with an axial fault.
Strata on the flanks of these elongate hills dip gently
to moderately away from the axis but become ver-
tical at the axis. By analogy with structure along the
northeast margin of Ocotillo Badlands where the
1968 rupture followed a narrow zone of vertically
dipping beds, this zone of vertical strata is thought
to contain a fault, although its exact position is
uncertain.

SOUTH BREAK

In contrast to the north and central breaks, almost
all the south break lacks obvious geologic clues at
the surface that indicate the presence of the under-
lying fault. Vegetation, however, locally defines the
position of the active trace, and both the geology and
the distribution of vegetation to the southeast sug-
gest connections with other traces. The south break
lacks significant vertical displacement and occupies
an area of active deposition; as a result, no scarps
are visible, and recurrent burial by sediment con-
ceals structural complexity caused by faulting. A
channel, however, that crosses the break about 0.7 km
east of R. 9 E. reveals the fault and evidence of
repeated activity during the past 2,400 years. (See
Clark and others, this volume.) In addition, lines of
creosote bushes and shallow sinks along the south
break mark several relict tectonic fractures that
formed perhaps 20 years before the earthquake.
(See Clark, “Surface Rupture Along the Coyote
Creek Fault,” this volume.) Like segments of the
central break, parts of the south break act as a
barrier to ground water, encouraging abundant
growth of mesquite to the southwest of the fault.
(See Clark, preceding reference.) Alined mesquite-
covered dunes, which may mark the course of pre-
vious surface fractures, and low hills of upwarped
alluvium occur along the southeastward projection
of the south break and imply a connection between
the 1968 break and the colinear fault that forms the
southwest boundary of Superstition Mountain. Part
of this projected segment lies exactly over a steep
gravity gradient interpreted by Biehler, Kovach, and
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Allen (1964) to represent a concealed fault. The
faults of Superstition Mountain and the low hills
between Superstition Mountain and the south break
were inspected after the earthquake, but no indica-
tion of recent breakage was evident.

The south break and its projection along the south-
west boundary of Superstition Mountain trend nearly
20° E. of the S. 40° E. average trend of the Coyote
Creek fault to the north. According to interpretation
of gravity data by Biehler, Kovach, and Allen
(1964), faulting along this S. 60° E. trend probably
also continues in the opposite direction (northwest-
ward) west of the 1968 rupture toward the front of
the Vallecito Mountains. Alternatively, the prinecipal
strand of the Coyote Creek fault may not continue
southeastward to Superstition Mountain but instead
extends S. 40° E. from the south break across the
nearly featureless alluvial flats that lie to the west
of Superstition Mountain. A reconnaissance of this
projected trend in December 1970 revealed no evi-
dence of present or past fracturing for a distance of
nearly 80 km from the south break; however, an
extensive zone of fresh fractures of possible tectonic
origin crosses Highway S80 along the projection
about 1.5 km west of Dixieland (fig. 90).

SUMMARY

Geologic mapping along the Coyote Creek fault
demonstrates various relations of Quaternary struc-
ture to the 1968 surface rupture:

1. Bending of fold axes, increase of dips to nearly
vertical, and local doming or downwarping of
Quaternary strata in the immediate vicinity
of the 1968 break give strong evidence of drag
effects. These structural clues to tectonic activ-
ity and other geologic evidence revealed addi-
tional recently active branches and nearby
faults in Quaternary deposits along the 1968
break, many of which were inactive during the
Borrego Mountain earthquake.

2. Tectonically upwarped hills of alluvial sediment
as much as 3 km from the main 1968 break
were apparently uplifted slightly in 1968.

3. The sense of the vertical component of very re-
cent offset changes at several locations along
the fault yet is always consistent with all evi-
dence that shows the sense of earlier move-
ment.

4. Structural complexity along the Coyote Creek
fault is greatest in the regions of the north
and central breaks, where the oldest sediments
and rocks are exposed. Young alluvium and
lake deposits may mask complex branch fault-
ing and folding that affect the underlying but
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possibly only slightly older sediments at many
locations.

5. The principal fracture of the Coyote Creek fault
in the area of 1968 breakage is probably con-
nected with the unbroken main strand farther
northwest by a fracture that is mostly con-
cealed beneath the alluvium of San Felipe
Creek. Subsidiary faults along the north break
diverge from the main fault strand along
nearly east-west lines northeast of the fault
and along north-south lines on the southwest
side.

6. The Coyote Creek fault possibly extends beyond
the 1968 breakage east-southeast along isolated
uplifted mounds of sediments to the fault that
bounds Superstition Mountain on the south-
west, although it may also extend southeast to
connect with fresh fractures near Highway
S80, nearly 30 km distant.

7. Structural features of the strongly folded and
uplifted Cenozoic sediments of Ocotillo Bad-
lands indicate a zone of compression between
the en echelon overlap of the north and central
breaks. The en echelon pattern, however, may
be the surficial expression of a continuous fault
at depth.

The pattern of fault strands established by our
structural mapping, together with the ruptures
formed by the 1968 earthquake, probably only partly
reveal the complexity of the Coyote Creek fault.
Although many recognizable branch faults diverge
from the main zone at small and large angles near
Borrego Mountain, other undetected strands and
branches of the Coyote Creek fault may also exist,
particularly along the south break and parts of the
central break that traverse very young Holocene
deposits. The definite nature and extent of complex
branch faults even in some areas of well-exposed
Cenozoic beds may not be revealed until movement
occurs again or until extensive exploration is under-
taken. The recently detected aseismic ground fractur-
ing near Dixieland (mentioned previously) may
prove to be widespread and prevalent; its documen-
tation will certainly supplement and will perhaps be
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a critical part of the information about geologic
structure in this region.

Our investigation emphasizes that the area of
potential damage to structures extends far beyond
the narrow zone of the main rupture of 1968 and
includes outlying low hills of upwarped sediment,
splaying faults, and the southeastward and north-
westward projection of 1968 ruptures. Any proposed
site for a major building in the region of the Coyote
Creek fault should be examined carefully below the
surface for evidence of Holocene or Pleistocene
displacement. The clear evidence of repeated dis-
placement in the past along the 1968 rupture (Clark
and others, this volume) suggests that movement can
occur again on any trace of the Coyote Creek fault
with a record of late Pleistocene or Holocene offset.

This investigation also demonstrates that studies
of strain in this region must consider the complex
nature of outlying fractures and the widespread
occurrence of significant vertical components of
movement in the region of the main fault. Attempts
to measure regional strain for a simple strike-slip
model could fail if stations move vertically in reac-
tion to regional horizontal strain (for example, in
Ocotillo Badlands) or if stations undergo complex
movement because they are placed in blocks bounded
by parallel or splaying faults.
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INTENSITY DISTRIBUTION AND FIELD EFFECTS, STRONG-MOTION SEISMOGRAPH
RECORDS, AND RESPONSE SPECTRA

By SEisMoLOGICAL FIELD SURVEY, NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION

ABSTRACT

The Borrego Mountain earthquake was widely felt through-
out southern California and neighboring parts of Arizona
and Nevada, but damage was generally light owing to the
sparse population and lack of structural development. A
maximum intensity of VII was assigned to a small area
coinciding with the zone of surface breaks along the Coyote
Creek fault in the vicinity of Ocotillo Wells.

Strong-motion seismograph records obtained between 41
and 240 miles of the epicenter reveal the following: (1) The
peak values for acceleration, 0.14 ¢, and displacement, 7.25 cm,
were recorded at El Centro. (2) Accelerations recorded
at sites on unconsolidated materials were higher than at
sites on or near bedrock. (3) Displacement for the first 200
miles was approximately defined by the equation log A=
2.32—0.011 d (A=maximum single displacement; d=epi-
central distance). (4) Large seismoscope amplitudes oriented
at a considerable angle to the trend of faulting were recorded
at El Centro. (b) Seismoscope records at earthfill dams
indicated an amplification factor for the response of the
dams compared to nearby bedrock. (6) A better distribution
of strong-motion seismographs would be desirable, partic-
ularly along the active fault zones and at free-field sites in
the Los Angeles area. (7) Relative velocity response spectra
for the El Centro, San Diego, and San Onofre records show
the usual rapid decay with distance from the epicenter. With
no accelerometer closer than 40 miles from the epicenter, the
vertical components recorded are not as important as the
horizontal components.

INTRODUCTION

The magnitude 6.4 Borrego Mountain earthquake
of April 9, 1968 (G.m.t.) was generally felt over an
epicentral radius of 150 miles, and although signifi-
cant damage was largely restricted to 900 square
miles surrounding the region between Ocotillo Wells
and Borrego Springs, minor damage occurred in the
more populous sections of the Imperial Valley and
in the San Diego, Los Angeles, and San Bernardino-
Riverside areas. Reports from the Borrego Springs—
Ocotillo Wells area show that broken pipes, minor
building cracking, and glass breakage comprised the

bulk of vibration-related damage effects, apart from
the actual faulting that disrupted State Highway 78
and part of the local airstrip.

Strong-motion seismograph records were obtained
from 114 accelerographs operated by the Seismologi-
cal Field Survey! in California and Nevada, and
although relative accelerations were high in only
one location, El Centro, the results are particularly
valuable for several reasons: (1) The distribution of
a large number of records may suggest local and
regional geologic influences on strong ground shak-
ing. (2) The first significant earthquake motion to
be measured at a nuclear generating plant was
recorded at the San Onofre reactor site. (3) The
geographic pattern of instrument location and opera-
tion could provide a basis for future planning of the
strong-motion network. (4) A large number of
recordings were obtained in the upper stories of
buildings in Los Angeles. These reflect the periods
of the structures as excited by seismic forces.

In addition to the acceleration data, records were
also obtained from 17 displacement meters and at
least nine seismoscopes. Although more than 130
seismoscopes were located in the felt area, recorded
amplitudes were generally too small to definitely as-
sign them to the Borrego Mountain earthquake
rather than to previous local tremors that had gone
unnoticed.

ACKNOWLEDGMENTS

The authors thank M. Engle, J. Martine, G. Mur-
ray, and E. Etheredge, who retrieved and processed
the strong-motion records, and also B. J. Morrill,
who carried out the field investigation after the
earthquake. Thanks are also extended to C. F. Knud-
son and V. Perez, who reviewed the section on
strong-motion seismograph records.

1Formerly a unit of the U.S. Coast and Geodetic Survey.

141



142

120° 118°*

5

THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

116° 114° 112°

T

37

NEVADA

|

o3 o BAKERSRIELD
.

H €©
¢
CALIFORNIA N pall
se o
° l_lv BARSTOW | d é
. . ARIZONA

36°

JJ'——I
APRIL 8,1968,18:28:58.9 PST.

? 20 40 60 80 100
J

| R W WY M T M T M|

STATUTE MILES

| I I

o
°
. o
L
Y
®  eEL CENTRO
. .

121° 119° 117*

115° 13°

FIGURE 95. — Isoseismal map of the Borrego Mountain earthquake, showing earthquake intensity as measured on the
Modified Mercalli scale.

INTENSITY DISTRIBUTION AND

FIELD EFFECTS
By WiLLiam K. Croup

SEISMOGRAPH STATION, UNIVERSITY OF CALIFORNIA
NiNA ﬁ.b ScotTt
SEISMOLOGICAL FIELD SURVEY, NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION

A review of reports from an extensive question-
naire canvass by the Seismological Field Survey
indicates that the generally felt area of the Borrego
Mountain earthquake in the United States was ap-
proximately 60,000 square miles (fig. 95). Limits of
the generally felt area were from Santa Barbara,
northeast to Tehachapi, China Lake, Trona, and
Tecopa; in Arizona, southeast to Wikieup, and south
to Wenden, Horn, and Dateland. Outside the gen-
erally felt area, the shock was reported to be felt
slightly at Santa Maria, Fresno, Yosemite Valley,
and at Las Vegas. Intensity VII was assigned to a
small area in northeastern San Diego County, prin-
cipally in the Borrego Mountain-Ocotillo Wells area
(Coffman and Cloud, 1970). By contrast, Youd and
Castle (1970) and Castle and Youd (this volume)

report maximum intensities as high as IX, although
these were based on ground effects only.

Within the intensity VII area, minor right-lateral
displacement on the Coyote Creek fault was observed,
and Highway 78 was cracked adjacent to Ocotillo
Wells. Park rangers reported that rockslides oc-
curred in Palm Canyon, at Split Mountain, and at
Font’s Point. Huge boulders blocked the Montezuma-
Borrego Highway, from the head of Culp Canyon
(about 3 miles southwest of Borrego Springs) to
near the San Diego County Sheriff’s office. Press
reports relating to effects at Ocotillo Wells stated
that at the Walter Morton home, walls split over
doorways and at room corners, abedroom separated
from the rest of the house, dishes and glassware
flew out of cupboards, and 3,600 gallons of water
gushed out of a storage tank. At the Desert Ironwood
Motel, about 3 miles west of Ocotillo Wells, the
manager reported loud earth noises, tile block
cracked, water pipes in building broke, water from
swimming pool flooded the motel, and groundwaves
moved toward the north. The manager also reported
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feeling a light tremor about 45 seconds before the
main shock. At the M. A. Smith residence, across
Highway 78 from the Desert Ironwood Motel, a
schoolbus moved 3 inches, furniture moved 4 inches,
and the pumice-block building was slightly damaged.
At the Borrego Air Ranch, about 10 miles northwest
of Ocotillo Wells and west of Borrego Mountain, well
water became dark, a pipeline cracked, and a swim-
ming pool lost 114 feet of water, but there was no
damage to the concrete-block and steel Class “A”
building. At the San Felipe Substation, about 3.2
miles south-southeast of Ocotillo Wells, large trans-
formers were shifted, shearing anchor bolts and
breaking X-bracing.

Reported effects of the earthquake at sample loca-
tions outside the intensity VII area were:

Brea (Orange County). Canned goods fell from
shelves. Hanging objects swung violently northwest-
southeast.

Chula Vista (San Diego County). Strong rolling
motion. Power out in 4-square-mile area. Many gro-
cery shelves emptied.

Desert Center (50 miles northeast of the epicen-
ter; eastern Riverside County). “Waves 6 inches
high on swimming pool and about 100 gallons of
water splashed out on northwest-southeast sides.
Movement of earth was a slow roll and lasted about
30 seconds.”

Hemet (Riverside County). “Impossible to walk
in trailer during shock. Trailer movement was vio-
lent. Water in swimming pool was sloshing over the
sides 10 minutes after the shock was apparently
over.”

Coachella (Riverside County). “Most damage was
to grocery and liquor store stocks in this area; a
great deal of breakage.”

Imperial County:

Power disruptions occurred in some sections of
Imperial Valley.

Brawley (8 miles west of Wieman Ranch). “I
have experienced all shocks here in the last 45 years.
This one was the most violent of all but its vibra-
tions were mostly vertical and therefore it did not
topple bookcases, china closets, etc., as in previous
shocks. Damage was negligible.”

Calexico. (Press) Part of the ceiling fell in
Safeway store.

El Centro. (Press) Part of a ceiling fell at the
J. C. Penney store in Valley Plaza. The Balboa Hotel,
which was battered by the 1940 earthquake, was
damaged again. Plaster fell from walls and ceilings
on the hotel’s second floor. Merchandise fell in stores.

Imperial. Damage at Imperial was reported as
generally light. About 7,500 books fell from shelves
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at the public library. About 6 miles west of Imperial,
on the Worthington Road grade leading down to
New River, there was a crack in the road about 200
feet long and 2 inches wide. “Shock lasted nearly a
minute. Sensation of standing in small boat in choppy
water. Walking would have been difficult. Feeling of
nausea persisted for 15-20 minutes following the
shock. Lights were off for 10-15 minutes after the
shock.”

Westmorland. (Press) Top part of brick wall
collapsed at a laundromat. Walls cracked in other
buildings.

Long Beach (Los Angeles County). Press re-
ported the passenger liner Queen Mary, in drydock
at the Long Beach Naval Shipyard, rocked back and
forth on its keel blocks for 5 minutes following the
shock. Few windows cracked. People ran outdoors at
the U.S. Naval Base.

Los Angeles. (Press) Los Angeles area residents
reported instances of chairs sliding across floors,
cracks in plaster, and water sloshing out of swim-
ming pools. The following report was received from
a structural engineer:

I inspected two downtown buildings on April 16, 1968, for
an insurance company. One of the buildings is 13 stories,
steel frame, brick filler walls. Both are of about the same
construction and were constructed prior to any earthquake
code design criteria. Interior partitions are mostly plastered
hollow tile. Damage in both buildings was limited almost
entirely to plaster cracks where old cracks from the 1933
and 1952 earthquakes were reopened or were slightly en-
larged. There was a slight “banging” erumbling where one
building is built tight against the other to the north.

Palm Springs (Riverside County). “Light fixture
swayed violently 2 or more feet in north-south direc-
tion. Dinner guests became partially ill. Neighbors
ran outside, some screaming.”

Salton Sea. (Press) Residents on the north shore
of the Salton Sea reported a 6-inch tide was mea-
sured on concrete retaining wall.

San Diego (San Diego County). Press reported
hundreds of broken windows and severed power lines
in beach communities of San Diego County. In the
south San Diego Bay area, high-tension wires swung
and arced over. People seated found it difficult to
stand erect.

West Covina (Los Angeles County) . Strong rolling
northwest-southeast motion, lasted 1 minute. Diffi-
cult to walk.

Whittier (Los Angeles County). “Water splashed
out of pool and ran into northeast drains, uphill, and
back onto deck from northwest drains. Moved filter
off of underground filter in northeast direction.
Ground visibly wavy.”
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FIGURE 96. — Location of strong-motion seismographs that were triggered by the Borrego Mountain earthquake.

Cantil (Eastern Kern County). Felt by all. Ve-
hicles rocked.

Fillmore (Ventura County). “Water in swimming
pools splashed by rocking motion.”

Fort Irwin (about 25 miles northeast of Barstow;
San Bernardino County). Dizzy sensation experi-
enced.

Blythe (Lost Lake Resort, about 31.5 mi-:s north
of Blythe, Colorado River area of eastern Riverside
County). “I was sitting on couch in trailer. The
trailer shook violently for a few seconds. The effects
were very noticeable.”

Coso Junction (southern Inyo County). “I was
leaning on desk and thought I was having a dizzy
spell. Also felt nauseated.”

Tecopa (southeast Inyo County). Telephone poles
and lines shook.

Arizona:

Horn (about 150 miles east of the epicenter and
just north of Dateland). “One 1,800-foot well
pumped red clay. Production of the well dropped off
900 gallons per minute. Desk shifted 1 inch.”

Yuma. “Reports of very few cracks in concrete
walks and driveways. Noticeable movement of
parked vehicles. Water splashed out of pools.”

Quartzsite. Water disturbed.

Topock. Small objects and furniture shifted.

Wenden. All persons in home felt a sensation of
seasickness.

STRONG-MOTION SEISMOGRAPH RECORDS
By RICHARD P. MALEY
SEISMOLOGICAL FIELD SURVEY, NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION

GEOGRAPHIC DISTRIBUTION

Examination of the geographic distribution of the
strong-motion seismographs triggered by the Bor-
rego Mountain earthquake (figs. 96, 97) shows that
within the first 170 miles, all 91 accelerographs were
triggered, including every Los Angeles area station,
whereas from 170 to 240 miles, 21 of 28 operated.
In addition, two of the 18 installations maintained
by the Environmental Research Laboratories Special
Projects Party in Las Vegas, Nev., 215 miles from
the epicenter, were also actuated. Most of the 16
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that did not operate are in upper levels of taller
buildings. It is not known how many of these were
in standby condition, since they are generally used
to record the effects of nearby nuclear detonations
rather than kept in ready status for earthquakes.
Table 20 gives the strong-motion stations at increas-

TABLE 20. — Strong-motion seismograph records from the
Borrego Mountain earthquake

Distance

Stati Instruments from
10Nn8 +
C&GS AR-240 RFT-260 ‘Paiocy
El Centro . 1 41
San Diego... . 1 67
Perris Dam . 1 78
San Onofre 1 83
Colton . 1 93
San Bernardino.................. 1 98
Devil Canyon........................ 1 102
Cedar Springs Dam site.... 1 104
Santa Ana..........oo... 1 B 109
Puddingstone Dam............. 1 117
Los Angeles area............. 10 65 4 125-145
Pearblossom ...................... 1 142
Mohave, Nev.........c....o...... 1 170
Lake Hughes 1.................... 1 171
Fairmont Dam................ 1 172
Castaic Dam site................ 1 173
Santa Felicia Dam.. 2 177
Gorman.............. 1 189
Port Hueneme... 1 190
Wheeler Ridge 1 210
Las Vegas, Ne 2 210
Hoover Dam, Nev.... 3 e 212
Lake Isabella Dam... .. 14 220
1 222
1 225
1 1 237
2 240
26 8 - 10

INot simultaneously connected. Four operated, one did not.

ing distance from the epicenter, with the type of
instrumentation indicated for each site.
The closest nonactuated instruments (table 21)

TABLE 21. — Strong-motion seismographs not triggered by
the Borrego Mountain earthquake but within potential
operable range

Nominal distance

. Numb f
Station Ins‘tllr'nux:;n%s to (ez:ﬁ::)ter
Lake Hughes 4, 9, 12 3 170
Fort Tejon.......ocoeeeeeeee... 1 190
Tehachapi........... 1 _ 195
Lake Isabella 1 i 220
Buena Vista....... 1 225
Total....oooooeeeeeeeeee 7

were part of the Lake Hughes array, 171 miles from
the epicenter. The number 1 station there, a few
hundred feet northeast of the San Andreas fault,
was triggered, but the three others, 3-9 miles south-
west of the fault, were not. Since the maximum
accelerations recorded at station 1 were near the
instrument’s operating threshold, the fact that the
three nearby stations were not actuated may reflect
minor variations in trigger sensitivities and subtle

THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

differences in geology rather than their greater dis-
tance from the San Andreas fault. Beyond the 170-
mile epicentral radius, all accelerographs more than

. 45 miles inland were not actuated, whereas all those

within 30 miles of the coastline and out to the 240-
mile operable limit were. Preliminary inspection
suggested that this pattern was related to the re-
gional variation of geologic structure introduced by
the San Andreas fault system and the existence of
different tectonic provinces. The seven accelero-
graphs near the coastline are located well west of
the San Andreas fault in the Transverse Ranges,
while 11 of the 18 inland accelerographs that oper-
ated (excluding those in Nevada) are near to and
east of the San Andreas fault in the central Trans-
verse Ranges and the southern regions of the San
Joaquin Valley and Sierra Nevada. Closer investi-
gation suggests the possibility that this pattern of
operation was due to local geologic conditions, rather
than any regional structure. Six of the eight non-
operating instruments are on a basement complex
or other highly competent rock, while those beyond
170 miles and west of the San Andreas fault are on
considerably poorer foundation materials, including
earthfill dams and alluvium. None of the near-coast-
line instruments are at basement-rock sites, and
only one is on well-consolidated sediment.

A review of the regional distribution of strong-
motion seismograph records show that only six of
the 114 records were obtained within 100 miles of
the Borrego Mountain earthquake epicenter. The
primary reasons for the lack of close-in stations are
twofold: (1) A majority of the accelerographs are
owned by various organizations and agencies other
than the Seismological Field Survey and therefore
are operated at the engineering structures of par-
ticular interest to those groups. (2) The largest
cluster of instrumentation is located in Los Angeles
because of the building code provision requiring
accelerographs in most taller buildings.

ENGINEERING-TYPE LOCATIONS

A breakdown of instrument locations according to
“structure type” is shown in table 22. Twenty of the
larger buildings had simultaneously connected ac-
celerographs at the lowest, intermediate, and highest
levels, with identical timing signals and a common
starting capability (that is, when any one of three
instruments is triggered, the remaining two are
immediately actuated, thereby providing a uniform
zero time on all records). Of those 20 buildings, 19
have been equipped under the Los Angeles building
code that requires three acclerographs in most new
structures taller than six stories. Three other build-
ings have two accelerographs per structure, again
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FIGURE 98. — El Centro accelerograph record from the Borrego Mountain earthquake.

similarly interconnected, and the remaining seven
single instruments in the taller buildings are located
at the lowest level except the two in Las Vegas that
are on the roof. Thirteen accelerographs were in
buildings of less than six stories, five of these in the
Los Angeles area and the rest in smaller cities
throughout central and southern California. Strong-
motion seismographs in small buildings or sheds are
those related to facilities other than dams in the
California Department of Water Resources Feather
River project. The 15 records obtained at existing
dams are from eight different structures where the
instruments have been installed in various configura-
tions of one to five accelerographs per location. The
last three stations are at future Department of
Water Resources dam sites.

A casual inspection of table 22 reveals that most
of the accelerographs were in locations where the
records to a considerable extent reflected the charac-
teristic response of a structure rather than pure
ground motion. In fact only 20 of the 114 accelero-
grams were obtained at sites with free-field condi-
tions, and in Los Angeles just one of these was
within 15 miles of the central complex of 20 mul-
tiple-instrumented buildings. Among the 16 ground
stations outside the Los Angeles area, 14 were near
existing or planned hydraulic facilities.

ACCELEROGRAPH RECORDS

Acceleration records were written by three differ-
ent instruments: the Coast and Geodetic Survey
standard strong-motion seismograph and the AR-240
and RFT-250 strong-motion recorders; the latter
two are manufactured by Earth Science Division of
Teledyne Industries, now Teledyne-Geotech.

