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THE PARKFIELD-CHOLAME, CALIFORNIA, EARTHQUAKES OF JUNE-AUGUST 1966—SURFACE
GEOLOGIC EFFECTS, WATER-RESOURCES ASPECTS, AND PRELIMINARY SEISMIC DATA

By RosEerr D. Brown, JR., J. G. VEDDER, RoBERT E. WaLLACE, EpWARD F. RorH, R. F. YERKES, R. O. CastLE,
A. O. WaanaNEN, R. W. Pagg, and JErry P. EaTon

ABSTRACT

In the Parkfield-Cholame area of California, an earthquake
with a magnitude of 5.5 on the Richter scale occurred on June 27,
1966. This earthquake was preceded by three recordable
foreshocks, one of which had a magnitude of 5.1. It was
followed by a long series of aftershocks that were monitored
for a period of about 2 months by geologists and geophysicists
from the National Center for Earthquake Research at Menlo
Park, Calif.

Surface tectonic fractures formed in two zones: a main frac-
ture zone 23% miles long that trends northwest-southeast and
a subsidiary fracture zone about 5% miles long that parallels
the main zone and lies about a mile to the southwest. Both
zones follow known and previously mapped faults within the
San Andreas fault zone.

Fault movement associated with the earthquakes is mani-
fested at the surface chiefly by en echelon fractures. These
are oblique (about 30° clockwise) to the trend of the fracture
zones, vary in length from a few inches to as much as 20 feet,
and exhibit wall separation of an inch or two. The orientation
of the en echelon fractures, the separation of recognizable points
on fracture walls, and the mounds and pressure ridges in the
fracture zones consistently indicate right-lateral strike slip of
a few inches. The sense and amount of slip agree with dis-
placement estimates based on geologic evidence and with
estimates based on observations of displaced points on the
ground.

Fault movement is also shown by other features along the
fracture zones—namely, slope failures, offset manmade struc-
tures, split or broken trees, sand mounds and sand flows, dust
blows and areas of disturbed stones.

Studies of the rates and patterns of progressive slippage,
or tectonic creep, for the 2-month period indicate that amounts
of displacement range from about 2 inches the first day after
the earthquake to 0.01 inch or less per day after a month.
Rapid displacements of as much as 0.4 inch may have accom-
panied an aftershock with a magnitude of about 3. Misaline-
ments of old fences and a bridge record earlier displacements

and suggest a rate of between 43 and 80 inches per century,
a rate sufficient to account for hundreds of miles of strike slip
during Tertiary time.

Of particular significance to engineering geology were the
fairly high horizontal ground accelerations (up to 0.5g) and the
high Modified-Mercalli intensities (up to VIII or IX) associated
with the Parkfield-Cholame earthquake. Tectonic fracturing,
ground accelerations, and intensities in this range have generally
been correlated with earthquakes having a magnitude of 7 or
more on the Richter scale.

Engineering effects of the earthquakes are classed as primary,
attributable directly to fault movement, and secondary, at-
tributable to seismic shaking. The primary effects caused
minor bending or rending of structures lying athwart the fracturc
zones, such as a bridge, roads, fences, pipelines, a concrete canal,
and a small earthfill dam. Secondary effects caused damage to
bridges, chimneys, unreinforced masonry walls, wooden floors
and walls, and plumbing fixtures. Both light and heavy objects
were shifted, overturned, or thrown in directions approximately
normal to the major fracture zones.

The relatively minor damage associated with the earthquakes
may be explained by the small number of manmade structures in
the area, the narrowness of the fracture zones, and the con-
finement of the higher intensities to a narrow band in the
alluviated Cholame Valley.

There were no indications of significant changes in the base
flow of streams, water levels in wells, or quality of water. Flue-
tuations in water levels were recorded, however, at gaging stations
and at ground-water observation wells.

Instrumental seismic studies have shown that the sudden
slippage associated with the main Parkfield-Cholame earthquake
began about 8 kilometers northwest of Parkfield and extended
southeastward along the San Andreas fault. Preliminary
results from a detailed study of aftershocks in the southeastern
half of the area indicate that hypocenters are 2-12 kilometers
deep and are almost directly under the surface trace of the main
fracture zone.

INTRODUCTION

By RosBerT D. Brown, JER.

The Parkfield-Cholame earthquakes of June to
August 1966 afforded new and significant insight into
earthquake effects and fault movement along the San
Andreas fault zone.

The earthquakes and their after-

shocks were accompanied by horizontal (right-lateral)

movement localized along two fracture zones, one of

them at least 23% miles long. Fracturing and dis-

placement along these zones were not instantaneous
1
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but were progressive and continued at a decreasing
rate for more than a month after the first and strongest
earthquakes. In general, the surface effects of the
Parkfield-Cholame earthquakes are more extensive and
pronounced than in earthquakes of similar magnitude
although damage was relatively minor in the lightly
populated epicentral area.

This report summarizes surface effects, preliminary
seismic data, and effects on water resources that were
investigated by the U.S. Geological Survey during the
period from June 28 to August 5, 1966. During this
period both seismic activity and differential surface
movements diminished in intensity and frequency;
consequently, the surface measurements and other
data presented here are virtually complete. On the
other hand, masses of instrumental data from seismo-
graph stations are still being analyzed and interpreted.

The surface effects described here fall into three
categories: surface tectonic fracture zones, rates and
patterns of deformation, and engineering geology
aspects. The surface tectonic fracture zones were
located, mapped, and described chiefly by Robert D.
Brown, Jr., and J. G. Vedder; Reuben Kachadoorian
and Julius Schlocker traced part of the main fracture
zone, and many of their observations and conclusions
are incorporated. R. E. Wallace provided the detailed
maps of the fractures that are included in the section
on tectonic fracture zones. Rates and patterns of
deformation were determined by repeated measure-
ments at 10 strain quadrilaterals and by observations
at other selected localities. The quadrilaterals were
installed and measured by Edward F. Roth, assisted
by Gary Hamilton. Wallace made supplemental
observations and detailed studies of fracture-zone
segments, and Wallace and Roth together compiled
and interpreted the data on strain rates and patterns.
Data pertinent to engineering geology were gathered
and interpreted by R. F. Yerkes and R. O. Castle;
significant contributions were made by M. G. Bonilla
and C. M. Wentworth. Effects of the earthquakes
on the water resources of the area were studied by

A. O. Waananen and R. W. Page. Jerry Eaton was
in charge of- the U.S. Geological Survey seismograph
network and provided the preliminary seismic data
presented here.

The investigations of the U.S. Geological Survey
represent a part of the total scientific effort devoted
to the Parkfield-Cholame earthquakes. Other Federal
and State agencies, several universities, and many
individual geologists explored various aspects of the
earthquakes; coordination between investigators was
arranged informally in the field, largely through personal
contact. We gratefully acknowledge the cooperation
afforded us by the other investigators, most of whom
are cited individually in this report.

We are also indebted to many residents of the Park-
field-Cholame area, and to others outside the epicentral
area, who freely recounted their observations at the
time of the earthquake, permitted us access to private
lands, and generously provided information pertinent
to this study. A few of these people are named in the
pages that follow, many are not, but all contributed
significantly to the results reported here.

Only a summary of the vast amount of earthquake
data collected by the U.S. Geological Survey can be
included in published reports. Scores of photographs,
detailed maps, sketches, field notes, seismograph
records, and a variety of measurements and random
observations which record earthquake effects in detail
are too bulky or too repetitious to incorporate in a
publication. Yet much of this information may be
invaluable to future workers along this segment of
the San Andreas fault, for it represents the original
source material keyed to specific recoverable points
on the ground. Many of these records systematized
and cataloged are available for public inspection. An
album of photographs and detailed maps of the earth-
quake effects are on file at the Photographic Library
of the U.S. Geological Survey, Denver, Colo., and at
the U.S. Geological Survey Library at Menlo Park,
Calif.

SURFACE TECTONIC FRACTURES ALONG THE SAN ANDREAS FAULT

By RoeerT D. BrowN, JR,, and J. G. VEDDER

RELATION OF THE EARTHQUAKES TO GROUND
BREAKAGE

Seven earthquakes of moderate magnitude occurred
in the Parkfield-Cholame area of west-central California
(fig. 1) during a 45-hour period on June 27, 28, and 29,
1966.! These earthquakes, ranging in magnitude from
3.5 to 5.5 on the Richter scale, were among the largest

1 Dates and times are expressed as Pacific daylight time (P.d.t.). Add 7 hours
for Greenwich mean time.

of a complex succession of earthquakes which began
with two relatively light foreshocks (magnitude 2-3)
at 6:00 p.m. and 6:15 p.m. on June 27 (McEvilly,
1966, p. 967). These were followed at 9:09 p.m. by
a much stronger foreshock (magnitude 5.1). The
main earthquake, magnitude 5.5, occurred at 9:26 p.m.
and was followed by a series of aftershocks that con-
tinued for a period of many weeks. Despite the
frequency of aftershocks and the duration of the
aftershock sequence, most surface fractures were formed
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during the 45-hour period of earthquakes shown in
table 1.

TABLE 1.—Parkfield-Cholame earthquakes of magnitude 3.6-6.6

June 27-29
(Data from T. V. McEvilly, University of California Seismographic Station
Sept. 14, 1966]
Magni-
Date Time (P.d.t.) tude
6-27-66________________ 909 pm._______________. 5.1
926 pom__ . __________ 55
929 pm______________.__ 4.5
9:32pm______________._. 3.5
6-28-66________________ 719 pm . 3.6
6-29-66________________ 12:53 pom_ . ____________ 50
6:17 pm________________ 4.1

Observations along the fracture zones and informa-
tion supplied by local residents indicate that the surface
fracture pattern was formed at somewhat different
times in different parts of the Parkfield-Cholame area.
The specific time of fracturing could not be determined,
but according to Mrs. Louise Kester, fractures in front
of the Kester house, 1% miles northwest of Parkfield,
were first noted on the morning of June 28. These
fractures probably opened during the earthquakes of
the preceding evening.

