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AFTERSHOCKS OF THE 1966 PARKFIELD-CHOLAME, CALIFORNIA,
EARTHQUAKE: A DETAILED STUDY*

By J. P. Earon, M. E. O’'NemL anp J. N. MURDpOCK

ABSTRACT

Hypocenters and magnitudes ‘of more than 600 aftershocks of the 1966 Park-
field-Cholame earthquake were determined from recordings of a dense nef-
work of portable seismograph stations operated in the epicentral region from 3
to 82 days after the main shock. Hypocenters were virtually confined to a nearly
vertical zone extending downward from the zone of visible ground fracturing ot
the Earth’s surface to a depth of 12 to 14 km. Aftershocks were concentrated
in patches on the slip surface, with large numbers of ‘events in depth ranges of 2
to 4 km dand 8 to 10 km and relatively few at depths of ‘5 to'7 km. First-motion
patterns suggest that simple, nearly horizontal right-lateral strike-slip ' displace-
ment was the source for an overwhelming majority of the aftershacks. The coefficient
“b" in the frequency versus magnitude equation appears 6 be depth-dependent:
it is about —0.6 for ‘events between 8- and 10-km depth but averages about
—0.95 for events at other depths. Individual stations with consistently late P-wave
arrivals were also found to record abnormally large amplitudes, with both anomalies
increasing, apparently, ‘with increasing thickness of‘sediments beneath the site.

INTRODUCTION

A detailed study of the aftershocks of the June 27 1966 Parkfield-Cholame earth-
quake in central California was undertaken by the National Center for Earthquake
Research, U. S. Geological Survey, in an attempt to establish the spatial relationship
of the aftershocks to the zone of surface fracturing that accompanied the earthquake.
Important features of the principal shock, which had a magnitude of 5.5, and of the
aftershocks of magnitudes 2.0 and larger have been discussed by McEvilly et al. (1967);
the surface fracturing along 40 km of the San Andreas fault that accompanied the
earthquake has been mapped and deseribed by Brown and Vedder (Brown ¢t al. 1967).
The initial objective of the work described in this report was to determine whether
the aftershocks might reveal the slip surface over which movement ocewrred at the
time of the principal shock, and if they do, to determine the underground location
and extent, particularly the lower limit, of the slip surface. For this purpose it was
clearly necessary to locate the aftershocks with higher precision than had been attain-
able by standard regional networks. Moreover, it was uncertain whether even a
specially designed dense network would permit the determination of reliable focal
depths in a region as compiex geologically as that surrounding the epicentral tract of
these earthquakes.

‘The basic field experiment to study the aftershocks was designed for maximum
resolution in locating hypocenters beneath the southeastern half (especially the end)
of the zone of surface fracturing. In that region, the eight U. 5. Geological Survey
portable stations initially available were deployed in a circular cluster, centered on the
end of the fractured zone, with a diameter of about 20 km. Recording in this region

* Work done in cooperation with the Division of Reactor Development and Technology, U. S.
Atomdic Energy Commission. Approved for publication by the Director, U. 8. Geological Burvey.
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was begun early on July 1 (GMT), about 70 hr after the main shock, and was con-
tinued until September 15 :1966. During the first 3 weeks of July, the Earthquake
Mechanism: Laboratory . (IEML) of ESSA operated five portable stations (similar but
not identical to the USGS stations) in a network surrounding the instrumental epi-
center of the main shoek, at the northwest end of the fractured zone: For this inter-
val, data from the USGS net have been supplemented by arrival times from EML
stations to permit the location of aftershocks along the northwestern half of the frac-
tured zone. During September; this part of the aftershock region was again brought
under reasonably adequate surveillance when five stations were added to the USGS net-
work to extend it toward the northwest. Tor earthquakes of magnitudes 1.5 and
larger, first I arrivals generally could be read st the University of California station at
Priest, 44 km northwest of Gold Hill (GH). These data were also used in the hypo-
center caleulations.

To attain the required pre(-mon in ‘hypocenter locatlon, it also appeared necessary
to develop an improved veloeity model, especially. for the highly variable uppermost
part of the erust, in the region occupied by the nctwork. Accordingly, two short
refraction profiles, one.on each side of the Ban Andreas rift zone, were run through
the network during mid-September, A third profile was run across the rift zone and a
calibration shot wag detonated just northwest of the network in order tu evaluate
more fully the near-surface velocity variations near the fault. The refraction profiles
were deseribed in detail and analyzed by Stewart and O’Neill (8, W. Stewart and M. E.
O0’Neill, written communication, 1969), and erustal models bagsed on their interpreta-
tions were adopted for use with the portable network in locating aftershocks. ‘

This report deals primarily with the problem of loeating the aftershoeks and deserib-

-ing their spatial distribution. Within the limitations of the recorded data, it also
discusses focal mechanisms (from first motions), distribution of aftershocks along the
fault as a function of time, distribution of aftershocks as a function of magnitude and
focal depth, relationship of aftershocks to creep along the fault and dependence of
arrival time and amplitude anomalies on local geological conditions.

The portable seismograph stations, the equipment and methods employed in re-
covering data from the field tapes and analytical technics developed to aid in the
interpretation of the duta have not been adequately reported. These features of the
work will be discussed prior to presentation of results on the aftershocks,

CHARACTERISTICS OF THE SHISMIC SYSTEMS AND
OF THE SPECIAL SEISMOGEAPH NETWORK

The primary element of the portable scismograph station iy a Precision Instru-
meut 5100 tape recorder, which records for 10 days on a 14-in reel of § in X 1 mil
tape at.a speed of 15/1()0 in/sec. Recording is in the FM miode with a center fre-
quency of 84.4 cps, and the response is nearly flat from 0 to about 17 eps. With careful
maintenance, a dynamic range slightly greater than 30 ‘db can be attained. The
seismometers are Electrotech EV17 (and EVI7H) 5000-ohm coil eleciromagnet
“moving magnet” instruments, and they are operated at approximately  critical
damping. Seismometer signals are amplified by UED 210A amplifiers, which bave a
maximum gain of 100 db within a passband of approximately 0.5 to 17 eps (between
—3 db points) and provide Lwo output levels, nominally 0 db and —30 db. The two
levels are recorded on separate tape channels,

Primary timing is provided by recording the WWVB digitally coded radio time
signal on. a separate tupe channel, Hecondary timing is provided by a local crystal-
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~controlled : elock; with ‘distinetive .second; minute, and hour marks, recorded on'a
separate tape channel.

One-component stations are usually equipped: with a vertical seismometer and
record on only four tracks—high- and low-gain seismie channels, WWVB channel and
chronometer channel. Three-component stations reeord en seéven tracks—high- and
low-gain vertical seismie channels, high- and low-gain N-8 horizontal seismic channels,
high-gain E-W seismic channel, WWV B channel and chronometer channel.

Two systems are used for playback: one to provide a conventional 60 mm/min
seismogram to permit easy identification of events for study, the other to provide
high-speed strip chart records for detailed analysis. In the first system, the tape is
played back at 7% in/sec (80 times recording speed) and the signal is recorded on a
modified Sprengnether autocorder. An interlock between the autocorder and play-
back tape drive permits an entire tape (10 days of record) to be played back automati-
cally in about 3% hr. At the beginning of each day’s record, several minutes of WWVB
radio time code mixed with chronometer minute and hour marks are played out. For
the rest of the 24-hr day; a selected seismic channel mixed with chronometer minute
and hour marks is played out. The tape recorder backs up between successive days’
records to permit recording of a chronometer correction strip without loss of seismic
record. The strip-chart playbacks used for event analysis are written by high-speed
oscillographs: both .photographic and direct-writing ink-jet systems are available.
Normal tape playback speeds are 3% and 1% in/see (40 and 20 times recording speed,
respectively), and a variety of playback time-base speeds from 1 mm/sec to 50 mm/see
can be obtained, A WWVB time-code reader is normally used to locate and identify
events (previously timed to the nearest minute: on the autocorder playback) on the
tape. All tape channels are played back simultaneously and displayed side by side on
the strip chart (Figure 1).

Overall systern magnification depends on playback gain level settings as well as
on gain settings on the field equipment, but the shape of the response curve is deter-
mined by non-gain-dependent characteristics of the seismometer, amplifier, tape
recorder, and playback system. In Figure 2] curve A is the empirically determined
frequency response of the amplifier-recorder-playback system combination, and curve
¢ is the caleulated frequency response curve of the TV17 seismometer (1.0-sec iree
period, critical damping) for sinusoidal ground motion. The overall system magnifi-
cation eurve for a typical quict site (12-db attenuation at the seismic amplifier) and
for average playback sensitivity (5-tam playback peak-to-trough amplitude for & 10-uv
calibration signal) is given by curve B, The magnification.curve of the standard short-
period Wood-Anderson seismograph (W-A) is also shown in Figure 2 for comparison
with that of the portable system. Calibration of individual stations is aceomplished
by substituting a signal generator for the seismometer and introducing a 10-eps signal
at rms levels of 10, 100, and 1000 gv into the amplifier and recorder, which are set up
exactly the same ag for recordmg the seismometer signal. On plavback the calibration
sngnals are reproduced with exactly the same settings as are used for rcproducmg the
selsmic signals. ‘Within the frequency ratge 0.2 o) 20. ¢ps, approximately, usable
magnification is limited by background seismic noise. For quiet locations, the peak
magnification of ground displacement typically is about 5 X 10° at 15 cps on the
high-level seismic chanuels. The corresponding magnifieation at 1 ¢ps is about 230,000.

Figure 3 shows a portable station operating in the field. The tape recorder with its
electronics and chronometer is contained in oné waterproof field case, the seisiic
amplifiers and WWVB receiver in a second. These two packages, with two 12-v auto-
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mobile batteries (for 2 days’ unattended operation), normally are placed on the ground

under a tree or simple sunshade. The seismometer is buried directly in the ground at a
convenient distance from the recorder. A 3-fi-long ferrite antenna for the WWVB
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Fia. 1. High-speed playback from a three-ecomponent portable seismograph. This earthquake

was of magnitude 0.5 and originated at a depth of about 2.5 km at an epicentral distance of 6 km
from the recording station.
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F1a. 2. Response curve for the portable seismograph systems. Curve 4 shows the combined
response of the seismic araplifier, tatpe recorder, and playback system. Curve B shows the overall
system response to ground motion for the operating conditions indicated on the graph (field at-
tenuation = 12 db, playback amplitude/seismic amplifier input = 0.5 ram/uv (rms)). Curve C indi-
cates the corresponding output from the seismometer. Curve W-A is that of the standard Wood-
Anderson seismometer.

receiver, also laid on the ground after alignment to produce the maximum signal,
completes the portable station. Use of a thermoelectric generator to float-charge the
batteries permits longer term unattended operation of the system.

One 30-gal tank of propane powers the complete system for at least 30 days, but
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the maximum period of unattended operation is limited to 10 days by the tape supply.
However, during the Parkfield-Cholame field experiment, which was one of the first
employing the portable stations in an intensive earthquake study, malfunctions of
mechanical and electronic components were so frequent that the period of unattended
operation was shortened to 2 or 3 days to bring the reliability of the network up to an
acceptable level. The extreme fire hazard in the field area also argued against use of
the thermoelectric generators, and only battery power was used in this experiment.
Maintenance and servicing of the portable network, which gradually increased from

Fra. 3. Portable seismograph station. The units shown in the photograph are, left to right:
propane tank, thermoelectric generator, 12-v battery, tape recorder, seismic amplifier. The
antenna and seismometers are not in the picture.

six to 13 stations, required two field technicians. Later improvements in components
and field procedures have reduced the maintenance and servicing load substantially.
The overall operation and performance of the portable network are summarized in
Figure 4 which shows periods of satisfactory service and periods of unsatisfactory or
interrupted operation for the USGS stations. This figure also shows intervals during
which available P-arrivals of selected quakes were read from the EML stations and
incorporated with the USGS data for hypocentral determinations. Station coordinates
and elevations are listed in Table 1; locations of most stations are shown in Figure 7.
During October 1965, a Long-Range Seismic Measurements ‘“van’ was installed
by the USGS at Gold Hill, a sliver of erystalline rock in the San Andreas rift zone on
the northeast side of Cholame Valley, with support from the Advanced Research
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Projects Agency of the Department of Defense. Gold Hill is- located near. the center
of -the zone of surface fracturing that accompanied the 1966 earthquake (Figure 7), and
the seismometer pit- was-only ¥ km from the foot of the hill, The Helicorder monitor
record. of the ghort-period vertical component Benioff ‘seismograph in this station
was-used extensively in the-aralysis of the aftershoeks of the 1966 quake. Its recording
speed was 1 mmy/see, and it provided ground-displacement magnifications for waves
with frequencies of 1 cps and 3 ¢ps.of about 75,000.and 240,000 (peak magnification),
respectively. Important features of the main earthquake and of the time history of the
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Fia. 4. Graphieal summary of the period of operation of the portable network and its perform-
ance. Solid lines indicate satisfactory service, dotted lines unsatisfactory or interrupted service.
The heavy dashed lines for stations EI through £J indicate intervals during which supplementary
readings were available from the EML network. :

aftershock gequence deduced from the Gold Hill station have been reported by Eaton
(Brown et al., 1967).