Since the three instruments supply similar data
(that is, a continuous three-component record of
acceleration throughout the duration of a potentially
damaging earthquake), it follows that their func-
tional descriptions are closely analogous, although
engineering characteristics vary considerably from
instrument to instrument. The accelerographs are
triggered by a horizontal 1-second pendulum during
the early phase of an earthquake, thus actuating the
“operate” cycle at an acceleration level of approxi-
mately 1 percent of gravity. Three unifilar torsion-
type accelerometers detect motion along mutually
perpendicular axes, two horizontal and one vertical,
and through a system of mirrors deflect a beam of
light focused upon translating photographic paper
or film behind a collimating lens. Included on the
record are l-second time marks supplied by an
internal clock system and a series of reference lines
adjacent to each of the three data traces (figs. 98,



148 THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

A San Onofre

ACCELEROMETER MOTION N33E
SENSITIVITY - 7.98 CM/g

ACCELEROMETER MOTION DOWN o™
SENSITIVITY » 7.58 CM/g

= At AAMAA A
WA

ACCELEROMETER MOTION NSTW
SENSITIVITY « 7.62 CM/p

SAIRNAAPANN e oS

5 SECONDS —'

» PP P U U S S S S S S U S U S S U S G S S VA U T S S S WA S U S S S S VU S S S SN S S S N S S S

ACCELEROMETER MOTION uP
SENSITIVITY « 20.0 CM/jg

ACCELEROMETER MOTION EAST
SENSITIVITY = 19 CM/p’

----l-5 seconos+ - - ---

ACCELEROMETER MOTION SOUTH
SENSITIVITY « 20 CM/g

Y—scuﬁ
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TABLE 22. — Locations of strong-motion seismographs trig-
gered by the Borrego Mountain earthquake

Location Number of Free-field ground

instruments conditions
Upper level of buildings > 6 stories.. 26
Middle level of buildings > 6 stories 21
Bottom level ‘of buildings > 6 stories 28

Lowest level of buildings < 6 stories but larg.é; 13
than a simple one-story structure.

Small one-story building or shed.............cccceeeeecn. 9 9
Existing dams. 16 8
Future dam sites. 3 3

Total 1116 20

1The number of accelerographs triggered is one larger than the number of
records obtained since one was lost owing to an instrumental malfunction.

99). Upon cessation of significant shaking, the in-
strument automatically shuts off but remains in an
operable mode in case there are subsequent earth-
quakes. The nominal physical characteristics of the
different accelerographs are given in table 23. (For
more detailed descriptions see Halverson, 1969.)
Displacement meters that are an integral part of

many strong-motion seismographs will be discussed
later.

TABLE 23. -— General characteristics of strong-motion seismo-

graphs
Model Period Sensitivity (E;Té’,f?’if Record Rec::ding
(sec) (em/o) “eritical)  S1%¢  (emfgec)

U.S.C. & G.S................0.045-0.084 7-20 60 6orl2in. 1lor?2
Teledyne AR-240 062 7.6 60 12in. 2

062 115.2 60
Teledyne RFT-250...... .048 1.9 60 0mm 1

070 13.8 60 70mm 1

10nly four of these models were in use, all in the Los Angeles area.

A maximum acceleration of 0.14 ¢ was recorded
in a north-south direction at El Centro, the station
nearest the epicenter, which was 41 miles to the
southeast. As previously pointed out by Cloud and
Scott (1968), this large pulse had an apparent
sinelike character and was superimposed upon a
smaller background motion approximately 7 seconds
after the recording began (fig. 98). The acceleration
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levels were no higher than 0.06 g before or after this
major pulse in other directions at El Centro, nor
for that matter at any other sites. Two other impor-
tant records shown in figure 99 were obtained from
San Onofre and San Diego, respectively 67 and 83
miles from the epicenter. The highest accelerations
at San Diego, occurring between 9 and 13 seconds
after the instrument was triggered, were about
0.03 ¢ on both horizontal components. Vertical mo-
tions, considerably smaller, had maximums near
0.01 g. The accelerogram from San Onofre, the first
significant strong-motion record from a nuclear gen-
erating site, shows two separate trains of relatively
high amplitude motion: one at the beginning, and
the other 16 seconds later. The peak horizontal
acceleration was 0.04 g, larger than at San Diego
and Perris, two stations nearer the earthquake. Per-
haps the most notable feature of the San Onofre
record was the vertical acceleration of slightly more
than 0.04 g; this acceleration is higher than that
recorded at any other site, including El Centro at
one-half the epicentral distance. Table 24 lists the

TABLE 24. — Maximum accelerations recorded at stations less
than 120 miles from the epicenter

lestance c Maxilmum

rom omponent accelera-

Station epicenter direction tion Geology

(miles) (ecm/sec?)
El Centro................ 41 140 Alluvium, 2,000 ft over
4 late Tertiary sediments.
38 Basement at
18,000-20,000 ft.
San Diego......couueee 67 29 Alluvium, 50-100 ft over
25 Pliocene sediments.
10 Granite at
4,000-5,000 ft.
Perris....uncnnearenn 78 12 Alluvium, thin veneer
18 over granitic rocks
6 (estimated less than
60 ft thick).
San Onofre............. 83 . 40 Slightly cemented Pliocene
N. 67° W.... 27 sandstone. Estimated
Vertical....... 45 depth to basement rock,
11,000 ft.
Colton.........uuune. 93 23 Alluvium, more than 500
18 ft. Basement estimated
19 at 1,000 ft.

San Bernardino 98 18 Alluvium, approximately
(Hall of West.... 4 1,000 ft. Basement
Records) . Vertical.. 3 estimated at 2,000 £t.

Devil Canyon 102 South......... 140 Fractured limestone and
(San West............ 47 gneiss. On Santa Ana
Bernardino). Vertical 33 fault (strand of the

San Andreas system).

Cedar Springs........ 104 S.20° E...... 6 Granitic rocks.

N. 70° E..... 6
Vertical...... 7
Santa Ana............. 109 South... 14 Alluvium, 350 ft over
West.... 14 Pliocene sediments.
Vertica 5 Basement rock at
approximately 10,000 ft.

Puddingstone......... 117 N. 26° E..... 16 Volcanic agglomerate over

N. 656° W.... 17 Miocene sediments.
Vertical..... 4 Basement estimated

at 500 ft.

maximum accelerations for the three components at
all stations up to 120 miles from the epicenter, and
briefly describes the geology of each site. (For a
complete tabulation of strong-motion seismograph
results, see U.S. Coast and Geodetic Survey and
California Institute of Technology, 1968.)

476-246 O - 72 - 11
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Figure 100 shows the variation of maximum ac-
celeration with epicentral distance for the horizontal
components of all strong-motion seismographs that
operated during the earthquake. Comparison of the
soil conditions at sites less than 120 miles from the
epicenter (table 24) indicates that sites on or near
bedrock — Perris, Devil Canyon, and Cedar Springs
—fall on the lower area of the curve envelope,
whereas those sites on alluvium or other less-consoli-
dated materials tend to be on the upper parts of the
graph. At Perris there is only a thin veneer of allu-
vium overlying the basement complex (John Wolfe,
oral commun.), and the short seismogram (6 sec)
obtained there is more typical of that recorded
directly on basement rock (that is, low acceleration
level, less than 0.02 g, but relatively high frequency
content near 10 Hz) than that recorded on alluvium.

Data were also plotted for the maximum vertical
accelerations at sites less than 100 miles from the
epicenter, thus showing the relatively higher values
recorded at San Onofre. The. vertical maximums
observed at El Centro, San Diego, and Perris were
respectively 75, 22, and 13 percent of that at the
San Onofre site.

The square area outlined on figure 100 encloses
measurements from 35 ground-level instruments in
the Los Angeles area at a nominal epicentral dis-
tance of 125-145 miles. Peak accelerations ranged
from near zero to slightly greater than 0.01 ¢; there
was no apparent relationship of attenuation to dis-
tance. Attempts to correlate the same information
with the local geology were unsuccessful; however,
the amplitudes were generally quite small, and the
potential scaling error involved is of itself rather
large compared with the amplitudes themselves.
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FIGURE 101. — Accelerograph record from the Central Engineering building at the Jet Propulsion Laboratory in Pasadena,
ninth floor.

Possibly, as suggested by Cloud and Hudson (in U.S.
Coast and Geodetic Survey and California Institute
of Technology, 1968), “significant studies of the
distribution of ground motion can be made” through
the use of the entire strong-motion record with com-
plete soil profiles and more sophisticated analytical
techniques.

In addition to the 35 ground-level records, 44
accelerograms were written in the middle and upper
level of the taller buildings in Los Angeles and
Pasadena. The maximum accelerations and the
character of these recordings reflect the structural
characteristics of individual buildings, as shown by
the record in figure 101 which is from the ninth floor
of the Central Engineering building at the Jet Pro-
pulsion Laboratory in Pasadena. Maximum accelera-
tions on the top floor were 0.03 ¢, six times those
recorded in the basement; the predominant periods
were 1.09-1.12 and 1.06-1.14 seconds in north-south
and east-west directions, respectively, compared with
values of 0.92 and 0.93 second measured during an
independent observation of ambient building vibra-
tions. The difference may be attributed to the “soft-
ening” effect in the structure under higher horizontal
force loads. A peak acceleration of slightly over
0.07 g at a period of 0.60 second was recorded on the
top floor of one structure in Los Angeles, although

in most instances the maximums were 0.04 ¢ or less,
frequently considerably less.

DISPLACEMENT RECORDS

Displacement measurements were obtained from
two different instruments, the Coast and Geodetic
Survey displacement meter and the Carder displace-
ment meter, both optional features installed at 11
accelerograph stations where ground-level records
were obtained during the earthquake. The Carder
displacement meter, operated as an integral compo-
nent of the accelerograph, is an inverted pendulum
suspended by a cross hinge and stabilized by a tor-
sional restraint wire. The seismogram is produced
on photographic paper through a system of mirrors
that transmit a reflected light ray from the pendulum
to the recording surface (Carder, 1964). The Coast
and Geodetic Survey displacement meter, although
triggered and controlled by the accelerograph, is
housed separately from it and records independently.
It consists of two horizontal pendulums set at right
angles to each other and held level by angular sup-
port wires. The axes of the pendulums are free to
pivot in a needle-in-jewel arrangement. The record
is made by an optical system similar to the one in
the Carder displacement meter. Both instruments
are normally adjusted for a magnification of 1. (See
table 25 for typical physical characteristics.)
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TABLE 25. — General characteristics of displacement meters

Damp-

. : Record Paper
Period Magni- ing o
Model : size speed
(sec) fication oégi;‘:ii:‘l:) (in.) (em/sec)
Carder meter........ccuminereeen 12,0- 6.0 1 60 6 or 12 lor2
U.S.C. & G.S. meter.......... 10.0 1 60 6 .6

1Nominally adjusted to 2.5 or 5.0 sec.

Figure 102 shows the locations of displacement
meters at ground-level stations in California and
Nevada between 41 and 240 miles of the earthquake
epicenter. The largest displacement occurred at El
Centro, where a recorded double amplitude of 13.9
cm {maximum single amplitude of 7.2 cm) was
correlated in time of occurrence and duration with
the sinelike acceleration pulse of 0.14 g previously
referred to in figure 98. (A double amplitude is the
total peak-to-peak measurement of successive trace
deflections in opposite directions, whereas a single
amplitude is a measurement from the null, or zero,
line to the deflection in one direction.) As noted by
Cloud and Scott (1968), the displacements at El
Centro were large compared to the small accelera-
tions, and in fact continuous single amplitudes
greater than 4.0 cm were recorded for more than 90
seconds. i
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FIGURE 102. — Location of the ground-level displacement
meters actuated by the Borrego Mountain earthquake.
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TABLE 26.——Maximum amplitudes recorded by ground-level
displacement meters

Distance to Maximum
Station epicenter Cgir;lg:t;?::t amplitude -(cm)
(miles) Double  Single
Carder displacement meters
El Centro 41 7.26
6.80
Santa Ana 109 1.40
1.16
Long Beach 127 .60
.70
UCLA (Los Angeles)................. 148 46
40
Fairmont 172 17
11
Port H 190 .20
. .40
Hoover Dam 210 .26
.86
Cach Dam 240 .20
.31
U.S. Coast and Geodetic Survey displacement meters

El Centrol.......oeeceiriiceiecnes 41 4.6

4.6
Colton 93 1.66
1,70
Subway terminal (Los Angeles) 138 2.10
1,95
Bakersfield 226 1.956
.66

1Pendulums hit stops.

Peak north-south displacements (table 26) were
plotted against epicentral distance in figure 103.
Amplitudes measured from the six Carder displace-
ment meter records at distances less than 200 miles
fell on a relatively straight line defined by the
equation

log A=2.32—-0.011d,

where

A=maximum single displacement, in millime-

ters, and

d—=epicentral distance, in miles.
Measurements scaled from three of four Coast and
Geodetic Survey displacement meters are related to
the curve in the following manner: (1) not appli-
cable at El Centro because the pendulums struck the
stops at both ends of the swing-arc; (2) reasonably
close at Colton, 93 miles from epicenter; and (3)
well beyond the arbitrary 200-mile equation limit
at Bakersfield. The fourth record, obtained in central
Los Angeles, showed abnormally large displacements,
the only major deviation from the trend of the curve.
Note the comparatively large amplitude also recorded
at Bakersfield, 225 miles from the epicenter.

Displacement records were also made by instru-
ments installed on structures at Hoover and Ca-
chuma dams and in the top of two Las Vegas
buildings, but these are not considered here.

SEISMOSCOPE RECORDS
After the earthquake, 131 seismoscope plates were
removed from instruments in central and southern
California. Since amplitudes were generally quite
small, there is no certainty that records thus ob-
tained were from the Borrego Mountain earthquake
rather than from minor local earthquakes, except
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for El Centro and some dam sites, where instru-
ments are inspected frequently.

The seismoscope consists of a free conical pendu-
lum supported by a single pivot suspension wire
providing freedom of movement in all horizontal
directions (Cloud and Hudson, 1961). The relative
motion between the instrumental base and pendulum
is etched on a smoked watchglass by a scriber at-
tached to the frame. As suggested by Hudson and
Cloud (1967), the El Centro results are presented
in terms of the relative displacement response spec-
trum that is calculated by the following solution
from direct measurements off the watchglass

5,81 |
= 47r2 4m P V10,
where,

S« =relative displacement response spec-
trum, in inches,

T =undamped natural period of the seismo-
scope,
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_.At
<Pmax—?,
with,

A =single amplitude on the record plate,

S =tilt sensitivity of the instrument,
approximately 2.15 inches per radian,
and

n =fraction of critical damping for the am-
plitude, A4..

Table 27 summarizes the results from four El
Centro seismoscopes located at sites 40-42 miles

TABLE 27.— Relative maximum displacement spectra from the
El Centro seismoscope records

Distance Maxi-

Damp- Sensi-

ng tivity Trace mum
Location epi- Per"’d (percent (in./ Ampli- relative po 000,
(sec . tude displace-
center of radi- (in.) ment
(miles) critical) an) (in.)
Central Union
High School........ 40.3 0.75 10. 2.16 0.34 0.88 N.13° E.
Electric substation 41 3 3 1.6 2,14 34 87 S.5° W,
Steam plant............ 5 10.0 2.19 .40 1,00 S.4°W.
Waterworks............ 42.0 74 10.5 2.19 .38 82 S.21°W.

from the epicenter. The calculated displacement re-
sponse spectra ranged from 0.82 to 1.00 inch.
Superimposed on a map of El Centro at their re-
spective locations (fig. 104), these records indicate
that the polarized amplitudes are oriented north-
south, approximately 45 degrees to the trend of
ground rupture on the Coyote Creek fault. An angle
this large between recorded amplitudes and the
trace of nearby fault movement had been observed
at Hollister in 1959 and 1960 (Cloud, 1967) and at
Parkfield in 1966 (Hudson and Cloud, 1967). Un-
fortunately, there were no other seismoscopes less
than 78 miles from the epicenter, so the angle can-
not be measured elsewhere.

At many dams in southern California there are
two seismoscopes, one on the crest and the other
nearby on rock typical of that underlying the dam.
Table 28 gives the unreduced maximum amplitudes
scaled directly from the records obtained at five
earthfill dams at epicentral distances of 117-166
miles. Although there is no absolute certainty that
these records were from the Borrego Mountain
earthquake, record size and frequency of inspec-
tions suggest that at least those recorded at the
Puddingstone, San Gabriel, and San Fernando
Dams are from that earthquake. Table 28 also gives
records from an earthquake in Borrego Valley on
April 28, 1969, and from a shock of unknown origin.

The largest amplitudes from the crest records
were essentially normal to the axis of the dam, and
when these values were compared with the peak
measurements obtained from nearby bedrock re-
gardless of direction, maximur‘n crest to abutment
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FIGURE 104. — E]1 Centro seismoscope records superimposed
on a map of the city.

amplitude ratios ranged from 2:1 to 16:1. While
four of the sites showed ratios between 2:1 and 6:1,
it is interesting that San Gabriel Dam with a crest
height of 320 feet, more than twice that of the next
largest structure on the list, had ratios of approxi-
mately 16:1 for two different earthquakes. The rock
underlying San Gabriel Dam is a crystalline base-
ment complex, whereas at the other sites the rocks
are volcanic agglomerates, Tertiary shale, and al-
luvium (table 28) ; consequently, on strictly geologic
grounds, a larger range in relative response be-
tween the crest and abutment seismoscope may be
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anticipated at San Gabriel Dam.

One should exercise considerable caution in in-
terpreting these results for two reasons. (1) The
values in table 28 are raw measurements scaled
directly off the seismoscope plates. (2) The ampli-
tudes represent only one point on the relative dis-
placement response spectrum curve corresponding
to the physical characteristics of the instrument. In
calculating the relative displacement, it would be
necessary to consider the damping factor for very
small records (as at the abutments), and since
calibration of the seismoscope does not permit suf-
ficiently accurate determination of this variable at
such small amplitudes, the inherent error in the
displacement response could be quite large. The data
presented here merely indicate that there were sig-
nificant increases of ground shaking on fill-type
dams compared to that of the bedrock foundation
within the limits of the seismoscope’s response
range.

Figure 105 shows the comparative records from.
San Fernando Dam in the San Fernando Valley of
Los Angeles, San Gabriel Dam in the foothills
above Azusa, and the single record from Pudding-
stone Dam at San Dimas. The contrast in ampli-
tudes is strongly evident in the first two sets of
records, and although there was no abutment seis-
moscope to compare with the Puddingstone crest,
the large amplitude is of itself quite meaningful,
considering the relatively large epicentral distance
of 117 miles.

RESPONSE SPECTRA

By A. GERALD BraDY
DivisioON OF ENGINEERING AND APPLIED SCIENCE,
CALIFORNIA INSTITUTE  OF TECHNOLOGY

The three acceleration records containing the
strongest ground motion from the Borrego Moun-
tain earthquake were the El Centro, San Diego, and
San Onofre records. Parts of these appear in figures
98 and 99; the complete records were published in
another report (U.S. Coast and Geodetic Survey
and California Institute of Technology, 1968). These
three records have been incorporated in a current
digitization project under way at the California
Institute of Technology. One volume has been pub-
lished thus far (Earthquake Eng. Research Lab.,
1969). Part A of that volume includes two records,
IA19 El Centro and IA20 San Diego Light and
Power Co., and part B includes the IB40 San Ono-
fre, Southern California Edison record (labeled
68-8T here, the original Caltech reference number).
The project report includes digitized accelerograms
(v. 1), corrected accelerograms (v. 2), and response
spectra (v. 3). ‘
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TABLE 28. — Maximum seismoscope amplitudes from selected dams in southern California

Distance Amplitude

Orientation Maximum Direction A Crest . .
Location from of the amplitude from ratio, Dam type length Height Geologic
ef::ﬁgsufr dam crest (l;n. ) epicenter a‘l:):le:;etgt i ( :lngt) (ft) foundation
Borrego Mountain earthquake of April 9, 1968
Puddingstone crest...... 117 N. 62° E. 0.36 N.30°W. ... Earthfill, 1.080 147  Volcanic
curved agglomerate.
crest.

San Gabriel: 124 N. 60° E. 16:1  Earthfill 1,520 320 Weathered
Crest.....cccoeeveeeeeeenn 230 N.30°W. and rock, gneissoid
Abutment.................. .014 straight granite.

crest.

Eaton Wash: 134 N. 60° E. 2:1 Earthfill, 1,645 63  Alluvium
Crest.....ooeeveeeeeeneenns to E.-W. .06 S. 20° E. curved
Abutment.................. .03 crest.

San Fernando: 157 N. 73° W. 6:1 Earthfill, 2,080 142  Tertiary
Crest.....ccoececenrneccec 24 N. 15° W. straight shale.
Abutment.................. .04 N. 70° E. crest.

Dry Canyon: 166 N. 80° E. 2%:1 ... do............ 510 67 Do.
Crest....cooeeeeeeeeeene, .15 N. 17° E.

Abutment................... .06 N. 67° E.
Borrego Valley earthquake of April 28, 1969, magnitude 5.8 (Pasad )

Puddingstone: 117 N. 62° E. N. 56° W. 24-:1 See data above.
Crest......cooeeeeeeeeennn, 0.09
Abutmentl..............

San Gabriel: 124 N. 60° E. N. 54° W. 16:1

rest....coooieeieieen .063
Abutment.................. .004
Earthquake of unknown origin between June 1968 and March 1969
166 N. 80° E. N.b66°W. ... See data above.

Drél Canyon:
035

1A seismoscope was installed on the abutment at Puddingstone Dam after the Borrego Mountain earthquake of April 9, 1968.

The response spectra described herein have been
obtained from the uncorrected accelerograms of
volume 1. They will be similar to those forthcoming
in volume 3, since the particular baseline correction
techniques are not critical in response-spectra calc-
ulations (Amin and Ang, 1966).

The response spectra in figures 106 and 107 have
been calculated from the total length of the avail-
able records, that is, approximately 87, 79, and 45
seconds. The period ranges from 0 to 10 seconds,
and the five damping values are 0, 2, 5, 10 and 20
percent of critical. All three components of acceler-
ation are analyzed. The computer programs used
are those described by Nigam and Jennings (1968) ;
changes were made on subroutines PCN05, PCN06
and PCNO7 so that they could be run on the IBM
360 at present at Caltech. In addition, a few of the
digitized time coordinates had to be further sep-
arated so that the rounding to 0.005 second, per-
formed in subroutine PCNO05, resulted in nonequal
increasing times in every record. These changes
were of the same magnitude as the rounding off
changes which are shown to affect response spectra
calculations by less than 2 percent.

Figure 106 shows the relative velocity response
spectra for the El Centro record in the south, west,
and vertical directions. The station at El Centro is
approximately 41 miles southeast of the epicenter
in the general direction of the San Jacinto and

Imperial faults. (The focal depth, for comparison,
was 11 km.)

The two horizontal components here are at the
same angle, 45 degrees, to the radial motion from
the epicenter, and therefore both components are
affected by ground motion both longitudinal and
transverse to the fault. Peaks in the spectra are
well distributed over the longer periods, those
greater than 1 second. Of particular note are peaks
at 2 seconds in the south. component and at 514
seconds in the west component. Vertical motion
shows considerably lower spectral values with no
predominant peak.

Figures 1074, B, C are the relative velocity re-
sponse spectra for the south, east, and vertical
components of the record of the San Diego Light
and Power Co., 67 miles west-southwest of the epi-
center. This direction is nearly perpendicular to the
San Jacinto fault.

Again the horizontal component directions of the
record do not coincide with longitudinal or trans-
verse motion, and therefore both motion compon-
ents are present in both record components. Peaks
are apparent at periods of 2 and 314 seconds in both
these components.

Figures 107D, E, F are the spectra for the record
from the San Onofre Southern California Edison
Power Plant, 83 miles west-northwest of the epi-
center. The component directions are N. 33° E., N.
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San Fernando Crest San Fernando Abutment

San Gabriel Crest San Gabriel Abutment

6MM

Puddingstone Crest

FIGURE 106. — Seismoscope records from San Fernando, San
Gabriel, and Puddingstone Dams. The vertical marks indi-
cate the relative alinement of the crest of individual dams.

57° W., and vertically downward. This N. 33° E.
direction is almost perpendicular to the general di-
rection of the fault zone, but there appears to be no
significant difference in the spectra of the two hori-
zontal directions. Both have contributions in the
short-period range of the same order of magnitude
as in the remainder, as is also the case for the
vertical component.

When compared together, the spectra from the
three locations show the usual rapid decay of motion
as the distance from the epicenter is increased. The
undamped curves show this well, but they are actu-
ally a little misleading because the records from El
Centro and San Diego are twice as long as the San
Onofre record. This extra length has an appreciable
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FIGURE 106. — Response spectra from El Centro. A, South;
B, West; C, Vertical.

influence (Hudson and others, 1969) on the un-
damped spectra, particularly for the long-period
components, which tend to be amplified by energy
buildup during long excitations. The short-period
components decay with distance more rapidly than
longer period components; the El Centro spectra,
obtained 41 miles from the epicenter, indicate this
clearly. The predominant 2-second component ap-
pearing at El Centro and San Diego has decayed to
an insignificant amount at San Onofre.

With no accelerometer closer than 40 miles from
the epicenter, the vertical components recorded are
not as important as the two horizontal components.
In particular, the short-period vertical motion that
is usually displayed only close to the epicenter was
not recorded.

SUMMARY AND CONCLUSIONS

The Borrego Mountain earthquake was felt over
60,000 square miles of California, Nevada, and Ari-
zona, but damages were generally minor owing to
the sparsity of population in the immediate epi-
central region. A maximum intensity of VII, based
upon the routine questionnaire canvass, was as-
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signed to an area near the Coyote Creek fault in
the Borrego Springs—Ocotillo Wells region.

The earthquake actuated 115 strong-motion seis-
mographs operated by the Seismological Field Sur-
vey; these instruments are located between 41 and
240 miles from the epicenter. The maximum ac-
celeration and displacement occurred at the nearest
station, El Centro, where values of 0.14 g and 7.25 cm
were measured. Seismoscope plates were collected
from 131 instruments, but owing to the small
amplitudes, only five records from the Los Angeles
area dams and four from El Centro can definitely
be considered to have been written by this particular
earthquake. The largest relative displacement re-
sponse spectra that were measured at El Centro
ranged from 0.82 to 1.00 inch.