A cursory examination of the county road to Park-
field, 3.0 miles north of Highway 46, disclosed no cracks
in the road on June 29 although tectonic fractures were
observed a few hundred feet to the south (Reuben
Kachadoorian, oral commun., June 30). The following
day, June 30, tectonic fractures were clearly evident in
the road surface. Similarly, the ground where pipe-
lines cross Cholame Valley (about 0.2 mile south of the
Highway 46-Parkfield road junction) had no obvious
fractures on June 28 possibly because the fractures were
masked by desiccation cracks; yet on June 29 tectonic
fractures were well defined there (R. E. Wallace, oral
commun., June 29). Another example of postearth-
quake fracturing was documented by Mr. Max Wyss, a
graduate student at the California Institute of Tech-
nology. To measure deformation along the fracture
zone, Mr. Wyss occupied a theodolite station (‘‘Park-
field,” fig. 2) several times during the period July 7 to
August 8. On July 7 and 13 no fractures were visible
at this station, but fractures as much as 5 feet long and
)5 inch wide were clearly visible when the station was
occupied on July 19. By August 8 numerous fractures
as much as 2 inches wide were evident (Max Wyss,
oral commun., Aug. 10).

Some parts of the fracture zones possibly were formed
before the earthquakes, but evidence for preearthquake
deformation is sparse. Allen and Smith (1966, p. 966)
report that fresh-appearing en echelon cracks were
visible along the fault trace 1.7 kilometers (about 1
mile) southeast of Parkfield as early as June 16, 1966,
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11 days before the earthquakes. These were estimated
to be no more than 1 month old on June 16 (Allen and
Smith, 1966, p. 966).

Ground breakage of several kinds resulted from the
earthquakes. Much of it resulted from the failure of
unstable slopes or the settling of uncompacted mate-
rials during ground shaking. Some fractures, how-
ever, are closely spaced along narrow linear zones and
are clearly the surface manifestations of differential
movements at depth. These tectonic fracture zones
are characterized by a distinctive en echelon pattern,
by uniformity in trends of both the fractures and the
zones containing them, by their location along known
and previously mapped fault traces, and by abundant
evidence of uniform relative movement of the blocks
juxtaposed by the fracture zone. This section of the
report is concerned chiefly with the surface fractures
which are believed to be a direct result of tectonic
movements; however, in a few places it is difficult to
distinguish clearly between tectonic fractures and fis-
sures formed by subsidence, slope failure, or desiccation
within the zone of tectonic movement.

Preliminary determinations of epicenters for 85
Parkfield-Cholame earthquakes of magnitude 2 or
greater have been made by McEvilly (1966, p. 968,
fig. 5). His data show that the epicenters lie along
a zone trending about N. 45° W. and that most of them
lie along a 12-mile segment of this zone. The center
of this segment is near the town of Parkfield. The
epicenters lie along or near the tectonic fracture zones,
but they are most numerous in the northern two-thirds
of the fracture zones. The three main shocks shown
by McEvilly are about 6 miles northwest of Parkfield
near the northernmost limit of recognizable tectonic
fracture.

SAN ANDREAS FAULT ZONE

Preliminary seismic data (McEvilly, 1966) and the
geologic evidence afforded by mapped tectonic fracture
patterns show that the Parkfield-Cholame earthquakes
were largely, if not entirely, confined to a 23}%-mile-
long segment of the San Andreas fault zone (fig. 1).
This fault zone is 600 miles or more in length and trends
generally northwestward from the Gulf of California
in northern Mexico to Point Arena on the northern
California coast. Rocks of profoundly different charac-
ter and age are commonly found in juxtaposition on
opposite sides of the fault zone. Geomorphic and
geologic evidence shows that throughout late Quater-
nary time, the southwest block has moved northwest-
ward relative to its counterpart across the fault zone.
Although the total displacement along the fault zone
and its age are both uncertain, available geologic
evidence suggests a total right-lateral displacement
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of more than 150 miles and a record of movement
extending at least 60 million years into the past. The
largest documented historic displacement from a single
earthquake or earthquake sequence—21 feet right-
slip—is reported by Lawson (1908, p. 53), but slow
tectonic creep of opposing blocks, amounting to a few
tenths of an inch per year, has also been observed and
measured at several localities along the zone and
on related faults branching from it (Steinbrugge and
Zacher, 1960; Tocher, 1960, 1966; Whitten and Claire,
1960; Radbruch and Lennert, 1966; Blanchard and
Laverty, 1966; Bonilla, 1966; Cluff and Steinbrugge,
1966).

Faulting within the San Andreas zone is distributed
along nearly parallel or anastamosing faults that
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FiGure 1.—Part of the San Andreas fault zone and the location
of the Parkfield-Cholame area.

2 This figure may be excessive; it seems to be based on statements by G. K. Gilbert
(in Lawson, 1908, p. 71). Gilbert reports 20 feet of offset in a road southwest of Point
Reyes station, but he points out that the embankment of the road rested on marshy
ground, and he suggests that the “exceptionally great offset at this point {[probably] is
to be explained as a result of horizontal shifting of the surface materials.”” In the
same section Gilbert, without qualification, cites several offsets of about 15 feet, and
these may represent a more realistic maximum for the 1906 earthquake.

differ in age of movement and in amount of total
relative displacement. This complex zone varies in
width from a few tens of feet to several thousand
feet and in some parts of the Parkfield-Cholame area
is as wide as 5,000 feet. Because of its width and
complexity, it is termed the “San Andreas fault zone,”
and in accordance with usage first suggested by Noble
(1926, p. 416-417), it is distinguished from the San
Andreas fault, the surface trace of most recent (in
many places, historic) movement.

In the Parkfield-Cholame segment of the San Andreas
fault zone, two fault traces were easily recognizable,
both on the ground and on aerial photographs, before
the June 1966 earthquakes. Parts of these traces
had been identified as active strands of the San Andreas
as early as 1908 (H. W. Fairbanks, in Lawson, 1908,
p. 40, pls. 19B, 20A, B), and both traces showed
evidence of geologically recent movement as judged
by such criteria as stream and terrace offsets, shutter
ridges, offset fence lines, sag ponds, and other alined
topographic features.

The most continuous trace, here considered the
main trace of the San Andreas fault (fig. 2), trends
approximately N. 40-45° W. From north to south,
this trace closely parallels and in places follows the
crest of Middle Mountain, passes beneath the highway
bridge 0.3 mile south of Parkfield, and extends along
the northeast side of Cholame Valley southward to
Cholame Ranch. Before the June 1966 earthquakes,
this trace was ill defined from Cholame Ranch south-
eastward to a point about 2% miles northwest of
Highway 46. Southeast of that point alined topo-
graphic features clearly marked the trace.

The second trace, nearly parallel to the first and
less than a mile southwest of it, extends about 7 miles,
from a point on the Parkfield-San Miguel road 1.8
miles northwest of Parkfield southeasterward to the
Cholame Ranch Grant Boundary in the upper part
of Cholame Valley.

The faults associated with both of these traces were
reactivated during the June 1966 earthquakes, and
both traces formed loci for tectonic fracturing of the
ground at the surface. With a few exceptions, the
mapped tectonic fracture zones precisely followed the
trace of the earlier fault movements.

GEOLOGY

Two crustal blocks with strikingly different geologic
characteristics are brought together by the San Andreas
fault (fig. 3). The geology of these two blocks is
known from surface mapping and from a few drill
holes, but no comprehensive summary of these data
is available. The geological summary presented here

































SURFACE TECTONIC FRACTURES

Ficure 8.—Diagram of en echelon and linear fractures south-
east of Highway 46 as they appear on vertical aerial photo-
graphs taken on June 30, 1966. Note how the fracture
zone Dparallels the streambank. Downdropping on the
southwest side of the linear fractures suggests differential
compaction of unconsolidated flood-plain deposits and
partly consolidated incised alluvium.

Relations of en echelon cracks in the vertical dimen-
sion are difficult to obtain, except in streambanks and
other steep faces. Moreover, such exposures are
atypical since the environment may influence the
orientation of the tectonic fracture pattern. Most of
the fractures observed in such exposures appeared to
be vertical (fig. 13); Reuben Kachadoorian and Julius
Schlocker report two fractures with dips of 75°-79° E.
in a gully wall between localities F23 and F24. Several
other fractures, probed with a steel rod by Kachadoorian
and Schlocker, were all practically vertical.

LINEAR FRACTURES

Linear or slightly arcuate fractures are less common
than the en echelon type and are found locally between
segments of en echelon fracturing. They are particu-
larly well defined at two localities: one about a mile
northwest of Cholame Ranch at locality F15 (fig. 5D),
the other about 114 miles southeast of the ranch. At
the locality southeast of the ranch linear fractures
extend along the main fracture zone for about 1,200
feet. The linear fractures parallel or nearly parallel
the fracture zone and vary from a nearly continuous
single break to slightly en echelon discontinuous short
strands. They average 20 feet long and 1 inch wide and
have a maximum observed length of about 60 feet and
a width of 314 inches. Most of them show a vertical
component of movement and as much as 3 inches of
displacement.

In both localities near Cholame Ranch, the linear
fractures lie at the base of a southwest-facing slope
which separates the alluvium of the Cholame Creek
flood plain from the terrace deposits and bedrock in a
bench 6-12 feet above flood-plain level. Relative
vertical movement along the fractures is down to the
southwest, toward Cholame Creek. Unlike the en
echelon fractures, which may cross topographic features
obliquely, the linear fractures follow the flood-plain
margin even where it is sinuous or arcuate in plan.
The relationship of these fractures to topography and
the relative vertical displacements are probably indica-
tive of differential compaction in which the surface of
the flood-plain deposits has subsided an inch or so
relative to the adjoining terrace. If this interpretation
is correct, the linear features are not entirely tectonic in
origin; however, their location along the main fracture
zone implies tectonic fracturing or movement at depth.

ALONG THE SAN ANDREAS FAULT 15

AY 46

HIGHW

200 FEET
J

OTHER TYPES OF GROUND CRACKS

Cracks presumably attributable to slightly reacti-
vated landslides and to slope failures are common in
areas of relatively steep relief along the fracture zones.
Most streambanks, high roadcuts, older scarps, and
older landslides along the fault traces show evidence of
this type of cracking; it is also common well away from
the fracture zones (p. 41).
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F1cURE 9.—En echelon fractures in asphalt. A. Across Parkfield road (loc. F10) 1.4 miles southeast of Turkey Flat road intersection.
Fractures were traced from vertical photographs taken at 10:30 a.m. on July 22, 1966. B. Across Meng road (loc. F27) 0.6 mile
southeast of Highway 46. Fractures were traced from vertical aerial photographs taken at 7:30 a.m. on July 22, 1966.





