CRUSTAL STRUCTURE IN THE PARKPIELD-CHOLAME REGION

Geological charaeteristios of the cotitrasting crustal blocks that have been brought
together by the San Andreas fault in the Parkfield-Cholame region have been summa-
rized by Brown and Vedder (in Brown et al., 1967). Southwest of the fault the base-
mient. of granitic Mesozoic rocks is buried. to depths of 1,000 to 5,000 feet: by marine
and-nonmarine sedimentary and voleanic rocks. of Tertiary age and by chiefly non-
marine deposits of Quaternary age. Northeast of the fault the depth to erystalline
basement rocks is unknown, but available evidence suggests it is much greater than
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14,000 feet. The lowest known struetural unit northeast of the fault is comprised of a
eomplex group of cataclastic rocks, tabular serpentine masses and mafic voleanie rocks
that has been assigned by many workers to a stratigraphic unit~—the Franciscan
Group-or Formation—by lithogical eorrelation with its generally accepted: type area
in the San Francisco peninsula (Bailey and others, 1964, p. 11). This unit. is separa-
ted from thick overlying(?) sequences ‘of marine Cretaceous sedimentary rocks and
chiefly. marine Tertiary: sedimentary. rocks by major faults. Crystalline rocks of
various compositions that crop out along the northeast side of the San Andreas fault,
such as Gold Hill, are probably slivers enclosed by older branches of the fault that
have been shifted laterally great distahces from their original positions.

TaBLE 1
SraTion CooBDINATES AND HLEVATIONS

" North Latitude West Longitude
Station : - Elevation (km) = Delay (sec) Model
Degree Min Degree Min- . .

1 35 45.35 120 18.73 0.372 —0.04 1
2 35 47.46 120 21,44 0.378 ~0.07 1
3 35 43.20 120 16.85 0.418 0.01 1
4 35 48.84 120 16.07 0.485 —0.01 2
5 35 42.59 120 22.72 0.448 0.10 1
6 35 40.30 120 12.65 0.640 —0.07 1
7 35 39.06 120 19.22 0.466- 0.10 1
SA 35 47.18 120 11.00 0.492 —0.08 2
8B 35 47.39 120 10.55 0.518 —0.08 2
9 35 52.79 120 24.72 0,469 0.09 2
10 35 49 .47 120 26.31 0.646 ~0.07 1
11(GH) 85 49.88 120 21.18 0.436 —-0.07 2
12 35 53.33 120 20.55 0,549 0:11 2
13 35 55.00 120 28.69 0.603 —0.12 1
K1l 35 56.97 120 28.28 0.538 0.25. 2
E2 35 49.23 120 30.87 0.460 0.03 1
‘E3 35 51.10 120 36.50 0.460 ¢.10 1
4 35 '54.50 120 28.17 0.515 —-0.18 1
E5 35 55.53 120 29.63 0.578 —=0.26 1
PRI 36 8.50 120 39.90 1.187 0.33 2
PRS 36 19.90 121 22.20- 0.363 0,26 1
0.50 2

LLA 36 37.00 120 56.60° 0.475

Giross features of crustal structure southwest of the fault have been outlined by
geismic-refraction: profiles, running parallel -to the fault, that were recorded from a
shotpoint at Camp Roberts about 30 km southwest of Parkfield (Healy, 1963). These
profiles: indicate that the crust near Camp Roberts is made up approximately as fol-
Tows (Eaton, 1966): low velocity rocks, 2 to 4 km/see, from near the surface to about 2
kin; 6.0 km/see rocks from 2 to about 15 kim; 6.8 km/sec rocks from 15 km to about
25 km. The upper mantle rocks have a veloeity near 8.0 km/sec. The near-surface
structure ‘was ‘only poorly determined by these proﬁles becaube obgervations at short
distances were extremely sparse. ~

*Beveral much more detailed, but short (ca. 20 km) refraction profiles were run-in the
region of the special seismograph network to determine the structure of the upper
crust in-the Parkfield-Cholame aftershock region. Travel times from the prineipal
Parkficld-Cholame shots -arc pletted on a. graph (Figure 5) of 7' —:A/6:0 versus A,



1158 BULLETIN OF THE BEISMOLOGICAL SOCIETY OF AMERICA

where T is travel time in seconds and A is epicentral distance in ko (8. W. Stewart
and: M. E. O’'Neill, written communication, 1969). The profiles involve refraction
paths that penetrate no deeper than a few kilometers, only to the top of the basement,
The plotted curves fall into two distinet groups, one for profiles northeast of the fault
and the other for profiles southwest of the fault: The two groups diverge widely, even
at-small epicentral distances: the southwest curves lag the northeast curves by about
0.3 sec at 2 km and by about 0.4 sec beyond 4 km. At-7 km, the latest southwest curve
lags the earliest northeast curve by 0.8 sec. The sharpest changes in apparent veloc-
ity on both gides of the fault, occur at distances of 5 to 7 km. Deviation of individual
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F1a. 5. Reduced traveltime-versus-distance plots for the longer Parkfield-Cholame : refrac-
tion profiles. Distance, A, is in kilometers and first-arrival travel times T, are in seconds. Observa-
tions along different profiles are marked by different symbols; all points above the solid line (south-
}/veslt of thz)a fault zone) are on different profiles thau those below the solid line (northeast of the

ault zone). '

observations from a smooth curve drawn to represent an average northeast profile is
generally less than 0.1 see, and the deviation of suecessive points on a single profile
changes slowly with distance. The same can be gaid for the southwest profiles for
distatices less than 5 km, but, at greater distances; the individual southwest curves
swing wildly about any smooth average curve, with individual observations deviating
as much as:0.2 sec from it. Such.behavior suggests bigh relief on the top. of the base-
ment southwest of the fault and introduces the necessity of deriving individual station
corrections to supplement crustal models deduced from these data.

As-expected from Figure 5, Stewart and O'Neill found different crustal structures on
the two sides of the San Andreas fault. Although selection. of veloeities for the very
thin uppermost layers and for the deepest horizons (about 5 km) penetrated by the
-short profiles was somewhat arbitrary, simple medels composed of flat-lying eonstant
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veloeity layers were found to be consistent with the -observed travel times. Separate
models for the northeast and the southwest sides of the fault are shown in Figure 6.
Below: 5 kin, both models are based primarily on the Camp Roberts profile data, with
a glight. inereage in the upper-mantle: velocity in-aceordance with other observations
on P, velocities in the Coast Ranges. The upper portions of the crustal models in Figure
6 are not identical to the finad models reported by Stewart and O’Neill; but the dif-
ferences are well within the uncertainties of the data. Previous results suggest that the
veloeity in-the upper crust:(at depths of 5 to 10 km; say) is lower northeast of the fault
than southwest of it. The Parkfield-Cholame refraction profiles were too short and the
basement refraction curves 100 rough to establish such & difference, however, and this
suspected difference was not imposed on the model.
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Fia. 6. Dual ¢rustal nodel, split along the active trace of the San Andreas fault, used
in calculatmg hypocenters of the :aftershoeks.

DETERMINATION. OF HYPOCENTERS:AND MAGNITUDES

‘Primary “analysis of - the Parkfield-Cholame aftershocks was- carried out on: the
Geological Survey’s IBM 360/65 computer using the program HYPOLAYR, which
was designed to determine hypocenters and magnitudes of local earthguakes recorded
at close range on a dense ‘cluster of seistmiographs. This programis constructed along
the saime lines as that developed by Bolt and Turcotte (1964) for use at the University
of California at Berkeley, and it incorporates ‘features of an earlier USGS program
(HYPOLOQ) written by Roger Greensfelder. It hag been-described in detail by Eaton
(1969).

In the HYPOLAYR program, a first estimate of the hypocenter is adjusted by
Geiger’smethod (Geiger, 1910) so as to minimize the sum of the squares of the residuals
of observed arrival times with respeet to those computed from an earth model con-
gisting of flat-lying constant-velocity layers. Adjustment of the focal parameters
(20, Yo, 20, and fy) is continued until the average residual, mean deviation of the residuals
and change (from one adjustment to the next) in mean deviation of the residuals all
become smaller than prescribed test values or until the humber:of iterations exceeds a
prescribed limit. Adjustment is not terminated prior to the fifth iteration; and the
test values for termination vary as the number of iterations increases. On the fourth
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iteration, the depth is restored to ihe initial trial depth if effective depth control has
been Jost (i.e., if the calculated range in 37/dz; is less than 0.02 sec/km). On other
iterations; it simply is not adjusted if this condition prevails. Negative focal depths are
inadmisgible physically and any. caleulated ecorrection that would place the foeus above
ground is scaled down so that the hypocenter moves only 0.6 of the distance to the
surface. Adjustments to the epicenter and origin time are also scaled down, but not to
less than 04 of the values originally computed. In the caleulation of adjustments,
individual arrivals ure weighted according to two factors: quality or clarity of the P-
wave arrival and epiceniral distance of the station (for later adjustments -only), If
amplitude, period and calibration-data are available, the magnitude of the earthquake
is also computed.

HYPOLAYR contains a number of features that should be noted:

(1) The travel time and derivatives of the direct, wave are computed without re-
course to interpolation: between precaleulated reference curves go that the earth
model can be changed very easily. Any earth model consisting of fewer than 25 flat-
lying constant-velocity layers, velocity increasing from layer to layer downward, can
be used— it is read in along with station locations, ete., at the time of execution.

(2) For the special circumstance in which a group of earthquakes .vecurs along a
known boundary between differing erustal-structure provinces (such as the Parkfield-
Cholame aftershoecks), two earth models can be read in and individual stations can be
assigned to the model appropriate for the side of the fault on which they lie. As lateral
refraction induced by the juxtaposition of the two structures is neglected, this option
should be used with caution.

(3) Locations can: be caleulated for events recorded on any number of stations from
three to 98. If only three stations record.an event, the depth or origin time must be
specified (depth assigned or origin time computed from S-P data).

(4) Several solution modes (free, depth restricted, origin time fixed by S-P) and
combinations of modes ean be called by ‘ai execution card for each event.

(5) If the epicenter lies far outside the network or if the adjustments are otherwise
indeterminate, the azimuth to the souree and the apparent velocity of the P-wave
across the network are calculated instead of the hypocenter.

(6) Only limited use is made of S-phase data. Under the “origin time restrained”
option, the origin time is set equal to that compuied from available S-P data, but S-
wave alrival times are not used in adjustments of the hypocenter.

(7) Station parameters include a station delay, which is added to computed travel
times to. allow for systematic arrival-time anomalies at individual stations,

The program is set up-for batel processing of earthquakes.. Station purameters
(location, elevation; . delay, model), crustal model parameters (depths to boundaries
and layer veloeities) and control parameters are first read in, and preliminary calcula-
tions are carried out. Data for the first earthquuke (arrival tiines, amplitudes, periods
and calibrations) are then read in, and the hypocenter and magnitude are computed
and the results printed out. Additional earthquakes are located one at a time untif the
bateh is finished. An optional batch statistical summary of arrival time and magnitude
residuals at individual stations can be called by a control parameter.

MICROEARTHQUAKE MAGNIT'UDE

Severyl extremely thorny problems arise when one attempts to compute magnitudes
for microearthquakes recorded on high-gain, short-period instruments at short dis-
tances: '

(1) Focal depth cannot properly be ignored at small epicentral distances; we there-
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fore need a rélationship between amplitude and hypocentral (not epicentral) distance
for the zero-magnitude earthquake {(Gutenberg and Richter, 1942).

(2) The response of the Wood-Anderson short-period torsion seismometer is im-
plicitly included in Richter’s definition of magnitude (Richter, 1935). These instru-
ments are poorly suited to the study of mieroearthquakes. Moreover, their sensitivity
is so much Jower than that of most instruments used in microearthquake studies that
it is difficult to calibrate new systerns for magnitude ealeulations by simple overlap of
observations. ,

(3) The Wood-Anderson records only horizental ground motion, whereas the most
widely deployed microearthquake seismographs are vertical-component instruments.