After examining the results of this earthquake,
several conclusions may be drawn concerning the
pattern of strong-motion seismograph operations
and the evaluation of their records.

(1) Since only 6 of 114 records were obtained less
than 100 miles from the earthquake epicenter, it is
evident that a greater geographical distribution of
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strong-motion seismographs would be desirable in
southern California, particularly near the very
active San Jacinto fault zone, where there have
been eight shocks of magnitude 6 or greater between
1915 and 1968—an average of one every 7 years
(Allen and others, 1965). As previously stated,
most of the existing accelerographs are located at
structures of particular interest to the organizations
that own the equipment; therefore, a cooperative
program was instituted between the Seismological
Field Survey and the California Institute of Tech-
nology to select and instrument various new loca-
tions to fill in the existing geographic gaps in the
network. By 1970, eight accelerographs had been
located along the San Jacinto and Imperial fault
zones, and additional sites were selected for a num-
ber of future installations.

(2) At the time of the earthquake, there were only
four free-field stations in the Los Angeles area, and
only one was near the 20 buildings with multiple
accelerograph installations. Because more ground-
level stations would be advantageous, four sites were
selected for future instrumentation to provide con-
trol stations that would be on basement rock as well
as being near the centers of present high-rise con-
struction. Three of these sites were equipped with
instruments by mid-1970.

(3) The pattern of strong-motion seismograph
triggering between 170 and 240 miles from the
epicenter was correlated with the geologic founda-
tion; that is, most instruments on basement rock
failed to operate, but nearly all of them on rela-
tively poor soils were actuated by the earthquake.

(4) Geologic conditions seemed to exert a general
influence on the level of acceleration at stations less
than 120 miles from the epicenter; that is, those
instruments located on or near basement rock re-
corded lower values than those on alluvium or rela-
tively less consolidated materials. The level of
acceleration in the Los Angeles area, about 0.01 ¢,
was too small to show any effective relationship be-
tween soil conditions and seismic response, at least
not without more comprehensive evaluation.

(5) The displacement attenuation decrement up
to a 200-mile epicentral distance was shown to be
logarithmic and may be defined by the equation

log A = 2.32 — 0.011d.
Beyond the 200-mile limit there was no discernible
pattern to the recorded data.

(6) Strong polarized amplitudes at a large angle
to the trend of faulting were observed on seismo-
scope records from El Centro. Perhaps the installa-
tion of paired seismocopes on opposite sides of active
fault zones, a program currently in progress, may
help to shed more light on this phenomenon.
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(7) Seismoscope records from several earthfill
dams show maximum amplitude ratios, crest to
abutment, ranging from 2:1 to 16:1. Although these
records were quite small and the ratios were ob-
tained from unreduced scalings, it is sufficiently evi-
dent that future investigation of this apparent
amplification in terms of the dams’ structural be-
havior under applied earthquake stresses would be
of considerable value, especially if more complete
instrumentation were made available.

(8) For the first time in the history of strong-
motion seismology, a large number of instruments in
California were triggered by a single event, a pos-
sibility that could become routine for even mod-
erate-sized earthquakes, provided they occurred
near an appropriate concentration of accelerographs.
At the time of the Borrego Mountain earthquake,
there were 108 accelerographs in southern Cali-
fornia, defined as the area south of a line connecting
Cachuma Dam and the Lake Hughes array (fig.
100). By the end of 1969 there were 200 instruments
in this area, 150 of these in Los Angeles alone. It is
quite clear that future shocks on or near the San
Andreas fault system that are equivalent in magni-
tude to or stronger than the Borrego Mountain
earthquake will trigger a considerable part of the
network, in any event probably more than 100 in-
struments.

(9) The three acceleration records showing
strongest ground motion are included in a Caltech
digitization project, and the relative velocity re-
sponse spectra have been calculated. The distances
from the epicenter are such that short-period com-
ponents have been considerably attenuated at two
of the sites, but not at San Onofre; here peaks in
the spectra are well distributed over the whole
period range.
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ENGINEERING GEOLOGY

By R. O. CastLE and T. L. Youp
U.S. GEOLOGICAL SURVEY

ABSTRACT

Effects of the magnitude 6.4 Borrego Mountain earthquake
that relate to enginering geology were surveyed between
Coronado and Glamis, Calif. Of particular significance were
the complexity and 0.15~1.0-km maximum half width of the
main tectonic fracture zone along the Coyote Creek fault
and the secondary (or spatially separated) faulting at least
2.4 km from the main trace. This pattern and distribution
of tectonic ruptures, particularly where associated with pre-
dominantly transcurrent movement, generally have been
identified with shocks of magnitude 84-. Of possibly equal
engineering significance was the surficial rupturing along the
Banning-Mission Creek, Imperial, and Superstition Hills
faults, which suggests that fault displacements may be seis-
mically triggered along any discontinuity associated with
accumulated elastic strain. Modified Mercalli intensities of
VIII-IX were indicated for the epicentral region, in good
agreement with those predicted for a magnitude 6.4 shock.

Terrain effects attributable to seismic shaking included
rockfalls and soil falls, slumps and incipient slumps or
ground cracking, dislodged pebbles and cobbles, shattered
crusts overlying poorly indurated dry deposits, seismic com-
paction ruptures, and sand boils. Most of these features were
located in the epicentral area, east of the Coyote Creek fault.

Structural damage, which was confined chiefly to the epi-
central and Salton City areas, was remarkably light for an
earthquake of this magnitude, even when consideration is
given to the very limited development of this region. Cracked
and spalled concrete bridge piers constituted the most seri-
ous damage to a modern structure in the epicentral region.
Broken and cracked concrete-block walls were observed local-
ly, and unreinforced masonry walls were toppled as far
away as 65 km from the epicenter. Damage to wood-frame
structures was generally minor, expressed chiefly as cracked
plaster and stucco walls. Projected and displaced objects
were reported from Coronado to about 8 km east of Brawley.
The most severe damage beyond the immediate area of the
epicenter occurred over the late Cenozoic lake deposits under-
lying most of the Imperial Valley.

INTRODUCTION

The magnitude 6.4 Borrego Mountain earthquake
of April 9, 1968, was felt over approximately 155,000
sq km of the southwestern United States (Cloud and
Scott, 1968a, p. 1187; Seismological Field Survey,
National Oceanic and Atmospheric Administration,
this volume) and an undetermined part of north-
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western Mexico. Perceptible shaking extended from

Dateland, Wenden, and Horn, Ariz., westward to the

Pacific Ocean and from Yosemite Valley on the north

(Cloud and Scott, 1968a, p. 1187; 1968b, p. 19) to

at least as far south as Ensenada, Baja California,

Mexico (M. G. Bonilla, oral commun., 1968). Per-

manent effects, although generally minor outside the

epicentral region (pl. 4), were reported from as far
away as Los Angeles, about 220 km from the
epicenter.

Although the main shock was clearly associated
with the release of considerable seismic energy, its
location within the sparsely settled and generally
undeveloped western Colorado Desert precluded ex-
tensive damage. In spite of the generally light
damage, however, this earthquake is considered sig-
nificant to engineering geology in at' least four
respects:

1. The main shock was associated with the forma-
tion of two partly overlapping or en echelon
zones of tectonic surface ruptures along a 32-
km reach of the Coyote Creek fault. (See pl. 5;
Clark, ‘“Surface Rupture along the Coyote
Creek Fault,” this volume). This breakage was
locally complex, particularly within the area
of overlap where the zone of fracturing was as
much as 3 km wide. Although shocks of magni-
tude 6 and greater have commonly produced
surface ruptures (Brown and others, 1967,
p. 22), the complexity and width of the zone of
tectonic rupturing generated during the Bor-
rego Mountain event have not generally been
reported for earthquakes of this or lesser mag-
nitude, particularly along strike-slip faults.
The complexity was such, moreover, that al-
though the approximate locations of the rup-
ture zones were generally predictable, the
precise locations of the individual fractures
were only locally predictable.

2. Temporally associated fault displacements oc-
curred on the Banning-Mission Creek, Impe-
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rial, and Superstition Hills faults at distances
of as much as 50 km or more from the epi-
center. (See Allen and others, this volume).
This phenomenon suggests that we should not,
as a matter of course, restrict our predictions
of tectonic surface rupturing to the fault (or
fault zone) associated with the main shock,
even when dealing with relatively small earth-
quakes.

3. Secondary terrain effects (those derived from
shaking) were generated in profusion in the
epicentral area. These effects, including both
free-face movements and various liquefaction
phenomena, identify the epicentral area with
Modified Mercalli intensities of VIII or more.
Similar terrain effects suggest that intensities
were as high as VII over several thousand
square kilometers of the western Imperial
Valley. '

4. Even when consideration is given to the low
population density of the epicentral region,
structural damage was remarkably light for an
earthquake of magnitude 6.4 and Modified Mer-
calli intensities of V or greater over at least
65,000 sq km. (See Cloud and Scott, 1968b,
p. 26.) Local terrain effects and transient
effects consistent with intensity VIII or greater
suggest that structural damage should have
been much more severe, far more pervasive,
and experienced over a much wider area than
it actually was.

NATURE AND PURPOSE OF THE INVESTIGATION

This report describes the effects of the Borrego
Mountain earthquake of significance to engineering
geology and attempts to relate these effects to .the
local and regional geology.

The field study focused on a relatively thorough,
systematic investigation of the effects (particularly
terrain effects) identified along a belt arbitrarily
restricted to 8 km, extending from Coronado on the
Pacific coast eastward to Glamis, Calif. (pl. 4); a
few excursions were made outside this belt, both
north and south of the primary route. The main
traverse was coincident with State Highway 78 over
much of its extent. This route was designed to pass
through the epicentral region at a high angle to the
Coyote Creek fault and thus to provide a selective
and representative sample of effects over contrast-
ing geologic terranes at steadily increasing distances
from the epicenter. In order to establish some sort
of standardized scale of effects, special attention
was directed toward several guide features, partic-
ularly bridges and post-World War II supermarkets.
Spot checks were made for evidence of damage to
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other types of structures. Our direct observations
were supplemented by eyewitness reports, both writ-
ten and oral, press accounts, and information collect-
ed in a questionnaire canvass conducted by the
Coast and Geodetic Survey. (See Cloud and Scott,
1968a, p. 1187; 1968b, p. 19; Seismological Field
Survey, National Oceanic and Atmospheric Admin-
istration, this volume.)

Fieldwork began the day after the earthquake
with a brief reconnaissance of effects between Ban-
ning and Ocotillo Wells. Systematic field investiga-
tions were carried out during the periods April
11-17, April 24-27, and May 9-11, 1968. About two-
thirds of the fieldwork was concentrated in the
epicentral region — that is, within an area extending
6-8 km to either side of the main tectonic trace.
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REGIONAL GEOLOGIC SETTING

The epicentral area of the Borrego Mountain
earthquake is located along the east margin of the
Peninsular Range province of southern California
(Jahns, 1954b). This province occupies the south-
west corner of California and extends southward
into Baja California; it is bounded on the west by
the Pacific Ocean and abuts the Coachella and Im-
perial Valleys of the Salton Trough on the east
(Jahns, 1954a).

Jahns (1954b) has described the geology of the
Peninsular Range province, and Dibblee (1954) has
described the geology of the Imperial Valley region.
The geology along the San Jacinto fault, the domi-
nant structural feature of the eastern Peninsular
Range province, was described by Sharp (1967),
whose summary of the tectonic setting of the Salton
Trough appears elsewhere in this volume.

The inland parts of the Peninsular Ranges (pl. 4)
are underlain chiefly by igneous and metamorphic
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rocks of Paleozoic and Mesozoic age. These rocks
are in turn overlain with profound unconformity by
irregular patches of volcanic rocks and nonmarine
sedimentary deposits of Late Cretaceous to late
Cenozoic age and, in the coastal areas, by Pleistocene
marine terrace deposits. Along the east margin of
the province, and within the Salton Trough, the
older crystalline rocks are mantled by locally thick

chiefly nonmarine upper Tertiary and Quaternary

deposits. These rocks consist largely of fanglomerate
and conglomerate, lacustrine clay and sand, and
various volcanic assemblages. The upper part of this
section, the Pliocene or Pleistocene Ocotillo Con-
glomerate of Dibblee (1954, p. 24), grades eastward
into the Pleistocene lacustrine Brawley Formation
of Dibblee (1954, p. 24), consisting of claystone
and thin interbeds of sandstone. The upper Pliocene
and Pleistocene deposits of lacustrine origin that
can be conveniently separated from other types of
Cenozoic deposits are shown on plate 4 as chiefly
Quaternary lake deposits; elsewhere these deposits
are included with the Pleistocene to Upper Cre-
taceous volcanic and nonmarine sedimentary de-
posits. The lake deposits probably thicken to at least
600 or 800 m and perhaps 1,500-3,000 m beneath
the Salton Trough (Dibblee, 1954, p. 24, pl. 2).
Poorly indurated Quaternary dune sand, alluvium,
and nonmarine deposits are grouped together as
“Q” on plate 4. The thicknesses of these surficial
deposits probably vary widely, but they are almost
certainly very thin compared with the underlying
lake deposits or Upper Cretaceous to Pleistocene
sedimentary rocks. (See Dibblee, 1954, pl. 2.)

The Peninsular Ranges are traversed by a con-
spicuous series of steeply dipping northwest-trend-
ing faults, many of which project into or beneath
the Salton Trough (Jahns, 1954a, p. 19; 1954b, pl.
3; Dibblee, 1954, pl. 2). These faults are most num-
erous in the area eastward from Santa Ysabel and
Julian, and most, if not all, have been intermittently
active during Cenozoic time (Jahns, 1954a, p. 19;
1954b, pl. 3; Dibblee, 1954, pl. 2). Movement on one
such fault — identified as the San Jacinto fault by
Dibblee (1954, pl. 2) and Jahns (1954b, pl. 8) but
distinguished from the San Jacinto and mapped as
the Coyote Creek fault by Sharp (1967, pl. 1) — ap-
parently generated the Borrego Mountain earth-
quake of 1968.

TRANSIENT EFFECTS

Transient effects of the Borrego Mountain earth-
quake are described and discussed in detail else-
where in this volume (Seismological Field Survey,
National Oceanic and Atmospheric Administration;
Waananen and Moyle) ; those reported from along

THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

the route of our reconnaissance are indicated on
plates 4 and 5. Selected aspects of engineering sig-
nificance are summarized here.

The most significant and most generally observed
transient effect was the ground motion generated in
response to the passage of seismic waves. Clearly
perceptible shaking occurred over at least 155,000
sq km (Cloud and Scott, 1968a, 1968b ; Seismological
Field Survey, National Oceanic and Atmospheric
Administration, this volume), and two reports of
felt ground motion came from Yosemite Valley,
about 650 km from the epicenter and roughly 300
km beyond the generally felt area.

Estimates of the duration of felt motion ranged
from 14 to 1 minute in the epicentral region, from
14 to 1 minute in the metropolitan San Diego area,
and from a few seconds to about 1 minute in the
metropolitan Los Angeles area. Strong-motion rec-
ords were not obtained within the epicentral area
of this earthquake as they were, for example, for
the Parkfield-Cholame earthquake of June 27, 1966
(Brown and others, 1967, p. 51). Accelerations (as
measured for a single horizontal component) of
0.03 g or more, however, persisted for at least 26
sec, 656 km from the epicenter at El Centro (Cloud
and Scott, 1968a, p. 1189; 1968b, p. 104). Because
the attenuation of acceleration between the epicen-
ter and a point 65 km distant has been given as about
one-third (Cloud, 1968), strong motion (accelera-
tions of 0.10 g or greater) may have persisted for
as much as 26 seconds in the epicentral region.

PERMANENT EFFECTS

Permanent effects associated with the Borrego
Mountain earthquake are classified (pl. 4) much as
were those associated with the Parkfield-Cholame
earthquakes of 1966 (Brown and others, 1967, p.
41-43). The basic classification is adapted from
Richter (1958, p. 81) and designates as direct or
primary those effects due directly to differential
movement along fault surfaces and as indirect or
secondary those effects due to shaking generated
by the passage of seismic waves. The permanent
effects are further classified according to object
affected and as effects on terrain or manmade struc-
tures. Insofar as is now known, all the permanent
effects described were associated with the main
shock.

PRIMARY EFFECTS ON TERRAIN
TECTONIC FRACTURES ALONG COYOTE CREEK FAULT |
Tectonic surface ruptures, produced chiefly along
a 33-km segment of the Coyote Creek fault, formed
the most dramatic and probably the most significant
terrain effect associated with this earthquake. (See
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pls. 4, 5.) Measurable slip along individual frac-
tures was generally right lateral and was as much
as about 38 em. (See Clark, ‘“Surface Rupture along
the Coyote Creek Fault,” this volume.) Near the
Ocotillo Badlands, the breaks were distributed main-
ly along two narrow en echelon zones along the
margins of the hills, but an especially complex
pattern of surficial fractures also formed within the
badlands. (See pl. 5.)

Allen, Grantz, Brune, Clark, Sharp, Theodore,
Wolfe, and Wyss (1968, p. 1185) observed that
‘k * * Tn every area where a pre-existing fault was
indicated by a scarp or ground-water barrier, the
rupture took place almost exactly along the line of
earlier breaks.” However, because clear evidence of
earlier faulting was absent along perhaps half the
ruptured trace of the Coyote Creek fault and because
the ruptured zones were locally as much as several
hundred meters wide, indications of earlier faulting
constituted imperfect guides to the location of these
breaks.

The width of the main zone of surficial faulting
and the distances of the secondary tectonic fractures
from the main trace are greater than would have
been anticipated for a shock of magnitude 6.4,
particularly one associated with predominantly
strike-slip movement. Thus, Bonilla (1967, p. 29,
table 1) observed that the half widths of the main
zone of tectonic fracturing associated with earth-
quakes of up to magnitude 8+ (accompanying trans-
current faulting) have been as much as about
0.09 km and that secondary, or spatially separated,
tectonic fracturing is not known to have occurred
more than 2.9 km from the main trace. The main
zone of surficial faulting produced during the Bor-
rego Mountain event was characterized by maximum
half widths of about 1 km in the area of overlap
near Ocotillo Badlands and as much as 0.15 km else-
where ; secondary tectonic fracturing (excluding that
associated with the Banning—Mission Creek, Impe-
rial, and Superstition Hills faults) occurred at
distances of at least 2.5 km and perhaps 3 km or
more from the main trace. (See Clark, “Surface

-Rupture along the Coyote Creek Fault,” this
volume.)

The character and distribution of the Coyote
Creek tectonic fractures, with respect to both their
geographic occurrence and various significant geo-
logic features, are described in detail elsewhere in
this volume by Clark (“Surface Rupture along the
Coyote Creek Fault’”) and by Sharp and Clark.

TEMPORALLY ASSOCIATED TECTONIC FRACTURES
The most surprising of the major terrain effects
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associated with the Borrego Mountain earthquake
consisted of minor horizontal displacements of up
to about 2.2 cm on the Superstition Hills, Imperial,
and Banning-Mission Creek (San Andreas) faults
(see pl. 4) at distances of about 45, 70, and 50 km,
respectively, from the epicenter (Allen and others,
1968, p. 1185). Although these effects were probably
triggered by the April 9 shock on the Coyote Creek
fault and are thus indirect or secondary (in the
sense that their existence could be attributed to the
passage of seismic waves), they are nonetheless
primary in the sense that the breaks are certainly
due directly to fault movement.

If these displacements can be considered secondary
tectonic fractures (tectonic fractures spatially sep-
arated from the main fault zone — see classification
of Bonilla, 1967, p. 5), they are spectacularly unique
among recognized examples of this phenomenon.
Secondary faulting was previously reported at maxi-
mum distances of 13 km (associated with an esti-
mated magnitude 8.3 shock), 13.7 km (associated
with a magnitude 7.1 shock), and, possibly, 34 km
(associated with a magnitude 8.5-8.6 shock) from
the main fault (Bonilla, 1967, table 1). These
extreme examples were characterized by dip-slip or
oblique-slip movement on the main fault; secondary
faulting associated with predominantly strike-slip
movement had never before been recognized at
distances greater than 2.9 km from the main fault
(Bonilla, 1967, table 1).

SECONDARY EFFECTS ON TERRAIN

Terrain effects attributable to seismic shaking
consisted chiefly of slope failures of several types
and various compaction or liquefaction phenomena.
Slope failures, including rockfalls, soil falls, rock-
slides, slumps, and block glides (classification after
Varnes, 1958), formed the largest group of second-
ary terrain effects. They were widely distributed
within the almost universally dry surficial deposits
from San Diego to at least as far east as the central
Imperial Valley. Compaction effects occurred chiefly
in the epicentral region and scattered areas east of
the epicenter. The largest slope failure observed
during our reconnaissance was a reactivated slump
or block glide near Seely in the west-central Imperial
Valley (see pl. 4) ; its significance lies less in its size,
perhaps, than in its distance (65 km) from the
epicenter. Soil falls apparently were generated over
hundreds of square kilometers; the distribution of
the resulting dust clouds closely matched the courses
of many of the major arroyos over the area extend-
ing eastward from Borrego Springs to the Salton
Sea.
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ROCKFALLS AND SOIL FALLS

Rockfalls were unrecognized over the main route
of our reconnaissance. They were dramatically de-
veloped elsewhere, however, particularly in Split
Mountain Canyon (about 15 km south of Ocotillo
Wells), where several automobiles and camper
vehicles were seriously damaged. Rockfalls and (or)
soil falls attributable to the earthquake were also
reported from the Sunset Cliffs district of San
Diego; these falls, however, involved materials being
actively undercut by wave erosion.

Soil falls (falls composed of materials too poorly
lithified to be identified as rock) were generated
within many of the bedded alluvial deposits along
the generally shallow but almost universally steep-
sided arroyos that characterize this part of the
southwest. They occurred at least as far west as
Yaqui Well, about 25 km west of the epicenter, but
they were only sparsely developed east of there to
within 3 km of the main trace of the Coyote
Creek fault. They persisted in abundance eastward
from the fault for many km and were observed as
far east as the south tip of the Salton Sea. The
relatively few soil falls west of the Coyote Creek
fault, as contrasted with their abundance east of this
break, may correlate with an apparently abrupt
increase in the thickness of the poorly consolidated
sedimentary cover. (See Hamilton, 1970, p. 378.)

Soil falls were particularly common along major
washes and arroyos and in the badlands sections of
the epicentral area. The most impressive soil falls
or rockfalls were seen in the Fonts Point region of
the Clay Hills, north of Borrego Mountain. Incipient
failures of this type are shown in figure 108, where
a series of blocks has been partly detached from the
rim of this steep badlands slope. These particular
failures are difficult to classify and could just as
easily have been designated as slumps, for they clear-
ly have been rotated or displaced laterally.

One of the most intense concentrations of soil falls
was along Fish Creek Wash (fig. 109), south of
Ocotillo Wells. These falls were distributed west-
ward along the banks of the wash almost without
interruption for at least 2-3 km beyond the ruptured
trace of the Coyote Creek fault. They presumably
continued eastward for an equal distance; we did
not, however, examine this terrain. The material
in which Fish Creek Wash is incised consists of
generally poorly sorted and poorly indurated but
well-jointed sandy alluvium. (See fig. 109.)

ROCKSLIDES AND DEBRIS SLIDES

Rockslides occurred along a number of cuts in
the strongly foliated and highly fractured crystal-
line rocks cropping out along the Montezuma-Bor-
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FIGURE 108. — Rockfalls and soil falls in lacustrine silts and
sands of probable Pliocene age. A, Complex rockfall and
debris slide in the central Ocotillo Badlands. This failure
is typical of many of those found in the badlands. B,
Incipient rockfalls or soil falls in the Clay Hills, near Fonts
Point, about 3 km north of the north end of the ruptured
fault trace.

rego highway, leading west from Borrego Springs.
Many of the slides were along dip slopes, but the
highly fractured character of the rock, which surely
was aggravated by blasting during construction,
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FIGURE 109. — Soil falls produced in sandy alluvium along
the near-vertical walls of Fish Creek Wash, immediately
west of the main trace of the Coyote Creek fault.

must have contributed substantially to the failures.
(Rockslides closed this route to traffic for a number
of hours after the main shock; this was the only
known example of a road closure attributable to the
earthquake.)

Rockslides or debris slides (together with asso-
ciated soil falls) also occurred locally on the over-
steepened natural slopes of the Ocotillo Badlands
underlain by the folded Borrego Formation of Tarbet
and Holman (1944) and Ocotillo Conglomerate of
Dibblee (1954), both of Quaternary age. (See pl. 1.)
These failures, an example of which is shown in
figure 1084, were generally too complex to be classi-
fied simply as falls, slumps, or slides.

SLUMPS

Slumps and incipient slumps of various types were
the most prevalent slope failures recognized in the
epicentral region, if not within the entire area we
examined. Most were incipient failures, in the sense
that they were generally characterized by open
cracks or fissures of the sort shown in figure 110
rather than by well-developed headwall scarps or
clearly defined toes. Although slumps attributable to
the earthquake were identified many kilometers from
the epicenter, they were most abundant on the gentle
to moderate slopes underlain by the Ocotillo Con-
glomerate of Dibblee (1954), the Borrego Formation
of Tarbet and Holman (1944), and the Palm Spring
Formation (Sharp, “Tectonic Setting of the Salton
Trough,” this volume) within and immediately
north of the Ocotillo Badlands (fig. 110). The dens-
ity of slump or incipient slump features was gen-
erally very low more than 3-5 km from the trace
of the Coyote Creek fault. We were unable to
identify any good correlation between the distribu-
tion of tectonic ruptures and slumps within the
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FIGURE 110. — Incipient slump in the low-relief hills north
of the Ocotillo Badlands.