RATES AND PATTERNS OF
are also significant, for they provide a key to a better
understanding of the strain release and deformation
following important earthquakes. A few observations
suggest that different parts of the two mapped fracture
zones were formed at different times; it is clear, how-
ever, that once formed they did not remain static but
underwent continued deformation. In the Parkfield-
Cholame area, accurate mapping of the fracture zones
was completed about 2 weeks after the first earthquake,
or nearly 4 weeks after Allen and Smith (1966, p. 966)
observed fractures on the Turkey Flat road; the zones
as mapped thus represent a synthesis of tectonic de-
formation during a period of atleast a month. For those

parts of the fracture zone that were recognized im-
mediately after the earthquake, repeated observations,
photographs, and quadrilateral measurements provide

PROGRESSIVE DEFORMATION 23

a good index of the rates and patterns of progressive
deformation. More expeditious mapping of the entire
fracture zone would have provided more sites for
such observations and consequently a better basis for
relating postearthquake movements to aftershocks and
to regional long-term creep rates.

Dislodged stones at two localities along the main
tectonic fracture zone are suggestive of relatively high
acceleration locally although this evidence must be
interpreted with caution. Cloud (1966, p. 971) reports
a recorded acceleration of 0.5 g. Conceivably, an
acceleration of 0.5 g coupled with ground-wave effects
could have dislodged the stones, most of which had a
relatively high center of gravity and appear to have
been toppled rather than lifted bodily from their

former sites.

RATES AND PATTERNS OF PROGRESSIVE DEFORMATION

By RoseErt E. WaLrLace and Epwarp F. Roru

During the first day following the major pair of
earthquakes of June 27, it became apparent that dis-
placements first observed were enlarging and that
progressive deformation was taking place. To measure
the rate of deformation at different places along the
fracture zones, 10 quadrilaterals of survey markers were
installed on June 30 and the following days by E. F.
Roth, who also carried out the repeated measurements
of the quadrilaterals. Several hundred photographs
were taken from the air and ground to document both
the geometry and rates of deformation; in addition, a
search was made to find historic evidence of displace-
ment during past decades so that longer term rates
could be compared with shorter term rates.

DEFORMATION RELATED TO 1966 EARTHQUAKES
DIMENSIONAL CHANGES OF QUADRILATERALS

Bench marks were installed at nine localities by
driving 5-foot copper-weld rods into the ground, erimp-
ing brass bench-mark tables to the top, and surrounding
the uppermost part of each rod with concrete. Most of
the bench marks were arranged in the form of quad-
rilaterals of from 20 to 180 feet on a side straddling the
fracture zone. At one locality (QAB) a larger quad-
rilateral QB, measuring about 130 feet on a side, was
placed around a smaller quadrilateral QA, and one side
(B4-B6) was extended to a length of 260 feet (B3-B7).

The data obtained permit only approximations of
strain rates and patterns because clearly points have, to
some degree, moved randomly, owing to inhomogenei-
ties, such as irregular fractures, pressure ridges, or
desiccation cracks in the vicinity of individual bench
marks. Emphasis was placed on measuring diagonals
of the quadrilaterals to obtain an estimate of the

amount and rate of strike slip, but the data also permit
some conclusions about areal contraction and en-
largement.

The model of simple shear illustrated in figure 15
was used in calculating an approximation of the strike-
slip component. In this model, AB is the quadrilateral
dimension measured (see fig. 15), and point B is as-
sumed to move to B’ along the heavy arrow, thereby
increasing the length AB to AB’ by an amount CB’.
Considering the overall dimensions, angles ACB and
ABC both approach 90° (see enlarged insert), and AB
virtually equals AC; thus the component of strike slip
represented by lengthening CB’ is BB’, and BB’=CB’|

cos 6.

— ENLARGEMENT

B B’ B B
C
Y 9
A c
A/
0
FAULT ZONE \ ~
A
Ficure 15.—Geometry for determining

strike-slip component from dimensional
changes of quadrilateral.
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Repeated measurements of the dimensions of the | @uadrilaterals QA and QB

quadrilaterals were made using an invar tape under a Measurements of quadrilaterals QA and QB (fig. 16)
standard measured tension. Measurements were read | show continuing deformation up to the last time re-
to one-thirty-secondth of an inch. Location of the | corded here although the rate has decreased. (See also
quadrilaterals are shown by symbols QA to QJ (fig. 2). | fig. 17 for map of fracture zone at this locality.) By
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Figure 16.—Plan of quadrilaterals QA and QB and graph of dimensional changes with time. See
figure 17 for detailed map of fractures.
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August 14 only the two diagonals B1-B4 and A1-A3
showed extension; the remaining two diagonals and
eight sides all showed shortening.

The extension of B1-B4 and A1-A3 and the shorten-
ing of B2-B6 and A2-A5 is consistent with overall
right-lateral strike slip on the fracture zone. The total
changes in the diagonals of both the small and large
quadrilaterals by August 14 were virtually equal. This
fact would indicate that the change resulted from strain
within the small quadrilateral, but this conclusion is
contradicted by the different amounts of shortening of
sides of the two quadrilaterals, the sides of the larger
quadrilateral showing the most shortening. Shortening
of all the sides and diagonals except A1-A3 and B1-B4
implies an overall contraction of the area, or compres-
sion, on which is superimposed the strike slip.

Diagonal B2-B6 appears to have lengthened during
the period July 2 to July 14 although the amount was
only slightly more than the estimated limit of accuracy;
later this diagonal shortened, and this fact suggests
that areal expansion was followed by areal contraction.
Such a strain history parallels that represented by
Robert D. Brown’s observation that the en echelon
fractures in the northern two-thirds of the main fracture
zone appeared to be primarily tension fractures during
the period June 29 to July 15, when he examined them,
although strike slip was apparent on many fractures at
later dates. Unfortunately, the record of the dimen-
sions of the sides of the quadrilaterals is not complete
enough to evaluate the overall dimensional changes
thoroughly. Nonetheless, between July 8 and 14,
B1-B2 and B4-B6 appear to have increased in length,
while B2-B4 and B1-B6 shortened (not shown on
graph), and this fact provides additional suggestion
of some expansion across the fault before July 14.

Unlike quadrilateral B, the diagonals of quadrilateral
A shortened and lengthened, respectively, at approxi-
mately equal rates.

An approximation of strike slip suggested by the
lengthening of B1-B4, after correcting for shortening of
B1-B2 and B2-B4, is 3.4 inches. An amount almost
equal to this may have taken place before measurements
were started because estimates based on fracture dimen-
sions (fig. 17) suggest 6 or 7 inches of strike slip at this
locality.

Quadrilateral QD

Measurements of quadrilateral QD (fig. 18) show
relatively little change in the length of the diagonals
during the period July 6 to July 30; however, on August
5, following the aftershock of August 3, D1-D3,
which would be expected to increase in length during
right-lateral strike-slip strain, did indeed shown an
extension of about 0.5 inch. Similarly, during the
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period July 28 to August 3, two marks across fractures
on the road about 40 feet south of the quadrilateral
were offset by 0.15 and 0.2 inch, although one mark had
been offset about 0.1 inch between July 24 and 28. If
all the dimensions of the quadrilateral are considered,
however, no clear pattern of strike slip is required;
rather, the movement of the points with respect to each
other might be considered random, perhaps because of
the nearness of D1 and D4 to fractures. One anomaly
seems difficult to explain, that is, how the length of
D3-D4 could have shortened by almost 0.5 inch while
an open fracture 0.6 inch wide apparently was un-
changed between the two points and at right angles to
the side.

At locality (F20) near quadrilateral QD, nails were
placed as leveling points along the center of the
Cholame- Parkfield road across the main fracture zone.
The profile on August 5 (fig. 19) shows that the south-
east side is about 0.8 foot higher than the northwest
side. Successive measurements made between July
19 and August 5 showed that the southeast side rose
as much as 0.06 foot relative to the northwesternmost
point as shown in figure 20. Figure 20 also shows that
both northwest and southeast of the fracture zone,
relative rates and amounts of uplift were greatest about
50-100 feet fiom the fracture zone, reflecting the
growth of broad upwarps a few hundred feet wide
bordering the fracture zone. Such upwarped or up-
lifted blocks bordering the fault are a common feature
as geomorphically displayed at many localities along
the San Andeas fault. Within a few feet of the fracture
zone, a relatively downdropped or grabenlike depies-
sion developed during the period of measurements.

A comparison of vertical displacement (fig. 20) and
horizontal displacements at this locality (F20) reveals
that vertical displacement is as great as horizontal dis-
placement during the period in which measurements
were made and possibly was greater than the horizontal
displacement. Apparently strike slip, which reaches
a maximum of about 6 or 7 inches at locality F23 a mile
southeast, dies out toward locality F20; as the trend of
the fracture zone bends from N. 40° W. to N. 10° W.
toward the en echelon segment to the north, vertical
displacement becomes more important.

A comparison of level surveys made in 1942 and
1961 indicates subsidence of Cholame Valley northwest
of locality F20. Although bench marks 1142, 1141,
and 1138 along the Cholame to Parkfield road (see
Cholame Valley and Cholame 1:24,000-scale quadrangle
topographic maps) southwest of locality F20 did not
change altitude between 1942 and 1961, northwest of
locality F20 bench marks 1154, 1177, and 1202 subsided
approximately 2.4, 1.4, and 1.1 feet, respectively. The
apparent coincidence of the boundary of the area of
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northwest of Highway 46, showing relative elevation August 5, 1966.

with figure 20.

subsidence with the segment of the San Andreas fault
that crosses Cholame Valley suggests that the sub-
sidence is in part tectonic, and the relative sense of
vertical displacement is indeed the same as measured
following the 1966 earthquakes. A subsidence of 2.4
feet between 1942 and 1961, however, seems unusually
large to ascribe entirely to tectonism, and very likely
the largest part of the subsidence relates to water
pumping. Available well records do not provide
satisfactory evidence. Perhaps the fault also in-
directly influences differential subsidence by its effects
on ground-water flow and distribution.

The problem of linkage of en echelon fractures has
attracted attention over the years; for example,
McKinstry (1948, p. 314) diagrams nine different types
of linkages. The pattern displayed here appears to
be one in which two en echelon fault segments display-
ing principally strike slip are linked by a structure in
which vertical displacement is important. Figure 21
illustrates a model in which vertical displacement
represented by normal faulting could accommodate
tensional stresses across the north-trending segment
which links the two northwest-trending segments. The
greater thickness of alluvium in the valley under which
the north-trending 'segment passes also may modify
the style of strain at the ground surface; for example,
the vertical displacement may be in part accommodated
by a sharp monoclinal flexure at the surface even though
faulting may exist at depth.