(4) Local earthquakes, unlike teleseisms, for which specific wave types (P, PP, S,
etc.) can be identified and used for assignment of magnitudes, generally cannot be
reliably resolved into their component waves. The waves that are largest in any given
range of distance (indeed those which can be identified at all) vary from region to
region, depending upon the details of crustal structure. In very general terms, the
direct S-wave (through the upper crust) is largest on short-period instruments from
near the epicenter to 100 to 200-km. Between 100 and 200 kin (varying with crustal
structure and foeal depth), the .S-wave reflected from the base of the crust emerges
with mueh larger amplitudes than the direet S-wave. Beyond its point of emergence
(eritical distance), the S-wave reflected from the base of the crust diminishes rapidly;
within the next 100 km it has dropped into the background, and waves with more
complex paths become the largest on the seismogram.

{6) Attenuation of seismic waves within the erust and upper mantle varies widely
from region to region, and assignment of magnitude to local earthquakes can be
strongly affected: by such variations.

Ttems (4) and (5) suggest the necessity of establishing the compatibility of any
“standard” zere-magnitude earthquake amplitude-versus-distance curve with that
actually prevailing in any region where the curve is used for computing magnitudes.
If such compatibility dees not exist, a local zero-magnitude earthquake amplitude-
versus-distance relationship should be established. In this event, it is necessary to
decide on the distance at which the new curve is to match the original one, and it is
not clear that 100 km (the reference distance in the original definition of magnitude)
is the best one.

Local earthquakes recorded on the combined USGS telemetry and portable seismo-
graph network.in the Central Coast Ranges during the late summer of 1967 were
studied in an effort to establish the procedures and empirical relationships needed for
the assignment of magunitudes to microearthquakes in this region. Locations were deter-
mined from arrival times at all available stations, including those of the Berkeley and
EML nets, but amplitudes were studied only on records from the portable stations.
A law of the form AD¥ = const {4 = ground amplitude computed from the maxi-
mum vertical component trace amplitude, ) = hypocentral distance) was fitted,
earthquake by earthquake, to the observations for 107 earthquakes. Epicentral dis-
tances ranged from virtually 0 to-about 150 km, and focal depths ranged from 0 to 14
km. A mean value of 1.7 was found for K. The standard deviation of a single deter-
mination of K was 0.5 and the standard error of the mean was 0.1. The value of K ap-
pears to be virtually independent of focal depth and magnitude.

The log B, versus A curve, where By is the maximum: trace amplitude recorded on a
Wood-Anderson seismograph for a magnitude zero earthquake at an epicentral dis-
tance A (from Gutenberg and Richter, 1942), was replotted as log B, versus log D,
where 1? = A* 4 18 (Gutenberg and Richter assumed an average focal depth of 1§
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km for southern California earthquakes). Lines with slopes of —1.5, —1.7, and —2.0
were drawn through the plotted peints to test the adequacy of a relationship of. the
form BeDE = const. Between 50 and 150 km, the line for KX = 1.5 fits the plotted
points quite well; but, beyond 200 ki, a k larger than 2.0:is required. A line with
slope —1.7 (i.e;, K = 1.7) fits the points reasonably well from D = 30 km to.D = 300
km. No point lies further than 0.10 unit (of log By) from the line in this distance range.
Thus,: the zero-magnitude earthquake amplitude-versus-distance curve (based. on
southern California earthquakes) is compatible with that based on central California
earthquakes, For D less than 30 km, the available By values are-too poorly established
to be considered seriously. If the line with slope —1.7 ig drawn to ebtain the best fit of
the zero-magnitude earthquake data over the range 30 to 100 km, and if we divide B,
by 2800 (static magnification of the Wood-Anderson) to obtain A4, the corresponding
ground displacement amplitude, we-find 4 gwmisons > DU = 0.71. This relationship
is not independent of the Wood-Anderson response curve, which decreages from the
static magnification at a rate of 12 db/oetave for frequencies below about 1.25 eps.

If we ignore the analogous decrease in magnification of ‘the portable seismograph
system for frequencies below about 1.0 cps (the 12 db/octave deerease in the motion
of the mass with respect to the ground), the equation for reducing the seismogram
trace amplitude to ground displacement amplitude can be written

A’(microns) = 1.03 X (T' X X/Cy) X 1072

for frequencies between 0.5 and 15 ¢ps, the passband of the system’s eleetronic com-
ponents. In this equation 4’ = ground amplitude in microns, X = maximum frace
amplitude in millimeters (peak to trough), Ciy = trace amplitude in: millimeters
{peak to trough) resulting from a 10-uv (rms) signal introduced into the seismic ampli-
fier in place of the seismometer output and T = period in seconds of the wave with
amplitude X.

From the definition of magnitude.and the equations of A, and 4,

M =1log A’ — log A, = log (1.03*’((;< T D”) —~ 1.85.
10

This relationship should hold for g horizontal (EV17-H) channel, and allowance must
still be made for the difference between peak horizental and peak vertical seismogram
amplitudes. During the central California study described above, both horizontal
and vertical instruments were available in three-compenent  pertable stations in
several locations, In the 90 cases in which it was measured, Xy/X,; (maximum hori-
zontal to maximum vertical trace amplitude) varied from about 0.2 to about 8, with
a median value of 1.75 (mode = 1.25). A correction based on the median value of this
ratio would require that the foregoing expression for magnitude be increased by 0.25
unit to permit the use of vertical component seismographs. Thus,

XXT
-Cho

M = log (1.03 D”) - 1.60

where X is the maximum trace amplitude on the vertical component seismograrm.
The magnitude assigned to an earthquake by HYPOLAYR is the arithmetic mean
of values computed for individual stations by the foregoing equation.
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SELECTION: OF  APTERSHOCKS FOR STUDY AND CALCULATION OF
TrelR HYPOCENTERS AND MAGNITUDES

Events for high-speed playback from tape and for subsequent study were selected
primarily from the Helicorder record of the short-period vertical Benioff scismograph
at Gold Hill, which is nearly at the middle of the zone of surface fracturing. Autocorder
playback monitor records from selected portable stations were used to supplement
and verify the list of events based on the Gold Hill record. To obtain a reasonably
homogeneous sample of cvents from the entire aftershock zone and to minimize play-
back of events thut would prove to be too poorly recorded for valid hypodenter deter-
mination, it was necessary to find some method of screening events on the Gold Hill
seismogram. It was found that events at Gold Hill with maximum peak-to-trough
amplitudes larger than L, where L (mm) = 45/(S — P)* and § — P is in seconds,
were generally recorded clearly enough on a sufficient number of stations to be located
successfully. The threshold specified by this relationship corresponds approximately
to magnitude 0.5. A simple curve embodying the threshold test was drafted on mylar
so that individual events could be tested directly on the seismogram. For various
reasons, some earthquakes smaller than the threshold were included in the ltst and
many of these were located successfully.

The percentage of earthquakes from sources northwest of Gold Hill (which was
located at the northwest end of the basic USGS cluster on the southeast end of the
fractured zpne) that were located successfully depended most strongly on the awvail-
ability of supplementary readings from stations farther toward tbe northwest. This
percentage also decreased with dwreasing magﬂitude,fespeciallv when supplementary
readings from northwestern stations were sparse or lacking altogether.

Timing of wave arrivals ot the lngh -speed playbacks was by direct eomparlson with
the WWVB: signal on the playback. Tites Were read to the nearest 1} sec, but the
actual precision was somewhat less, about, ¥ 5 sec. During periods without recorded
WWYVB code, arrivals were timed with respect to the internal chronometer and then
corrected to WWVB. The maximum P-wave amplitude and the maximum recorded
amplitude as well as the corresponding periods were scaled from the high-speed play-
backs.

Hypocenters were computed on the basis of the dual crustal model presented in
Figure 6. Stations northeast of the zone of surface fractures were ascribed to model 2,
the others to model 1. To diminish the dependence of a computed hypocenter on the
composition of the particular subset of stations used in its determination, » number
of well-recorded, well-distributed aftershocks were located with station delays setl
equal to zero. The individual station average residuals for this group of aftershocks
were then adopted as station delays to be used in the caloulation of all hypocenters,
For stations not represented in the original'group of calibration earthquakes (the
EML stations and Priest), station delays were determiried from other select groups of
earthquakes. These earthquakes were located by the calibrated network (with station
delays, prevmusly determmed) and the average residuals at the new stations (not
utilized in the hx,pocentel adjustiments) were caleulated. These individual station
AVerage residuals were adopted as station dela,ys for the new stations. Station loca-
tions, elevations, station delays and model assignments are given in Table 1.

- Of the 641 earthquakes analyzed. in detaﬂ 630 were located along the Parkfield-
Cholame gection of the San Andreas fault; their hypoeentral coordinates, origin. times
and magnitudes, as well as a number of other parameters related to the precision of
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the hypocentral solutions and to the material svailable for computing them, are given
in Table 2. These parameters are:

(1) The number of observations used in the hypocenter determination, NO.

(2) The mean deviation of observed arrival times from the computed arrival times

MD = ;‘_21 | F(J) |/NO

where F(J) is the arrival time residual at station J.
(3) The standard error in the calculated focal depth, ERZ (kilometers).
(4) The standard error in epicentral position ERH (kilometers), where

ERH = \/[(ERX)* + (ERY ] /2

and ERY and ERX are the standard errors in the computed latitude and longitude,
respectively.

(5) The standard error in the calculated origin time, ERT (seconds).

(6) The epicentral distance to the nearest station, DMIN (kilometers).

(7) The maximum gap in epicenter-to-station azimuths, GAP (degrees).

(8) The epicenter is flagged by a question mark if the solution fails to satisfy ap-
propriate termination conditions by the 12th iteration.

(9) The focal depth is flagged by an asterisk if its adjustinent is biocked on the
final iteration because effective focal depth control was lost.

(10) Hypocenter quality estimate Q (A = excellent, B = good, C = fair, D =
poor) based on the statistical parameters of the hypocentral determination and the
number and distribution of observations available for the solution. Hypocenters based
on fewer than six observations were not rated better than D, and those in which the
foeal depth was restrained on the last iteration were not rated better than C.

The number of -observations available for locating. individual earthquakes ranged
from three to 15: 10 or more stations for 180 events, six to nine stations for 362 events.
five stations for 65 events, four stations for 33 events and three stations for one ovent.
For 68 events, adjustment of the focal depth was restrained because it could not be
adequately determined from avallable arrivals. When all four parameters are ad-
justed, at least six stations are required for the estimation of the standard errors in
the focal parameters. The location of the hypocenter is-slightly overdetermined when
five stations are available. With five or more stations, the mean deviation of the ob-
served arrival times from the calculated ones, M D, is a measure of the consistency of
the observations and aids in the detection of erroneous readings, which can go un-
detected when fewer stations are available. The average value of MD for events lo-
cated with five or more stations was 0.04 sec. Only 20 events had MD >0.10 sec.