3- to 5-km-wide zone in which both were well
developed. What was evident, however, was an al-
most complete restriction of the slumps to the area
east of the mapped tectonic ruptures. (See pl. 5.)
Older landslides within the zone of intensive slump-
ing were nonexistent or at least inconspicuous. The
general configuration of the hills, however, sug-

| gests that slumping may have been locally operative

for a long time. The boundary between the hills and
the surrounding alluvial lowlands forms a con-
voluted pattern in plan view that, together with the
prominently steepened ridge crests toward the ends
of their respective spurs, suggest great viscous flows
edging out upon the adjacent plain.

The best expressed and generally largest slumps
were produced in the Ocotillo Badlands; a repre-
sentative example of this terrain is shown in figure
111. The scarp shown in figure 112 could be traced
for nearly 0.5 km; smaller, arcuate scarps of the
sort shown in figure 112B were the most commonly
recognized slump features in both the Ocotillo Bad-
lands and the hills immediately to the north.
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FIGURE 111. — Gently rolling hills and steep-sided washes of
the central Ocotillo Badlands characterized by abundant
slope failures. View northeast.

FIGURE 112. — Slump scarps in the gently to steeply folded
Pleistocene Ocotillo Conglomerate of Dibblee (1954) along
or near the crests of hills in the epicentral area. 4, Failure
along east-west-trending ridge in the Ocotillo Badlands,
about 2 km southeast of Ocotillo Wells. This scarp extended
for more than 0.5 km along the ridge crest. Photograph
by E. W. Wolfe. B, Typical scarp produced in the gently
sloping hills about 3 km east of Ocotillo Wells.
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A reactivated slump or block glide within the gen-
erally silty Quaternary lacustrine deposits, about 65
km southeast of the epicenter at the Highway 80
crossing of the New River, constituted the largest
single slope failure identified during the postearth-
quake investigation. This failure was expressed as a
simple break (fig. 113), about 125 m east of and
roughly parallel to the river; vertical separations
along this break of as much as 5 em formed a sub-
dued headwall scarp that extended south from
Highway 80 for more than 0.4 km.

Slumps were recognized in artificial fills near the
south end of the Santa Rosa Mountains and in
several areas around the Imperial Valley. The most
significant of these consisted of small- to moderate-
sized slumps in engineered fills forming parts of
building pads in the Salton City area and along a
recently completed highway between Borrego Valley

FIGURE 113.— Headwall scarp of slump or block glide im-
mediately east of Highway 80 crossing of the New River.
Vertical separations of as much as 5 e¢m (see displaced
curbs) occurred along a 125-m segment of this break.
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FIGURE 114.— Slump in artificial fill along a recently com-
pleted highway north of the Borrego Badlands.

and Salton City (fig. 114). Slumps were also gen-
erated in wet and possibly saturated soils forming
fills or fill base along the edge of the Salton Sea
and along river and canal embankments in the Im-
perial Valley bottomlands.

COMPACTION AND LIQUEFACTION EFFECTS

Seismic compaction and liquefaction effects at-
tributable to the earthquake were discovered at a
number of widely separated points. Perhaps the
most intriguing of these were the linear cracks and
differential displacements produced chiefly along the
margins of several recently irrigated fields. These
ruptures were particularly conspicuous in the sandy
alluvial deposits of the epicentral region, where they
occurred in some measure within or around every
well-wetted field we examined (figs. 115 and 116).
Probably the least expected example of compaction-
induced rupturing was found near the center of a
thoroughly soaked alfalfa field in the Imperial Val-
ley, about 15 km west-northwest of Westmorland,
or more than 30 km east of the epicenter. Shaking
of the silty Quaternary lake beds on which the field
was established seemingly generated a small graben
about 3 m wide, 150 m long, and characterized by
vertical displacements of as much as 15 cm
(fig. 117).

Sand boils, the only direct evidence of seismically
elevated pore-water pressures and soil liquefaction
(or near liquefaction) that we discovered, were seen
in only two areas: within a concentric array of
compaction fractures in the epicentral area and
landward of slumps along the New River northwest
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FIGURE 115. — Sketch map showing distribution of seismic-
compaction ruptures (see fig. 116) around irrigated field
adjacent to main trace of the Coyote Creek fault, about
1.5 km southeast of Ocotillo Wells. Note that the cracking
associated with branch fault zone does not project through
field.

of El Centro (fig. 118). The second association sug-
gests that this slumping, at least, was attributable
in whole or in part to liquefaction of the underlying
materials.

MISCELLANEOUS TERRAIN EFFECTS

Many of the poorly indurated surficial deposits,
such as dune sands, alluvium, and artificial fill, found
within the western Imperial Valley are veneered
with thin lightly cemented brittle crusts. Not sur-
prisingly, these crusts were locally shattered by
seismic shaking (fig. 119). The distribution of this
effect, however, was seemingly random and largely
unpredictable. The occurrence of shattered dunes
south of the Ocotillo Badlands (fig. 119), for
example, was apparently unrelated to their location
with respect to the ruptured trace of the Coyote
Creek fault. The most puzzling expression of crustal
shattering discovered during our reconnaissance oc-
curred about 13 km east of Ocotillo Wells (and about
6 km from the nearest strand of the Coyote Creek
fault) . The shattering there was confined to a linear
zone that was as much as 100 m wide and extended
for about 0.4 km (fig. 120). This peculiarly re-
stricted zone, which was produced on a nearly
featureless and gently sloping surface overlying
ancient lake deposits, led eastward from the base of



FIGURE 116. — Seismic-compaction ruptures along the pe-
riphery of an irrigated field adjacent to the main trace of
the Coyote Creek fault. (See fig. 115.) Soil sample from
this field had a mean particle size of 0.26 mm and a
uniformity coefficient of 6. A, Parallel array along south
side of field. B, Rupture along the north side of the field
on which maximum vertical separation was about 10 cm.
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FIGURE 117. — Fifteen-em scarp (at arrow) along the edge
of a compaction-produced graben in the center of an
alfalfa field on the Elmore Ranch, 22 km west-northwest
of Westmorland (pl. 4).

a shattered sand dune and veered northward across
Highway 78 near its east terminus. Differential
displacements were unrecognized along the shattered
zone, even where it was faintly expressed as fresh
cracks in the asphalt pavement of Highway 78.
Furthermore, we could in no way define the zone
other than through the occurrence of the shattered
crust itself. Thus, because this effect seems to be
only very generally related to any evident geologic
feature, its localization may be due to a peculiar
focusing of seismic energy.

Dislodged or displaced pebbles and cobbles (fig.
121) were found throughout much of the epicentral
region. Their relative abundance showed a good cor-
relation with that of the slumps and incipient slumps
in the low hills of the epicentral region.
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FIGURE 118.— Sand boils in late Quaternary lake-bottom
deposits along the New River, about 55 km southeast of
the epicenter.

PRIMARY EFFECTS ON STRUCTURES

Significant primary effects on manmade structures
were limited almost entirely to rending or cracking
of roads and highways. Chief among these was the
cracking, displacement, and partial rotation of the
pavement at the intersection of Highway 78 with
the ruptured trace of the Coyote Creek fault. Minor
cracking was also detected at a number of road
intersections with the trace of the Imperial fault
(Allen and others, this volume).

Additional minor primary effects on structures
included the rupture and offset of a 2.5-ecm water
pipeline that intersected the Coyote Creek fault
about 1.5 km southeast of Ocotillo Wells and the
extension and bending of an airplane tiedown cable
at the Ocotillo Wells county airport on Benson Dry
Lake. (See pl. 5.)

SECONDARY EFFECTS ON STRUCTURES

Secondary effects on manmade structures, al-
though widespread, were generally minor. They were
concentrated in two general areas: the epicentral
region around Ocotillo Wells and the Salton City
area, about 22 km northeast of the epicenter. Al-
though our sample was poor owing to the sparse
construction in this area, it is clear that the most
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FIGURE 119. — Shattered lightly cemented crust overlying
poorly indurated materials in the epicentral area. 4, Sand
dune south of the Ocotillo Badlands. B, Artificial fill about
1.5 km west of Ocotillo Wells.

severe damage away from the immediate area of the
epicenter occurred on the old, chiefly Quaternary
lacustrine deposits that underlie most of the Imperial
Valley. Damage west of the Coyote Creek fault,
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HIGHWAY 78
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FIGURE 120.— Map showing distribution of shattered brittle crust overlying generally sandy lake-bottom(?) deposits
about 13 km east of Ocotillo Wells. Relative differences in penetration resistance indicated by Corps of Engineers

cone penetrometer measurements along and across zone.

FIGURE 121. — Cobbles dislodged or displaced by seismic
shaking, about 2.5 km east of Ocotillo Wells.

particularly among the ecrystalline rocks of the
Peninsular Ranges, was generally very light (pl. 4).

Damage that impaired the safety or utility of
* structures occurred from San Diego east to at least
Brawley and Calexico. (See Cloud and Scott, 1968a,
p. 1190.) Frame structures, other than those that
were poorly built or were particularly old, sustained
very little damage. Unreinforced masonry structures
were more severely affected, but we saw only two
masonry failures that could be described as “im-
pressive,” and both of these were well removed from

the epicenter.

Toppled or otherwise damaged chimneys were
reported from as far west as Ramona (unconfirmed
by our observations). We have no reports, however,
of damaged chimneys east of the epicentral area or
of damage to modern reinforced chimneys from any
locality. The partly collapsed fieldstone chimney in
Ocotillo Wells, shown in figure 122, was the most
severely affected of any we observed.

Masonry walls sustained damage over an area
ranging from Borrego Springs to at least as far east
as Brawley and as far south as El Centro. The most
spectacular failures occurred in pre-1940 unrein-
forced brick and adobe walls in Westmorland (fig.
123) and Seeley, 45 and 65 km east and southeast,
respectively, of the epicenter.. Unreinforced field-
stone walls, which formed parts of two abandoned
structures near Ocotillo Wells, collapsed almost
completely during the earthquake. One of these
structures (fig. 124), an abandoned cellar, was over-
lain by a concrete slab roof, the inertial effect of
which may have contributed to the failure. Lightly
damaged reinforced concrete-block walls were ob-
served from Borrego Springs east and southeast as
far as Salton City and Brawley, respectively. Be-
cause nearly all the supermarkets in this part of
California are built of concrete blocks and because
we examined a very large percentage of these, our
knowledge of the distribution of this type of damage
probably is good. Breakage in the block walls gen-
erally consisted of cracking along construction
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FIGURE 122. — Partly toppled fieldstone chimney in com-
munity of Ocotillo Wells.

FIGUrRe 123. — Partly collapsed unreinforced brick wall in
Westmorland.

joints, but individual blocks were rent locally (fig.
125). We have no substantiated reports of even
partly collapsed reinforced block walls.

Cracked plaster or stucco walls were the most
common type of damage incurred by frame struc-
tures. The westernmost examples of cracked plaster
walls (other than hairline breaks associated with
little if any debris) were seen in a pre-World War
IT Lakeside drugstore, just northeast of San Diego.
Both interior plaster and exterior stucco walls were
damaged enough to require repair. Plaster and
stucco walls of frame structures in the Salton City
area, none of which is probably more than 10 years
old, seemed particularly susceptible to cracking and
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FIGURE 124.— Collapsed concrete-roofed fieldstone cellar about
1 km east of Ocotillo Wells.

FIGURE 125. — Cracked reinforced concrete-block wall in Sal-
ton City building.

spalling. Most of the cracking in the Salton City
area was minor, but the walls of a two-story wood-
frame motel in the center of town were extensively
damaged (fig. 126). The cracks in the motel general-
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FIGURE 126.— Damage to plaster and stucco walls of a
two-story motel in Salton City. A, Cracked interior wall.
B, Cracked stucco wall. Note cracks radiating away from
corners of sashwork and between floors.

ly followed the studs, jumped from stud to stud along
straight lines (fig. 1264), or radiated away from
sashwork corners (fig. 126B) ; the most conspicuous
damage occurred on the first floor, particularly at
the interior corners between wings.

Separated or rent frame walls, partitions, or other
structural units were seen in Salton City, Ocotillo
Wells, and Borrego Springs. One very poorly built
frame house in Ocotillo Wells was characterized by
shifted, rocked, or possibly vertically lifted and
projected walls. The displacement of a wooden col-
umn at its junction with an overhead beam in this
same house very nearly led to the collapse of a
section of roof. Nonetheless, damage of this sort was
very light, and the only examples of separated or
rent frame units that we saw were ones in which the
unit was poorly bonded to the adjacent member.

Broken windows, which were observed locally
over nearly the entire extent of our traverse, were,
nevertheless, not generally evident. Press accounts
of “hundreds of broken windows” in the San Diego
area (Cloud and Scott, 1968a, p. 1190) may have
been exaggerated, for a single cracked plate-glass
window in an office building at 2d and Broadway
was the only example of a broken window that we
saw or were reliably informed of in the metropolitan
San Diego area.

Nearly all the highway bridges between San Diego
and Glamis are of modern design and construction;
most are supported by heavy wooden piles or con-
crete piers. Of the tens of bridges we examined,
only the monolithic reinforced concrete bridge at
the Highway 78 crossing of San Felipe Creek sus-
tained damage that could be fairly definitely asso-
ciated with the earthquake. The concrete piers
supporting this bridge were circumferentially
cracked and slightly spalled at their junctions with
the overlying pier caps (fig. 127); although the
cracks seemed to be equally distributed about the
piers, the spalling was most conspicuous on the
northwest sides of the piers. This particular damage
constituted the only evident deterioration of a large,
massive, modern structure discovered in our in-
vestigation. The only other shaking effects associated
with the highway bridges along routes 78 and 99
were slumps or cracks within or along the margins
of the abutments and aprons and cracking of the
soil around the piers. The stream-bottom deposits
within the arroyos intersected by Highway 78 about
10 km east of the San Felipe bridge, for example,
displayed concentric and radiating arrays of cracks
around the supporting bridge piers. It was not al-
ways possible, however, to be certain that these
cracks and slumps were derived entirely from seis-
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FIGURE 127. — Cracked and spalled 40-cm-diameter concrete
pier supporting the Highway 78 bridge over San Felipe
Creek, about 8 km east of Ocotillo Wells.

mic shaking rather than from heavy vehicular
pounding.

A railroad bridge was damaged several hundred
yards southeast of Glamis along the main line of
the Southern Pacific Railroad (pl. 4). The con-
crete-abutment retaining walls supporting this
bridge reportedly displayed 14- to 1-cm-wide cracks
prior to April 9; these expanded at the time of' the
earthquake into the 8- to 10-cm-wide cracks shown
in figure 128.

Ruptured buried concrete pipes on Jacobs Ranch
east of Ocotillo Wells and cracked concrete canal
linings on the Elmore Desert Ranch west of West-
morland (see pl. 4) constituted the only other type
of secondary structural damage of which we are
aware. The cracks in the canal linings paralleled
both the contour of the lining slope and fresh cracks
in the adjacent soil; both sets of cracks probably
were generated by free-face movements of the canal
embankments.

EFFECTS ON LOOSE OBJECTS

Loose objects (those unrestrained or only partly
restrained against free movement) are classified as
heavy (for example, furniture, safes, automobiles)
or light (for example, shelf goods, lamps, whisky
bottles). Although heavy objects within the epi-
central region commonly were displaced or shifted,
we have few reports of this sort of movement more
than 4 or 5 km from the epicenter. Shifting or pro-
jection of light objects, on the other hand, occurred
over almost all of our traverse.

An abandoned kitchen stove in Ocotillo Wells
that had been flipped upside-down (R. V. Sharp,
written commun., 1970) and toppled bales of hay,
about 3.5 km south of Ocotillo Wells, were the only
reported examples of overturned heavy objects.

[ 8

FIGURE 128. — Cracked concrete railroad bridge abutment
about 0.3 km southeast of Glamis. Gaping cracks shown
here reportedly widened at the time of the earthquake
from Y- to 1-em openings to 8-10 cm.

Shifted or displaced heavy objects, however, abound-
ed within the epicentral region. Automobiles com-
monly were shifted about, and a number of house
trailers parked in the Ocotillo Wells area were
knocked off their parking jacks or other light foun-
dations. Large transformers at the San Felipe sub-
station, about 5 km south-southeast of Ocotillo Wells,
were shifted with such force as to shear their
anchor bolts (Cloud and Scott, 1968a, p. 1189).
Stoves, refrigerators, and various types of furniture
slid around within the stores and dwellings of
Ocotillo Wells; interviews with local witnesses in-
dicate that these objects were displaced preferential-
ly toward the northeast (that is, toward the trace
of the Coyote Creek fault). Away from the epi-
center, a large high-pressure fuel tank inside a
restaurant about 5 km east of Borrego Springs
shifted or pivoted about 8 ¢cm to the south-southeast,
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and heavy roller-mounted vaults in a Salton City
bank moved about 25 c¢m west-southwest.

Vibrational penetration of automobiles into loosely
compacted sands occurred near the main trace of
the Coyote Creek fault. About a dozen heavy vehicles
parked near the Morton house, about 1.5 km south-
east of Ocotillo Wells, were shaken into the ground
to depths of 8-10 cm (fig. 129).

FIGURE 129. — Light truck that sank several centimeters into
the dry desert sand, owing to vibratory ground motion,
about 1.5 km southeast of Ocotillo Wells.

Projected or displaced light objects were reported
from Coronado to about 8 km east of Brawley; they
were particularly conspicuous near the epicenter
(fig. 130) . Interviews with three residents of Glamis
(virtually the entire population) failed to elicit a
single report of displaced objects at this most east-
erly point of our reconnaissance. Goods shaken from
shelves were both the commonest and most wide-
spread permanent effect discovered. Two thousand
dollars worth of breakage in a Salton City liquor
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FIGURE 130.— Projected and displaced objects about 1.5
km southeast of Ocotillo Wells. All those objects for which
the height of the center of gravity was equal to or greater
than the diameter of the base were knocked over. Glass
tumbler nearest the camera was placed in upright posi-
tion before the picture was taken.

store was, in fact, the single most distressing effect
of the Borrego Mountain earthquake.

The distribution of displaced and projected light
objects is of interest. We have reports of extensive
breakage in the metropolitan San Diego area from
Chula Vista north to Mission Bay and reports of
limited breakage in supermarkets in central El
Cajon and various stores in Lakeside and Ramona.
(See pl. 4.) All these areas are underlain by Quater-
nary terrace deposits, beach or lagoonal deposits,
or alluvium that range from a few to perhaps
hundreds of meters in thickness. There were, by
contrast, startlingly few reports of fallen objects
from Ramona eastward to and including the west
edge of the Borrego Valley; this region is underlain
almost entirely by crystalline rocks. The occurrence
of fallen objects diminished generally eastward from
the epicenter, but local pockets of breakage were
recognized in Salton City, Westmorland, Imperial,
and El Centro, all of which are underlain by late
Cenozoic lacustrine deposits several thousand meters
thick.

Several small-scale associations between the distri-
bution of fallen objects and certain physiographic
features attracted our attention. A relatively new
supermarket about 0.3 km west of the center of
Lakeside had no more than about $10 worth of
breakage, whereas a similar supermarket near the
center of town apparently sustained extensive break-
age (exact amount unknown). The only apparent
difference between the two situations was the loca-
tion of the second market on what appeared to be a
slightly lower (by 3-4 m) river terrace. The distri-
bution of breakage in Brawley was particularly
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interesting. The modern concrete-block Mayfair
Market here sustained about $1,000 worth of break-
age, yet according to the manager, breakage was
minor in similar stores elsewhere around Brawley.
The Mayfair Market may be unique because it is
both the westernmost of the Brawley supermarkets
and only about 0.6 km east of the high (approxi-
mately 12 m) steep-banked New River flood plain.

INFERRED INTENSITY

Maximum intensities of at least VIII and possibly
IX (Modified Mercalli) were attained during the
earthquake. The highest intensities occurred within
a 3-6-km-wide band along the ruptured trace of
the Coyote Creek fault and along the west edge of
the Salton Sea near Salton City. Intensities of VIII
are indicated by partial loss of control of moving
automobiles, minor damage to reinforced masonry,
collapsed chimneys, cracked stucco walls, local
changes in well flow, and cracks on steep slopes. In-
tensities of IX may be indicated for the epicentral
region by the destruction of poorly constructed
masonry walls, separated or rent frames, broken
underground pipes, local ground cracking, sand boils,
and landslides in dry soils. (See Richter, 1958, p.
136-138.) Although some effects, such as large
slumps in the Ocotillo Badlands, suggest intensities
even greater than IX, the general survival of frame
structures and the absence of serious bridge damage
argue that intensities of X probably were not at-
tained anywhere within the area we investigated.

Intensities midway between VIII and IX were
correlated with magnitude 6.4 shocks by Gutenberg
and Richter (1956, p. 132), a correlation in agree-
ment with what has been observed for this earth-
quake. Gutenberg and Richter (1956, p. 131) also
correlated intensities of VIII and IX with ground
accelerations of 0.20 g and 0.30 g, respectively. These
correlations, in turn, are in good agreement with
epicentral accelerations of about 0.22 g correlated
with magnitude 6.4 shocks (Lockheed Aircraft Corp.
and Holmes and Narver, Inc., 1963, p. 14). Epi-
central accelerations of 0.35 g to 0.40 ¢ may be de-
duced from accelerations measured at El Centro and
attenuation curves presented by Cloud (1968);
however, we have assumed in using these attenua-
tion curves that differing initial accelerations decline
proportionately with distance, and this procedure
may have led us to overestimate epicentral accelera-
tions. Clark (“Intensity of Shaking Estimated from
Displaced Stones,” this volume), nevertheless, con-
cluded from observations of displaced pebbles that
horizontal accelerations approaching 1 g may have
been attained locally within the epicentral region.
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Our field investigation indicates that intensities
of VIII or more were attained over at least 500-600
sq km and that intensities of VII or greater were
attained over several thousand square kilometers.
Isoseismal maps are presented elsewhere in this
report. (See Seismological Field Survey, National
Oceanic and Atmospheric Administration, this
volume.)

CONCLUSIONS

The occurrence of the Borrego Mountain earth-
quake in one of the least developed sections of south-
ern California scarcely minimizes the significance
of this event to engineering geology and foundation
engineering. The earthquake effects of greatest im-
portance to these two disciplines are as follows:

1. The earthquake was felt over at least 155,000 sq
km and was characterized by maximum inten-
sities of VIII-IX within a narrow band ex-
tending 32 km or more along the Coyote Creek
fault. The inferred epicentral intensities are
in close agreement with those predicted for a
magnitude 6.4 shock.

2. The main shock was accompanied by the forma-
tion of a locally complex zone of tectonic sur-
face ruptures that extended about 32 km along
the Coyote Creek fault. Zones of this complex-
ity have not generally been reported for earth-
quakes of magnitude 6.4 or less. The precise
locations of the ruptures, moreover, could have
been predicted on the basis of ordinary field
criteria over no more than about one-half their
extent.

3. Temporally associated surficial fault displace-
ments were generated along the Superstition
Hills, Imperial, and Banning-Mission Creek
faults. Although very slight, they could have
damaged sensitive structures situated on the
fault trace. It now seems likely that even rela-
tively distant shocks may trigger displacements
along any discontinuities identified with accu-
mulated elastic strain of whatever source.

4. The epicentral region was characterized by a
variety of dry-soil slope failures and compac-
tion effects that could be reasonably expected
to accompany a magnitude 6.4 shock. Direct
and indirect effects of soil consolidation gener-
ated at distances of 30-60 km from the epi-
center were less expected; these distant
features were all underlain by probably thick
upper Cenozoic lacustrine sediments.

5. Structural damage was generally minor for an
earthquake of this size and was concentrated
in the epicentral region and over the lacustrine
deposits in and around Salton City. It seems
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unlikely that this light damage can be due
entirely to the limited development of the re-
gion; it may be equally attributable to a rela-
tively short duration of strong shaking or to
generally good natural foundations beneath
those structures close to the epicenter.

The fortunate location of this shock should not, as
we have observed, minimize its significance to those
concerned with most aspects of earthquake engineer-
ing. Had the locally complex pattern of tectonic
surface ruptures and the various shaking effects
associated with this shock occurred in a densely
populated region (especially one characterized by
water-saturated ground), the damage would cer-
tainly have been much greater and locally severe.
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INTENSITY OF SHAKING ESTIMATED FROM DISPLACED STONES

By MarLcoLMm M. CLARK
U.S. GEOLOGICAL SURVEY

ABSTRACT

Characteristics of stones displaced during the Borrego
Mountain earthquake of April 9, 1968, allow rough esti-
mates of the accelerations responsible for displacement.
Areas of displaced surface stones were generally restricted
to certain high ridges in Ocotillo Badlands, indicating that
topography magnified the intensity of shaking. Nearly every
unrestrained stone on the surface of one such ridge was
either tipped, slid, or flung as much as 0,5 m in one direction,
whereas only cobbles and boulders taller than about 50 mm
moved on an adjacent ridge, sliding a maximum of 0.1 m
in the opposite direction. These directions of displacement
indicate that the horizontal shaking responsible was oriented
70°-80° from the general trend of surface breakage; however,
the influence exerted on these directions by the position,
shape, or material of the ridges is unknown.

Theoretical considerations indicate that in the absence of
adhesion, simple sliding of a rectangular block depends only
on the values of coefficient of friction, slope, and acceleration
and is independent of size and shape. Tipping depends only
on slope, shape, and acceleration. Size of the block affects
sliding or tipping only if adhesion or other surface forces
are present or if rocking has begun.

Estimates of coefficients of friction, combined with char-
acteristics of size, shape and movement, suggest that hori-
zontal accelerations on the first ridge were greater than
0.5 g and possibly as high as 1 g, whereas vertical ac-
celerations were definitely less than 1 g. Stones of the second
ridge experienced smaller accelerations, with the horizontal
component apparently in the range of 0.4-0.9 ¢g. Adhesion
between stones and the surface of the second ridge prevented
stones shorter than 50 mm from moving.