Quadrilateral QF

Measurements of quadrilateral QF (fig. 22) show
continuing deformation up to the last time recorded
here. Of the six dimensions measured, only two,
F1-F¥3 and F1-F2, showed extension. The pattern of
strain is consistent with right-lateral strike slip ac-

Compare

companied by shortening both across and parallel to
the fault. The en echelon fracture pattern accom-
panied by low mounds or pressure ridges also reflects
this general pattern of strain. The strike-slip com-
ponent of strain was about 0.4 inch during the period
of nieasurement.

Quadrilateral QJ

Measurements of quadrilateral QJ, the farthest
north of the quadrilaterals installed (fig. 23), show
strain consistent with strike slip. The two sides sub-
parallel to the fracture zone remained almost constant
in length, but the diagonals shortened and lengthened.
More shortening of J2-J4 than lengthening of J1-J3
implies overall areal contraction, but the lengthening
of J4-J3 as compared to the near constancy of J1-J2
suggests some random movement. The strike-slip
component is of the order of 0.25 inch for the 18-day
period.

Quadrilateral QI

Quadrilateral QI was installed July 14, relatively late
in the sequence of events. The data (fig. 24) are in-
cluded even though the significance of the results is
somewhat questionable; this was the only quadrilateral
installed on the southwest fracture zone. The fractures
here indicate that strike slip was much less than on the
main fracture zone, and indeed the three sets of measure-
ments on the quadrilateral require no strike slip. Both
diagonals of the quadrilateral shortened between July 14
and 20, suggesting areal contraction, then remained
constant between July 20 and August 5.

Measurements of quadrilaterals QC, QE, QG, and
QH are not reported upon because for various reasons
these were found to be unsatisfactory for the purpose
intended. Their localities are shown in figure 2, how-
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F1aUure 20.—Relative change in elevation with time of points along centerline of Cholame-Parkfield road where fracture zone crosses

3.2 miles northwest of Highway 46.

ever, to serve as reference points to the exact location
of the fracture zone.

DISPLACEMENTS MEASURED ON ROADS

The white centerline of Highway 46, 0.85 mile north-
east of Cholame, was displaced in a right-lateral sense
1.8 inches by 7:00 a.m. (P.d.t.) on June 28 (Allen and
Smith, 1966); the displacement increased during suec-
ceeding hours and days as shown on the graph (fig. 25)
and in the photographs (fig. 26 A, B). The white line
was painted June 6, 1966, and as far as can be deter-
mined, no fracture had formed before the earthquakes
of June 27. After the original white line deteriorated
near the fracture, new reference lines were painted

Northwesternmost point arbitrarily considered constant.

(spray painted around a rectangular card of known
dimensions) across the fracture on July 21. These
lines remained undisplaced during the period July 21-
28, but on August 3, 124 hours after the aftershock of
5:39 a.m. (P.d.t.) (magnitude 3.4), the lines were
checked and several were found to be displaced 0.1
inch. Very possibly the displacement was associated
with the aftershock.

On July 21 other marks were painted across fractures
in pavements at localities F27, F20, F10, and 200 feet
southeast of F9. Of these, only one mark at locality
F20 showed displacement, about 0.2 inch, on July 28;
however, by 7:00 a.m. August 3, following the strong
aftershock, displacements were registered at all local-
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Firoure 21.—Diagram of suggested link-
age between two en echelon segments of
San Andreas fault.

ities (although not all reference marks at each locality
were displaced, as some were on minor fractures), and
at locality F11 the displacement measured 0.4 inch.
By afternoon of August 4, the 0.4-inch displacement
had increased to 0.5 inch. These measurements, al-
though somewhat crude, add to the evidence of progres-
sive displacement, somewhat slow and sporadic between
seismic events and greatly accelerated during earth-
quakes, even those of relatively small magnitude.

Figure 27 shows a diagram of fractures at locality
F25 on Highway 46 as they were mapped at 4:00 p.m.
June 28 and new fractures that formed between that
time and July 21.

En echelon fractures may not have formed at locality
F20 on the Cholame-Parkfield road 3.2 miles north of
Highway 46 until the night of June 30, according to
Juhus Schlocker and Reuben Kachadoorian. Similarly,
on June 28 fractures were looked for in the soil near a
group of three pipelines 0.2 mile south of Highway 46
but were not identified, very likely because of interfering
desiccation cracks; however, by June 30 en echelon
fractures were very clearly defined, despite the desicca-
tion cracks.

PROGRESSIVE DEVELOPMENT OF EN ECHELON CRACKS
AND MOLE TRACKS

During the field examinations following the main
earthquakes, it was apparent that numerous new
tectonic fractures were forming, old ones were widening,

and relative vertical displacements of several inches
were developing.

Figure 28 shows two photographs of an area at
locality F23, one taken at 7:00 p.m. June 28, the other
on July 21. Note the much wider crack and greater
microrelief on July 21. The relief is shown more
clearly in figure 29 and is diagrammed in figure 17.
No more than an inch or two relief was present on June
28, whereas relief of as much as 10 inches was recorded
on July 21.  On June 28 the “scissors’”’ movement was
clearly displayed on numerous fractures, but mounds or
pressure ridges which make up the mole tracks were not
obvious; however, a few days later mole tracks
were very conspicuous. Figure 30 shows relief of
about 0.5 foot, which developed near locality F23, in
part after June 28.

On June 28 many of the individual fractures of the
en echelon system at Highway 46 and at locality F23
showed the steplike pattern of alternating open and
tight fracture segments (fig. 12) clearly representing
right-lateral strain. Robert D. Brown, however,
reports that during the period June 29 to July 15 in the
segment of the main fracture zone north of locality
F18, most of the fractures showed separation normal
to their trends. In early August many of these same
fractures displayed a significant amount of right-
lateral strike slip, indicating that original tension
fractures had been progressively modified by strike-slip
strain.

HISTORIC DEFORMATION PRIOR TO 1966

Displacement that took place before the 1966 earth-
quakes have been noted at various places in the area.
Two fences and one bridge which cross the main frac-
ture zone show clear evidence of strike-slip displace-
ments considerably greater than any that has occurred
since June 27. Three fences, two built in 1959 and
one early in 1966, show misalinements virtually equal
to strike slip represented by separation along fractures
produced during the months following the June 1966
earthquakes.

On table 3, data related to the misalinement of the
fences and the bridge are given. Since each misaline-
ment can only be approximated because of irregularities
and original misalinements, a maximum and mini-
mum are given, and even these limits are somewhat
subjective. Strike slip produced during the recent
earthquakes was estimated from the strike-slip com-
ponent of separation of walls of fractures in soil near
the structure.

A fence of wooden posts and barbed wire, the
Claassen fence, trends approximately east across the
main fracture zone (strike N. 40° W.) in the SW14 sec.
26, T. 22 S., R. 13 E., Stockdale Mountain 75-minute
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quadrangle. A photograph (fig. 31) shows the mis-
alinement and the topography over which the fence is
built. Strike slip appears to have been confined to a
zone no more than 20 feet wide, probably less, although
posts on the steep slope just east of the fault are tilted
and shifted slightly by downhill movement of soil.
Arthur Claassen states that he rebuilt this fence about
20 years ago and, although uncertain of the exact date,
knows that it was soon after World War II.

TABLE 3.—Data related to misalinement of fences and bridges

Minimum
Maximum 1966 strike | and maxi-
PDate | and mini- | Strike slip esti- | mum rates
in- | mum esti- slip |mated from| of strike
stalled jmated mis-| repre- ground slip indi-
alinement | sented | fractures cated
(inches) (inches) | (inches per
century)
Highway 46 fences.._._.___ 1959 57 57 4.6 |coocnao
Turkey Flat Road fence...| 1966 1.5-2.5 | 1.52.5 2.5 | ..
Claassen fence._.._.________| 1946 12-18 16-24 2 80-120
Parkfield bridge....__._._. 1932 17-18 22.5-24 2.5 66-71
Cholame Ranch fence. .. 1908 18-25 18-25 7 31-43

Significantly, the fence is misalined by at least 10
inches more than the strike slip accompanying the
recent earthquakes, and yet no earthquake greater
than magnitude 5 has occurred in the area since the
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fence was built. Perhaps tectonic creep or slippage
accounts for the discrepancy or perhaps unreported
surface fractures accompanied the small earthquakes
of November 16, 1956, October 10, 1958, and July 31,
1961 (McEvilly, 1966).

A fence of wooden posts and barbed wire trends N.
45° E. across the fracture zone at locality F23, 1.9
miles northwest of Highway 46 (fig. 32). This fence
shows fairly good alinement east of the fault trace but
west of the trace has a slightly arcuate bend within
the first 50-60 feet. Most of the present misalinement
is between two fence posts, and the maximum and
minimum misalinements given in table 3 represent
misalinements of segments immediately adjacent to
the fault trace and segments farther from the trace,
respectively. Mr. Howard V. Jack reported that this
fence was built in 1908, the year before he came to the
Cholame Ranch, and that the fence had not been
realined since. There is evidence of repair, however,
and another man on the Cholame Ranch believed that
the fence was repaired or rebuilt in the early 1920’s.
It is difficult to imagine that a fence would not need
considerable work in a 60-year period. The present
misalinement of 18 inches within about 20 feet of the
fracture zone may not represent the entire displace-
ment since 1908, and if the fence was repaired at the
fracture zone, the maximum of 25 inches, representing
misalinement of segments farther from the trace, may
be the more meaningful figure.

Fences along the highway right-of-way both north
and south of Highway 46 were completed in October
1959 according to Mr. W. A. Saunders of the San Luis
Obispo County Highway Department. Present mis-
alinement of these fences matches, as nearly as can be
measured, the amount of strike slip represented by
fractures in the ground and highway, about 5 inches.

A fence on the north side of Turkey Flat road 1.7
miles southeast of Parkfield that was realined early
in 1966, according to Mr. Robert Durham, shows a
misalinement about equal to the strike slip represented
by ground fractures, approximately 2.5 inches.

The bridge over Little Cholame Creek 0.3 mile south
of Parkfield shows pronounced misalinement of the
girders immediately under the deck although the deck
itself is only slightly bowed in plan (figs. 334, 42).
Figure 33A shows a diagrammatic plan of the steel
I-beam girder supporting the north side of the bridge
deck. The girders between bents 2 and 3 and bents 3
and 4 from the west end, both sections of which lie over
the fracture zone, are decidedly misalined, although the
eastern three sections (bents 4-7) are fairly well alined.
The present concrete deck was poured directly over the
misalined girders so that the top part of the I-beam is
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now encased in concrete (fig. 33B8). No chipping or
cracking of the concrete at the junction with the I-beam
was noted, indicating that the principal misalinement
of the I-beam came about before the deck was poured.