For 93 events, ERH could not be estimated (too few stations). Of the remaining
537, ERH did not exceed 0.5 km for 59 per cent of the earthquakes, 1.0 km for 80
per cent of the earthquakes and 2.5 km for 91 per cent of the earthquakes. Most of
the earthquakes with ERH greater than 2.5 km were northwest of the cluster, and
their focal depths could not be reliably determined. In most cases, however, the stand-
ard error in focal depth, ERZ, is only slightly larger than ERH. In the calculation of
the hypocenters, an inifial focal depth of 5.0 km was azsumed, and events without
adequate network coverage generally remained at that depth throughout the adjust-
ment of the hypoventer,
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TABLE 2 SUMMARY OF PARKFIELD-~CHULAME AFTERSHOCKS

1966 HR MN.- SEC ~ LAT N . LONG W . DEPTH MAG NO GAP OMIN ERT ERH ERZ 'MD &
JUL 1 L 173446 35-42.4 120~20.9 - T.5% 1.1 4 324 6.5 0,05 D
1 155 9,6 35~47,5 120-19.8 - 3,9 . D.3 4 108 2.5 0.00 D
1 2 30 9.5 35-47.8 120~20.2 .4.6 0.7 &  96. 2.0 0.00 D
1 3 1:40.3° 35=55.5 120-2843 2.9 2.1 7 160 12.2 0.0 0s% 0e8 0.03 B
1 3 51 34,7 35=46.2 120=18.6 © 3.8 . 0.9 - 6 102 1.6 0.0 0.8 0.8 0.06 8
1 S5 46 23.5 35-46.9 120~20.0 8.7 1.1 . 6 B9 2.4 0.3 1,0 2.4 0,05 8
1 67 235,22 35-50.6° 120-2346.. 2.9 1.3 6 291 3.9 0.7 3.1 1.0 0.06 D
1 7 .3) ld.4  35-44.6 120=1745 - 10.1 © O 4 & 187 2.3 0.00 D
1 9 8 114 35~48.6 120~2049 1140  0.6. & 302 2.3 0.00 D
1 '9 24 9.2 .35-47.0 120~20.8 - 2.8 * 0.5 & 181 1.3 Q.00 D
1 9 41.22.0 35-56.9 120-28,0 5.0% 3,28 6 183 14.8:0.,0 0.3 0.02 G
1 10:23:22.0 35-47.7-120-21.2 : 9.0 1.l ~ 5 140 0.7 0.01 D
1 1} 29°12.5  35+46:7 '120=20.4 3,3 1,2 . 5 14% 2.1 0.02 D
1 11 37°13.4. 35<44,7 120-17.9 8,8 0,8 5 163 . 1i7 0.04 D
1 11°51 6.7 35-44.2 120-17.3 . 12.9 0.5 4 183 . 3,0 0.00 D
1 12 0 6.6 35=46.4 120-19.6 9.5 0,5 & 192 2.4 0,00 D
1 12 1 1)40° 36= 1.1 120-3364 713.6 - 2,1 6 173 16,7 03 4.7 3.4 0411 C
1 12 28" 5,9 35=49,3 120~22,4 ° 5,2 17 - 5 235 2.1 0s00 D
1 1231 8,6 35+4643 120-19.0 Tab. " 2.6B 6 166 1.8 Gzl 0.6 0.9 0,03 8
1 12 52 0.8 354648 120=19.4 - 4.0 ° 0.6 5 165 2,9 0.06 D
1 13 9 19,4 35-46.7 120~20.1 - 2.9 0.8 5 151 - 2.5 0,04 D
I 13 18 11.1 35-49.0 120=21.3 14,4 ~ 1,0+ 4 311 2.9 0.00 D
1 13 29 44,2 35-45.2 120-19.2 " 6,0 0.8 5 94 0.8 0.10 D
1 13 33 7,9 35-46.7 120-19.8 © 3.8 ' 0.7 4 196 2.9 0.00 O
1 13 39 56,9 35-46.5 120-21,17 2.4 0,0 5 148 1.9 0.13 D
1 13 56 51,7 35-45.6 120-18.,1 ' 10,2 1.6 5 170 1.0 0.0l D
1 14 20 18,17 35-49.3 120=21.1 “12.0 1.3 4 312 3.5 0.00 D
1 16 46 45,3 35-47,1 120-20.4 7.4 1.6 5 151 1.7 0.04 D
1 15 3 10,9 35-50.8 120-24.2 Zat T leb T 146 %,9 0.0 0.3 0.3 0,02 8
1 16 53 24.8 35-45.8 120-23.6 13,3 - 0.7 5 239 4.5 0,10 D
JUL 1 18 8 2,6 35=45.2 120-18:9 4,6 Q.7 5 179 0.5 - 0,110
I 18 30 40.6 35-46,0 120-19.,5 8.9 0.7 6 94 1,6 0.4 1.2 3,1 0,06 B
1 18 30 59,2 B35-46,2 120-19.8 10.9 0.0 5 93 2,2 0.06 D
1 18 46 19,1  35-48.8 120-21.6 ° 3.5 0.8 7 187 2,1 0.1 1.0 0.7 0.06 6
1 20 4.49.2° "35-48,0 120<20.4 ° 3,2 0,3 6106 148 0.0 046 0.6 0,04 B
1 20 9 14.5 35+47.0 120~20.4 7.9 0.1 6 125 1.7 0.1 0.5 1.2 0,03 B
1 21 7 20,4 35-45.0 1720~18.67 4.5 0,0 6 106 0.7 0sl 08 1.6 0.07 B
1 22 6 47.6 35-456,4.120-18.6 3.7 2.0B7 7 102 1,9 0.0 0.5 0.5 0.06 A
1 22 14.88,3 35«47,7 120-20.6 1144 0.7 5 250 ° 1.3 0.0 D
1 23 9 36,8 35-49,7 120~22.4 3.4 0.3 6260 1.9 0.0 0.5 0.2 0,02 C
1 23 10 40,7 35=48,5 120-21.2 4.7 7 0.6 6 170. 1.9 0.0 0.2 0.4 0.01 B
1 23 57.32,6 35-49.5 120~22.1 = 4.1 0.4 5 241 1.6 0.03 D
2 1. 8.60,5 35-52,7 120-25.9 3.2 2.7 8 152 8.8 0.0 0,3 0.5 0.02 8
2 1.42 55.8 35-47.6 120-20.6 8.9 1.7 7 92 1.3 042 08 1.9 0,05 A
2 217 31.8 35-49,7 120-22.8 5.2° DeR 6 264 2.5 042 1.0 1.0 0,02 C
2 2 50 31,1 35-45.4 120-18.9 ~R,3°° 0,8 5 88 0.3 0.06 D
2 .2 51 22.6 35-47.8 120-21.1 530 ° 0.6 7 138 0.9 0e2 1.1 2.2 0,09 B
2 3 38 26.6 25446.6 120-19.9  7.0° 1.0 5110 2.7 0.01 D
2 3.5R 28.1 35-46.7 120-20.1 6.0 0.0 4 112 2.5 0.00 O
2 & 6 3.3 35-58,6 120-30.9  5.0% 1.8 9 165 17,3 0.0 0.3 0.02 C
2 5752 20,9 35-51.% 120-24.37 -1.9° 0.2 5 299 Bi4 0.05 D
2 8 22 89,7 35-48.1 120~20.7 ° 4.2 0.6 T 122 147 0el 04,5 1.1 0,04 B
2 6 39 52,3 35-46.0 120-193° 9.5 0.3 &6 94 1.5 0.2 0.6: le6 0.03 B
2 7 3 31.3 35-81.2 120-24.3 = 2.5 2.0 9 146 5.3 0.0 0.3 0.3 0.03 B
2 7 11 19.6 '35-47.9 120-2045 3.1 0.3 6 108 1.6 0.0 0.5 0.5 0.04 B
2721 13.0 35-647,8 120-20.9 846 1.0 7 118 1.0 0«1 0.5 1.1 0.03 A
2 T 37 19.9 35-45.9.120-19.3 ~ 7.3 1.1 ° 794 1.4 0.1 0.4 0.9 0,03 &
2 7 S1 21.9 35-4B.4 120-20.9 3.2 045 7 143 2.0 020 046 0.6 0.06 B
2 T 58 2646 35-46.8 1202046 3.17 =0.0 T 114 1,7 0.2 1.7 2.6 0.20 B
2 B 13 846 35-47.5 120-21.0 T+9 ~0,0 6 170 047 042 0.7 1le4 0,03 B
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TABLE -2 (CONTINUED)

1966 HR MN. SEC- ~ LAT N * LONG W ~ DEPTH MAG NO GAP DMIN ERT' ERH ERZ MD

JUL .2 8 28 16,9 35-46,3°120-19.6 4.1 =0.0, 6 100 2.1°0.1 0.9 2.3 0.08
2 9 30 12.4 35-47.1 120-19.5 = 3.4 0,8 7 85 3.1 0.0 0.3 0i4 0.04
2 9 40 8.6 35247,0120=20.2 3.8 =0.0 4 126 2.0 . 0.03
2 9 40 15,1  35«47.1 120<20.2 - 3.5 0.6 -7 B6 2.0 040 044 0.5 0,05
210 44 38,0 35-55.8 120-28,2 = 5,0% 1,2 .8 162 15,2 0,0 0.8 0.04
2 1131 53,2 35-45.6 120-19.6 . 7.1 0.5 5 184" 1.5 0.01
2 11 42 1048 35-69.3 120-22.4  B.5 ' 04,6..° 6 273 3.7 045 2.0 2.5 0.03
2 12 8 34,3 35-46,9 120-~19,9 8.0 3,78 9 B0 2.6 0.0 0,2 0.4 0.03
2 12 16 14,9 35-47,3 120-20.6 9.1 3,48 9. 82 144 0.0 0.3 0.6 0.04
2 12 25 6.1 35-47.5 120-20.0 © 8.2 3,18 9 - B9 2.2 0.0 0.4 0.6 0.04
2 12 37 14.6  35-46,9 120-20.0 7.0 1.0 7 B9 2.4 0,0 0,2 0:6 0.02
2 13 58 0.1 35-53.8 120-26427 0.9 1.6 9 158 105 0.1 0.7 1.1 0.06
2 14 16 2.9 35-47.3 120-20.7 - 8.0 0.8 7 BT 142 0.1 026 1.4 0.04
2 14 33 26,2 35-47.4 120-2040 1.2 0.4 7 -B8 .2.2 0.1 0.5 0.6 0.06
2 14 43 4.6 35-47.9 120-20.5 3.5 0.k T 108 1.6 0.0 0.4 0.4 0,03
2 20 49 22.3 35-47,6.120-20.6- 8,2 1.1 5 170 1.3 0.01
2 20 57 27.4 35-48,2 120-21.0 843 2.1B 8,118 1,5 0.1° 0.7. 1.0 0.06
2 21 53 19,1 35+46,6.120-19.9 8.4 - 046 6 113 2.8 0.2 0.6 1.6 0.03
2 22 9 37,1 35-47.2 120-20.0 8.9 . 2,08 8 83 2.2 0.0 0.4 0i7 0.05
2 23 11 58,7 35-67.6 120=19.5 . 4.4 1.8 .- 6 91 2.9-0.0 0.4 lul 0,03
3 0 3 15,6 35-49.4 120-22.2 5.0 1.7 & 235 1.8.0.1 048 1.0 0.03
3.0 14 58,9 35-47,5 120-20.8 B3 .. 0.8 - 5 145 1.0 0406
3 1 50 52,0 35-48.6 120-21.0 4.1 - 0.7 4 158 2.2 0.00
3 2 3 43.6 35-48,4.120-20.8 . 11.1 - 1.6 - .5 152 2.1 001
3 3 2 44,2 35+48,7 120-20.8 11.5 0.3 . 4 299 2.6 0.00
3 4 49 3.5 35-48,2 120~20,3 3.6 1.4 . 5.165 2.2 0.00
'3 5 30 54.1 35-53.4 120-26.3 11,0 . 2.6 . .8 155 10,1 040 0.4 0.9 0.03
3 5 59 23.5 35-50.2 120-23.3 . 3.3 0.1 . 4 286 5.7 0.00
3.6 27 6.1 35-55.3 120-27.6 5.0% 1.1 6 162 17.2 0sl 144 0407
3 7 9 12.6 35-47.7 120-20.7 A.6 .. 0.3 5 182 1.2 0.01