INTRODUCTION

This chapter describes and evaluates the implica-
tions of stones near the surface rupture of the Coyote
Creek fault that were displaced by shaking during
the Borrego Mountain earthquake of April 9, 1968.
Such stones offer a crude measure of intensity of
shaking (as in Oldham, 1897, p. 129-133), and an
analysis of the stones and their displacements per-
mits some general statements about the accelerations
responsible for displacements. The chapter presents
observations of such stones in Ocotillo Badlands, an
analysis of how stones may react to shaking, and
estimates of local accelerations in the badlands.

T. L. Youd, R. V. Sharp, and R. O. Castle pointed
out flaws and omissions in the analysis and made
many suggestions for improvement of the manu-
script.

LOCATION OF DISPLACED STONES

In general, surface gravels are not abundant along
the 1968 break ; however, a lag of granitic and meta-
morphic gravel covers most of the low hills in the
vicinity of the break and much of the ridges and
lower flanks of Ocotillo Badlands. Scattered patches
of gravels left by modern debris flows also occur
locally near washes elsewhere along the break.

Few of these surface gravels anywhere in the re-
gion of the break were moved by shaking of the
earthquake, except on several high parts of ridges
of Ocotillo Badlands (for example fig. 1314, B, and
C), where a majority of the pebbles, cobbles, and
boulders resting on the surface were rolled, slid, or
flung from their preearthquake positions. In con-
trast, the gravels that cover most of the lower slopes
of the Badlands did not move, except for those at
location F, figure 131. According to R. V. Sharp
(oral commun., 1969), about 20 percent of the sur-
face stones at location £ moved down the 10° slope
on which they rested. Also, Castle and Youd (this
volume) report displaced stones near slump frac-
tures elsewhere in Ocotillo Badlands and in the low
hills to the northeast.

The ridges with displaced stones in Ocotillo Bad-
lands evidently experienced significantly higher
accelerations than elsewhere. As noted by Clark
(“Surface Rupture Along the Coyote Creek Fault,”
this volume), these same hills were literally shat-
tered with small landslides and faults. Although the
abundance of landslides and slips is probably a
manifestation of magnified accelerations, the moved
stones do not appear to have been directly affected
by such landsliding. Several slides originated on
ridges containing the moved stones described in this
study, but none of these stones rested on such slides.
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Base from U.S. Geological Survey
1:24,000 Borrego Mountain SE, 1958
and Shell Reef, 1959

FIGURE 131.— Area of moved surface gravels. A and B,
Location of ridges on which many stones were displaced
by shaking. C, Ridge containing many displaced stones
but which was not investigated. D, High ridges on which
virtually no stones were displaced. E, Only area where
many boulders were moved that was not on a ridgetop.
Lines show surface ruptures associated with the earthquake
of April 9, 1968.

DISPLACED STONES OF OCOTILLO BADLANDS

The distribution of the areas of abundant dis-
placed stones in Ocotillo Badlands appears to be
irregular. Stones possibly shifted on high ridges not
visited, in addition to those that moved on ridges at
A, B, and C (fig. 131). No stones, however, moved
on the high ridges at D, suggesting that other factors
such as orientation of the ridges, position with re-
spect to breaks, or local topography, lithology, and
structure might also determine locations of magni-
fied shaking.

Stones displaced by shaking were easily identified.
Differences in tone and color marked the seats from
which cobbles and boulders had moved and identified
formerly buried parts of stones. Furthermore, many
stones moved from seats embedded as much as 100
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mm into the surface, revealing original position and
orientation exactly (figs. 133, 134).

The observations of moved stones that form the
basis for this report were made on two parallel
ridges (locs. A, B, fig. 131). Only enough measure-
ments were made to characterize broadly the move-
ment of the stones; hence, the data lead simply to
general statements about shaking and displacements
and to estimates of the probable ranges of

acceleration. RIDGE A

Ridge A lies about 100 m from ridge B, and both
trend about N. 45° E. Ridge A is covered by predom-
inantly granitic gravel that ranges from small peb-
bles to subrounded and rounded blocks with
minimum dimensions greater than 0.5 m (fig. 132).
The gravels examined occupy the crest and west and
northwest slopes on surfaces inclined from 0° to
about 20°. The earthquake either tipped, slid, or

o i -
- e

FIGURE 132.— Gravel on top of ridge A. Shaking displaced
most of the stones in view in a direction away from the
camera and slightly to the right. Detail of boulder a
is in figure 138, and detail of boulder ¢ in figure 134.
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FIGURE 133. — Stereo view of a 0.6-m-high tetrahedron tipped over by shaking. @ marks matching
points on the boulder and its seat. Cobble b moved more than 0.5 m across pebbles from its
seat (b’) into that vacated by the tetrahedron. Most stones in this picture have moved, includ-
ing all that occupy the vacated seat of the tetrahedron. View is downhill; average slope is about
107

flung virtually every unrestrained stone on ridge A
in one direction, about S. 70° W. Although this
direction includes a component of downslope move-
ment for most stones on this ridge, many others that
moved either rested on the flat ridge crest, had level
bases, or were originally nested as much as 100 mm
below the surface. Boulders and cobbles commonly
moved an amount at least equal to their own diame-
ters, and many pebbles and cobbles moved into the
seats of other displaced clasts (figs. 133, 134). Mov-
ing cobbles and boulders also struck and displaced
numerous pebbles, and one elongate boulder rotated
180° when it struck a buried boulder (fig. 134). The
evidence of large and apparently rapid displacements
shown in figures 133 and 134 suggests large local
accelerations, and possibly displacements, during
shaking of the ground at ridge A.

RIDGE B

Surface gravel on ridge B is not so abundant as
on ridge A and includes many tabular schistose
cobbles, which were scarce on ridge A. Furthermore,
all the displaced stones examined here occupy the
nearly flat crest of the ridge. As on ridge A, dis-
placed stones were easy to identify because of the
strong color contrast between newly exposed seats
and the surrounding surface. In addition, many of
the large cobbles and small boulders that did move
(and many smaller cobbles that did not) rested on
low sand-silt pedestals that not only clearly defined
preearthquake position of their covering stones but
also offered no material barrier to sliding.

In contrast to ridge A, the displaced stones of
ridge B were neither flung nor tipped but slid uni-
formly in one direction, about N. 65° E., nearly



FIGURE 134. — Boulder ¢, located on ridge A, was propelled
from its nearly horizontal seat (pencil) and rotated 180°
after striking the partly buried boulder d. Pebbles moved
into the seat of boulder ¢ after it moved out. The scale
is 150 mm (6 in.) long.

opposite to those of ridge A. No displacements ex-
ceeded 0.1 m. A striking characteristic of the stones
of ridge B was a well-defined size difference between
clasts that moved and those that did not. Most stones
less than about 50 mm high, which included many
tabular schistose cobbles, did not move, regardless
of shape.

A 500-g laboratory spring scale was used to obtain
crude measurements of coefficient of sliding friction
and adhesion between stones and the surface of
ridge B. Four determinations of coefficient of friction
yielded values between 0.4 and 0.7. The adhesion of
13 quasi-rectangular, tabular cobbles lying on the
flat surface of the ridge was measured by lifting one
end only of each with the hook on the end of the
spring scale. Each of the 13 cobbles required a force
greater than half its weight to break it free from
the surface when lifted in this manner. Half the
weight of each cobble was determined from the scale
reading after the surface adhesion was broken. Theo-
retically the net force required to break adhesion,
divided by one-half the contact area of each cobble,
equals the adhesive strength between each cobble
and the surface (table 29). The measurements in
table 29 show that the adhesive force may reach a
large fraction of the total weight of small cobbles.
If the two extreme values of table 29 are excluded,
the average of the remaining 11 values of adhesive
strength is 270 N/m? (roughly 0.04 psi). The tensile
adhesive strength measured this way is assumed to
be roughly the same as the shear adhesive strength;
measurement of the shear adhesive strength of one
flat cobble on ridge B gave a value of 400 N/m?, well
within the range of values in table 29.
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TABLE 29. — Adhesion of cobbles to the surface of ridge B

Force used to Net force

break cobble Weight of used to Dimensions Contact Adhesive
free from one end of overcome of cobble area of strength3
surface! cobble?  adhesion (mm) cobble (N/m?)
() () () ]
120 110 10 90X50 4,500 40
170.. 150 20 80X60 4,800 80
120 100 20 90X50 4,500 90
120 100 20 T0X50 3,500 110
320 280 40 T0X90 6,300 130
100 80 20 5050 2,500 160
160 110 50 80X50 4,000 250
140 100 40 T0X40 2,800 290
140 70 70 T0X60 4,200 330
160. 100 60 8040 3,200 360
240 170 70 90X 30 2,700 500
320. 140 180 80X70 5,600 640
400. 200 200 10050 5,000 800

ILifting one end only of each cobble with a 500-g spring scale (see text).
For these measurements, 100 g is assumed to equal 1 N (newton).

2Measured after cobble broken free from surface.

SRounded to the nearest 10 N/m2

On ridge A, most of the unrestrained material on
the surface was either tipped, slid, or flung as much
as 0.5 m either horizontally or partly downslope in
a west-southwest direction. In contrast, on adjacent
ridge B only boulders and cobbles taller than about
50 mm moved, and they did so by sliding as much
as 100 mm in a direction almost opposite to that of
the displaced gravel on ridge A.

These differences were observed on ridges less
than 100 m apart. The parallel directions of displace-
ment on the two ridges (although opposite in sense)
indicate that the direction of strongest horizontal
shaking here was roughly N. 70° E. to S. 70° W,,
which is 70°-80° from the general trend of the
surface rupture along the Coyote Creek fault and
about 25° from the trend of the ridges. Whether the
direction of most intense shaking and the sense of
displacement are controlled primarily by the posi-
tion, geometry, and composition of the ridges or by
the regional orientation of seismic waves cannot be
determined from these observations. Slope may have
determined the sense of movement on ridge A, but
differences in the position and shape of the two
ridges or differences, if any, in the material under-
lying them could also have been important. The
available data, however, may help to reveal the
magnitude of the accelerations on these ridges and
to explain why the shorter clasts of ridge B did not
move.

MECHANICS OF DISPLACEMENT INDUCED
BY SHAKING

Before atte..pting to explain the displacements
onridges A and B, we should consider the different
ways in which a stone may react to the shaking of
an earthquake. For simplicity, we will consider the
forces acting between a rigid rectangular block
and the inclined surface upon which it rests
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FIGURE 135.—Forces, F, acting between a block of mass, m, den-
sity, p, and basal area, A4, and the inclined surface on which
it rests, as a result of friction, adhesion, and shaking of the
surface. ar and au., vertical and horizontal acc!e]erations of
shaking; g, gravity; u, coefficient of friction; /, height;
I, length; 6, inclination of surface; ¢, adhesive strength be-
tween the surface and block (assumed here to be the same
for shear and tension, to be independent of weight, and to
embrace all surface forces, including nonideal components
of friction); Fy and Fy, vertical and horizontal inertial reac-

tions to shaking; W, weight; F,, frictional rbsistance to slid- |

ing; F,, adhesion.

(shown in fig. 135). The block will slide during shak-
ing when the downslope components of both
weight and horizontal and vertical inertial reac-
tions to shaking equal or exceed the combined
frictional and adhesive resistance to sliding:
Wsin@—Fysin@+ Fycos0= Fr+ F,. (1)
(Symbols are defined in fig. 135.) Substituting the
definitions of these forces given in figure 135 gives
m(g—ay)sinf+maycosf= u [m(g—ay)cosd
—ma”sino] +cA, (2)
which reduces to
ancosf+(g—av)sind=pu [(g—av)cosd
—aysing] +&. 3)
The critical horizontal acceleration, ay., necessary
for sliding is then
= (g—av) (M-l—+tan0) +c/hpcoso. @
putané
When vertical acceleration is upward rather than
downward or when horizontal acceleration acts
out from rather than into the slope, sliding will be
more difficult. It is assumed for this simple
analysis that tipping moments do not change over-
all frictional resistance of the block.
In the absence of adhesion (¢=0), the accelera-
tion that initiates sliding, a,., depends only on g, u,

a;

6, and ay and is in no way affected by shape or size
of the block, unless the block tips or is rocking. (See
succeeding paragraphs.) Thus rectangular blocks
of any size or shape on a slope will start moving at
the same time when the critical horizontal accelera-
tion is reached. It is important to remember that like
inertial forces, frictional resistance of a block to
sliding is proportional to the weight of the block
rather than to its contact area, as is sometimes
implied (for example, Richter, 1968, p. 56). Vertical
accelerations are not likely to change drastically the
values of a,.. If maximum vertical accelerations
range from about one-third to two-thirds as large as
the values of associated horizontal accelerations
(Housner, 1970, p. 79), a,. decreases little with
increasing ay, particularly with lower values of
(fig. 136). Even the extreme example of ay=ay
reduces a,, by only 35 percent, if x=0.5. However,
an increase in the slope, 6, of the surface may greatly
reduce the value of a,, (fig. 137). For »=0.5, an
increase in slope from 0°-10° lowers @, more than
does an increase of a, from 0 to 24 a, (fig. 136).
It is also important to note that rocking probably
allows sliding in some situations in which sliding
would otherwise not occur. Variations in the period,
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FiIGURE 136. — Relation between coefficient of friction, u, and
minimum horizontal acceleration, au., necessary to slide
a block that rests on a horizontal plane, for different
values of associated upward vertical acceleration, a.
From equation 4, with =0 and ¢=0. Adhesion between
the block and the surface on which it rests will always
raise the value of the horizontal acceleration required
for sliding.
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FIGURE 137.—Relation between coefficient of friction, u, and
the minimum horizontal acceleration, «,., necessary to
slide a block that rests on an inclined plane, for different
values of inclination, . From equation 4, with vertical
acceleration of shaking and adhesion assumed to be zero.
Inclusion of positive values for ay will depress the right-
hand part of each curve an amount proportional to and
smaller than the depression of the corresponding curves
in figure 136.

magnitude, and direction of shaking are likely to
yield ground movements that can slide a rocking
block at vulnerable positions in its cycle of move-
ment.

If either a, or a; exceeds 1 g, the block will prob-
ably be propelled from its seat. Oldham, however,
pointed out (1897, p. 133) that there must be an
upper limit to the size of boulders that can be lifted
by the vertical component of shaking, which is deter-
mined by the strength of the surface on which they
rest. Because the ratio of mass to contact area in-
creases as size increases, boulders larger than some
critical size will simply deform the surface beneath
them asg it shakes.

Adhesion may drastically change the behavior of
shorter blocks. If adhesion is present, au, increases,
and the size term, h, becomes important in equation
4. Thus a lower limit, &, for the height of rectangular
blocks that will slide exists for every value of ay,
greater than the value in the absence of adhesion.
This limit exists because adhesive resistance to slid-
ing varies with contact area rather than with mass
and is proportionately larger for shorter blocks than
are inertial forces. Thus when ¢>0, the ratio of

surface forces, F',, to inertial forces increases for
progressively shorter rectangular blocks until sur-
face forces become dominant. As a,. increases in
equation 4, the critical height, k, that separates
blocks that move from those that do not, decreases.

The block may also respond to shaking by tipping
or rocking. For tipping or rocking to occur, the
block must be tall enough that the overturning
moment about an edge of the block exceeds the
resisting moment (fig. 135), or

-g— [FHcos(9+(W—FV)sin0]+ é Fusing

Eé(W—Fv)coso+cA. (5)
The critical horizontal acceleration for tipping,
then, is

- (g—av) [(U/h)—tand] +/h)(c/hpcosb). ©)
He= 1-(l/h)tané :
Generally, stones tip if they are partly buried in
the surface or if they are somewhat taller than
they are wide, so that the critical acceleration for
tipping is less than that for sliding.

In the absence of adhesion (¢=0), initial tipping
of stones is not controlled by size but only by
shape (//h), slope, and the accelerations due to
shaking. That is, all objects of a certain shape on
a given slope will tip at some critical acceleration,
regardless of their size. Rocking of an object dur-
ing shaking, however, is controlled by size. The
larger the object of a given shape the longer is its
natural period of rocking. Hence, those objects
whose natural rocking period is close to the period
of strong shaking may be overturned or translated,
while others of similar shape but different size
may not be so affected. This size-controlled
response manifests itself only after tipping starts;
it has no effect if the acceleration is too low to
initiate tipping or rocking.

If the block adheres to the surface, however, a
larger horizontal acceleration is required to tip it,
and size again becomes important. Depending on the
magnitude of adhesion, all blocks of a given shape
that are taller than some critical height, &, will tip
at some level of acceleration greater than that neces-
sary to tip the blocks in the absence of adhesion.
Thus, if rocking occurs or if adhesion is present, a
size effect, in addition to a shape effect (k/l), will
control which blocks tip and which do not.

Thus in the absence of adhesion, simple sliding
of a rectangular block depends only on slope, coeffi-
cient of friction, and acceleration and is independent
of size and shape. Tipping depends only on slope,
shape, and acceleration. Size of the block affects
sliding or tipping only if adhesion or other surface

a

o

<«
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forces are present. Once rocking begins, size also
controls its period.

MECHANICS OF SHAKING APPLIED TO
OBSERVATIONS AT OCOTILLO BADLANDS

The preceding analysis treats very simple situa-
tions. The stones observed at Ocotillo Badlands,
however, show great differences in shape and size;
few are rectangular blocks, and some are embedded
in the surface. Although coefficients of friction prob-
ably are fairly uniform, adhesion shows ‘greater
variation. Richter (1968, p. 140) pointed out that
even arrays of columns of different sizes and shapes
designed to determine earthquake motion commonly
yield ambiguous information, presumably because of
rocking and complex shaking. Nevertheless, the ob-
servations of Ocotillo Badlands do permit estimates
of the probable ranges of acceleration.

The evidence of flinging and large displacements
of stones of all sizes of ridge A, including many
resting on slopes of less than 5°, almost certainly
indicates either that horizontal accelerations ex-
ceeded 0.5 g and perhaps approached 1 g or that
significant vertical accelerations accompanied some-
what smaller horizontal accelerations, or both. How-
ever, because many boulders that were partly buried
in the unconsolidated surface material showed no
evidence of vertical displacement, vertical accelera-
tions were definitely less than 1 g. Slope may have
strongly influenced the sense, if not direction, of
displacement and probably contributed to some of the
larger downslope displacements. Probably some of
the boulders tipped over or slid only because they
rested on slopes or because their bases sloped. How-
ever, the fact that virtually every unrestrained stone
on the surface moved, including many whose bases
were originally horizontal, strongly suggests that
large accelerations, rather than slope, were primar-
ily responsible for movement. ‘

On ridge B, smaller displacements and the fact
that small stones did not move indicate that accelera-
tions were smaller and that size was important.
Either shaking produced rocking on ridge B or
adhesion prevented the smaller stones from moving.

Rocking of stones on ridge B is almost certainly
ruled out, because clasts that were displaced have
the same shapes as clasts that remained stationary.
Furthermore, on ridge B, a block about 0.256 m high
by 0.256 m wide by 0.4 m long slid horizontally 50 mm
parallel to the 0.4 m length. The most reasonable
combinations of horizontal and vertical accelerations
sufficient to rock this relatively low block parallel to
its long dimension and thus to permit it to slide
would have been large enough to move virtually

476-246 O - 72 - 13
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every stone on this ridge. Because many did not
move, including cobbles with more favorable ratios
of height to length, it seems very unlikely that differ-
ences in the natural period of rocking caused the size
difference observed between those stones that were
and were not displaced.

Adhesion to the underlying surface very probably
prevented the shorter stones on ridge B from sliding.
This conclusion is supported both by the observed
height rather than shape difference between stones
that did and did not slide and by the values of adhe-
sion measured on ridge B (table 29). Figure 138
shows that these values are compatible with reason-
able levels of excess acceleration over that necessary
in the absence of adhesion. For example, if u=0.5
and ay=0 in the absence of adhesion, a,,—0.5 g for
all stones on a flat surface (fig. 136). If adhesion,
however, is 270 N/m? (the average of the measured
values), an excess acceleration of 0.2 g (2 m/sec?;
see fig. 138), or a,,=0.7 g, will be required to move
all stones taller than 50 mm (fig. 138). In other
words, with this value of adhesion, only stones taller
than 50 mm will be sliding when a, reaches 0.7 g.
These numbers indicate that reasonable values of
acceleration can account for the observations on

0%

T T rTT

102

h=50mm

HEIGHT (MM)

I T 1 F NG B ! !
1 [l

0 102
EXCESS ACCELERATION (M/SEC?)

FIGURE 138. —Relation between height, h (separating blocks
that slide on a horizontal surface from those that do not),
and excess acceleration, auy.—u(g—av) (excess over that
necessary to slide blocks in the absence of adhesion),
between blocks and the surface on which they rest for
different values of adhesive strength, ¢, (N/m2?). From
equation 4, with 6=0 and p=2.7x103 kg/m3; other symbols
as defined in figure 135.
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ridge B. Moreover, figure 138 shows that reasonable
local variations in g, ¢, @y, and ay do not drastically
change the value of % that separates stones that will
and will not move.

A determination of the likely values of accelera-
tion on ridge B requires an estimate of both the value
of coefficient of friction and the magnitude of the
vertical component of acceleration, ay, in addition
to the value of adhesion. By using the range of mea-
sured coefficients of friction, 0.4-0.7, and by assum-
ing that maximum vertical accelerations were
one-third to two-thirds the magnitude of horizontal
accelerations, figure 136 yields values of a, ranging
from about 0.3 to 0.7 ¢. If, in addition, we include the
excess acceleration of about 0.2 ¢, indicated by the
preceding consideration of adhesion, the final esti-
mate of horizontal acceleration on ridge B lies be-
tween 0.5 and 0.9 g.

It is worth noting that if values of adhesion on
ridge A were similar to those measured on ridge B,
the fact that virtually all stones moved increases the
likelihood that a, was close to 1 g on ridge A.

In summary, the observations of displaced stones
of ridges A and B indicate that on ridge A horizon-
tal accelerations were probably greater than 0.5 ¢
and perhaps as high as 1 g, whereas vertical accel-
erations were definitely less than 1 g. Ridge B was
subjected to somewhat lower horizontal accelera-
tions, probably in the range of 0.5-0.9 g. Stones were
displaced in the same direction, 70°-80° to the trend
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of the main surface rupture zone, although in oppo-
site sense, on these two ridges.

The study also demonstrates that higher parts of
the ridges experienced greater shaking than the
lower slopes of the same ridges, other ridges, low
hills, and flat alluvium. Studies elsewhere indicate
that surface shaking generally increases with greater
depth of unconsolidated material (for example, Bor-
cherdt, 1970 ; McCulloch and Bonilla, 1970, p. 69-72).
Observations at Ocotillo Badlands, supported by
more recent findings at San Fernando (Nason,
1971), indicate that 100 m of topographic relief in
poorly consolidated sediments may also amplify
shaking.
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WATER-RESOURCE EFFECTS

By A. O. WAANANEN AND W. R. MOYLE, Jr.
U.S. GEOLOGICAL SURVEY

ABSTRACT

The principal effect of the Borrego Mountain earthquake on
water resources was seismic in nature and almost entirely
transient, as shown by the charts from recorders on ground-
water observation wells in California, Arizona, and Nevada,
and at gaging stations in California. Hydroseisms were
recorded at several sites nearly 500 km from the epicenter.
At most sites, the effects were limited to water-level or
water-surface fluctuations, with some minor and insignificant
net changes in water level at many wells; changes in stream-
flow were observed at only two sites. Hydroseisms were
observed also in many swimming pools near the epicenter,
in San Diego County, and near Los Angeles. The effects

on water quality were minor, and no significant problems-

were reported.

INTRODUCTION

Seismic shocks associated with the Borrego Moun-
tain earthquake of April 9, 1968, caused noticeable
fluctuations in ground-water levels, and in the stages
of streams, canals, and lakes, over a wide area ex-
tending nearly 500 km from the epicenter near Bor-
rego Mountain, about 27 km southwest of ‘the Salton
Sea. Fluctuations were caused also by a few of the
aftershocks that were associated with the Borrego
Mountain earthquake (centered near the town of
Ocotillo Wells) . Effects from the M (magnitude) 6.4
principal shock occurring at 6:29 p.m. (P.s.t.) April
8 (02:28:59.1 G.m.t. April 9) were noted on the
records from more than 120 water-stage recorders;
the effects of two aftershocks (M 5.2 and M 4.7)
were recorded at a few stations.

The effects of the earthquake on water resources
can be classified in four main groups: (1) Water-
level fluctuations in wells, (2) temporary changes in
ground-water levels, (3) changes in spring flow or
in the base flow of streams, and (4) variations in the
magnitude of surface-water fluctuations along chan-
nels caused by variations in channel geometry. Some
of these effects occurred immediately after the three
principal shocks, but others, such as changes in the

1Greenwich mean time (G.m.t.). Local time was April 8, 1968. Pacific stan-
dard time (P.s.t.) used for time reference in this discussion.

flow of streams, developed slowly over a period of

days and were sustained for several days or weeks.

No permanent changes in water level or discharge

are known. A noticeable but temporary increase in

sediment content of the water was observed in one
well as a result of the Borrego Mountain earthquake. ‘

Selected terms will be used in the subsequent dis-
cussions, as follows:

“Hydroseism” refers to all seismically induced water-
level fluctuations other than tsunamis (tidal
waves). The term, as defined by Vorhis (1967, p.
C2), pertains to fluctuations of water levels in
wells, streams, lakes, ponds, and reservoirs.

“Hydroseismic data” refers to both the charts that
record hydroseisms and the information taken
from the charts.

“Seiche” is a term applied to standing waves set up
on lakes and similar closed bodies of water by
wind, change in barometric pressure, and other
factors. Seiches caused by earthquakes are termed
“seismic seiches.” A special form of hydroseism,
they are characterized by the symmetrical fluctua-
tions (equal water-level rises and declines) set
up on lakes, reservoirs, and ponds at times corre-
sponding to the passage of seismic waves from an
earthquake. .