According to Mr. Graebe of the Monterey County
Road Department, this bridge was built in 1932 and
was redecked in 1960. The misalinement thus repre-

sents displacements between 1932 and 1960, and much
of this misalinement, although possibly not all, resulted
during the 1934 earthquake, for residents of Parkfield
report that considerable damage was done to the bridge
in the earthquake of 1934. Strain produced during the
recent earthquakes seems limited to possible slight bow-
ing of the deck, twisting of some bents, and a maximum
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zone, the end opposite the epicentral area (Wallace and
Roth, this report, p. 23; Allen and Smith, 1966).

3. A short-duration horizontal acceleration of 0.5g
was measured near the south end of the main fracture
zone.

4. Intensity VIII to 1X effects were noted in a narrow
band along the fracture zones; such intensities correlate
reasonably well with the measured acceleration.

These effects commonly accompany shocks of magni-
tude about 7, at least 100 times greater in energy
release than a shock of magnitude 5.5 (Tocher, 1958,
fig. 2, p. 150; Gutenberg and Richter, 1956, p. 136).
This occurrence of relatively high-intensity effects with
moderate magnitude may represent a common but
previously unrecognized association, or it may represent
an unusual association. The association certainly
indicates that the potential destructiveness of earth-
quakes of moderate magnitude should be reappraised,

especially for seismically senstive structures in alluviated
areas near faults of the San Andreas type. The entire
sequence of earthquakes, moreover, was accompanied
by creep and ground movement that continued along
the main fracture zone for at least 7 weeks following
the main shock.

No serious damage and only modest damage 1equiring
repair resulted from either the direct or indirect effects
of the June earthquakes, a fortunate circumstance that
can be attributed to (1) the narrowness of the zones of
damaging effects, and (2) the sparseness of manmade
structures. Had this particular combination of effects
(surface fracturing and high acceleration and intensities
in a zone 2314 miles long combined with unconsolidated
or slightly consolidated ground, especially if saturated)
occurred in a more densely populated area, widespread
damage and locally major damage could have occurred.

WATER-RESOURCES ASPECTS

By A. O. WaaNANEN and R. W. PagE

Seismic shocks associated with the Parkfield-Cholame
earthquakes of June 27, 1966, caused noticeable fluctu-
ations in the stages of streams and reservoirs and in
ground-water levels over an area extending a consider-
able distance from the Cholame Valley. Preliminary
evidence, however, indicates few, if any, significant
effects on the water resources of the region. Several
features of water quality, including toxicity, reportedly
caused by the earthquakes, were found on investigation
to be coincidental.

The effects of earthquakes on water resources may be
grouped into (1) water-level fluctuations caused by
seismic shock, (2) changes in ground-water levels, spring
flows, or base flow of streams, as a result of compaction,
slides, and related tectonic fracturing of the earth’s sur-
face, (3) changes in quality of water, including the silt-
ing or roiling of water in wells, and (4) other physical
effects. Some of these effects are immediate; others
may develop slowly and not become fully evident for
some time.

The Arvin-Tehachapi earthquake of July 21, 1952,
for example, as reported by Briggs and Troxell (1955),
caused a substantial, though temporary, increase in
flow in many streams and springs in the area affected,
some of which was still evident as late as June 1953.
An increase in nominal low flow from 17 to 37 cubic feet
per second in Sespe Creek near Fillmore over a 10-day
period and a threefold to fourfold increase in the dis-
charge of a small spring on the Juan Y Lolita Rancho in
the Santa Ynez Mountains represent the more spectac-
ular effects. Yet many other streams and springs in
the same area showed no significant changes, and a few

showed declines in yields. The increases were attrib-
uted to disturbances of unconsolidated materials in the
spring discharge areas, with resultant clearing of exist-
ing outlets and opening of new ones.

Davis, Worts, and Wilson (1955) reported that the
Arvin-Tehachapi earthquake caused water-level fluctu-
ations in wells over an area extending from Durham in
Butte County to Oceanside in San Diego County.
Water-level graphs for 55 wells showed fluctuations
that reached a maximum range of 7.34 feet in a well
5.6 miles north of Arvin in Kern County and about 20
miles northeast of the epicenter. In eight of these wells,
the fluctuations exceeded 3 feet. Many records, espe-
cially those from wells near the epicenter, showed a
small residual displacement of water level from the
preearthquake levels. Water-surface fluctuations in
wells penetrating unconfined aquifers were of small
amplitude, but those in wells penetrating partially con-
fined or confined aquifers were many times greater, and
much greater than comparable ground motion. The
water-surface movement in the partially confined and
confined aquifers seemed to be related to the compressi-
bility and elasticity of the aquifer materials, as well as
to the degree of confinement of the aquifer or the dis-
tance of the well from the epicenter.

WATER-SURFACE FLUCTUATIONS IN JUNE 1966

The principal effect of the June 27, 1966, earthquakes
relating to water-resources aspects was the abrupt and
pronounced fluctuation of water level recorded on many
water-stage recorders. Such a record is common on
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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 induced by
the shocks*t There is a rough relation between the
severity of the shock, amplitude of the fluctuations,
and distance from the epicenter.

Recorders at a few streamflow-measurement stations
in the Salinas, Santa Maria, Santa Ynez, and Ventura
River basins and in coastal basins near Santa Barbara
showed the influence of the earthquakes. One of these
stations is on Cholame Creek near Shandon (fig. 49,
gaging station 6), only a few miles west of the quake
area. 'Two distinct shocks were recorded at some sta-
tions June 27, at times corresponding to the shocks at
9:09 and 9:26 p.m. P.d.t., the second shock being more
pronounced. The time scales on the water-stage re-
corders (2.4 in. per day) preclude close fixing of the
shock times as shown on the charts.

The location of gaging stations that showed the
shock effects is shown in figure 49. Pertinent data on
the range of the fluctuations and the net change in
stage are given in table 4. Many streams were dry,
but some of the gage wells contained water; in a few
places, the wells were dry, but ground motion caused
by the shocks produced discernible traces on the
recorder charts.

Parts of recorder charts showing the fluctuations at
three selected stations on June 27, 1966, are reproduced

TABLE 4.—Fluctuations recorded at gaging stations, June 27
[Net change in water stage is 0.00 ft at all stations]

Fluctuations in gage
well (double amplitude,
Map No. in feet)
(fig. 49) Stream or reservoir and station
X . B
Y | Vi
1..___ Salinas River near Spreckels______ 0.01 |_.____..
2____. Arroyo Seco near Soledad._______ . 005 0.02
F: S Los Gatos Creek above Nunez .01 .02
Canyon, near Coalinga.
4 ____ Nacimiento River near Bradley._ __ .02 .04
5. Estrella River near Estrella_______ .02 .08
6_____ Cholame Creek near Shandon__.___ (® a 11
7. Huerhuero Creek near Creston____|{________ .02
8. ... Jack Creek near Templeton_______| _______ .02
9_____ Salinas Reservoir near Pozo______ .03 .18
10.__.. Toro Creek near Pozo____________|________ .05
1. Foxen Creek near Sisquoe_ . _____|________ .04
12_.___ Santa Cruz Creek near Santa  |___._____ .01
Ynez.
13_.____ Santa Ynez River at narrows,  |________ .01
near Lompoc.
14_____ SaéltafYnez River at barrier, near |._._.____ .03
urf,
15.____ Atascadero Creek near Goleta_____|_ _______ .03
16_____ Santa Ana Creek near Oak View___|________ . 005
17___.. Matilija Creek at Matilija Hot  |________ .02
Springs.

» Continuing oscillation.

in figure 50. The Cholame Creek record illustrates a
sequence of shocks extending over a period of nearly
20 minutes. Those for Estrella River near Estrella and
Salinas Reservoir near Pozo clearly show the two
principal shocks.

The record for the Salinas Reservoir (fig. 49, gaging
station 9) does not show significant periodic water-level
oscillations (seiches). This is in sharp contrast to the
response of this reservoir to the Alaskan earthquake of
March 27, 1964, when seiche-caused water-level fluctu-
ations had an initial range of 0.42 foot and continued
for nearly 6 hours. The Salinas Reservoir record may
not be representative of the full magnitude of the lake-
level fluctuations, because the recorder is installed in
a stilling (gage) well that purposely has a small inlet
capacity for damping of local wave action; the well,
however, may be reasonably responsive to seiches that
have longer periods.

FLUCTUATIONS IN GROUND-WATER LEVELS

The Geological Survey has no ground-water observa-
tion wells in the Parkfield-Cholame area. Water-level
recorders on wells and compaction recorders and tilt-
meters maintained for subsidence studies in the San
Joaquin Valley, however, showed definite seismic effects,
with amplitudes of the fluctuations considerably greater
than those at the stream-gaging stations. Data for
selected wells are shown in table 5, and the location of
the wells is shown in figure 49. A part of the recorder
chart for well 23S/25E-17Q3, near Pixley in Tulare
County, shown in figure 50, illustrates a direct response
to the seismic shock. The net changes in water level
shown in table 5 are approximate because of short
recorder time scales and appreciable daily water-level
fluctuations.

Compaction recorders in Fresno, Tulare, and Kern
Counties, installed at or near observation-well sites
(fig. 49), showed movements at the approximate time
of the principal shock on June 27. These movements
seem to be attributable to the earthquake. A tiltmeter
installed near Mettler in Kern County, about 24 miles
south of Bakersfield, also reflected the major shocks.

Yerkes and Castle, in their discussion of engineering
geology aspects (p. 41), comment on secondary terrain
effects, such as slope failures, including soil falls, block
glides, debris slides, and slumps. The Parkfield-
Cholame earthquake occurred in a region where many
of the streams are ephemeral and at a time when most
of the streams were dry and water tables were low.
Under different hydrologic conditions, slope failures, such
as those reported, might have affected stream flow or the
discharge of ground water by temporarily detaining the
water in impoundments caused by debris. And changes
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F1aUre 49.—Selected gaging stations, observation wells, and compaction-recorder sites that showed effects of Parkfield-Cholame

earthquakes, June 27, 1966.

Gaging stations and observation wells are given in tables 4 and 5, respectively.