JUL 3 9 3 47.3 35-54.1.120~26.8 7.5 1.8 7 160 1125 0.0 0.5 1.4 0.02
3 9 24 23.1  35-45.4 120-19.1 5.9 . 0.0 5 92 0.6 0403
3 9 24 28,4 35-47.8 120-20.47 4.1 . 0.4 - 4.183 1.6 0405
3 10 39 29.3 35-46.8 120-19.8 3.0 1.1 .6 88 2.8.0.0 0.4 0.7 0.04
3 10 53 21.1 35=52.6 120-25.7 2.0 143 8 151 8.0 0.0 0.4 0.4 0,03
313 65 6.7 35-47.9 120-20.4 342 . 0.5 6 100 1,8 0,0 0.6 0,7 0,05
3 15 51.23.6 35-4b.4 120-19.7 8,7 0.8 5102 2.4 0.02
318 37.32.1. 35-47.9 120-20.3 11.0 1.1 4.259 1.9 0400
3 20 22 25.9 35-55.4 120-28,3 2.9 2,98 8 169 2,1 0.0 0.5 0.5 0.06
3 20 27 2041 35-55.5 120-2B.0  5.0% 1.6 5 173 14.6 0.0 1.0 0.03
321 11 T.6 35-47.8 120~22.6 _ 2.7 0.1 4 289 1.9 0400
323 20 38.5 35-49.8 120-19.4 2,0% 0.7 & 293 5,3 0.07
4 O 41 17.7 35-51.4 120~24.3 2,2 2,0 8 150 5.4 0.0 03 0.4 0.03
4 0 42 54.8 35-51.4 120-24.47 2.1 1.6 7 166 5.6 0.0 0,7 1.0 0.07
4 2 29 55,9 35-48.3 120-20+8 945 . 1.3 6 185 1.8 0.0 0.4 0.6 0.02
4 3 4 S5Teh 35-5048 1202440 2.1 . 2.4 9 140 435 0.0 046 0.8 0,07
4 3 34 11,9 35-47.4- 120-20.3 9,0 . 0.7 5225 1.7 0.00
4 3 40 14,1 35-45.9 120-20.2  T.0 = 0.8 4 147 2.4 0.00
4 5 28 48,7 35-51.1 120-23.9 2.5 2.98 11 140 4.7 0.0 0.1 0.1 0.02
4 6 9 .27.9 -3545,7 120~20.8 - T.9 0.7 7 135 3,2 0.2 0.8 2.2 0.07
4 6 11 19.5 35-50.2 120-23.4 3.0 049 7 284 3.5 0.2 1e2 0s% 0.03
4 6 56 36.9 35-6T.2 120=19.9 643 0.8 .6 82 2.3 0.1 06 1.8 0,04
6 7 46 534 35-52,6 120-25.4 1e8 1.1 9165 8.1 0.0 0.l 0.2 0.0l
4 T7-52 20.5 35=52.6 120=25+6 . 2.1 . 1.3 9 164 B,1 0,0 Del 0.2 0.01
4 B 20 45.6 35-52.3 120-25.4 T.6 . 1le3 9 160 7.8 0.0. 043 0.8 0.03
4 B 30 36.8 35-48,3 120-20.8 . 3.4 0.7 6 226 1.8 0.0 0.6 0.4 0,03
6 10 22 20.9 35=48.8 120-21.%4 . 3.3 0.5 9 83 2.1 0.0 0i3 0.3 0.0%
4 13 59 52,3 35-45,2 120~1845 = 845 042 5 107 0.4 0.03
4 15 44 54,5 35-50.6 170-23.9  2.8% 0.7 4 293 4.3 X 0.00
4 18 4 1l.4 35-5842 .120=30.2 5.0% 1e9 77166 23¢8 0.0 1.4 0406
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TABLE 2 {CONTINUED)

1966 HR MN SEC LAT N LONG W DEPTH MAG NO GAP DMIN ERT ERH ERZ MD @
JUL 4 19 32 48.0 35-47.4 120-20.7 9.0 1.2 6 159 1.1 0.3 1.0 2.1 0.04 C
S 0 7 22.3 -35-46.1 120-19.4 Tab6. 0.9 9 92 1.7 0«0 0.4 0.7 0.05 A
5 1 27 42.4 35-54,7 120-27.97 1l.4 2.2 10 128 3.0 D.l 0.4 0.4 0.05 8
S 1 37 28.9 35-46.0 120-19.8 8.1 0.9 4 101 1.9 " 0,00 D
5 2 53 50.0 35-45,7 120-19.2 7.0 0.3 5 177 1.0 0,01 D
5 3 15 58,8 35-47.5 120-20.6 8.3 1.6 9 81 1.3 0.0 0. 0.4 0,03 A
S 4 14 19,2 35-46.1 120-19.4 7.0 0.3 B8 91 1.7 0.0 0.3 0.5 0.03 A
5 4 34 27.3 35-4T7.2 120-20.7 Te2 0.6 5 133 1.2 0,02 D
5 5 28 22.1 35-45.6 120-19.1 Ta7 0.7 9 99 0.8 0.0 0e4 0.8 0,04 A
5 8 6 4.4 35-44.1 120-17.0 5.0 0.0 6 128 1.7 0.0 0.5 1.0 0,04 B
5 9 57 2541 35-44.2 120-17.6 10.6 0.8 6 119 2.2 0.2 0.5 1.5 0.02 B
5 13 1 12.1 35-47.8 120-21.3 8,3 0.8 6 240 0.7 0.2 0.8 1.5 0.03 C
5 14 22 51.7 35-47.9 120-20.6 3.6 0.2 4 200 1.6 0.00 O
5 16 13 9.9 35-47.0 120-20.3 7.5 1.0 5 126 1.9 0.01" D
5 17 15 23.1 35-45,3 120-18.2 10,0 1.0 6 111 OB 041 0.4 1.2 0.02 B
5 18 3 45,0 35-49,2 120-22,1 4.9 1.5 6 223 2.0 0.1 0.6 0.7 0,02 B
5 18 35 12.3 35-49.3 120-22.4 3.1 0.6 T 240 242 062 1e2 0.7 0,06 C
5 18 50 32.4 36~ 4.6 120-41.5 5.0% 1.6 6 233 7.7 0.3 3.0 0.05 D
5 18 54 54.4 35-55,0 120-28.1 3.5 3.1 11 125 2.4 0.0 0.3 0.3 0.05 8
5 19 44 23,1 35-44.6 120~17.5 10.3 1427 7 122 2.3 0.1 044 1.1 0.03 B
5 19 45 18.4 35-45,4 120-19.4 7.0 0.9 6 98 1.1 0.1 0.6 1.4 0.04 B
5 19 45 53.8 35-44.,6 120-17.7 '10.3 1.2 9 120 2.1 0.0 0.2 0.4 0.02 A
5 20 T 44.1 35-44,8 120-17.9 T8 0.0 5 130 1.6 ; 0.01 D
5 22 18 50,0 35~47.5 120-20.4 3.4 1.0 8 112 1.6 0.0 0.3 0.2 0.04 A
5 22 43 51.1 35-47.8 120-20.3 3.5 0.3 6 185 1.8 0.1 1.1 0.9 0.07 C
5.22 52 11.5 35-51.4 120-24.1 0.4 1.1 9 158 5.2 0.2 0.4 1.0 0.05 B
6 0 7 29.4 35-55.2 120-28.5 440 1.3 10 157 1.7 0.0 0.5 0.8 0.05 B
6 118 16.4 35=55.5 120-28.4 5.0% 1.5 6 164 18,2 0,0 0.6 0.03 C
6 1 43 30.7 35-45.6 120-19.2 10.1 0.6 5 92 0.8 ! 0,02 D
6 3 46 10.1 35-55,7 120-28.7 4,5 2,0 10 108 1.4 0.0 ‘0,2 0.3 0.03 A
JUL 6 4 25 43,8 35-44.6 120~17.4 10.9 0.9 5 124 Z.4 0.02 D-
6 6 54 5.4 35-46.4 120-20.1 11.8 0.5 5 105 2.7 ~0.05 D
6 T 8 15.6 35-50.7 120-24.0 2.2 1.3 8 150 4.4 0.0 0.6 0.8 0.05R
6 T 12 46.4 35-46.7 120~19.6 1.3 1.5 8 B84 2.8 0.1 0.5 0.5 0.06 A
6 T 13 44.0 35-48.7 120-21.2 3.4 1.1 8 88 2.2 0.0 0.2 0.2 0.03 A
6 9 33 54,1 35+49.4 120-21.9 3.9 [ 4 271 3.7 0,00 D
6 11 29 52,8 35-51.3 120-23.67 2.0 0.6 5 296 4.5 0.03 D
6 13 22 43,5 35-45,3 120-19.2 8.1 0.5 5 94 0.7 0.02 D
6 14 28 29.1 35-48.6 120~21.7 7.1 1.0 5 259 2.1 0.02 D
6 15 8 3,0 35-47.4 120-20.5 10.7 0.5 5 151 1.4 0.08 D
6 15 57 3646 35-52.7 120-25.7 9.9 1.8 9 152 7.9 0.0 0.3 0.6 0.03 8
6 16 43 13,2 35-47.7 120-21.1 8.5 0.5 5 207 0.7 0.00 D
6 17 19 22,0 35-47.9 120-20.4 3.3 1.2 6 102 1.7 060 0.5 0.6 0.04 B
6 19 21 3,8 35-47.1 120-~19.9 l.1 0.9 8 80 2.4 01l 0.5 0.5 0.06 A
6 20 14 7.9 35-48.3120-20.7 3.3 ta1 6 127 1.9 0,0 0.7 0.8 0,06 8
' 6 23 24 33.4 35-48.2 120-20.4 3.6 0.3 5 109 2.1 0.00 D
6 23 41 19.5 35-44.,6 120-18.6 9.3 0.0 4 213 1.4 0.00 D
7T 2 17 5.6 35-55.1 120-27.9 3.8 1.6 7 178 3.5 0.0 1. 1.0 0.05 C
T 4 27 1846 35-47.0 120~19.4 2.0 Q.7 8 86 3.2 0.0 0.4 0.6 0,06 A
7 5 7 DO 35-54.3 120-27.1 5.2 1.8 11 140 1.6 0.0 0.3 0.5 0,03 B
T 5 T 5440 35-58.,5 120-36.0 5.0% 1.8 5 196 19.5 0.2 3,3 0.08 C
T 14 37 T.4 35-46.3 120-20.7 S5.0% 0.9 3 163 2.5 : 0.00 D
T 15 46 50.2 35-56.,2 120-29.3 4.9 1s4 11 210 1.3 0Oel 0.9 1.1 0,04 8
7 17 38 38.1 35-47.3- 120-20.9 7.0 0.5 4 146 0.9 0,00 D
7 19 18 15.1 35-46.9 120-19.8 3.0 0.5 4 123 2.7 0.03 D
7 21 27 40.4 35-=48.1 120-20.7 3.9 0.5 4 218 1.6 0.06 D
T 22 27 22.7 35-56.5 120-28.9 5.1 2.3 6 163 1.3 0.0 1.1 0.7 0.02 C
T 22 44 12.0 35-45.2 120~18,.3 7.8 Q.4 5 110 0.7 0,01 D
T 23 4 33.0 35-50.7 120-24.0 5.7 1.0 5 293 7.1 0.07 D
8 1 11 18,8 35=56.8 120-17.9 10.,2* 1.0 5 329 14.9 0.7 3.7 0.03°D
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TARLE 2 (CONTINUED)