FLUCTUATIONS IN GROUND-WATER LEVELS

The principal transient effect of the April 8, 1968,
earthquakes on the water resources was the abrupt
and pronounced fluctuation of water level in response
to the seismic shock, as shown by the records from
many water-stage recorders. These hydroseisms
commonly are shown by analog-type recorders in
areas affected by earthquakes. At times of large

-shocks, the recorder traces show vertical lines caused

by movement of the recorder float as a result of wave
action in the gage well or observation well induced
by ground motion associated with the seismic shock.
There is a rough relation of the amplitude of the
fluctuations to the severity of the shock, the distance
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FIGURE 139. — Selected observation wells, gaging stations, and compaction-recorder sites that Showed eﬂ’ecté of the Borrego
Mountain earthquake. Observation wells and gaging stations are given in tables 30 and 31, respectively..

from the epicenter, and the kind of underlying soil
and rock formations. The records for several obser-
vation wells also demonstrate some postearthquake
short-term changes in water levels as a result of the
shocks.

The greatest areal extent of the hydroseismic
effects was shown by water-level recorders on
ground-water - observation wells in California,  Ari-
zona, and Nevada, and by compaction recorders in
California. These recorders were operated by the
Geological Survey and by state, county, and local
agencies. The location of the recorders that showed
effects of the Borrego Mountain earthquake is shown
in figure 139. Three sites in Fresno-and Kings Coun-

ties in California (sites 1, 2, and the compaction-

recorder site near Fresno) and one site in Esmeralda
County in Nevada (site 41 near the California border

84 km southwest of Tonopah) are nearly 500 km

northwest of the epicenter. :

Hydroseismic data for the selected wells shown in
figure 139 (sites 1-47) are given in table 30. The
wells listed are identified by both a site number and
a well number. The well numbers indicate the loca-
tion of wells according to the rectangular system for
the subdivision of public lands. The site numbers
identify the township, range, section, location within
the section, serial number of the well in the section,
and the baseline and meridian in accord with the
standard practices in California, Arizona, and Ne-
vada.

&
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TABLE 30. — Fluctuations of water level in observation wells, April 8, 1968
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Wells in California

Net
Well Depth to rise
. . Double Source
No. . Depth Water-bearing water below Time of . (+)
(fig. Site No.t County Area (m) material land surface shock? 8"(‘?'1;:“)(’@ or fall d:f .
139) (m) (—)3 8
(mm)
L. 16S/16E-20R1 M........ Fresno. San Joaquin 109 24.19 6:29 p.m 61 —6 GS
2. 8S/19E-20P1 M Kings. Lemoore. 212 62.18 6:29 68 —b66 GS
8. 8S/26E-16N4 M Tulare. Pixley 76.2 24.84 6:29 18 -1 GS
4. 4S/26E-34F1 M do. Richgrove 461 66.85 6:29 27 —12 GS
;20— IN/35W-28R1 S........ Santa Barbara......Lompoc........coerereurnnnnne 156 Alluvium and 19.10 6:29 24 -1 GS
older deposits.
Kern Bakersfield 290 Alluvium......ocveicercne 58.56 6:29 92 —91 GS
- do. Rogers Lake. 162 Lakeshore deposits 32.64 6:29 61 +9 GS
.9 5 San Bernardino....Daggett........ccoeuvicnnn. 51.9 Alluvium.... 29.93 6:29 37 —6 GS
Los Angel El Segundo 101 Sand dunes 1.43 6:29 49 +3 LA
1.43 7:04 3 0 .
10........ 8S/16W=24G S.........coee.... AO..nrerreeneereerenenan Manhattan Beach......... 122 Alluvium.......oceveeecrenenn, 2.94 6:29 85 +6 LA
11....... 8S/14W-31D1 S do Hermosa Beach 101 Alluvium ; uncon- 2.73 6:29 530 +30 LA
solidated. 2.70 7:04 30
12 4S/14W=6JT S..ccovmrrrnarnns L4 1 T Redondo Beach............. 156 Sand dunes.......cccoueeenee .59 ’?:%9 140 +12 LA
1 04
13........ 4S/14W-1TN2 S do. do 209 2:%9 12§ +lg3 LA
104 —

e 4S/12W-35K6 S do. Long Beach 114 6:29 110 -3 LA
..6S/12W-2G2 S, do do 32.6 6:29 340 0 LA
..4S/12W-36P6 S Orange. Los Alamitos................. 149 6:29 181 —9 LA
..6S/12W-11G4 S. Los Angel Long Beach 26.3 6:29 230 0 LA

18.......25/12W-10Q2 S do. Montebello 168 6:29 128 ~58 LA
19.......2S8/11W-5L1 S do. do 30.8 6:29 480 0 LA
20........ 2S/12W-14P1 S do do 29.9 6:29 200 —3 LA
7:04 12 —3
21........ 2S/12W-23N2 S do do 54.9 6:29 390 —27 LA
22........68/10W-32K38 S......... Orange. Santa Ana 274 6:29 119 (5) GS
23... .5%{10W~32Q1 S do do. 56.1 6:29 49 0 GS
24........ 8W-26P1 S Los Angeles ..Claremont. 153 6:29 24 0 LA
26.......28/8W-2N1 S............. San Bernardino....Redlands.......cccccoviunnnne 83.3 6:29 43 —15 GS
26........258/8W-11M2 § do. do. 65.9 6:29 113 —6 GS
21.......4S/8W-18G1 S Riverside. Perri 115 6:29 24 0 DWR
28........6S/1E-GP1 S do. San Jacinto (%) 6:29 3 +43 RC
29........68/1E-9J2 S do do. 56.7 6:29 244 —~12 RC
80........ 2S/8E-12L1 S do White Water................. 52.6 g%g 18‘.;. —?) GS
........ 4S/5E-17L1 S do. Palm Springs (%) 6:29 2 -3 DWR
82 ....... 10S/6E-21A1 S San Diego. Borrego Springs........... 97.9 3:22 630 +670 GS
:0
10:31 a.m. (Apr.9) 6 -3 ...
83........ 14S/17E-18 S Imperial El Centro, 24 ENE...... Q] ..do. 6: 29 p.m. 21 -3 IID
34........ 16S/22E-29Gca2 S do Yuma, Ariz 6542 Alluvmm, Bouse 4,80 6: 2! 98 0 GS
formation, Tertiary 4.78 T: 04 6 0 ...
Fanglomerate.
86........ 165/23E-10Rcc S...... do do 167 Alluvium.....cccocoececncecnnee 4.68 6:29 171 0 GS
4.68 7:04 6 0 ..
Wells in Arizona
86........ (C-9-26)85bab G....... Yuma. Yuma. 343 Alluvium......cccoconivenncnne 5.54 %:%%p.m. 553 —g GS
37 ........ (C-9-22) 4dbec2 G. do do 73.2 ... do.... 6:29 119 (°) GS
........ (C-11-24)28bcdb G do do. 288 .....do.... 6:29 250 -6 GS
7:04 119 ¢ ...
89........ (B-2-1)2aba G Maricopa Glendale 112 .. do... 6:29 6 —8 GS
40........ (A~2-4)28bba G........ do Scottsdale 67.3 ... do.... 6:29 6 —3 GS
Wells in Nevada
........ 4S/36E~6bccl M.........Esmeralda............. DY€r. oo 59.8 Alluvium and 4,711 6:29 p.m 30 0 GS
Paleozoic clastic
rock.
42 6S/61E-32¢d1 M Lincoln Alamo. 20.7 i 1.98 6:29 3 0 GS
48 6S/56E-4dal M....._. Clark Indian Springs 424 Nopah fo 224.76 6:29 6 8 GS
44 6S/48E-26aanl M....Nye. Lathrop Wells 42.1 Alluvium, 23.23 6:29 34 —6 GS
45, 7S/60E-36dcl M do do [ T~ do .67 6:29 230 (¢) GS
46, 1S8/64E-10aacl M....Clark Pahrump 244 do 27.21 6:29 49 —12 NSE
47........195/60E-9bccl M do. Las Vegas. 263 o.. 37.20 6:29 152 470 NSE

1Location referred to basecline and meridian as follows: M, Mount Diablo;
S, San Bernardino; G. Gila and Salt River.

Time of shock in Pacific standard time (P.s.t.); add 8 hours for Green-
wich mean time (G.m.t.).

3Approximate water-level offset before and after shock.

‘Agencics as follows: GS, U.S. Geological Survey ; LA, Los Angeles County
Flood Control District; DWR, California Department of Water Resources;
RC, Riverside County Flood Control District; IID, Imperial Irrigation
District ; NSE, Nevada State Engineer.

A water-level rise of 0.67 m in well 10S/6E-21A1
S near Borrego Springs (site 32) was the greatest
change observed; most water-level changes did not
exceed 0.09 m. The fluctuations reflected principally
the response to the main Borrego Mountain earth-
quake shock at 6:29 p.m. (P.s.t.) April 8. The
records for several observation wells indicated move-
ment in response to the M 5.2 shock that occurred

about 35 minutes after the principal shock. The well

476-246 O - 72 - 14

SNot recorded ; pen off chart,
SNot known.

7Recorder in Devil’'s Hole, a spring in cavernous limestone; exploration by
scuba divers indicates depths greater than 60 m and diameter more than
2m. .

near Borrego Springs (site 32) responded also to
the M 4.7 shock at 10:31 a.m. (P.s.t.) April 9.
Examples of direct responses to the seismic shocks
are illustrated in figures 140 and 141. The hydro-
seisms shown are representative of the more pro-
nounced effects observed, including the range in the
fluctuations and the changes in water levels. Most of
the records available, however, indicate only short-
term fluctuations at the time of the principal shock,
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FIGURE 140. — Fluctuations recorded at observation wells
in the Salton Sea basin during and after the Borrego
Mountain earthquake. Time is Pacific standard time.

and a few demonstrate the response to one or more
aftershocks.

Parts of the recorder charts for three observation
wells in the Salton Sea basin (sites 32, 30, and 33)
are shown in figure 140, and those for three obser-
vation wells in central and southern California
outside of the Salton Sea basin (sites 21,.11, and 6)
are shown in figure 141. The well at site 32 near
Borrego Springs, 23 km northwest of the epicenter
of the principal shock, was the nearest well observed.
For several hours prior to the earthquake, the water
level in the well showed a small decline and a slight
rise. Immediately after the main shock, the water
level started to rise rapidly; it rose 0.67 m in 15 min-
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FIGURE 141. — Fluctuations recorded at observation wells in
central and southern California during and after the Bor-
rego Mountain earthquake. Time is Pacific standard time.
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utes and then declined in 18 hours to a stable level
about 0.09 m higher than that before the shock. The
rapid water-level rise of 0.67 m may have been
caused by compaction or compression of the aquifer,
which resulted in'the upward movement of water.
As the aquifer pressures returned to equilibrium,
the water level declined very gradually for several
days after April 9, and the 0.09-m residual change
subsequently disappeared. The record for this well
also showed a minor response to the seismic shock
at 10:31 a.m. (P.s.t.) April 9 (fig. 140).

The record for the Mission Creek well (site 30,
fig. 140) indicates multiple water-level fluctuations
at the time of the principal shock at 6:29 p.m.
(P.s.t.) April 8 and for a short period after this
shock. This multiple response possibly is the result
of the aftershocks at 6:33 and 6:37 p.m. April 8.
This well also responded to the M 5.2 shock at
7:04 p.m.

Compaction recorders in Tulare and Kern Coun-
ties 50-60 km north of Bakersfield and one in Fresno
County 16 km northeast of Fresno (fig. 139) showed
movement resulting from ground motion at the time
of the principal seismic shock on April 8. Compaction
recorders, as described by Lofgren and Klausing
(1969, p. B69), are special installations of recorders
connected to heavy weights emplaced in the under-
lying formations. These instruments record changes
in thickness of particular sequences in water-bearing
deposits as the water table declines. The amplitude
of the fluctuations recorded on April 8 was small, but
the time of the movement indicated that they re-
sulted from the earthquake. :

The magnitude of the hydroseisms, as shown in
table 30, demonstrates local differences in the re-
sponses of water levels to the effects of seismic
shocks. These differences reflect variations in well
construction, distances from the epicenter, and geo-
logical influences. Deep wells that have adequate
perforations, for example, may have fluctuations
of greater magnitude than shallow wells. The 274-m
deep well at site 22 in Orange County 8 km southwest
of Santa Ana had a fluctuation of 119 mm, while an
adjacent well (site 23), 56 m deep, had a fluctuation
of 49 mm. The water level in this area was less than
3 m below the land surface. Wells in Los Angeles
County in the Montebello area, along the coast near
Santa Monica Bay southwest of Los Angeles, and in
the Long Beach area south of Los Angeles had fluc-
tuations in water level with amplitudes as great as
530 mm (site 11, at Hermosa Beach); the net
changes, however, were small, less than 60 mm.

In an earlier study of the effects of earthquakes on
water levels, La Rocque (1941) reported that during

the Long Beach, Calif., earthquake of March 10,
1933, the water-level fluctuation in one well (4S/
12W-28H2 S) reached an amplitude of 3.23 m with
a net rise of 2.51 m. This well is located in Long
Beach just east of Signal Hill; the epicenter of the
earthquake was only 27 km southeast of Signal Hill.
La Rocque reported also that lines of equal surge,
sketched on the basis of recorded data, indicated the
occurrence of surges greater than 3 m along a north-
west-southeast trending band about 8 km long just
east of Signal Hill. This area is closed to the so-called
Inglewood-Newport fault zone. The underlying un-
consolidated deposits contain thick impervious beds,
and water in the deepest aquifers is confined under
a hydrostatic head as great as 460 m. The pattern of
the lines of water-level surge suggested, as noted by
La Rocque, that the magnitude of the surge may
have been caused to a considerable degree by the
thickness, perviousness, and elasticity of the water-
bearing zones and by the effectiveness of the confin-

ing beds.

SURFACE-WATER FLUCTUATIONS
AND TURBIDITY

Seismic effects were shown by water-stage record-
ers at many gaging stations on streams in the Salton
Sea basin and in basins in central and southern Cali-
fornia. The effects, which were generated largely by
wave motion induced in the stilling wells by ground
motion associated with the seismic shock, caused
movement of the recorder floats and consequent ver-
tical tracings on the recorder graphs. This recorded
rise and fall of the water surface constitutes an
approximate measure of the severity of the earth
shock.

Two distinct events were recorded at some gaging
stations on April 8, one corresponding to the prin-
cipal shock at 6:29 p.m., and the second about 35
minutes later. The second event was also recorded
in many ground-water observation wells.

The location of selected gaging stations that
showed the shock effects is shown in figure 139 (sites
48-84). Pertinent data on the range of the fluctua-
tions and the net change in stage are given in table
31. These data demonstrate the area affected by the
earthquake. Most of the recorder traces showed only
a direct response to the shock or aftershocks, with
no sustained changes in stage or flow.

Parts of the recorder charts from five selected
stations that show the fluctuations in response to the
principal shock and the secondary event are repro-
duced in figure 142. The record for Salt Creek near
Mecca (site 69) consists of water-surface oscillations
that continued for several minutes; this response is
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TABLE 31. — Fluctuations and net chan,qes n water level
recorded at gaging stations in California, April 8, 1968

Fluctuations in Net

gage well (double changes,

No. Stream, rezervoi;, or amplitude, in mm) nsem(. +)
1(;‘19;3 canal, and station 6129 704 fal(—)
p.m. p.m. (mm)
48........ Amargosa River at Tecopa...... 3 0
49....... Salinas Reservoir (Margarita
Lake) near Pozo.................... 121 ... 0
50........ Santa Ynez River above
Gibraltar Dam, near
Santa Barbara............ccc....... 12 ... 0
51........ Santa Ynez River near .
Santa Ynez......o.ccocoveeeeennnn. [ 0
52........ Atascadero Creek near
Goleta.. ... 6 e 0
53........ Big Rock Creek near
Valyermo........ccoceomveeenmreennne. 12 .. 0
54........ West Fork Mojave River
near Hesperia..........ccc.oc..o.. [ T~ 0
55........ Lone Pine Creek near
Keenbrook......ccoooovreeerecnennnn. 30 ... 0
56........ Lytle Creek at Colton................ 0 ... -3
5T........ Plunge Creek near East
Highlands......ccccoooeeeio. 37T 0
58........ Santa Ana River at spreading
grounds near Mentone.......... 58 ... 0
59........ Mill Creek power canal No. 1,
near Yucaipa2.................... 18 ... 0
60........ Mission Creek near Desert
Hot Springs.........ccooeveeenn., 15 ... -3
61...... Palm Canyon Creek near
Palm Springs.........ccccoeeneonen. 18 0
Temecula Creek at Vail Dam. 27 0
San Luis Rey River at
Oceanside..........cc.oocooeeeeenn... 6 ... 0
64....... Sweetwater River near
Descanso.........coooeeveeeeeeiinne., 6 .. 0
65........ Jamul Creek near Jamul........ 30 0
66........ Cottonwood Creek above
Tecate Creek, near Delzura. 21 ... 0
67........ Borrego Palm Creek near
Borrego Springs..................... 6 ... (3)
68........ Whitewater River near
Mecea....oomeieoieeeeee 214 .. 482
........ 9 0
69........ Salt Creek near Mecca.............. 70 ... +3
70........ Salton Sea near
Westmorland....................... 250 ... —9
........ 21 0
... New River at Mexican
BoundaryS...............oo. 95 ... 0
72....... West Side Main canal at ... 12 0
Dixie Pond5................c.......... 150 ... +176
8........ Dixie Pond automatic spill
gateB. . 6610 ... +6

representative of gaging stations in the Salton Sea
basin.

Change in streamflow, a significant and common
response of the water regime to earthquakes, is indi-
cated by the records for Borrego Palm Creek near
Borrego Springs (site 67) and Whitewater River
near Mecca (site 68). Prior to the earthquake, the
flow in Borrego Palm Creek, after a rise April 2 to
0.04 m3/sec (cubic meters per second) in response
to 21 mm of precipitation, had declined by April 8
to 0.006 m3/sec. The shock at 6:29 p.m. April 8
caused only minor wave motion in the gage well.
About 8 hours later, however, without any rain, the
flow at the gaging station increased suddenly and
was 0.03 m®/sec 16 hours after the shock. This
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TABLE 31. — Fluctuations and net changes in water level
recorded at gaging stations in California, April 8, 1968 —
Continued

Fluctuations in Net
gage well (double changes,

No. Stream, reservoir, or amplitude, in mm) rise (4)
(fig. canal, and station —_ or
139) 6:29 7:04  fall (—)
p.m, p.m. (mm)
4........ West Side Main canal at
automatic gate of No. 8
pondd.....iee 6300 ... +82
........ 6300 0
5., West Side Main canal at
Trifolium 11 laterals............. 0 ... 0
76........ New River at outlet5 183 ... —24
........ Vail cutoff drain5....................... 158 s g
........ 7
78........ Rositas Pond at Rose
headingd............................ 265 ... 0
........ 21 0
79........ Alamo River at drop No. 95.... 37 +6
80........ Alamo River at drop No. 25.... 280 ... —3
81........ Alamo River at outlet5............. 43 ... —21
82........ Lateral D at gate 305............... 195 ... +3
83........ East highline canal at
ZoypondS......ooooooooiil 92 ... +30
84....... T drain®..... ... 150 ... —3
........ 9 0

1Seiche ; lasted 2 hours.

“Data from Southern California Edison Co.

SDelay in response; rise in stage and increase in discharge at gage started
8 hours after principal shock.

‘Flow decreased 0.67 m3/sec.

SData from Imperial Irrigation District.

8Complete rotation of recorder drum ; exact definition uncertain.
increase may have been the result of increased spring
discharge at some point upstream from the gaging
station. The increase in flow seems to have been
sustained for more than a month. Flow at the gaging
station ceased seasonally June 16.

Substantial water-surface fluctuations were re-
corded at the gaging station on Whitewater River
near Mecca (site 68) at the time of the principal
shock, and the stage declined suddenly (fig. 142); a
secondary fluctuation occurred about 35 minutes
later. The flow declined from 4.0 m3/sec before the
principal shock to 3.4 m3/sec after the event, and it
continued at a reduced level for more than a week.
Subsequently, the flow increased gradually to the
preearthquake magnitude. The decline may be attrib-
utable to short-term changes in the storage and
drainage capabilities of the irrigated lands adjacent
to the river.

The record for the Salinas Reservoir (Margarita
Lake) near Pozo, Calif. (site 49) shows a seismic
seiche that had an initial range of 21 mm and con-
tinued for about 2 hours. The reservoir is 470 km
northwest from the epicenter. The Alaskan earth-
quake of March 27, 1964, caused a seiche in this
reservoir that had an initial range of 128 mm and
continued for nearly 6 hours. In contrast, the Park-
field-Cholame earthquake of June 27, 1966, caused
only a short-term hydroseism with an amplitude of
55 mm (Waananen and Page, 1967), although the
distance from the epicenter was less than 80 km.
The Salton Sea, however, as shown by the record
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FIGURE 142. — Fluctuations recorded at gaging stations in
response to the Borrego Mountain earthquake. Time is
Pacific standard time.

near Westmorland (site 70, fig. 142), evidently did
not develop any seiche, although the water-surface
fluctuations in the gage well had an amplitude of
250 mm and the oscillations continued for several
minutes ; one aftershock was also recorded.

Many water-stage recorders on streams, canals,
ponds, and drains operated by the Imperial Irriga-
tion District south of the Salton Sea showed large
hydroseisms at the time of the principal shock and
the secondary event April 8. Data for 14 of the
stations (sites 71-84, fig. 139) are given in table 31.
The amplitude of the fluctuations exceeded 150 mm
at many sites and varied widely between adjacent
sites, owing to differences in the width and depth of
channels and the effects of canal junctions, automatic
spill gates at ponds, and other manmade features.
The fluctuations resulting from the principal shock
continued for several minutes. The records for the
stations at the automatic gates show extreme fluctu-
ations that may have resulted from secondary wave
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motion caused by operation of the gates in response
to water-surface oscillation in the ponds. The avail-
able records did not indicate any significant changes
in flows that could be attributed to the shocks.

Seiches, especially in small pools and ponds, may
have been the most common surface-water effect
attributable to the Borrego Mountain earthquakes.
Countless swimming pools in San Diego County and
over widespread adjacent areas in southern Cali-
fornia were subjected to seiches and sloshing water.
The effects ranged from minor oscillations to severe
spill. The Ironwood Motel at Ocotillo Wells, about
6 km south of the epicenter, was flooded by water
sloshed out of an adjacent pool (Cloud and Scott,
1968a, p. 1189; 1968b, p. 20). At Cypress, in Orange
County, 13 km west of Anaheim and 32 km southeast
of the Los Angeles Civic Center, the hydroseism in
a pool was sufficient to cause a splash of more than
150 mm spill from the pool. A lesser motion, without
spill, was observed in a motel pool near the commu-
nity of Borrego Springs in Borrego Valley, about 40
km west of Salton Sea and less than 22 km from
the epicenter. The full extent of this effect has not
been determined.

The earthquake may have caused the roiling or
muddying of water in some wells and springs, a
common effect with respect to water quality. A
noticeable temporary increase in well-water turbidity
was observed by the owner of a well along State
Highway 67, about 8 km west of Ramona, San
Diego County, and about 40 km northeast of San
Diego. The effects of the Borrego Mountain earth-
quake in most wells may have been so slight or of
such short duration that they either were not visible
or were not observed.
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COLLAPSE FISSURES ALONG THE COYOTE CREEK FAULT

By MaLcoLm M. CLARK
U.S. GEoLOGICAL SURVEY

ABSTRACT

Gaping collapse fissures that are locally as much as 4 m
deep, 3 m wide, and 100 m long have developed along the
Coyote Creek fault on many tectonic fractures associated
with the Borrego Mountain earthquake of April 9, 1968.
Most of these collapse fissures developed only in zones of
active creep during rainfall sufficiently intense to cause
surface runoff. Surface water, pouring into new tectonic
fractures or into those kept open by creep, tunnels hori-
zontally and cascades downward at many levels within the
fractures, eroding sediment from the walls and from found-
ered blocks and transporting it deeper into the fractures. This
removal of material leads to foundering and slumping of ad-
ditional blocks from the walls of the fractures until flow of
water ceases or until the fissures become clogged or filled
at depth. Many fissures that remain open after flow of
water ceases become clogged by slumping or are filled with
windborne debris within weeks or months, unless additional
tectonic creep keeps them open. Renewed creep may also
reopen fissures that have been clogged for several months or
years, thus permitting additional collapse. After a fissure
becomes clogged, it slowly fills with windborne and water-
borne material, a process that may take years in some loca-
tions. Concentration of surface runoff in fissures leads to
vigorous growth of vegetation along them that may persist
long after the fissures fill. Because collapse depends on
fortuitous occurrence of runoff soon after tectonic movement,
it may be a relatively unusual fate of tectonic fractures in
this arid area.

Assuming that tectonic fractures in the weak sediments
broken by the 1968 rupture remain open to a depth at least
as great as that of the water table (about 5-30 m), in most
tectonic fractures the open space above that level is large
enough to accommodate the material removed from the col-
lapsed parts at the surface.

Four groups of collapse fissures at the south end of the
1968 surface rupture predate the 1968 earthquake. The two
oldest groups probably opened 15 years or more before the
earthquake. Another group became active after 1953 to 1956
but apparently ceased enlarging several years before 1968.
The latest collapse on the youngest group occurred less than
a year and perhaps merely a few months before the earth-
quake.

Collapse fissures have developed elsewhere, usually in arid
areas. In a few places they start from tectonic fracturing,
but generally they start from fractures caused by other
agents such as desicecation, soil piping, and subsidence. Never-
theless, the development of collapse along fractures of any
origin, which evidently requires conditions that are met in
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arid regions, is probably similar to the development of col-
lapse observed along the tectonic fractures of the 1968 earth-
quake.