THE PARKFIELD-CHOLAME, CALIFORNIA,

TABLE 5.—Fluctuations of water l

EARTHQUAKE OF JUNE—-AUGUST 1966

evel in observation wells, June 27

Location ? Depth to
Map Depth of Water-bearing water Double Net
No. Well County Area well 2 material below amplitude 3| change ¢
(fig. 49) (feet) land (feet) (feet)
Sec. T.(S.) | R.(E) surface
(feat)
18____} 158/16E-20R1_._ 20 15 16 | Fresno___| San Joaquin. - 356.0 | Alluvium.__[ 79.28 [ 50.08 —0.02
19____| 17S/17E-21N2._ 21 17 17 [---do_____ Five Points___ 908.0 |[-__do.___.__ 303. 10 () I P
20____.| 19S/16E-23P2___ 23 19 16 |-_.do_____ Huron_..____ 2, 200 ceedoo 570. 80 .25 —.25
21____| 23S/25E-16N4__ 16 23 25 | Tulare_._| Pixley_--_.___ 250 ce-doo_____. 95. 66 5.08 |-o-_-__
22____| 2388/25E-17Q3__. 17 23 25 |-__do_____|_____ do__.___. 355.0 |_._.do.______ 100. 86 .94 .00
23___.| 24S/26E-34F1___ 34 24 26 {___do.___._ Richgrove____| 1,510.0 {___do_______ 272. 88 .15 .00
24____| 328/28E-20Q1___ 20 32 28 | Kern.....| Conner_______ 970.0 {___do______._ 222.85 .40 —.35

1 All locations are referenced to Mount Diablo base line and meridian.
2 Well depths given in feet and tenths of a foot were measured below land-surface
datum by Geological Survey.

0.5

4

T
Estrella River near
Estrella, Calif
I

(=]

o
w”

i
Cholame Creek near '
Shandoq, Calif

(=]

=4
o

Salinas Reservoir

near Pozo, Calif
L

RANGE OF FLUCTUATION, IN FEET

(=]

100.0

h I
5] Well 23S/25E-17Q3;
I near Pixley
g Tulare County, Calif
@ 100.5 i
T |

W
2 i \/
% z /\\
d 101.0 - \//\
m
T
'—
o
[}
o
101.5
JUNE 27 JUNE 28

Ficure 50.—Fluctuations recorded at gaging stations and an
observation well during Parkfield-Cholame earthquakes,
June 27-28, 1966.

in spring flows could have resulted from compaction or
fracturing of soil materials.

Detailed examination of recorder charts and further
appraisal of water-level and discharge records may
provide more complete identification of the areal extent
of the earthquake influences and possible postquake
changes. Generally, however, these may be minor.

EFFECT ON QUALITY OF WATER

As is common after earthquakes of appreciable
magnitude, investigators received various reports of
water problems attributed to the Parkfield-Cholame
event. Some of these reports referred to problems in

3 Recorder time scale precludes close fixing of time of occurrence.

: %g;g};iinmesg;g ;\{;aitf.:;:level offset before and after shock.
water quality that included possible toxic concentrations
of arsenic in areas of the San Joaquin Valley, such as
Lemoore, Avenal, and Allensworth. A reported fish
kill near Lemoore Naval Air Station, about 35 miles
south of Fresno, for example, was thought by some to
have been caused by abnormal arsenic concentrations
associated with quake effects. Inquiry indicated,
however, that the kill actually resulted from reduction
of dissolved-oxygen content of the water by algae
blooms during hot cloudy days. Arsenic is known to
occur in undesirable concentration in the water-bearing
deposits above the Corcoran Clay Member of the
Tulare Formation in the Allensworth area in Tulare
County, 40 miles northwest of Bakersfield, but no
evidence is available to indicate any change in con-
centration as a result of the earthquake. A routine
chemical analysis of water from the Avenal High School
well, about 55 miles southwest of Fresno, sampled by
the California Department of Water Resources on
June 17, 1966, showed only 0.01 part per million of
arsenic, and this constituent has not been a problem in
Avenal.

An unusual feature of the Parkfield-Cholame earth-
quake, with respect to water quality, was the absence
of reports of muddied water in wells. Commonly,
major earthquakes are followed by temporary turbidity
of water in wells and springs where the aquifer contains
a silt or clay fraction, some of which is freed by the
earth tremors and clouds the water for a time.

CONCLUSIONS

The foregoing summary indicates that the Parkfield-
Cholame earthquakes of June 27, 1966, had very little
effect on the water resources. The principal effect was
seismographic, as shown by the charts from recorders
at gaging stations and ground-water observation wells
in the area affected by the quakes. There were no
indications of early significant effects on the base flow
of streams, water levels in wells, discharge of springs,
or quality of water.
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INSTRUMENTAL SEISMIC STUDIES

By JErRrY P. EatTon

U.S. Geological Survey instrumental seismic studies
in the Parkfield-Cholame area consist of three related
parts that were undertaken as pilot studies in a program
designed to develop improved tools and concepts for
investigating the properties and behavior of the San
Andreas fault. These studies include

1. The long-term monitoring of the seismic back-
ground on the San Andreas fault in Cholame Valley
by means of a short-period Benioff seismograph station
at Gold Hill.

2. The investigation of the geometry of the zone of
aftershocks of the June 27 earthquakes by means of a
small portable cluster of short-period, primarily verti-
cal-component, seismographs.

3. The seismic refraction calibration of the region
enclosing the aftershock source by means of three short
reversed refraction profiles and a “calibration shot”’
near the epicenter of the main June 27 earthquake.

This brief report outlines the work that has been
completed and presents some preliminary results
obtained from analysis of records from Gold Hill and
the portable cluster.

RESULTS FROM THE GOLD HILL SEISMOGRAPH

With support from ARPA (Advanced Research
Projects Agency), a Long Range Seismic Measurements
“van’ was installed at Gold Hill during October 1965,
to record seismic waves from an underground nuclear
explosion on Amchitka Island (the “Longshot” experi-
ment). Gold Hill, a sliver of crystalline rock in the
San Andreas rift zone on the northeast side of Cholame
Valley (fig. 53), was suggested as a seismograph site by
J. G. Vedder. This site was selected because it prom-
ised to be a quiet one, it filled a gap between the two
California local earthquake networks (University of
California at Berkeley in the north, and California
Institute of Technology in the south), and it permitted
the monitoring of small earthquakes on the San Andreas
in a region where U.S. Geological Survey geologists
were undertaking detailed studies of geologically recent
movements along the fault.

For reasons of economy, only the 3-component short-
period Benioff seismograph system was installed. When
the 35-mm film records from all three components are
enlarged 15 times in the film viewer, they provide
ground displacement magnifications of about 200,000,
and more than 600,000 (peak magnification) for waves
with frequencies of 1 and 3 cps (cycles per second),
respectively. The vertical component is also recorded
at 1 mm/sec on a ‘“Helicorder’”” monitor with ground
displacement magnifications of about 75,000 and

240,000 (peak magnification) for waves with frequen-
cies of 1 cps and 3 cps, respectively.

The Gold Hill records of the June 27 earthquakes
and their aftershocks are of particular interest for
several reasons:

1. Gold Hill was the nearest seismograph to the
epicentral tract and augmented the Berkeley network
so as to surround the epicenter of the main shock.
Gold Hill data on the foreshocks, the main shock, and
the principal aftershocks have already been utilized in
Berkeley’s epicenter determinations.

2. The surface faulting associated with the earth-
quakes followed the western flank of Gold Hill within
1,500 feet of the seismometer pits.

3. Continuous records of background seismic activity
along the future fault break were obtained for a period
of 8 months before rupture; the foreshocks, the main
shock, and all the aftershocks were recorded by the
same instruments at the same gain levels.

4. By the very low sensitivity direct seismic response
of the radio-time-trace galvanometer and by the
inertial offset of the film recorder drum (also visible as
an offset in the radio time trace), the onset of varying
levels of very strong motion at the Gold Hill van, 500
feet from the surface fault trace, can be detected and
timed.

PREEARTHQUAKE SEISMIC ACTIVITY

The level of local seismic activity at Gold Hill from
November 1965 through June 26, 1966, was extremely
low: only 52 events with S—P intervals less than 4
seconds (epicentral distances less than about 30 km)
were detected during the entire 34-week interval.
Monthly totals were

November________ 8 | March.____.______ 1
December________ 1§ April._ . _______ 18
January__________ 6 | May___.___._.___ 11
February__._____. 4 | June...__________ 3

Although these figures represented a considerable in-
crease over previous months, the modest April and
May totals did not single out the Parkfield-Cholame
region for special attention before June 27.
RELATIONS BETWEEN FORESHOCKS, MAIN SHOCK, AND
AFTERSHOCKS

Examination of the Gold Hill records and comparison
of P arrival times at that station with those at Priest,
the Berkeley station just east of the San Andreas fault
44.3 km northwest of Gold Hill, clearly indicate that
the largest earthquake of the sequence, magnitude 5.5
at 04:26 Z on June 28 (Greenwich), was the one that
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accompanied breakage (or at least sudden movement)
along the fault past Gold Hill. The first foreshock, of
magnitude 3.1, was recorded at Gold Hill at 01:00:35.6 Z
(June 28), 1.3 seconds earlier than at Priest. It was
followed at 01:14:59.2 Z by a much smaller shock
that recorded 0.8 second earlier at Gold Hill than at
Priest. The third event of the sequence was the
largest foreshock, with a magnitude of 5.1; it was
recorded at Gold Hill at 04:09:00.4 Z, 1.2 seconds
earlier than at Priest. The sole aftershock of this
quake that was detected at Gold Hill was recorded at
04:18:38.2 Z, 1.1 seconds earlier than at Priest. Its
magnitude was 2.6. The main earthquake, with a
magnitude of 5.5, was recorded at Gold Hill at
04:26:17.4 Z, 1.6 seconds earlier than at Priest.

The instrumental epicenters of all these earthquakes
lie near the San Andreas fault northwest of Parkfield,
at least 17 km northwest of Gold Hill. During the in-
terval between the largest foreshock, whose magnitude
approached that of the main shock, at 04:09 and the
main shock at 04:26, no aftershock sequence was
observable. When the Gold Hill trace quieted down
so that it could be seen 9 minutes after the 04:26
earthquake, however, a strong aftershock sequence was
in progress. During the first hour about four after-
shocks per minute could be identified on the vertical
component short-period Benioff film record. The first
of these for which P could be timed arrived at Gold Hill
6.3 seconds earlier than at Priest. The frequency of
aftershocks declined gradually from its maximum.
Differences in P arrival times (Priest—Gold Hill) ranged
from 0.8 second to more than 7 seconds, indicating that
the aftershocks were originating all along the zone from
somewhat northwest of the epicenter of the main shock
to at least as far southeastward as Gold Hill. After-
shocks with S minus P intervals smaller than 1 second
occurred throughout the sequence beginning with the
main shock at 04:26. Thus, the aftershock sequence
began at the time of the main shock, and the essential
characteristics of the sequence that are indicative of the
spatial distribution of individual aftershocks in relation
to Gold Hill were established at the same time.