1966 HR MN SEC LAT N LONG. W DEPTH - MAG N0 GAP DMIN ERT ERH ERZ MD
JUL B 1 33 27.1 35-46.4 120-19.7 2.1 -0.5 5 94 3,3 0.08
B 2 2 2.3 35-45,1 120~19el beb 0.5 6 94 0.7 0.0 0e3 0.8 0.03
8 2 34 2.4 35-55,4 120-1843 10,0 142 ° 7 320 1lel 144 5.7 4.6 0,03
8 2 37 10.5 35+46.9 120-20.1 7.0 0ub 5 212 3.5 0.03
8 4 49 10.8 35-48,0 120-2047 5.0 0.2 5 208 1.5 0.01
8 9 39 49,6 35-44.3 120-17.3 9.0 0.1 5 150 2.1 0.00
8 10 B 30.6 35-48.4 120=21s1 3.5 0ue6 9 86 1.8 0.0 0o5 0¢4 0.07
8 12 25 2.4 35-4B.6 120-21.2 3.0 . 0.7 G 87 2.2 0.0 0.4 0.4 0,06
8 12 44 21,4 35=46.0 120-19.2 5.7. 0.0 5 95 4.3 0401
8 14 10 41.9 35~46,5 120-20.1 B.6  0u4 6 105 2.7°0e1 0.5 1.2 0.02
B.15 39 5.6 35~44,4 120~17.3 9.3 046 6 126 2.4 01 0.5 1,4 0,03
R 16 45 54,8 35-53,9 120-26,7 5.7 1.9 12 143 2.5 0.0 0u5 1.1 0.07
8 17 31 11.6 35-50.2 120-23.0 3.6 0.0 & 285 5.6 0.02
8 17 57 5042 35-50.9 120=24¢1 2.9 0.8 10 149 4.8 0.0 0.3 0.4 0.03
8 27 23 48,9 35-55.6 120-2844 5.1 1.3 11 160 1eB 0.0 ‘0.6 0.8 0,07
8 23 51 43.8 35-49,0 120-22.,3 7.0 0.4 5 269 3.1 0.00
9 0 32 49.9 35-48.5 120-21.2 3.4 0.1 6 169 2.0 0.0 0.5 0403
9 0 54 5,7 35-53,1 120-18,3. 9,5 . l.4 10 232 7.3 0.0 0.6 0.6 0402
9 1 12 4144 35-58.5 120-18.1 13.2% 1.2 5 336 18.1 0.3 1.9 0.01
9 1 28 3.4 35-48,9 120-2240 beb 0.6 . 5 266 2.8 0.00
9 1 53 13.8 . 35-47.7 120-20.8 9.6 0.3 4 236 5,3 0.00
Q@ 3 33 39,9 35-52.9 17202449 3.7 1.6. 11 157 5.8 0.0 0.6 1.5 0.08
9 4 14 28,1 35-46.9 120-19.8 2.3 0.5 9 B2 2,7 0,0 0,2 O.% 0.05
9 6 26 42.6 35-54,5 120-1847 9.7% 0.9 & 315 9.4 0sl 0.9 0402
G A 45 109 35-55,2 120-1846 11.6% 0.9 5 321 10.6 0.0 DOe 0.01
9 7 0 59,9 35-47.3 120-20.7 7.3 0.3 5 140 1.2 0.03
9 AN 4 4747 36— 1.4 L19-58.6  S5.0% 2.9 7 286 35.2 0ub 2.3 0404
9 13 1 2B.1 35-46,1 120-1942 6.7 0.8 G 94 1.6 0.0 0e2 0.5 0.03
9 14 T 4T R 35-49.4 120=2243 7.0 1.5 10 106 1.9 0.0 0.3 0.7 0.04
Q.14 56 44648 35-51,0 120=23,8 4,92 0.5 7 216 4.4 0,1 08 1.7 0405.
JUL 9 17 21 4.6 35-48.2 120-20:0 3.0 0.6 5 110 2.6 0.05
9 21 37 59.0 35-48B.1 120-20.6 3.4 0.6 9 92 1.7 0,0 0s% 0.4 0,05
10 0 6 22.3 35-47.2 120-20.4 7.7 0.1 4 135 1.7 0.00
IN. D 42 AR 35-47,0 120-20.2 R0 2.4 11 79 2.0 0,0 0.3 0.5 0.04
10 3 11 31e4 35-45.6 120-18.7 2.8 0.0 7 104 0.5 0.0 0.3 0.3 0404
10 6 46 29.1 35=57.2 120=28.7 10.2 1.5 12 164 5.0 0.0 0.6 1.0 0.06
10 7 39 6.2 35-646.3 120~19.7 8.0 Od4 8 100 2.2 0.1 De4 0.9 0.03
10 8 39 42,2 35=47.0 120~19.6 3.9 0.2 6 132 2.9 0.0 0.4 0.7 0.03
10 8 43 51,7 35~49,6 120=22,3 4,4 1.4 10 143 4.2 0,0 0.2 0.7 0.03
10 9 22 30,2 35-67.4 120-2044 9.9 2,4 12 83 1ot 0.0 0.3 0.7 '0.06
10 13 6 52.0 35-67.0 1202041 6e3 0s& 6 129 2.2 0.2 0.9 2.3 0.04
10 21 31 31.1 35-49.4 120=22.4 5.2 0.7 9 187 3.9 0.0 0.1 0.3 0.01
10 23 9 33,3 35-4H.8 120-2142 3.5 0.6 9 B8 2.0 040 0.3 0.3 0.04
110 13 59,5 35-54,4 120-27.0 5.0% 0.5 7 315 12.2 1.5 6.9 0.06
11 0 31 1.8 35-46.8 120-~20e1 Te3 0u8. B8 115 2.5 0.0 0.2 0.5 0,02
11 0 56 5646 35-52.9 120-26.0? 4.3 1.1 11 163 4.4 0.0 0.5 1lel 0405
11 1 35 5644 35-49,0 120-21.9 6.0 0.4 B 265 249 0.0 0.4 0.4 0,01
11 2 17 35.5 35-55,6 120-2846 3.5 .1.2 12 156 2.2 0«0 0.4 043 0.05
11 3 44 7.2 35-51¢4 120-26.6? 2.6 0.6 11 153 5.9 0.0 0.3 0.4 0,05
11 3 46 45,8 35-46.9 120-1945 4.0 0ol 8 124 3.0 0.0 03 0.8 0.04
11 3 55 54,2 35-51.2 120~24e4 0.6 Lo 10 152 5.4 Ou4 047 1.4 0.03
11 5 15 2.2 35-48.0 120-21.1 9.1 1.8 11 81 1.2 0.1 0.5 1.0 0.08
11 5 40 35.3. 35-46.1 120=1943 Te6  Oeé 10 70 1.5 0.0 0.3 046 0.04
11. 7 16 4l.% 35-55,6 120+29.6 . 6.4 0.8 10 290 3.0 0.4 1.7 1.6 0.06
11 8 47 11.8 35-56,6 120-2946 346 0e7 -9 297 445 lal 449 1lel 0.09
11 9 3 57.5 35-51.3 120~2440 1.7 2.2 12 148 5.0 0.0 0.3 0.4 0,05
11 10 21  Te2 35«57.6 120-30el 9ol _ 1.9 12 160 645 0.0 0.4 0.7 0,04
11 12 17 0.7 35-47.6 120-2047 844 040 8 178 1.2 0.l 0.5 0.9 0.03
11 15 26 45,0 35-48,7 120-21e7 5.8 0.7 9 175 2.4 0,0 0.2 0.4 0,03
11 1S 26 58.4 35-48.8 120-21.8 5.5 0.8 9 177 2.5 0,0 0.1 0.2 0.01
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TABLE 2 (CONTINUED)

1966 HR MN. SEC LAT'N "“LONG W- ~DEPTH ' MAG 'NO GAP DMIN ERT ERH ERZ MD @
JUL IL 17 46 41.8 ° 3524T7.7 120-20.8 - 8.4 1,2 © 81820 5.3 0.0 0.2 0.5 0.02 8
11 20 4} 1049 “35=45,4 120=19:4 7.2 156 9 17T 71,0 040 0.2 0.5 0,04 4
11 21 42 25,2 35-54,6 120-27s0 2,0 2.3 10 156 11.4 0.1 044 0,9 0,02 8
11 21 52 55,2 '35-58,9 120-27.8 5.0% 1.9 10 177 18,5 0.0 - 0.9 0,09 €
11 23 45 43,3  35-45,86 '120-18.5 4.8 0,6 6. 8% 5,5 0.2 0.9 5.9 0,03 C
12 01197 5.6 35-47,37120-19:8 3.6 0,8 9 86 2.5 0.0 0.2 0.3.0.03 A
12 138 25.9 35-47.9 120-21.2 845 143 9 160 10 0.1 0.4 0.8 0.03 B
12 4 25:12.8 35-47,8 120=20:6 2.2 0,20 10 ‘86" Te4 0.0 De3 0.5 0.08 A
12 614 16,7 “35=-47.9120-19.9 1.6 044 8100 2.4 0s0 0Ne3 0.8 0405 A
12 7627 50,5 -35-50,6 120-23.7 2.07 0.5 8 210 4451 0.0 0.2 0.2 DLO1L B
12 © 8 24 45,3 - 35-51.2 120=24,5 " 78" 1,2 8220 8.3 0,0 043 0.7 0,02 B
12 1137 2748 35-45,6 120-19:8 6.5 04 7105 146 0.0 0,2 0.5 0402 A
12719 53 6.4 35244,9 120-17.9 ° 10,9 142 “ 8203 °1e5 0.2 0.9 204 0,09 B
12 2117 32.2 - 35-44,5 120-18.0 9,7 0,3 5 173 1.9 : 0.01 D
12 27732 43,5  35-47,2 ‘Y20-20.9 9.5 1.0 7144 0,900 “043 0.4 0.02 B
13 0 ¥ 53,2 35-47.0 120=18.7 0,8 0,2 4 127 3,0 0.00 D
13 4 20 2,7 - 35=51,3-220-24.3 2.3 2,2 11 146 5.4 0.0 0.2 0,2 0,02 B
13 6 21°30.3 - '35-82.5 120=25.7" 0.6 0:5  '9°308 8,4 0,8-1.9 1.9 0.06 C
13 04 37-46,3 - 35-49,2 120-22,1 643 0,8 7 10-1367 1y9 0.0 0e3 0.5 0,03 B
135 30 12,8 "35=52,1 120-24.9 9ol 1.3 TR 304 49 0.3 1e4 0 14] 0,02 C
13 6 44 3,8 35-53,0-120-26,0 10,57 1.9 10 151 9.2 0.0 0.3 0.7 5,03 B
13 9 30 15.3  35-46.,0 120-19.2 TaT" 049 9 72 Ted 0e0 0.2 0.6 0,04 A
13 9 52 13,4 35-48.6 170-21.1 4607 0.7 010 8% 2.1 0.0 0.2 044 0,06 A
13 12 7 36,0  35=48,1 120-2046 4,1 0.2 8 116 1.8 0.0 0¢5 0.9 0.05 A
I3 12 36 25,3 35-45,6 120-1B.6 540 042 & 83 5,1 0.l 0.4 1.9 0,03 8B
13 16 44 2R.935-86,2 120-27.9 5.0% 2.2 6 161 22,4 0.0 0.6 003 C
13018 17 43,6 35-57.8 120-29,9 14,3 242 11 162 677040 - 0.6 0.5 0,05 B
13 18 53 '10.4 ° 35-58,6 120-28,9 5504 1.6 7 TT0 1948 0.0 1.1 0.05 G
14 %6 29 88,7 35-51,3 120-24,0 " 1.9 1,6 14 143 5,0 0.0 0.2 0.3 0,05 8
14 78 31 31.6 35-45,2 120-18.2 8.9 0.6 8 75 048 0.0 042 0.7 0,03 A
JUL 14 97 71741 35-45.5 120-19,5 7.5 O -~ B 899 1.2 0.1 0.7 1.5 0.06 A
Y& 9 28 7.4 35=48,2 120=20,6 3.2 042 8 121 148040 0u4 0.4 0,05 1
14 14 277 0.2 35=48.1 120-2046 3.2 043 8017 - 1T 0e)  Oaé’ 0.4 005 A
T14 1T 032,88 35-48,5 120-21.1 443 0.6 9119 2,000,000 0.2 0.4 0.03 A
14 18- 9 18,3 " 35-49,3 120-22,3 5.8 1e2 14 BB 260 040 042 " UGad 004 A
14 23 4 37,4 35-52.9 120-25.6 3.6 2.8B 12 144 %e9 D0 Da2 0.2 0,03 B
15 .0 20 21.1 35-4%,9 120-23,2 36T ek 6 275 3K 0.8 4,70 1.2 0,07 D
15 0. 24 29.5 35-52.8 120-25,7 3.0 1ok 11 142 " 449 0.0 De4 - 045 0404 B
15 .0 30 40,6 35-4T7.6 120-20.4 1.8 2.0 11 BT 1.670.0 0,2 0.4 006 A
16 1 43 "9.3 " 35-50.6 120-23,92 3.4 1.2 5 304 4,3 0401 D
15 .1 51 15.9° 35-50,9 120-24.2 5.2 1.0 6 306 4.9 1.0 4,6 2.3 0.04 D
18 213 16,2 35-47.4 120=21.2° 12,0 0.6 5 147 0.4 0e0L D
15 4 4 1.6 35-47.5 120-20.& ° 7.5 1.6 13 82 - 1.2 70,0 0.3 0.6 0.06 A
15 6 21 27,3 35-5648 120-29,1% 9.7 155 16 117 143 0.0 0.3 044 0,06 A
15 Y1 13 7.6 35-49,4 120-22.5  T.5 " 0.7 7276 440 0637 145 1.5 0:03 C
15 19 24 35,1 35-50.4 '120-23.3 2ot 7 L4 13 137 3437040 D43 "0a4 0,05 B
15 19 28 21.1  35-48.3 120-20.7 34l DT 995 : 1,9 0.0 042 - 042 0404 A
16 "3 3 6.3 35-45.9 120=19,5 Te1 1a% 1172 1ab 040 0,47 0.9 0,07 A
16 3 - 6 47.6 "35=48,0120-20.2 2.6 2.3813°100 - 242 0.0 . 0u3 " 0% 0,08 A
16 322 4045  35-46.8 120-19.6 347 F =041 7:123 350 0.0 0,3 0,9 .0.03 B
16 4 R 42,3 35-44,6 120-1T7.8° 1045 07 B T0 240. 040 D62 0,7 0.02 A
16 . 4 39 55,9 35-548,6 120-2046 446G 0e3 " 8129 ‘2.5 042 1.0 2,004,068
16 4 4T 26,3 35-48,0 120-20.2 2.6 7 0uh 10 99 2.1 060 0.2 0.2 0,04 A
16 '8 42 9,9 35-50.5120-23.2 266 0 2.2 ‘147139 3.3:0.0 002 042 0.04 B
16 7 5 23.9 35-55.7 120-28.8 3¢b . 1e¢9 15 100 - 1e2 040 043 D2 0404 A
16 7 45 57.0 35-47.9 120-20.4 " 3.l 0.5 11 93 . 148 040° 042  0e2 0403 A
16 17 13 164 35-47.5 120-20.6" 842 0.8 - 9 81 ‘1.2 0.1 0s3 070,03 A
16 17 51 39,9  35=51.6 .120~24.3 24 047 10 143 547 0.0 0.1 041 0.02 B
16 19 7. 39.5% 35-52.8 120-25.9 3.4 1.2 13 °140 . 4.7 0«0 De3: 044 0403 B
16 19 31 1ol  35=50.0 120-22,6 = 3.5 " 05 7 282 5.1 0e¢4 242 0460405 C
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TABLE 2 (CONTINUED)