INTRODUCTION

By far the most prominent surface features to
develop in the Coyote Creek fault zone after the
Borrego Mountain earthquake of April 9, 1968 have
been large gaping fissures along tectonic fractures
(figs. 143-150; see also fig. 42). Many of these fis-
sures are as much as 4 m deep and 3 m wide, and
some are hundreds of meters long. They form when
runoff from infrequent heavy rain pours into open
(typically 20-100 mm wide) tectonic fractures and
carries slumped and foundered material deep into the
fractures; removing this material causes additional
slumping and collapse of the walls of the fractures.
The development of these collapse fissures, as they
are called in this report, is one of the most obvious
signs of active or very recent creep along the 1968
rupture. Collapse has also revealed the presence of
many otherwise inconspicuous tectonic fractures
that were overlooked during early phases of the
postearthquake investigation because they were not
along the main rupture. Because collapse increases
the time required for sediment to fill tectonic frac-
tures, it extends the period during which these frac-
tures are evident. Collapse fissures collect surface
runoff, encouraging unusually abundant and vigorous
vegetation to grow along them and to mark the
location of some original fractures for years or
decades. Fissures constitute a hazard to the inecreas-
ing numbers of high-speed dune buggies, jeeps, and
motorcycles that frequent the flat terrain of this
generally undeveloped region. Development of col-
lapse fissures might also endanger structures that
happen to be built upon tectonic fractures.

One of the most important characteristics of col-
lapse fissures is that their extent and time of devel-
opment correspond closely to those of creep. Because
slumping or blown sand and silt filled or closed
fractures rapidly along the 1968 rupture, the only
fractures open at the surface during periods of heavy

v
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rain, and hence susceptible to collapse, were those
that were either actively creeping or had been creep-
ing no more than a few months before the rain.
(Heavy rain falls in the area of the 1968 rupture
only a few times each year; see fig. 40.) The first
major collapse fissures to form along the 1968 rup-
ture after the earthquake were caused by heavy
rains in July 1968, the first to fall after the earth-
quake. Collapse fissures developed then only along
fractures, all part of the central break, that were
actively creeping during or before the rains. Subse-

FIGURE 143. — Collapse fissure on the south break (loe. 30.3)
that developed on a tectonic fracture after the rains of
September 1969. A, October 1969. This recently collapsed
fissure shows steep to vertical wall and peripheral cracks
that bound the blocks that will collapse next. Small desic-
cation eracks break the mud locally in the bottom of the
fissure, but collapse of the walls continued along most of
the fissure long after any ponded water had dried up after
the September runoff. B, January 1970. Water inflow
during rains early in November 1969 widened the fissure
by additional collapse, but material accumulated faster
than the water conducted it down into the fissure, thus
causing the fissure to fill. Little collapse occurred after
water ceased flowing. A grassy band is evident along the
sides of the fracture and along the channel that conducted
water into it from the right. C, December 1970. Runoff
and wind during 1970 have added a small amount of ma-
terial to the fissure, but the most obvious change is in
vegetation. The grass grew taller than 0.1 m and died,
and many shrubs have appeared in the grassy band.
Creosote bushes along the fissure (to the right of the car)
have increased markedly in size and vigor, whereas those
distant from the fissure are little changed.

quent collapse on the central break occurred only in
areas where creep opened fractures immediately
before or duting episodes of runoff. No collapse fis-
sures developed either in July 1968 or later on the
north break, because blown silt and sand rapidly
filled fractures created at the time of the earthquake,
and no creep occurred to reopen them. No collapse
fissures developed in July 1968 along the south break
for the same reason, and none formed until nearly
114 years after the earthquake because of a delay in
the onset of creep along that break. Thereafter



FIGURE 144. — Aerial view southwestward of collapse fissures
and channels leading into them on south break (arrows)
at location 31.4, January 1970. Vehicle tracks give scale.
Branching fracture in lower half of view formed after
January 1969 but before September 1969, and it continued
to open and extend after September. Collapse shown here
occurred in September and November 1969. The largest
parts of the fissure are a and b, located where wide shal-
low channels cross the fracture. Collapse developed on
either side of the channels along the fracture, indicating
subsurface flow of intercepted surface water in the fracture
itself. Figures 145, 146, and 150 show details at @, b, and
¢, respectively. The large plants are mesquite (Prosopis);
most of the small ones are creosote bush (Larrea).

collapse occurred on the south break only in areas
of continued or renewed creep.

This paper describes the collapse fissures that
formed along the 1968 rupture and offers some
explanations of how they form. They represent a
potential, if not common, feature of tectonic frac-
tures in this region, so they can be expected to form
after future surface faulting here and perhaps else-
where in desert regions. An understanding of these
fissures, especially their connection with creep, can
be important in future investigations of surface
faulting in desert regions. Indeed, the presence of
new collapse fissures in a fault zone constitutes pre-
sumptive evidence of new fracturing. Furthermore,
if the new fractures are caused by creep, subsequent
collapse may be the first obvious sign of the presence
of fractures and hence of the presence of creep.

This report draws heavily from information in a
preceding paper in this volume (Clark, “Surface
Rupture Along the Coyote Creek Fault”), which
describes the fractures that formed along the Coyote
Creek fault during and after the earthquake. The
observations supporting the explanation of collapse
fissures reported here were made during periodic
visits to monitor creep along the 1968 rupture. As
will be explained below, development of collapse
fissures along tectonic fractures is closely related to
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creep, hence the reader should look at the sections
of the preceding paper that deal with the postearth-
quake investigation and with creep. This paper will
use the names north, central, and south breaks for
the three main sections of the 1968 rupture, and
locations will be given in the coordinate system of
plate 1.
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OBSERVATIONS OF THE DEVELOPMENT OF
COLLAPSE FISSURES ALONG THE
1968 RUPTURE

The most complete record of the development of
collapse fissures comes from the south break, which
not only has collapse fissures that predate the earth-
quake, but also afforded the best observation of the
evolution of new collapse fissures because of a for-
tunate timing of creep, rainfall, and field visits (fig.
40). Although less complete, observations of collapse
fissures along the central break support the findings
from the south break.

EFFECTS OF THE RAINS OF SEPTEMBER 1969

I first saw the collapse fissures of the south break
in October 1969, about one month after the runoff
that had created most of them. (See figs. 1434, 144,
1454, and 146A.) Most of the prominent fissures had
developed on new and reopened long single fractures
rather than on complex or short en echelon breaks.
The roots of creosote bushes were stretched tautly
across some fractures, indicating tectonic movement
(fig. 145). Runoff from adjacent nearly flat terrain
had eroded gullies as much as 2 m deep leading into
the developing fissures. The water also eroded sub-
horizontal tunnels along the plane of the fractures
at various levels in the exposed upper 3 m. These
tunnels evidently induced collapse well beyond the
point of entry of the runoff. (Fig. 83 shows a trench
excavated across a fracture of the central break
about 20 m from the nearest collapsed section and
40 m from the nearest major entry point for surface
runoff; this trench revealed a tunnel along the
fracture 2 m below the surface; see also figs. 144
and 147.) The freshly exposed vertical walls and
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FIGURE 145. — Detail of channel and collapse fissure shown
at @ in figure 144. A, October 1969. The tectonic fracture
extends from upper left to lower right. Water entered the
fracture from the right and eroded channels into the
fracture. A taut root spans the open fracture at the left,
whereas limp roots hang across the eroded channel to the
right. Original tectonic opening of this fracture was 20-
30 mm. Peripheral cracks flank both the fracture and the
channel. Desiccation cracks in the bottom indicate some
filling of the fissure during the first episode of runoff and
collapse in September 1969. Additional creep of several
millimeters during 1970 and 1971 was not sufficient to
lead to further collapse. B, January 1970. Runoff from the
rains of November 1969 has added 0.1-0.2 m of sediment
to the fissure, but almost no further collapse has occurred.

jumbled debris in the bottoms of the fissures on the
south break indicated that collapse had continued
after rain and inflow of the surface water had ceased,
although how long after cessation is unknown (figs.
1434, 145A, 146A, and 1484). Some of the tectonic
fractures (for example, the one in fig. 144) continued
to extend after the rain and thus were prepared for
further collapse during the next heavy rain.
EFFECTS OF THE RAINS OF NOVEMBER 1969
Heavy rains fell on the collapse fissures on the
south break November 9 to 10, 1969, again causing
surface runoff. Inspection in January 1970 revealed

Rainfall was not intense enough to cause general sheet
flow on the immediately surrounding surface. C, December
1970. Runoff during one or more storms in 1970 filled and
overflowed the sealed fissure but added no more than 200
mm of sediment to the bottom. Debris plastered on weeds
growing in the channel immediately downstream from the
fissure indicates a maximum water depth there of only
about 70 mm; this depth implies a small sediment-carrying
capacity for the channel. New desiccation polygons have
formed in the fresh layer of silt and mud 2-10 mm thick
on the surrounding surface. D, November 1971. Runoff
from one or more storms since December 1970 has over-
flowed the fissure again but has added little to the sedi-
ment in the bottom.

that rainfall had caused major changes in the fissures

that formed in September 1969, most of which
experienced little further creep after September, and
in the few new fractures formed between September
and November 1969 (figs. 143B, 145B, 146B, 148B,
and 149).

Most open collapse fissures that developed in Sep-
tember were partly filled with waterborne and
slumped mud and silt by January 1970; this filling
created shallower rounded and polygonally cracked
bottoms that contrasted with earlier steep walls and
deep irregular bottoms (figs. 143 and 146). Many
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FIGURE 146. — Explanation on opposite page.
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had been widened by additional collapse, and some of
the gullies leading into collapse fissures had enlarged
by both headward erosion and widening, although
they were now also shallower because they and the
fissures had been partly filled (figs. 143 and 148).
The U-shaped cross sections and cracked mud of the
bottoms of the fissures indicated that draining or
drying of pools of muddy water were the last major
events to occur, rather than foundering and slump-
ing of walls as in September.

In contrast, many of the fissures which had just
begun to collapse in October, plus the tectonic frac-
tures that developed or opened further after the
September rain, had now collapsed more as a result
of the November rains. Collapse, rather than ponding
of water, was the last event to occur in these new
fissures after the November rains, as it was for the
older fissures after the September rains.

A significant clue to the collapse mechanism, noted
in October 1969, was the development of fractures
parallel to the main fractures or fissures and usually
within 1 m on both sides (figs. 143, 145, and 150).
These cracks initially bounded small graben along
the fracture and represented the first step of col-
lapse visible at the surface. After the central blocks
foundered, the side walls progressively caved in
along similar cracks that developed farther away
from the fracture (figs. 143 and 146). Although a
small number of peripheral cracks accompanied new
tectonic fractures, most developed during ensuing
weeks or months (fig. 150), presumably either by
delayed collapse toward the free faces presented by

FIGURE 146. — Detail of the collapse fissure at b, figure 144.
The fracture runs directly away from the camera, near the
center of the photograph. Water entered the fissure via
channels from the right. A, October 1969. Collapse result-
ing from the rains of September 1969. Walls are nearly
vertical in the 3-m-deep fissure. Peripheral cracks define
blocks that may collapse. B, January 1970. More water
entered the fissure during the rain of early November and
caused additional collapse before the fissure started to fill
and flow ceased. The fissure evidently contained standing
water at the end of the runoff episode, although some
blocks collapsed after the bottom dried. C, December 1970.
Heavy rains of 1970 caused some additional collapse in the
foreground of this photograph and extensive additional col-
lapse in the background. Runoff in the foreground over-
flowed the fissure. The high level of water in the fissure
probably caused much of the new collapse. D, November
1971. Water overflowed the fissure again after December
1970 but did not deposit large amounts of sediment. Blown
debris is accumulating along one wall of the slowly filling
fissure. Vegetation alongside has grown rapidly since the
fissure developed.
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FIGURE 147. — Collapse across a silty mound demonstrates
subsurface flow of water in the fissure from the channel
extending from left to right beyond the mound. Almost no
runoff poured into the parts of the fissure visible in this
photograph. The tectonic fracture extends from the bottom
of the photograph to the right middle distance. Loca-
tion 19.2.

the tectonic fractures or by removal of support by

| running water during subsequent rainstorms. These

peripheral cracks bounded nearly all material that
fell into the fissures, and their development appears
to be a necessary step in the formation of collapse
fissures.

A noteworthy event after the heavy rain of No-
vember 10 was the appearance of bands of short
thick green grass in the zone of peripheral cracks
along many collapse fissures and the gullies leading
into them (figs. 143B, 148B, and 149). The grass
greatly aided the search for small collapse fissures
in January 1970 and made them particularly obvious
from the air. At those places where peripheral
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FIGURE 148.— Collapse fissures on the south break (loc.
30.5). Fractures extend from lower left to right center.
Water entered the fractures from the right. A, October
1969. September rains created deep, steep-walled fissures;
a peripheral crack parallels the left side of the large fissure
near the center of the photograph. B, January 1970.
November rains have caused headward erosion of the chan-
nels leading to the fissures. A block bounded by the pe-
ripheral fracture visible in A has collapsed. Short grass
surrounds the fissures and the gullies leading into them.
C, December 1970. Rain and wind have further modified
and filled the fissure, but the dramatic increase in vitality

cracks were present, full-sized grassy bands even
flanked some tectonic fractures that had not yet
collapsed. In contrast, grassy bands were missing
from the few uncollapsed tectonic cracks that lacked
peripheral cracks. The grass almost certainly grew
in response to the increased penetration of rain and
surface water afforded by the peripheral cracks.
(The low permeability of undisturbed surface silts
in the vicinity is indicated by large areas that consist
of small desiccation polygons that are typically 20-
50 mm wide and 2-6 mm thick; see fig. 145C.) Ex-
cept for these 14- to 1-m-wide bands of grass along
collapse fissures and newly opened tectonic fractures,
grass grew elsewhere after this November rain only
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and amount of vegetation next to the fissure is the most
obvious change since January 1970. The same storms
that caused overflow of the fissure shown in figures 145
and 146, 1 km distant, did not fill this fissure nor those
shown in figure 149 with water and added very little sedi-
ment to the fissures at this location. D, November 1971.
Unusually large amounts of blown silt and sand during
1971 filled this and many nearby fissures. Although the
grass and most of the small bushes have died, the large
creosote bushes along the former fissure have grown
noticeably since December 1970; they are far larger and
greener than other bushes nearby.

in widely scattered small surface depressions of the
otherwise nearly featureless surrounding terrain.

The width of the bands of grass showed no relation
to the greatly varied depth of the fissures — further
evidence that the grass resulted from increased pene-
tration of surface water into the cracked zone flank-
ing the fissures rather than from a high level of
water in the fissures. Many parts of fissures more
than 2 m deep showed no evidence of having been
filled with water, yet the grass was just as well
developed on the surface next to these fissures as it
was on the surface next to shallow fissures that
showed evidence of ponded water less than 0.5 m
from the top.
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FIGURE 149. — January 1970. Collapse fissures on the south break formed by runoff in September
1969 (loc. 30.2). Rain in November 1969 led to growth of grass in the zone of peripheral
cracks flanking the fissures and the gullies leading into them. The rounded cracked bottom of
the fissure shown in A is typical of fissures in the early stages of filling. The November rain
caused little additional collapse except that shown in the lower right in B, where peripheral
cracks have opened further and some blocks with grassy tops have collapsed after the grass
reached its present size (see text).

The grass also demonstrated that some fissure
walls collapsed long after flow of water ceased. Fig-
ure 149B shows grass-topped segments of slumped
walls in a fissure. The segments were much too small
to have supported the root structure of such thick
grass. The blades of grass were perpendicular to the
sloping tops of the segments, hence the slumping
happened after the grass had reached its present

size. Because the grass beside the fissure continued’

to grow after the photograph (fig. 149B) was taken
(for example, fig. 148C), slumping must have oc-
curred shortly before the photograph was taken in
January 1970, 5-8 weeks after water last entered
the fissure in early November.

CHANGES DURING 1970-71

Except for minor collapse along a few new frac-
tures formed after November 1969, most collapse
fissures gradually filled during 1970-71 (figs. 143C,
145C, 146C, and 148C). The small amount of creep
during this period on both the central and south
breaks has not lead to significant further collapse.

Strong winds during 1971 filled many collapse fis-
sures along the central and south breaks that were
scarcely affected by blown debris during 1969 or
1970 (see fig. 148D).

GENERAL OBSERVATIONS ON COLLAPSE FISSURES

The history of development of collapse fissures
shows that at some time after the onset of water-
aggravated collapse, either the fissures became
clogged with sediment and could no longer conduct
water, or they filled with water and detritus. At
many of the fractures described above, this clogging
or filling evidently occurred during the rain of No-
vember 1969, which generally caused some further
collapse before the fissures started to pond water.

The low gradients (about 0.003) and relief of the
areas surrounding the south break apparently do not
enable runoff to carry large loads of sediment to the
fissures. Most channels that lead into fissures on the
south break are merely wide swales, some less than
0.1 m deep. They drain small areas, typically thou-
sands to tens of thousands of square meters of nearly
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FIGURE 150. — October 1969. Detail at ¢, figure 144. Blocks
are foundering between the tectonic (center) fracture
(arrows) and the peripheral crack to the left. In the
foreground the block next to the open fissure has dropped
about 20 mm. The tectonic fracture is prerunoff (Septem-
ber 1969), whereas peripheral cracks are postrunoff; these
facts indicate that some peripheral cracks form slowly
after subsurface excavation by intercepted water flowing
in the fracture.

flat terrain, and transport relatively little sediment
into the fissures (see figs. 145 and 146B, C, and D).
Each of the increments of waterborne sediment
shown in figures 145 and 146 is a small fraction of
the total amount of sediment that has collapsed from
the walls of these fissures. These observations indi-
cate that most fissures on the south break do not act
as receptacles for large amounts of waterborne sedi-
ment from the surrounding surface. Indeed, the
observed persistence of shallow sinks and depres-
sions for years in areas free of large amounts of
wind-transported material along apparently inactive
fractures of the south break implies locally low rates
of water erosion and transport.
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In contrast, parts of the few fractures and fissures
along both the central and south breaks that devel-
oped across major channels apparently filled with
sediment during the initial or subsequent episodes
of collapse. Evidently, the relatively large sediment
load in these larger channels either rapidly clogged
or filled nearby parts of these fractures and fissures.
As a consequence, little or no collapse occurred on
parts of many fractures that cross larger channels.

The final stage of the existence of these collapse
fissures, in the absence of renewed opening by creep
or rapid filling by blown debris, appears to be grad-
ual filling, with the persistence of alined shallow
depressions or sinks for perhaps years or decades.
The sinks may represent either residual unfilled
parts of fissures, minor renewed opening and col-
lapse, or later subsidence from compaction or grad-
ual collapse of cavities in the fissure. Because an
unfilled fissure collects surface water, small plants
and the larger creosote bush and mesquite tend to
concentrate and flourish along them (figs. 143 and
148).

The sequence of formation, growth, and filling of
collapse fissures, as determined from the foregoing
observations, is summarized in figure 151. This se-
quence should apply to the development of collapse
regardless of whether the initial open fracture is
caused by tectonism, desiccation, subsidence, or in

FI1GURE 151. — Hypothetical development of a collapse fissure.
A, A new tectonic fracture may develop small peripheral
cracks after the earthquake; slumping then takes place
along these cracks. Without subsequent surface run-
off, windblown sand and silt will eventually fill or seal
the fracture. B, The first episode of surface runoff occurs
before the fracture is clogged with debris. Water entering
a nearby part of the fracture erodes a tunnel above a
level that became clogged before or during runoff. The
tunnel, by removing support from the overlying material,
promotes the formation of peripheral failure planes.
Blocks slump along the planes into the tunnel. C, End of
the first episode of surface runoff. Water running in the
fissure has removed most of the slumped material to
other parts of the fissure and fracture, but after the
water ceased flowing more material slumped in. After
runoff ceases, peripheral cracks continue to form back
from the walls of the fissure. D, The second episode of
surface runoff causes more slumping; the fissure, which
became clogged after the first runoff ceased or during the
second runoff, begins to fill. Standing water at the end
of the second episode of runoff leaves a rounded muddy
surface in the bottom of the fissure. Concentration of water
during the first and later episodes of runoff causes pro-
nounced increase in the vitality of bushes growing next to
the fissure. E, The collapse fissure gradually fills with wind-
borne and waterborne debris and leaves a line of shallow
sinks and prominent bushes that may persist for years or
decades.
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some situations, piping. In photographs, these other
features appear indistinguishable from the collapse
fissures described here. A brief description of the
development of desiccation fissures in Texas and
Chihuahua by Underwood and DeFord (1969) ac-
cords with the development observed in Lower Bor-
rego Valley.

MECHANISM OF COLLAPSE
THE PROCESS OF COLLAPSE

For foundering of blocks and collapse to occur at
all requires that the walls of fractures remain rela-
tively coherent and that they not fail by crumbling
or general slumping soon after opening. These condi-
tions prevail in much of the unconsolidated Pleisto-
cene and Holocene alluvial and lacustrine sediments
along the 1968 rupture. Vertical and overhanging
walls are common along freshly cut margins of
nearby channels, and some of these exceed 6 m in
height. These observations indicate that tectonic
fractures should also remain intact and open to a
depth of at least 6 m below the surface.

Collapse begins when blocks 0.5 to at least 4 m
tall founder into tectonic fractures along nearly ver-
tical surfaces (the peripheral cracks described
above) that form as much as 1 m back from the
fractures or from the walls of the subsequent fis-
sures. Water flowing in fractures or fissures removes
the material of the foundered blocks; removal of this
material leads to additional foundering. This removal
of the foundered and slumped blocks is a necessary
part of collapse, for, in general, the major tectonic
fractures along the 1968 break opened less than
about 100 mm. This amount of opening permitted
only a comparable amount of settling of foundering
blocks before they contacted the other side of the
irregular surface of the tectonic fractures and
stopped.

A few small collapse fissures (less than about 0.3
m wide and 2 m deep) did develop without the help
of any water. Some formed along the main breaks
during the days immediately after the earthquake.
Before any rain fell, some blocks dropped 10-50 mm
between bounding tectonic fractures less than 14 m
apart. Smaller graben along some new fractures
completely crumbled out of sight. Such collapse must
have occurred when blocks foundered and slumped
a short distance and then disintegrated into the
space created below in the tectonic fractures. How-
ever, the amount of collapse caused in this fashion
was very minor compared to that caused by water
flowing into open fractures. )

Clearly, water removes to deeper levels the mate-
rial that slumps into a growing fissure, as is shown
by postrunoff fissures 1 m wide and 3-4 m deep that

develop from cracks that exhibit as little as 20-
30 mm of tectonic opening. The subhorizontal tunnels
described above and the extension of collapse beyond
the immediate points of entry of runoff indicate that
some water flows in channels along the plane of the
fracture near the base of the collapsing zone. Obser-
vations of collapse fissures in different stages of
evolution show that water flowing within fractures
enlarges fissures in two ways. It removes material
that slumps into and would otherwise fill and support
the walls of the fissures, and it also undercuts the
walls, inducing additional foundering and slumping.

The evidence for extensive subsurface flow of
water along low gradients within collapsing fissures
shows that local clogging commonly impedes the
downward movement of water in fissures. Such lat-
eral flow may occur at many levels in the fractures
and may lead to collapse between levels. Certainly,
during collapse, large volumes of water must be
continually eroding and widening conduits, whereas
falling and collapsing walls of the enlarging fissures
must be clogging them. The arrangement of passage-
ways probably changes rapidly in the fissures as
erosion and removal of material by water causes,
but in turn is affected by, collapse.

Collapse fissures cease enlarging when water can
no longer leave the upper collapsed zone of the fis-
sures as fast as it enters. This may happen during or
immediately after episodes of runoff if waterborne
sediment or the collapsing material clogs or fills the
conduits and channels by which surface water de-
scends the fractures, or it may happen if windborne
material clogs or fills the fissures between runoff
events. Both types of blockage occurred along the
collapse fissures associated with the 1968 break. Of
course, it is important to remember that continued
or renewed tectonic displacement (creep) can keep
fissures open or reopen clogged ones, allowing addi-
tional collapse.

SPACE AVAILABLE IN TECTONIC FRACTURES

Probably the most intriguing aspect of the collapse
fissures is the great volume of both water and debris
(mud, silt, and sand) that disappears into them. The
volume of sediment eroded from the fissures near the
surface alone indicates large storage capacity at
depth. Although direct observation from the surface
was limited to the upper 4 m of the fissures, indirect
evidence reveals many of the conditions that prob-
ably exist at greater depths.

It seems very unlikely that the soupy mix cascad-
ing into the depths of a tectonic fracture penetrates
very far into porous strata that may exist below.
Porous strata next to recharge wells that inject
water containing suspended sediments rapidly be-

¥
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come clogged (Sniegocki, 1962, p. F14-F15). This
type of clogging constitutes a major problem with
injection wells (for example, Meinzer, 1946, p. 197;
Todd, 1959, p. 262; Sniegocki, 1962, p. F12). Per-
haps a small amount of sediment penetrates strata
in the lower parts of new fractures, but because of
the tendency for the same fractures to break repeat-

edly (see Clark and others, this volume), strata sur-

rounding reopened fractures are likely to have been
clogged during earlier episodes of infiltration. There-
fore, it seems unlikely that much solid material
removed by collapse and erosion from above goes
anywhere except into lower parts of the fracture
system itself, although the water may eventually
penetrate through the clogged areas into porous
strata.

The existence in this area of cavernous voids
underground or interconnected conduits emerging
at the surface some distance away at lower elevation
can be neither established nor disproved with avail-
able observations. If underground conduits to remote
surface openings or large underground storage
places do exist, it would seem probable that at least
some collapse fissures would enlarge without limit,
but none have. All preearthquake and postearthquake
fissures along the 1968 rupture have stopped grow-
ing after reaching a maximum width of about 3 m
and depth of 4 m. No other evidence so far even sug-
gests that cavernous voids underground or inter-
connected conduits may be principal methods of
removing collapsed solids.!