Assuming that the main earthquake, together with
its foreshocks and aftershocks occurred on the San
Andreas fault between Gold Hill and Priest at a depth
not greater than a few kilometers, we can use differences
in P arrival times at Gold Hill and Priest to determine
the approximate location of each quake. For such
earthquakes the distance from Gold Hill to the epicen-
ter is approximately L(m)=22.2—3 § T, where a crustal
P-wave speed of 6 km/sec has been assumed and
8 T'is the arrival time of P at Priest minus that at Gold
Hill. Systematic errors in this simplified epicenter
determination procedure result in calculated values for
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L that are somewhat too large for most earthquakes,
especially for earthquakes that originate near Gold
Hill. Data required for calculating L, and values of L,
for all the foreshocks, the main earthquake, and the
principal aftershocks recorded during the first 2 hours
of the swarm are presented in table 6. The restriction
of the epicenters of the foreshocks and the main earth-
quake to a small part of the fault between 17 and 20
km northwest of Gold Hill and the scatter of aftershock
epicenters along the fault from that region to at least
as far southeastward as Gold Hill are clearly indicated.
Similar data on a calibration shot near the fault 21.4
km (the calculated value of L is 20.4 km) northwest
of Gold Hill are also presented in table 6.

TABLE 6.—Comparison of Gold Hill and Priest P-wave arrival times

Priest minus | Distance from
Gold Hill Gold Hillt Gold Hill to | Magnitude !
(seconds) epicenter
(kilometers)
P arrival times June 28 (Greenwich)
+1.3 18.3 3.1
+0.8 19.8 | ... __
+1.2 18.6 5.1
+1.1 18.9 2.6
: +1.6 17.4 5.5
: +6.3 3.3 3.0
: +6.8 1.8 1.9
: +6.0 4.2 3.1
: +4.2 9.6 1.9
: L O A P 2.0
:12: +3.1 12.9 2.4
:29: +2.9 13.5 1.6
:37: +5.2 6.6 2.0
05:40:23.1_______________ +2.2 15.6 2.2
06:32:22.0. . ___________ +1.5 17.7 3.4
06:35:13.2. ______________ +6.7 2.1 2.5
06:39:33.9_______________ +3.9 10.5 1.7
07:33:55.4. . . _.______ +3.9 10.5 2.2
Calibration shet September 15 (Greenwich)
12:00:05.00 .. ______ +0.6 20.4 32, 600

1 Magnitudes and Priest arrival times were provided by Prof. T. V. McEvilly,
University of California at Berkeley. .

2 Epicenter is southeast of Gold Hill and cannot be determined by this technique.

3 Cgarge (pounds).

FREQUENCY OF AFTERSHOCKS

To provide uniform treatment of the entire attershock
sequence, an attempt was made to count all discernible
aftershocks on the Helicorder monitor of the vertical-
component Benioff seismograph at Gold Hill. Starting
12 hours after the main shock, this task was relatively
simple: total aftershock counts were made directly on
the monitor for each record interval (usually about
24 hr), and the average rate of occurrence of aftershocks
during each interval was computed. The power supply
for the Helicorder was out of operation for several
hours after the main shock; so, hourly totals of after-
shocks were determined from the film record of the
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vertical-component Benioff seismograph for the first
12 hours. The rate of occurrence of aftershocks
determined from the film record for each of these hourly
intervals was adjusted to that expected on the Heli-
corder by comparing the total number of events on the
two records between 07:55 Z and 16:25 Z, June 28,
when both recorders were in operation.

Figure 51 and table 7 show the frequency of after-
shocks as a function of time as recorded at Gold Hill.

Investigators in Japan (Mogi, 1962) have found that
the frequency of aftershocks as a function of time, for
several Japanese earthquakes, can be adequately repre-
sented by a pair of empirical relationships:

R@)=Rs* 0<t<100 days;
R(t)=N, 7, t>100 days;

where R(t) is the frequency of aftershocks at time ¢
after the main shock and R,, N,, h, and p are constants.

10,000 — T

T TTTI I I T T 1T

1000

100

NUMBER OF AFTERSHOCKS PER DAY

10

L1111 | | |1

TT I T T TTTIT ] [

L L1l | A I I B I

0.1

1 10 100

TIME, IN DAYS

Figure 51.—Frequency of aftershocks at Gold Hill as a function of time for 96 days after the main shock. Solid circles represent
hourly averages for the first 12 hours, daily averages for the next 5 days, 5-day averages for the next 30 days, and 10-day

averages thereafter.

The star represents events during the first 12 hours when they are lumped into a single interval.

The h's

refer to the rate of decay of the aftershock sequence according to the empirical equation R(t)=R.t~h
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TABLE 7.—Frequency of aftershocks recorded at Gold Hill

Interval Rate (quakes per day)

June 28,* 05:00t0 06:00_ _ . ________________.._____. 2,760
06:00t007:00- - . ________________________ 2, 064

07:00 to 08:00- . _ . __ o _____ 1,511

08:00 t0 09:00_ - - _____ 1,200

09:00t0 10:00- - - _.__ 1,224

10:00 to 11:00- _ - ___ 1,104

11:00 t0 12:00_ - - . ___ 912

12:00 to 18:00° ... 912

13:00t0 14:00_ - ___ ... 774

14:00 €0 15:00_ - ______________________ 720

15:00t0 16:00- - _ o ______ 720

16:00t0 17:00_ - ___ . ________ 360
June 28, 17:00to June 29, 16:00. - . - ________ 480
June 29, 16:00 to June 30, 12:00_ - __ - _______.___ 241
June 30, 12:00toJuly 1, 05:00_ . _________________. 186
July 1, 05:00to July 2, 04:00. . ___________________ 160
July 2, 04:00toJuly 2, 17:00.___ . ______.___ 159
July 2, 17:00to July 3, 18:00-____________________ 59
July 3, 18:00toJuly 4,16:00____ .-~ __________ 81
July 4, 16:00toJuly 5, 16:00. . __ _ .. .________ 52
July 5, 16:00to July 6, 17:00_ . . _________________ 72
July 6, 17:00toJuly 7, 17:00. .. ___________ 49
July 7, 17:00 to July 8, 22:00. _ - . . __ .. __________ 45
July 8, 22:00toduly 14,01:00________________.__. 56
July 14, 01:00 to July 19, 00:00___ _________________ 40
July 19, 00:00 to July 24, 00:00_____________________ 25
July 24, 00:00 to July 28, 15:00_ _ __________________ 27
July 28, 15:00 to Aug. 2, 16:00_ . ___ ... _____________ 19
Aug. 2, 16:00to Aug. 7, 14:00_ __ __________________ 19
Aug. 7, 14:00to Aug. 17, 12:00____.__..__.________ 16
Aug. 17, 12:00to Aug. 27, 13:00_ ___________________ 10
Aug. 27, 13:00 to Sept. 6, 16:00_____________________ 11
Sept. 6, 16:00 to Sept. 16, 19:00__ __________________ 6
Sept. 16, 19:00 to Sept. 26, 16:00____________________ 8
Sept. 26, 16:00 to Oct. 2, 16:00- - __ .. _________ 4

*1,186 per day 05:00 to 17:00.

The first equation implies a linear relationship between
log R and log ¢; the second, between log R and t. On
a plot of log R versus log ¢, data from the first 100 days
of the aftershock sequences of the Tottori (1943) and
Tokachi (1952) earthquakes are adequately fit by
straight lines with 4 equal to 1.36 and 0.98, respectively
(Mogi, 1962).

A similar plot of data for the Parkfield-Cholame
earthquake (fig. 51) appears to be best fit by a curve
that deflects downward with respect to a straight line
as time increases. Tangents to this curve which fit the
plotted points from 0 to 44 days and from 10 to 96 days
have A equal to 0.67 and 1.18, respectively. The
apparent differences between these data and those re-
ported by Mogi may result from differences in the time
intervals over which aftershocks were counted for the
purpose of determining the aftershock frequencies.
For example, if aftershocks during the first 12 hours of
the Parkfield-Cholame sequence were added together
and plotted at t=0.27 day (star on fig. 51), it would be

possible to fit all the data fairly well with a straight
line with A=0.96.

Possibly a better method of displaying aftershock
sequences would be to plot curves showing cumulative
total aftershock counts as a function of time. Neces-
sary smoothing of the raw data could be accomplished
in the process of abstracting information from the seis-
mograms, for example, by recording the times at which
the cumulative total of aftershocks reached prescribed
values such as 100, 200, 300, and so forth. Frequency
curves would be calculated readily from such a set of
cumulative total versus time number pairs.

It appears, however, that the progressive increase in
the rate of decay of the Parkfield-Cholame aftershock
sequence is real; at least, there is a clear difference before
and after t=10 days. This phenomenon may be re-
lated to the relatively large amount of postearthquake
creep along the surface that slipped suddenly at the
time of the main shock; the “sudden” redistribution of
stress in the vicinity of the fault, usually held to be

1 responsible for aftershock sequences, was effectively

prolonged after the time of initial rupture by creep
along the fault. In this view, the later part of the
frequency versus time curve is tending toward a normal
slope, and the early part is abnormal.

RECORD OF INTENSE GROUND MOTION

With the arrival of P waves from the main shock at
04:26:17.4, all regular seismic traces at Gold Hill were
“planked out” for nearly 10 minutes. The fourth
channel on the 35-mm film recorder, which normally
records the rectified audio signal from WWYV to provide
frequent chronometer corrections, responded to the
intense motion of the ground at the recording site and
wrote an interpretable record of it. Abnormal deflec-
tions of the radio trace appear to have resulted both
from the direct seismic response of the recording
galvanometer and from axial excursions of the recording
drum, which is normally restrained by a friction clamp.