1966 HR MN . SEC - LAT N LONG W . DEPTH.. MAG. NO GAP DMIN ERT ERH. ERZ MD
JUL. 16 .20 24 32.1 35=53,2 1720-26e% - B,9 1.2 11 140 3.5 0,0 042 0.6 0.02
16 23 26 22.4  35-47.5 120-20.8 . 9.3 1e6 11 104 1.0 Q0 043 0,7 0.05
1T T.25 20,6 35~5149 120-74.8 " 2,5 148 14 143 6.6 0.0 0.1 0.2 0,02
17 8 43 46.4 35-45.1 120-19.2 5¢7° 0.9 12 .65 0.8 0.0 043 .0.7 0,06
17 79 5 50.1  35-49.7 120-22.8 " 6.6 ‘0.6 . T 294 4.7 0.5 2.2 1.7 0.03
17 . 9.51 30.8 .35=48,3 120~20.8 . 4,1 0.5 .9 1386 1.9 0.0 D4 046 0,03
17 .10 47, 1.9 35-47.0 120-19.3 = 2.3 0.8 11 B4 3.2 0.0 043 0.5 0,08
17 10 S50 32,4 35-48.0 120-21.2" 9.6 1.8 15 82 1,1 0.0 .0.3 0.5 0.05
17 15 4 5.3  35-48,3 120-20.8 3.1 045 = 7 153 3.1 060 0,5 0.6 0,04
17.:20. 45 24.3 35=52,9 120-26.0 . 9,9 1,0, 14 140 4.4.0s00 043 06 0,03
1721 16 3,0 -35=55,7.120-28.7 3:9 1eZ 15105 1.4 040 0a2. 03 0.04
1722 39 49.8. 35-48.8 120=21,9 . 743 - 0.8 -11.123 2.6 0+0  0+2. 046 0,04
18 -0 31 2,7 .35-54,6.120-27+5 4.2 1.8 12 .134 1.0 0.0 0.2 0.3 0.03
18 1 5 28,8  35-47.4 120~20.7 8.9 0e4 . T7.159 1,1 0.0 0.2 . 085 0,01
18 . 1 55 20.2 35-57,7 120-3048 « 14,5 146 13 145 4,0 0.0 0.5 044 0,06
18 4 50 16,0 35-47.2 120-20.1 669 043 6138 2,0 040 043 0.7 0.01
18 5. 2 2.8 35-48,9 120-21.7 642 Ot T.262 2.7 0l 0.6 0,7.0.02
185 13 10e5 35-45,4 120~18.9 Sel 042 6 B6 5,1 0.1 0.5 2.2 0,04
18 6. 1 33,7 35-55,8 120-28.2 .. 1040 1.7 14126 241 0,0 0,2 .0.3 0,03
18 12 45 41,3 -35-48.0 120-21.0 9,3 0eB © 11 111 1,2 0.0 0.3 0.6 0,04
1814 13 59.3 . 36~-1.9 120= 8.6 - 5,0% 1.4 . 9 263 26.6 0.1 0.8 0..04
18 23 48 49,2 35-47.3 120-20.5 _ 7.8 1e2 120 79 1.4 0.0 0.3 0.7 0,06
19 0 22 16.6 35-48,1.120-2045 3.5 0.6 11. 95 1.8 040 0.1 0,2 0,03
19 4 21 5044 35-47.2 120~19.6 3.8 0.5 10 86 248 0.0 04 1.4 0.07
19 - 5 51 20,0 35-47.9 120-21.1 9t 0,7, 11 110 1.0 0.0 0.3 0.7 0,04
19 6 16 27.3 35-47,4 120-20.5 749 0.5 . 7 157 1.4 0asl 044 0.8 0,02
19 -6 45 11.2. 35~47.9 120-21.0 7.7 0.6 . 7216 141 0.0 De2 0.4 0.01
19 1450 4,0 35-53,5 120-2648 10.9 . 1.2 10 148 2,8 0.1 0.7 1.4 .0.,04
19 16 21 24.9 35-51,5 120~24.4 247 0.8 10 157 5.8 0.0 043 D43 0.04
19 23 2 6.6 35-44,7 120-17.9 120 0.7 8 91 1.8 0.1 0.4 1.4 0.04
JUL20 0 23 21.1 35=48.,7 120-21.7 Tal 0eb 7261 2.4 0.0 0.3 0,3 0,01
20 7 3 28,1 -35-47,1:120-20.1 Te3 . 0.8 10, 80 242040 042 0.5 0.03
20 10 48 27.4 35=52,7 120-25.4 1,6 0.8 11 166 5.2.0.0 0.2 043 0,03
720 23 37 37.6 3b=46,2 120-19,5 8.5 0.4 8 97 1.9.0.1 0.3 0,7 0,02
21 5 43 59,0 35-56.1 120-19.7 Se0% - De7 . 9.311 11.7 10 4,4 0,06
21 . 9.12 38.4 35-69.9 120-23.0 . 4.8 Outt 10 135 2.8 0.0 0.4 0.7 0,05
21 11 29 503 35-44,1 120-17.0 1049 0,9 10 81 1.7 0.0 0,3 0.7 0.04
21 13 50, 0,1. 35-46,9 120-20.2 7.7 1.6 12 B0 2.1 0.0 0,3 0.6 D.0%
21 13.56 43,8 35-50.,4 120-23.6. 9.1 0.9 10 148 6,3 0.0 03 0.8 0,03
21.16 19 48,3 35-51.2 120=24.0 2.5 0 24387137147 4.9 0,0 042 0.3 0.05
21 20 10 49,8 35-59.5 120-32.2 5,0% 1.8 . 7 334 27.5 2.1 9.3 0.04
21 21 23 49,5 35-57,0 120-29.0 9,0 . 2,78 13161 2.8 0.0 0.3 0.4 0,03
22 035 47.0, 35-50.9 120-24.0 = 2.7 0.7 .9 153 4,6 0.0, 0.2 0.3 0,02
22 .2 35 54,2  35-47.,1 120-20,8 . 1l.4 0.7 © 7.132 1,2 0.3 1.2 2.7 Ds06
22 242 29,0 "35-58,3 120-31.6 6.7 1.6 11160 5.9 0.0 0.4 0,5 0.03"
22 6. 47 205 35-49,4 120-22.1 . B.0 Lel 10 147 3.6 0.0 0,2 0.4 0,02
22 11 27 29.1 35-56,8.120-29.1 9utt Lot .12 160 2,5 0,0 0.7 0.8 0406
22 12 40 6.6  35-54,9 120-27.5 9.5 . 1.0, 11 191 1.3 0el 0.6 1.2 0,04
22 16 42 52.0 35-44,9 120~1844 2.3 . 047 8.105 .1.0 0.0 0,3 0.4 0.04
23 52 43-5644  35-51,2 120=23.9 1.8  2.6B 12 1648 4.7 040042 . 0.3 0,04
23 2 48 46,5 35-49.8 120-22.4 . 240% Def 6 279 149 0e8 . 3.7 0.09
233 2.39,5 35-52.6-120-25.4 140 . 143 10 165 5,4 0.2 043 0.8 0.05
23 A 57 60.0 35-49,9 120-23:02 4.6 . 0e3. 10135 2.7 0.0 0.4 0.7 0.05
2315 5 42,7 35-58.4 120-31.4 11.5 1.5 .11 158 5.9 0.0 0.5 0.5 0.03
23 1621 .30.0 . .35-5141 120-2444 . 4eé4 . 0.9 11°153 5.4 0.0 0.4 1.0 0.06
23 2047 3.6, 354648 120-19:6 3.0 0.1 7 151 2.9 0.0 04 0.4 0.04%
2322 18 3,1 35-49,1 120-21.3 440 0.3 . 5 .263 3,0 : 0.05
23 2315 16.4 35«55.4 120-2843 . 3.1 1.9 127156 2,0 0.0 ' 0.5 0.4 0,06
23 23 40 17.7T 3%5-44,2 120-17.7 . 13.4 1.2 09 " T 243 0el 0.3 0.9°0.04
24 .0 4 2,3 35-44.2 120-17.6 11.1 0.9 . 8 T3 2,201 0464 1.3 0,03
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16
21
13
14
15

TABLE 2 (CONTINUED)

MN

25
30
49
42

56

22
a2
27
34
17

2
45
8
49
41

31
45
26
40
13

5
12

8
47
21

29

27.

23
51
15

20
7
20
5
25

55

1
58
11
41

B

3
44
38
38

58
13
59

5
43

57
38
59
47
55

13
42
15
53
39

SEC

24.5
33.9

25,7
21,1
56,9

17.9
50.1
57.6
1844
4844

5549
32.2
11.3
21406
4441

4246
2646
264

5.5
37.7

36.9

5'3
15.3
16.4
4143

49.1
38,9
10.5
31.2
55.5

38,4
56.8

6.4
23.7
4445

38.7
35.1
4340
28.1

2.7

LAT N

35~48,.9:
35-55,7.
35-53,1

35-52.7:
36-47.4

35-48.0

35-42.0
35-50.2.
35-44.3
36—~-1.9

35-52.1
35-50.8
35-51.6
35-59.5
35-%56.8

35-49,.5
35-58.0
35-49,1
35-56.6
35-53,7

35-54.3
35-54.2
35-48.3
35-51.1

'35-52.9

35-51.2
35-55.8
35~59.9
35-49.0
35-51.4

35-67.7
35-46.0
35-57.8
35-54.6
35+47,6

35-47.7
35-47.7
35-55.7
35-56.1
35-51.2

3574749
35-49.9
35-48.4
35-48,3
35-47.7

35-49.6
35-48.8
35-47+5
35-45.6
35-47.3

35-54.7
35-53.1
35-45.5
35-56.7
354446

35-48.3
35-47.0
35-4842
35-57.0
35-48.0

LONG W

120-21.3
120-28.1
120-2647
120-25.3
120-2041

120-21.0
120=15.6
120-23 .4
120«1746

120-35.2

“120-24.9

120-24.0
120-25.0
120-18,2
120-28.8

120-22.1
120-29.5
120-21.7
120-2840
120-26.4

120-27.1
120-27.0
120-20.9
120~23.67
120-26.1

120-24.0
120-28.3
120-32.8
120-21.7
120-23.87

120-20.2
120-19.,2
120=3046
120-27.1
120=20.9

120-2049
120-21.1
120-28.8

120-28.5

1202444

120-21.2

120-22 .57
120-20.6
120-20.3
120-20.9

120~2440
120-2142
120-20,7
120-19.6
120-2044

120-2647
120+-2643
120=19.6
120-28.0
120-17.7

120-20.8
120-20.4
120-21.0

120-28.5."

120~-21.3

DEPTH

*

Se0%
5.0%
5.0%
446

5.0%
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XD O X
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PR - el

10

8
10
10

10
10

10

10
10

O W00

oo

- . N N ) ‘. o
0o 00 0 V@ X, D~

-
C o oo~

GAP

259
162
162
307
185

225
101

284

T4
178

305
294
302
230

166

240

165

200
163
158

161
161
144
296
159

297
162
171
199
298

90
88
168
160
8

109
~95
166
162
153

161

212 .
129 -
1106 -

109

271
171 .