The fact that collapse fissures along tectonic frac-
tures have not increased beyond a certain maximum
size implies that each tectonic event creates a finite
storage volume. The most reasonable storage volume
is that of the newly opened fractures themselves.

In order to estimate the volume available in a
tectonic fracture, we must determine the depths to
which fractures can remain open. If water-saturated
clay strata are present at depth, fractures in them
could probably not remain open long because extru-
sion of these moist clays would close the fractures.
Clays make up perhaps 30-40 percent of the upper
200-300 feet of strata underlying the central break,
according to drilling records of wells 5-10 miles
north and northwest (Moyle, 1968). Water is 15—
20 m below the surface in wells 3-4 km east and west
of the collapse fissures near Old Kane Spring Road

1A minor example of piping occurred on the south break at location 30.6
at the intersection of a channel 1-2 m deep with a fracture that reopened
after January 1970. Two subhorizontal tunnels formed in the fracture at the
level of the bottom of the channel and conducted runoff into the channel.
Nearby fractures, however, collapsed to levels deeper than the bottom of this
channel, so this piping could not have been the principal mechanism for re-
moval of water and debris,
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(Moyle, 1968). In 1969, water was 27 m below the
surface in an abandoned well about 114 km southeast
of the collapse fissures on the south break. These
depths represent minimum distances to saturated
sediments, because the water in the wells may have
risen from deeper strata under artesian pressure.
Thus, 15-30 m seems to be a maximum depth that
fractures might remain open along the central and
south breaks, if extrusion of water-saturated clay
limits the maximum depth of open fractures.

Whether the clay, silt, sand, and gravel strata
above the level of water saturation are able to main-
tain an open fracture remains a problem. This prob-
lem cannot be completely solved without knowledge
of the physical properties of the material at depth.
T. L. Youd (written commun., 1970) estimates that
the material would require a cohesive strength of
roughly 70,000 N/m? (newtons per square meter)
to maintain an open crack 30 m below the surface
and half that at 15 m. These strengths fall within
the 35,000-100,000 N/m? range (about 5-15 psi)
determined for dry loess (Gibbs and others, 1960,
p. 126-127) and seem at least plausible for the allu-
vial and lacustrine sediments underlying the 1968
break. If this estimate of strength is correct, the
fractures probably remain open to a depth of at least
15 m and possibly as much as 30 m below the surface.

The space available in such fractures to receive
material carried down from the surface can be calcu-
lated. The net volume in a fracture that is 30 mm
wide and 15 m deep is 0.45 m3 for each meter of
length of the fault. If the fracture is open to a depth
of 27 m, then the volume is about 0.8 m? for each
meter of length of the fault. If the fracture opens
60 mm wide, the volumes double, and so on.

Considering only the volume of sediment derived
from collapsing walls, the space in a fracture 30 mm
wide and 27 m deep could accept enough material to
create a surface fissure about 0.9 m wide and 0.9 m
deep or 0.4 m wide and 2 m deep if all the water
entered surrounding strata and if solids filled the
fracture at the same density they had before collapse
(for this approximate calculation, we ignore the fact
that the collapsed part of the original fracture at the
surface is not available for storage).

These collapsed dimensions are compatible with
those of the most continuous collapse fissure near
the south break (¢ in fig. 152; see below) ; this col-
lapse fissure opened probably no more than about
30 mm and formed where the water table is probably
at least 27 m deep. The cross-sectional area of this
fissure ranges from about 0.1 m? near the north end
to perhaps 0.5-1 m? locally elsewhere. The average
collapsed volume along the entire length of the fissure
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is probably between 0.2 and 0.8 m3 per meter of
length. Assuming a tectonic opening of 30 mm, the
fracture can supply the necessary storage volume
for this observed range of average collapsed volume
if it remains open to depths of 7 m and 27 m,
respectively. ' ‘

However, fissures 1-3 m wide and 3—-4 m deep that
developed on fractures 20-30 mm wide have already
been described, and the volumes of these fissures
cannot be accommodated in the fracture below, even
using the 27 m depth. A solution to this problem is
that these large collapsed sections are seldom more
than 3-5 m long, and they generally occur on frac-
tures that have many uncollapsed or only slightly
collapsed parts (fig. 144). Indeed, most fractures
that have collapsed since 1968 near the south break
— where the deepest and widest fissures occur —
have about as many uncollapsed as collapsed parts.
Water flowing within the fissures must commonly
remove material from one part of the fissure and
déposit it elsewhere in the lower parts of the same
fracture beneath sections that did not collapse.
Hence, to an initial approximation, each collapse
fissure studied along the 1968 break appears to have
enough volume at depth to receive the amount of
material that has been carried below plus minor
amounts of sediment brought in by runoff.

CONDITIONS CONTROLLING THE DEVELOPMENT OF
COLLAPSE FISSURES

If the preceding explanation for the development
of large collapse fissures from tectonic fractures is
correct, then the conditions necessary for their cre-
ation are fairly restrictive. The primary require-
ments are simple: The fractures must remain open
to a depth of at least 10 m or so, and water sufficient
to erode or to undermine material from the walls,
but not so loaded with sediment as to clog or fill the
fractures, must enter before other agents, such as
wind or slumping, close them. Many factors may
affect these primary requirements.

Certainly, the physical properties and conditions
of the material in which fractures form are critical.
Such properties as cohesion and shear strength and
such conditions as moisture content and depth to the
zone of water saturation not only affect the depth
to which the crack will remain open but also prob-
ably influence the nature of the fracture itself —
whether it will be a single fracture or a narrow band
of multiple, interconnected, or en echelon fractures,
which may not be so likely as a single break to offer
an open path to lower levels.

Delivery of a relatively large volume of water
with a low suspended particle load to many places
along tectonic fractures requires some minimum in-
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tensity and quantity of rain and is facilitated by
surfaces with low slope, relief, and permeability. If
the surface is also largely free of vegetation, a lower
intensity or total amount of rainfall will supply the
necessary amount of runoff, although lack of vege-
tation may also increase the sediment load. Thus
collapse fissures presumably will not form in soil
too weak to maintain open cracks or in places where
surface runoff is either small or quickly localized
into narrow channels.

Indeed, collapse fissures may not be a certain con-
sequence of each episode of surface faulting in Lower
Borrego Valley. The relations observed between
creep and collapse imply that at least some collapse
fissures depend on a delicately timed sequence of
tectonic opening and heavy rain. For large collapse
fissures to occur at all, heavy rain must fall before
tectonic fractures are sealed near the surface. Wide-
spread development of collapse fissures, as in 1968-
69, may be a relatively unusual part of the tectonic
activity of this part of the Coyote Creek fault.

OTHER COLLAPSE FISSURES IN
LOWER BORREGO VALLEY
PREEARTHQUAKE AND RELICT COLLAPSE FISSURES
ALONG THE COYOTE CREEK FAULT

Four groups of preearthquake collapse fissures are
recognizable along the south break (fig. 152). The
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FIGURE 152. — Relict (preearthquake) collapse fissures (a-d)
near the south break of the 1968 rupture along the Coyote
Creek fault.
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oldest developed before 1953; the youngest opened
shortly before the earthquake, and abundant vegeta-
tion has not yet grown. Alined vegetation, with or
without shallow sinks, marks the three older groups.
These older linear features can be identified as relict
tectonic collapse fissures because (1) they are par-
allel to major en echelon fractures of 1968, (2) they
are located next to the 1968 break, and (3) they are
the older members of a gradational series that ends
with nearby younger fissures created since the earth-
-quake. :

The oldest two groups of fissures (fig. 152, a and d)
are now mostly filled and are represented by alined
creosote bushes, small brush-stabilized dunes, and
linear sinks less than 0.5 m deep and 2 m long.
These oldest relict fissures are distinctly more con-
spicuous on 1953 aerial photos than they are on 1968
and 1969 photographs; indeed, on the 1953 photos,
one at d (fig. 152) appears to have an open collapse
fissure, although the scale does not permit positive
identification.

The relict fissure at b (fig. 152) consists of alined
bushes, dunes, and sinks like those at ¢ and d but is
evidently younger. Unlike the older fissures, most of
it is not visible on the 1953 photos, and in 1969, the
alined sinks of the southern part were nearly con-
tinuous and deeper than those of the fissures at a
and d. Furthermore, the alined bushes of this fissure
have become increasingly prominent since 1953,
when only a few grew near the northern end. More
bushes appear on a 1956 aerial photograph (fig. 38),
and by 1968, large and prominent bushes marked the
entire length shown in figure 152. The discontinuous
nature of this relict fissure and the rounded shallow
sinks along it indicate that the fissure stopped grow-
ing several years ago. Moreover, it showed no evi-
dence of fresh cracking or opening at the surface
either shortly before or since the earthquake, even
though it nearly joins one of the two new fractures
formed by postearthquake creep in September 1969
(e, fig. 49).

By far the most prominent collapse fissure — pre-
earthquake or postearthquake — along the entire
fault is at ¢ (fig. 152). When first seen on April 10,
1968, it was a straight, almost continuously open
fissure nearly 500 m long and as much as 2 m wide
and deep (figs. 153-155). Moist polygonally cracked
mud in the bottom, presumably created by drying
after inflow of water during heavy preearthquake
rains of April or March 1968, did not crack further
during the earthquake. This fissure is not visible on
the aerial photographs of 1953 and 1956, and thus
was almost certainly not in existence then because
it is very conspicuous on 1968 aerial photographs of
similar scale.
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FIGURE 153. — Aerial view southward over part of the most
prominent preearthquake fissure (fig. 152, ¢). This photo-
graph shows a 400-m length of the fissure as it appeared
on April 10, 1968. The southeast part of the south break
passes immediately in front of the dense vegetation in the
middle distance (figs. 154 and 155 show details at @ and
b). Photograph by J. P. Lockwood, U.S. Geological Survey.

At least some of the collapse took place less than
a year before the earthquake, although parts of the
fissure could have been older. The southernmost
section of fissure ¢ had the steep walls and deep
narrow bottom typical of initial collapse of a new
fracture. Moreover, a relatively fresh set of tire
tracks crossed the fissure at a place that had subse-
quently collapsed. As seen a few days after the
earthquake, the tracks were obvious and appeared
fresher than many 1-year-old tracks studied along
the break after the earthquake. Other parts of fissure
¢ looked as though they had been subjected to two
or more episodes of surface runoff, because they had
the U-shaped cross section and mud polygons of a
fissure that is filling. The abundance of small bushes
in and along the northernmost part of the fissure
| suggested that that section was more than several
| months old. In 1968 much of this fissure had not yet
stimulated a vigorous growth of creosote bushes
typical of the older collapse fissures nearby; thus, it
was at most only a few years old. Two large mes-
quite-stabilized dunes athwart the fissure imply the
existence of an earlier fracture in the same location,
but the position of these dunes could be fortuitous.
Preearthquake rainfall as late as March and April
of 1968 (fig. 46) might have caused most of the lat-
est collapse, although it seems more likely that rain-
fall in 1967 or earlier caused some of the initial
collapse. Nevertheless, the condition of the fissure,
the tire tracks, and the pattern of rainfall in early
1968 indicate at least some collapse shortly before
the earthquake.
Although this fissure is longer, is farther from the
| fault, and has a slightly different trend (fig. 152)
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FIGURE 154. — South end of the relict collapse fissure shown
at a in figure 153. Water entering from the left has eroded
deep gullies into the fissure. Peripheral cracks bound the
blocks that would slump next or that would founder into
the fissure if it were growing. However, the fissure has
been slowly filling with waterborne material since it was
first observed in April 1968, although it opened slightly
and some minor collapse occurred during 1970.

than the other relict and younger fissures nearby, it
appears to have had the same tectonic origin. Frac-
tures and fissures somewhat similar in appearance
to these relict fissures have been described, but they
result from other causes, such as desiccation (for
example, Lang, 1943; Knechtel, 1952; Willden and
Mabey, 1961 ; Neal and others, 1968 ; Underwood and
DeFord, 1969), piping (for example, Carroll, 1949 ;
Fletcher and others, 1954), broad subsidence, pos-
sibly related to lowering of artesian head (Robinson
and Peterson, 1962; Kam, 1965), or near-surface
compaction (hydrocompaction) at the time of initial
wetting of alluvial deposits (Bull, 1964, 1970; Lof-
gren, 1969).
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FIGURE 155.— A taut root across the relict collapse fissure
at b in figure 153 may have been stretched by tectonic
opening of the original fracture. The bottom of the fissure
shows the shrinkage polygons and rounded cross section
typical of a collapse fissure that is filling rather than deep-
ening.

The preearthquake fissures of figure 152 along the
south break lack important characteristics of each
of these other types. The fissures of the south break
have neither the polygonal arrangement nor playa
setting of desiccation cracks. They do not trend
toward the walls of Carrizo Wash (pl. 1), the only
nearby free face sufficiently high to account for
depths observed in the fissures (about 4 m), if they
have been caused by collapse of subsurface pipes.
These fissures bound no apparent subsiding area;
the closest pumping of ground water since before
the earthquake is at a ranch nearly 10 km to the
north, and the older fissures predate these wells.
Finally, these fissures show neither the proximity
nor orientation parallel to channels that might be
causing hydrocompaction of adjacent sediment (Bull,
1970, p. 55, 152). The straight channels that eross
the south break at location 30.6 (across the relict
fissure at a, fig. 152) are actively deepening their
channels, which evidently follow old roads or man-
made courses. These channels receive runoff concen-
trated by culverts under the nearby railroad. If this
augmented flow across the fault were causing hydro-
compaction, the channels should subside and frac-
tures should form parallel to them, but neither is
apparent. Thus there is no convincing evidence that
these relict fissures have developed from anything
except tectonic fractures associated with the Coyote
Creek fault zone. Moreover, groups of small alined
preearthquake sinks along the south break at loca-
tions 28.4 and 32.0 provide further evidence of
tectonic activity shortly before the earthquake. These
sinks represent partly filled collapse fissures and
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FIGURE 156.— Vertical aerial photographs of concentric collapse fissures at location 18. 4, April 1953. Circles (apparently
older) are faintly visible north and northwest of the prominent circles. B, April 1969. Although many new concentric
fissures have formed between the two prominent sets, many fissures visible in A are much less prominent or no longer
evident. The distinct E-W lineament is Old Kane Spring Road.

appear to be comparable in age to the young pre-
earthquake fissure at ¢ (fig. 152).

OTHER FISSURES IN LOWER BORREGO VALLEY

Two groups of fissures and relict fissures that are
not obviously related to the fault occur near the 1968
rupture. The larger group lies 1-2 km southwest of
the south break alongside and within one-half kilome-
ter of the base of the Fish Creek Mountains between
locations 28 and 32. The smaller group is about 10 km
to the northwest near uplifted sediments at location
18, about 3 km west of the central break (fig. 35).
For the most part, these fissures consist of continu-
ous and discontinuous shallow sinks in circular,
straight, or irregular alinements. Bushes are concen-
trated along all the fissures, which range in length
from tens to hundreds of meters. A few sinks are as
much as 1 m wide and 2 m deep and are nearly
continuous for tens of meters. Some fissures are
merely conspicuous lines of bushes that connect
widely spaced small (less than 0.5 m wide) sinks.
Many of the fissures are apparent on 1953 aerial
photographs.

Most of the fissures fall into two classes. All those
in the smaller northwestern group and many in the
larger southern group form clusters of as many as
seven or eight concentric rings within a diameter
of 30-150 m (fig. 156). The other class, entirely in
the southern group, comprises many nearly straight

fissures that roughly parallel the adjacent front of
the Fish Creek Mountains.

Although these features were not systematically
mapped, aerial photographs taken in 1969 recorded
some of them and revealed definite changes from
1953. The concentric fissures in particular show ob-
vious evolution between 1953 and 1969. In the
southern group, several circular fissures formed in
new locations after 1953, whereas in the group to
the northwest, many new concentric fissures devel-
oped around those present in 1953. In contrast, many
of the less prominent fissures of 1953 (presumably
shallow sinks) had almost entirely disappeared by
1969 (fig. 156). The nearly straight fissures along
the Fish Creek Mountains show similar changes, and
partial aerial photographic coverage of the southern
group since the earthquake suggests that new frac-
tures are appearing more rapidly than old ones are
disappearing.

There seems little reason to doubt that these fis-
sures developed by collapse from open fractures, but
the origin of the fractures remains uncertain. Except
for some of those in the northwestern group, none
of the fissures showed signs of active enlargement
at the time of field observations in December 1970,
nor were any uncollapsed fractures found. It is
difficult to imagine that concentric fractures 150 m
or less in diameter could have originated at great
depth or been formed by tectonic forces. The circular
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fissures closely resemble “ring fissures” described
by Neal, Langer, and Kerr (1968, p. 86). Ring fis-
sures supposedly develop from desiccation contrac-
tion of soil around a phreatophyte as the plant
lowers the water table and capillary fringe directly
beneath it. Although no single central phreatophyte
(mesquite, in this area) is obvious in the rings in
figure 156, several of the concentric fissures in the
southern group encircle individual large mesquite
bushes. In the absence of any direct evidence for
some other form of local compaction or subsidence,
the phreatophyte explanation seems the most reason-
able for the circular fissures. The position of the
straight fissures of the southern group alongside and
subparallel to the mountain front suggests that more
widespread subsidence of the sediments might result
from either tectonic movement or, possibly, compac-
tion. Regardless of their origin, these unusual out-
lying fissures demonstrate the potential for collapse
in the sediments of Lower Borrego Valley beyond
the immediate vicinity of the Coyote Creek fault
zone.

DEVELOPMENT OF COLLAPSE FISSURES
ALONG OTHER ACTIVE FAULTS

Few investigators have reported collapse of tec-
tonic fractures elsewhere. Neither the detailed de-
scriptions nor abundant illustrations of the report on
the 1906 California earthquake include collapse fis-
sures (Lawson and others, 1908). None were men-
tioned in the brief report on the Imperial earthquake
of 1940 (Ulrich, 1941). The intensive investigation
of the San Fernando earthquake of February 9, 1971,
revealed no collapse fissures (U.S. Geological Survey,
1971) despite intense rain February 17th, 8 days
later (Environmental Data Service, 1971, p. 47).
However, in 1907, W. D. Johnson photographed and
described sinks as much as 1 m deep that had devel-
oped and persisted on the breaks of the 1872 earth-
quake in Owens Valley, California (unpub. data,
U.S. Geological Survey library, Denver). Many of
these sinks were little changed in 1971. Some of the
sinks developed, however, in sandy alluvium within
100 m upstream of a scarp 6—-7 m high, and piping
could have caused these, rather than the mechanism
proposed for the fissures in Lower Borrego Valley.
Warne (1955) described fractures caused by the
Arvin-Tehachapi earthquake of 1952 that inter-
cepted irrigation water, and he included a photo-
graph of what appears to be subsequent collapse of
such a fracture (his fig. 20). Although no collapse
fissures were reported from the ground breaks that
formed at the time of the Parkfield-Cholame earth-
quake of 1966 on the San Andreas fault (Brown and
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others, 1967), R. E. Wallace has photographs of
some fissures (written commun., 1971) that were
present 1 year later along the fractures. What con-
nection, if any, these fissures have to creep and
rainfall is unknown.

The fact that a few collapse fissures have been
associated with other earthquakes, plus the develop-
ment of similar fissures elsewhere from piping, des-
iccation, subsidence, or unknown causes, indicates
that the conditions for their formation are not unique
to Lower Borrego Valley. Fissures will develop along
earth fractures whenever all the necessary conditions
are present, whatever those may be. That most of
the reports of fissures in the United States are re-
stricted to arid or semiarid areas strongly suggests
that in desert areas soil and sediment, surface char-
acteristics, rainfall patterns, ground-water condi-
tions, or combinations of these or other factors are
most favorable for the development of fissures.

ENGINEERING SIGNIFICANCE OF
COLLAPSE FISSURES

Collapse fissures of the size that developed along
the 1968 rupture present a distinct but manageable
hazard to manmade structures. Moreover, if the
mechanism of collapse proposed here is correct, col-
lapse can be prevented by diverting runoff away
from new fractures. Once collapse has started, it
can be stopped by dumping sand and dirt into the
growing fissures. Fissures that have stopped grow-
ing, of course, can easily be filled.

Structures threatened by collapse of fractures are
also threatened by the generally greater hazard of
ground displacement. Tectonic opening or continuing
creep sufficient to permit collapse is likely to do more
damage to most structures built across fractures
than will subsequent collapse. Moreover, collapse can
be controlled ; tectonic movement cannot.

SIGNIFICANCE OF COLLAPSE FISSURES
IN FAULT STUDIES

Probably the most important characteristic of
collapse fissures in fault studies is that their pres-
ence in a fault zone is one of the most obvious signs
of recent fracturing. Along the 1968 rupture, new
fractures formed by creep were discovered only by
investigators who crossed them on foot, but collapse
fissures that developed from these fractures were
easily visible from cars and airplanes or on aerial
photographs. Although collapse is never a necessary
consequence of fracturing, new collapse fissures in
a fault zone are an almost certain indication that
new fractures have formed, either during an earth-
quake or, afterward, from creep.



THE BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968

REFERENCES CITED

Brown, R. D,, Jr., Vedder, J. G., Wallace, R. E., Roth, E. F.,
Yerkes, R. F., Castle, R. O., Waananen, A. O., Page, R.
W. and Eaton, J. P., 1967, The Parkfield-Cholame
California, earthquakes of June-August 1966 — surface
geologic effects, water resources aspects, and preliminary
seismic data: U.S. Geol. Survey Prof. Paper 579, 66 p.

Bull, W. B,, 1964, Alluvial fans and near-surface subsidence
in western Fresno County, California: U.S. Geol. Survey
Prof. Paper 437-A, 71 p.

1970, Prehistoric near-surface subsidence cracks in
western Fresno County, California: U.S. Geol. Survey
open-file report, 266 p.

Carroll, P. H., 1949, Soil piping in southeast Arizona: U.S.
Dept. Agriculture Soil Conservation Service Regional
Bull. 110, Soil Series 13, 21 p.

Environmental Data Service, 1971, Climatological data, Cali-
fornia: Natl. Oceanog. and Atmospheric Adm., v. 75,
Fletcher, J. E., Harris, K., Peterson, H. B.,, and Chandler,
V. N,, 1954, Piping: Am. Geophys. Union Trans., v. 35,

p. 258-263.

Gibbs, H. J., Hills, J. W., Holtz, W. G., and Walker, F. C.,
1960, Shear strength of cohesive soils, in Research con-
ference on shear strength of cohesive soils, Boulder,
Colo.,, 1960: Am. Soc. Civil Engineers, Soil Mechanics
and Found. Div., p. 33-162.

Kam, William, 1965, Earth cracks — a cause of gullying, in
Geological Survey research 1965: U.S. Geol. Survey Prof.
Paper 525-B, p. B122-B125.

Knechtel, M. M., 1952, Pimpled plains of eastern Oklahoma:
Geol. Soc. America Bull.,, v. 63, p. 689-700.

Lang, W. B., 1943, Gigantic drying cracks in Animas Valley,
New Mexico: Science, v. 98, p. 583-584.

Lawson, A. C., and others, 1908, The California earthquake of
April 18, 1906, Report of the state earthquake investi-
gation commission: Carnegie Inst. of Washington, v. 1,
451 p.

U. S. GOVERNMENT PRINTING OFFICE : 1972 O - 476-246

207

Lofgren, B. E., 1969, Land subsidence due to application of
water, in Varnes, D. J., and Kiersch, G., eds., Reviews
in engineering geology, v. 2: Geol. Soc. America, 350 p.

Meinzer, O. E., 1946, General principles of ground water
recharge: Econ. Geology, v. 41, no. 3, p. 191-201.

Moyle, W. R., Jr., 1968, Water wells and springs in Borrego,
Carrizo, and San Felipe Valley areas, San Diego and
Imperial Counties, California: California Dept. Water
Resources Bull. 91-15, 16 p.

Neal, J. T., Langer, A. M,, and Kerr, P. F., 1968, Giant
desiccation polygons of Great Basin playas: Geol. Soc.
America Bull,, v. 79, p. 69-90.

Robinson, G. M., and Peterson, D. E., 1962, Notes on earth
fissures in southern Arizona: U.S. Geol. Survey Circ.
466, 7 p.

Sniegocki, R. T., 1962, Problems in artificial recharge through
wells in the Grand Prairie region, Arkansas: U.S. Geol.
Survey Water-Supply Paper 1615-F, 25 p.

Todd, D. K., 1959, Ground water hydrology: New York, John
Wiley & Sons, Inc., 336 p.

Ulrich, F. P., 1941, The Imperial Valley earthquakes of
1940: Seismol. Soc. America Bull., v. 31, p. 13-31.
Underwood, J. R., Jr., and DeFord, R. K., 1969, Large-scale
desiccation fissures in alluvium, Trans-Pecos Texas and
northern Chihuahua [Abs.]: Geol. Soc. America Abs.

with Programs, v. 1, pt. 2, p. 31.

U.S. Geological Survey, 1971, Surface faulting, in The San
Fernando, California earthquake of February 9, 1971:
U.S. Geol. Survey Prof. Paper 733, p. 55-76.

Warne, A. H., 1955, Ground fracture patterns in the south-
ern San Joaquin Valley resulting from the Arvin-
Tehachapi earthquake, in Oakeshott, G. B., ed., Earth-
quakes in Kern County, California during 1952:
California Div. Mines Bull. 171, p. 57-66.

Willden, Ronald and Mabey, D. R., 1961, Giant desiccation
fissures on the Black Rock and Smoke Creek Deserts,
Nevada: Science, v. 133, p. 1359-13660.