Immediately before the quake the radio trace was
recording a slowly varying audio WWYV ‘“‘tone’’ punc-
tuated by the 40-millisecond interruptions that mark
individual seconds. These “second ticks” can be seen
clearly in figure 52, a sketch of the critical part of the
record, before and during the first few seconds of the
earthquake. The actual times of several of the second
marks are indicated on the sketch, where an irregular
advance of the drum during the earthquake is evidenced
by the uneven spacing of the second marks. The
arrival of the P waves is marked by a slight widening
of the trace at 04:26:17.4, and a moderate increase in
shaking occurred about 1 second later. Still stronger
longer period motion (possibly S) began just before
04:26:21. At about 04:26:22 the inertial forces acting
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F1GURE 52.—Abnormal behavior of the radio time trace on the 35-mm film recorder produced by strong ground motion at the Gold
Hill van. Indicated times are Greenwich. Dash lines indicate very faint parts of the trace that were written while the drum

was sliding to and fro on its shaft.

on the drum overcame its frictional restraints, and the
ground and recorder carriage moved to and fro beneath
the drum for about 6 seconds. The slipping of the
drum on the shaft was overcome by the friction clamp
atabout 04:26:28. For the next 20 seconds, a decaying
train of waves with a period of about % second was
recorded. Because the radio power was shut off when
commercial power to the van was interrupted during
the strong shaking, radio time marks are absent after
04:26:28.

The event, possibly related to the propagating end
of the ruptured zone on the fault, that reached Gold
Hill at 04:26:22 and caused the recording drum to slip
on its shaft traveled from the focus at an average speed
of 2.2 km/sec. This speed is significantly lower than
that (3.3-3.5 km/sec) appropriate for S waves traveling
through the upper part of the crystalline crust. The
duration of shaking that was sufficiently intense to
keep the drum in motion against its frictional restraints
was only 6 seconds.



62 THE PARKFIELD-CHOLAME, CALIFORNIA, EARTHQUAKE OF JUNE—AUGUST 1966

GEOMETRY OF THE AFTERSHOCK SOURCE REGION
SOUTHEAST OF GOLD HILL

To study the relationship between the surface fault
break and the aftershocks of the Parkfield-Cholame
earthquake, a small cluster of portable seismographs
was laid out around the part of the surface break that
lies southeast of Gold Hill. Locations and periods of
operation of individual stations are given in table 8.
The basic cluster consisted of Gold Hill and eight port-
able stations in a 20-km-diameter pattern with five
stations along the fault and two pairs of stations about
10 km from the fault on either side of it (fig. 53).
During the last two weeks of the experiment, four
additional portable stations were laid out to extend
coverage northwestward along the fault (stations 9,
10, 12, and 13), and another was installed at Gold Hill
to supplement the Benioff seismograph. At most
stations, only a vertical-component seismograph was
operated.

TaBLE 8.—U.S. Geological Survey seismograph stations in the
Parkfield-Cholame area

Station Lat 35° N. | Long 120° Height Installed Removed
%. (feet)
Gold Hill____| 49.88' | 21.18' 1,430 | 10- -65 | _______
1. . 45. 30’ 18.70’ 1, 220 6-30-66 | 9-15-66
2 . 47.36" | 21.44' 1, 240 6-30-66 | 9-16-66
1S S 43. 20’ 16. 85’ 1, 370 6-30-66 | 9-15-66
4_ 48. 82/ 16. 07’ 1, 590 6-30-66 | 9-15-66
[ S, 42. 61’ | 22.72' 1,470 6-30-66 | 9-15-66
6. . 40.30' | 12.65' 2, 100 6-30-66 | 9-15-66
T oo 39.06" | 19.22' 1, 530 7- 9-66 | 9-15-66
8a__________ 47.23" | 11.06’ 1, 615 7- 9-66 | 8-14-66
8b___.______ 47.39’ | 10.55' 1,700 8-14-66 | 9-15-66
9 .. 52.79' | 24.72' 1, 540 9- 1-66 | 9-16-66
100 .. _____ 49.47' | 26.41’ 2,120 9- 2-66 | 9-16-66
11 (tape)-_.__| 49.88 | 21.18 1, 430 9- 3-66 | 9-16-66
120 _____ 53.33’ | 20.55" 1, 800 9- 5-66 | 9-16-66
13 .. 55.09’ | 28.69' 1, 980 9- 6-66 | 9-16-66

Overall system response increased 6 db (decibles)
per octave with increasing frequency between the
lower limit set by the 1-cps seismometer and the 17-cps
upper limit set by the low-speed tape recorder. Ampli-
fier gain levels were set so that the prevailing back-
ground noise produced about 10 percent modulation
on the high-level tape channel. A second channel
recorded with 30 db greater attenuation. Primary
timing was provided by the continuous recording of
WWVB, and a crystal chronometer supplemented
WWVB during brief broadcast interruptions or receiver
malfunctions. Events on the tape “playbacks” can
be timed to within 0.01 second.

Complete analysis of data from the portable cluster
will require some time; so a short time sample was
analyzed in a preliminary effort to establish analytical
procedures and to survey the kind and quality of re-

sults that can be obtained. All events discernible on
the Gold Hill monitor record during the quiet hours
of the night of July 16 and July 17 (about 04 : 00 Z to
13:00 Z on July 17) were played back for the other
eight stations of the basic cluster. Of the 13 events
selected in this manner (table 9), 3 lay so far northwest
of the cluster that their foci could not be determined
with accuracy, 2 lay only a few kilometers northwest
of Gold Hill, and the remaining 8 lay very near or
southeast of Gold Hill. This sample is not a uniform
one of all events occurring throughout the aftershock
source region because most of the small events of which
it is composed would not have been detected at all if
they had occurred near the northwest end of the zone
of surface fracture.

TABLE 9.—Aftershocks detected at Gold Hill between 04:00 Z and
18:00 Z July 17

Origin time Depth Lat 35° N. |Long120°W.|Average |e
(kilometers) (seconds)

05:55:00. . ________ | _______ NW of cluster |-_______

07:12:03. 55 ______ 6 49. 5 20.9’ 0. 06

07:25:21.20____________ 14+ 51.0/ 22.7 .09

08:23:54.8_ __._________ 1+ 50. 9’ 22.0" |________

:46. 6 45. 7 18.7' .04

2 48. 7 20. 3’ .04

141, 4 49.9' 21.7' .05

:01. 4 47. 9’ 19. 5’ .07

10:50:31. 85 .________ 12 49. 8’ 21. 8 .06

11:19:10.90____________ 4 46. 3’ 10.9' .06

12:19:29_ |- NW of cluster |________

12:40:02 . |eo-. NW of cluster |_.__.____

12:46:35.5. . ________._ 1+ 47.4' 19.2/ . 06

To determine the foci of these aftershocks, a series of
isochron charts constructed for quakes at various focal
depths in a crustal model (fig. 54) established by re-
fraction profiling between Camp Roberts (30 km west
of Cholame) and San Francisco were used (Healy, 1963;
Eaton, 1966). This method is based on that described
by Riznichenko and others (Riznichenko, 1960). The
epicenter and focal depths selected are those which
yield the smallest P-wave arrival time residuals at
available stations. For the events near or within the
network, which were successfully located, average
(absolute value) residuals ranged from 0.04 second to
0.09 second.

Epicenters and focal depths of the 10 “located’ after-
shocks in table 9 are indicated in figure 53. The epi-
centers lie very close to the trace of the main fracture
zone, and there appears to be no sorting of earthquakes
with respect to distance from the surface break as a
function of focal depth. Thus, it seems that the after-
shocks included in this small sample occurred on or very
near a fault surface that extends vertically downward
from the surface break to a depth of about 12 km.
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Figure 53.—Parkfield-Cholame region.

U.S. Geological Survey seismograph stations, epicenters of July 17, 1966, aftershocks,

refraction and calibration shot locations, and the surface fracture zones associated with the 1966 earthquake sequence (from

fig. 2).

To indicate the sensitivity of the cluster to variations
in focal depth, P-wave traveltime curves for earth-
quakes at various depths between 2 and 14 km are given
in figure 54. Observed arrivals from four aftershocks
with different focal depths are plotted in figure 54 for
comparison. This comparison illustrates how the range

The epicenter of the main shock was provided by Prof. T. V. McEvilly, University of California at Berkeley.

in recording distance, and scatter in arrival times, of
observations from individual earthquakes limit the pre-
cision with which focal depths can be determined.
If +1 km precision is sought, some observations at
epicentral distances assmall as the focal depth are
required.
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SEISMIC-REFRACTION CALIBRATION OF THE CRUST
IN THE AFTERSHOCK REGION

To approach maximum precision in locating after-
shocks in three dimensions, more detailed information
on crustal structure beneath the cluster is required.
This need is particularly acute when the cluster is cut
by a geologic discontinuity as profound as the San
Andreas fault.

On September 13, 14, and 15, eight explosive charges
ranging in weight from 310 to 2,600 pounds were deto-
nated in drill holes to provide sources for three 20-km-
long reversed seismic-refraction profiles and one cali-
bration shot to help refine the epicenter assigned to the
major earthquake. KEssential data on the shots are
given in table 10, and the shot points are plotted in
figure 53. Nine mobile refraction units employing six
vertical-component 1-cps seismometers at %-km spacing
and two horizontal-component 1-cps seismometers at
one of the vertical locations, plus two shot-point units
employing four vertical component 2-cps seismometers
at %-km spacing, were deployed along lines connecting
pairs of shot points to record the refraction profiles.
Profile A-B was designed to determine near-surface and
upper-crust properties on the southwest side of the
fault; and profile E-F was designed for the same pur-
pose on the northeast side of the fault. A transverse
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profile between C and D was recorded to test for pos-
sible velocity perturbations in the rift zone itself. The
2,600-pound calibration shot (X) was detonated at a
convenient location a few kilometers north of the instru-
mental epicenter of the main earthquake. The mobile
refraction equipment was laid out between C and D to
record it.

TABLE 10.—U.S. Geological Survey calibration shots in the
Parkfield-Cholame area

Shot Charge | Lat35°N. |Long 120° W.| Height | Detonation | Date
(pounds) (feet) time
540 48,30’ 24, 64’ 2,140 04:00:00.35 9-13
540 41.61’ 17.23 1,550 04:29:59.79 9-13
540 41,99 22. 41 1,380 03:59:59. 00 9-15
310 49.27' 15, 98' 1,660 05:59:5. 86 9-14
1,020 49,27 15.97" 1,660 04:30:30.28 9-15
540 52,23’ 19.28" 1,640 03:59:569. 82 9-14
540 44.14' 11. 69’ 1,560 04:29:59. 88 9-14
2,600 58, 64" 30.38" 2,030 04:59:59. 82 9-15

Because all eight shots were recorded by the aug-
mented cluster (Gold Hill plus portable stations at the
12 other sites), they should provide the data required
for the calculation of individual station corrections that
are needed for the further refinement of aftershock
epicenters.

Work on the analysis of the refraction and calibra-
tion data is in progress.
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