101

80
31é
311
101

72
133

95
147

171

OMIN ERT
2.6 0.4
15.0 0.0
10,2 0.1
8¢l 0.2
2e¢l 0,2
le1 0.0 -
340 0.1
3.4 0,1
2.3 041
14:1 0.0
649 1.0
4.6 0.1
645 0.4
16,3 0.2
17.2 0.0
Lu6 0Ool-.
19,6 040
1.6 04l
1642 0.0
10,5 0.0
12.0 0.0
11.8 0.0
1.8 0.0
4,4°0.9
943040
409 140
1542 0.0
1941040
le9 01
449 146
LeB 0.0
le4 0.0
2043.0.0
12,5 0.0
0,8 0.0
0e9 0a1
046 0.0
1547 040
1548 Q.0
Sk 0e0
le 0s4
Z2el 0.l
23} 0.0
2¢3 0.0
1.0 01
42 0ot
240 0.0
1@1 0.0
le# 0ol
la6 0.l
1242 148
9.8 0.7
144 041
16.3.0.0
2.1 042
1.8 0.1
17 06l
145 0.0
1742 0.0
1.0 0.2
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0.05
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0.04
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0.02
0.01
0,03
0.10
0.03
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0.05
0.04
0.03
0,03

0.03
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0.04
0.07
0.04

0.09
0.06
0.04
0.03
0.09

0.03
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0.03
004
0.05
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0.03
0405
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0.02

0.09
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0.04
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TARLE 2 (CONTINUED)
1966 HR MN SEC LAT N LONG Wi DEPTH  MAG -~ NO GAP DMIN ERT ERH ERZ #MD O

AUG 1-11 39 53,5 .35-46.6120-2044" 11.9 Le0: 9 13107 2,2 0.3 0.8 2.2 0.06 B
112 5 33.9 .35-47.,8:120+2140: 104l 2.7B-10° 93 0.9 0.0 05 0.8 0.06 A
112 B 33.9 35-47.9.120=21:1.  9.9° 0,3 9.148 71,0.0.1° 0.4 0,9 0.03 B
1°12 53 36,8 35-49,1 1202246 L1e0. 0427 8236 7.6 0.7 2«6 4,3°0.10 0D
114 1 49,6 35+54,0:.120-26eT77 32 1.9 9160 11,3 0,0 "0.,5° 0,6 0,03 [
118 44 14,3 35-48,3.120-20.6 3.5 0.l 6 124 72,0 0.0 0.3 6.3 0.02 R
2 .6 31 28,6 35-50.9.120-23.9 . 3i0 0487 B 295 4,5 0.1 0.8 043 0,02 C
20632 7,3 38-47,2:120-20s4 - 8.0 0,07 7 138 71,6 0.1 0,5 1,1 0,03 &
2 11 11 27.8 .3%=67.8 120-2142: 10.1 0.8 A T4T 0.8 0.2 0.7 146 0.0% B
2 20 9 3646 35~47,3:120-20.7" 9.0 166779791 11 0.1 044" 1.0 0,034
3027 10,2 35=59,0°.120- 2.9 5.0% 2567 107275 25.0°0.2 1,2 Oe04 D
3 1 43 2.1 36~ 0.9 170 120 BJOF 246 9 2RO 29.4 0.5 7.6 0.06 0
35 36 Tlal . 35~51,6°120-24.17  Si0%x 0.8 9299 §.3°1,5 6.7 G.08 b
3 8B 9 63,4 36~ 0.2 Y20-3257 SeO¥ 2,07 10 170 TR.,8 0,0 0.6 004 C
39 4) 37.5 . 35-56,1120-27.9° 5,0% 2,98 9 161 18,7 0.0 0,5 0.4
3 12°39 5,8  35=4B,4120-21,4 . 5,41 304R 10 132 1.7 0.0 0.2 0.3 0.02 8
4 B 5 F2.6 . 35-46,9% 120-20,3 A¢l 0.0 B 113 2.2 D1 0.4 0.9 0.03 2
4 1120 . 5B B36-49,2 12052146 - 44T 0 0.3 T 2677 3,3 0.1 0.5 0.5 0,07 ¢
& 19.56-55.4 - -35-48,9 120-22.2 " 6.9 0.6 R 267 3,0 0.1 0,7, 0.7 D02 C
4 2310 b8 35=4T.4 1209204 247 DY T Z2T 4.6 0,1 0.5 0.4 D,L02 G
5 8 247 10,8 35=48,5 120221,5 © 749 0,5 77 257 7.2 0.0 0.1 0,2 0,00 C
5. R 43 78,1 35-44,37120519¢6.  TL5 T 0,07 7 193 2,1 0.0 043 046 0,07 R
590120 6.9 35-48.1-120=20.6 2.2 0.b R LAR 303 0,0 0.3 N4 0.04 B
8§ 11 50.44,9 36=50,7.120=22,6. 2,2« 0.6 B 28BH 2,5 0.2 142 0.6 0,03 C
5 13 26 15,1 35=65,1 120~18.3 © 10,3 1.2 B 76 .8 0,17 0% 1.3 0,05 A
g 15 £:39,3 . 35489,3. 120422,5 But 7 049 A 273 9,2°0,2 0.9 1.4 0,02 C
5 19 37.2R,3 . 3547.77 1202048 .7 BLQ Le0 7 7T 1567 4,1 0.0 003 0,7 0.02 &
6§ 21 41 744 35-67.5 170=20,5 "~ 8,6 140 8 146 4,5 0,0° 0.2 " 0,4 0,01 B
& 445 8.9 35-52,8 170=26.9..10.,0 1.3« 77 3111047 3,1 12.4 9.8 0,10 0
6 T T 45,4 35-49,3 120=24.07 043 Ok H 265 4.4 0.8 3,7 2.3 0.18 D

AUG & 8 31 LLl.3 35-48,4120-21.1 2.1 0.2 7251 6.7 0.1 0.6 70.5 0,03 °¢C
6 9 42 40,000 35551 ,B7120-24.37 5.0% 0.5 AR 301 5.9 1.5 6.9 0.07 &

LB 9 47 1T.2- 38-52.5 170225.47 9.6 1.1 A°306  BJ0 0.3 1aa 1,2 0,02
610 32 3,7 35248,2/.1720=20.0. - 2.6 0.8 R 153° 3.2 0,07 043 044 0.03 R
6 10 35 946 35-51,37120-23.8 2a1 1.9 9 149 448 0.0 0, 0.3 0.02,8
6 12 76 0.4 36<48,0 120-21,1 34 044 6245 641 040 0.3 0.2 0,01 C
6 17 -9 11.6 35=45,6 120-19,1 6.5 Du4: 6 174 0,8 0,2 -lal 2.1 0,06 ¢
618 41 5Tal  35-53,7 120-=26.0 540% . 0.8 77315 10,1 }e3 5.9 006 D
619 28 44,5 35453,9120-26,7 5.0% 0,9 B 314°11,170,5 2.6 0.03 p
6 21 4 55,9 . 35-55,3 '120=27.3 Beb - 2.9R "G 317 13.6 0.5 2.5 (VAT
7 02 1 436 -35=4T.1 120=20e4 > 10,6 . 0,8 - 9 BT 147 041 0,5 143 0,04 A
T 2. 4 4,1 35-=4T.57120=20.9 T.8 0t 7 165 0i8°0.17 0.6 1,0 0,02 R
T 7 26 RGO .36~ 3.6 170430465 11.5% 1.5 - -8 338 29,1 1.9 8,8 0.04 D
711 59 36,6 35-51,8 "120=24,32 " 5.0% 0.8 7 9 301 5.8 1.3 5.8 0.07 D
7 16 33 3048 . 35«4651 120-19.3 T.00 =041 87795 1 1v6 0.0 - 0.2 0.6 0,02 A
716 33 32,6 " 35-47.3 1204207 1142 Q.8 - 9" 88 " 141 045 1.5 3,9 0,11 8
717 -3 24,3 35<55,8 120-728,0 - 5.0% 3.0B 10 161 15.1 0.0 0.6 0.05 C
8 0 52 37.6 -35-67.9 1202141 - 845" 0.9 - 7231 1.0 0.1 ~ 0.5 0.8 0,02 C
8 6 0 4R.&  FH-49.3 120-21.8 - 4.6 - 0.7 6 269 3,4 0.1 1.0 . 0.8 0,02 ¢C
87 6 37 32,9 35-48,7 120-22,0 T4 0.4 6 262 2,4 0,2 0,9 1.1 0.02 C
811 52 36,5 - 35-51:9 120-24.12-'5.,0% 0.6 “°7 301 5.7 la6 742 0.07 D
8712 7 11w1 3524641 120=19.5" 7.9 0.0 67 94 3.9 0.1 0,4 1,3 0.02 8
8717 24 2659 35-52,9 120-25,27 1.5 - 0.6 R 307 8,2 0.2 1.0 0.4 0.03C
8719 15 43.0 385-52.5 120-25.2 Y& " 0.9, 7T 306 10,9 0.8 3.7 2.5 0,04 D
9 F 13 45.7 35-47.0 120-19.6 3,07 043 & 131 3,0 0,1 0.8 1.2 0.07 A
9 6 2 42,7 35-4T.4 120-19.6 3.7 1.8 8 80 2.770,0 045 049 0,06 A
10 8 57 1,8 35-48.,4 120=20,8 " 6.4 - 0.8 - 8 135 2,0 0.0 0% 0,9 0,03 A

10715 52 2B.4 385=46,1 120-19.4 "Be& 04 T 96 1477042 047 1.6 0,05 &
1110 25 386 "35-51.9 120=-24,9 - To4' 0.8 - 7 304 6,8°0.2 141 048 0,01 C

11-18 26 55.5 35-52.6 120-26,0" -'0,7 0.7 7310 8B 044 lal 1,170,033 ¢
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1966

11
12
12
12
12

12
13
13
13
13

13
13
13
13
13

13
14
14
14
15

15
1%
16
16
16

16

17

17
17
17

18,
14

19
19
20

20
20
20

20

20

21
21
21
21
22

22
22
23
23
24

24
24
24

. 2h
25

26

26

27
27
27

10
18
20
21
12

22

TABLE 2 (CONTINYED)

MN

38.

42
56
27
28

14
47

20.

24
11

15

21

18
44
13

35
49
SR

37
12

27
5
21
O
48

11
39
A5
24
39

31
53
26
]1
43

[
27

10

19
2

28
[
44

16

31

7
15
24

S
47

45

7
32
21
12

56

23.35

8
8

14
33
55

SEC

23.9

4.8
31.8
32.7
12.1
11.6

36,1
43.6

24427
118

30.8
34,1
14.8
172.4

6.0

29.8
o )
123

Sheb

LAT N

35=51,5
35-51.9
35-45.1
35=46.1

36-46.2

35-48.5

"A5-50,7

35-51.5
35+52.4
36=bh,0

35-44.1
35<44,7
35-52.1

"35-53,5

35=-57.8

36=52,2

35456.5°
3566, 1,

35-51.3
35-44,9

35=57.5
35%48.9
35+50.8
3h=66,1
35-48.2

35-58.3
35-45,6
35-53.:1
36 2.6
35-4841

35<44,6
35-4b 4
36=52.2
35-82.6
35-51,3

35=561.8
35-514%3

35-45,8
. 35-52.%

35=48,9

36- 0a?
35=-50..0

C35-4T53

35-50,4
35-53,1

35-47.1
35-5044
35-5349

-, 35-56,3

35-52.1

35=47,3
35-44.41
35=51.5
35-53.4

38474

35-53.3
35-45,8
35-52.8

. 35-85.3

35-57.2

120-27.5

T20-18,0

J120=29,¢6
120-18.9
A20-25,0 . 8.0

120=18.0

A20=-25.4 -

A20-22 46

120%2044

LONG W. DEPTH
120-24.2
120-2541
120-18,1
120~19+6
120-20.0

DR

ot RN NS e 2 |

120-21.2
120-23.6
120-24,9
120-25.9
120-16.8

-
WP ONW OvEUIN

170%1606
120-17.7 1
120-2541

120=32.4

120-25,9
170-29.0
120-19.5
120-27.87

120-29,1
170=2145
120-23.9
120-27.3
120-20.9

120-35,2
120-20.3 . 2.3

oy

1
120<1R.4 .12
120-26.4 -1
12027 .82 0O
120=-23+9 1

120-24.5
120-23.52
170-19.1

120-21.4
120~32,2 %

120<1948
120=23.7
120-27.07

120-23,5%
1202645
120-29.0
12(4-25+0

=R W
P e s
4

120-2042
120=15¢1
120=24.1
120-25.872
120~1949

. b
PRt RN LR
L T T B 8

#

120-25,77
120-19.6
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TABLE 2 {(CONTINUED)

1966 HR MN' SEC LAT N LONG W DEPTH MAG  NO GAP DMIN ERT  ERH ERZ MD @
AUG 27 12 14 41.0  35-55,4- 120=28.47 5.0% 1.3 7 323 14.9.1.2 5.7 0,07 D
2713713 46,0 '35-48,3 120-2043 2.1 0ot B 108 2,3 0.0 0.3 0.5 0404 A
27 16 957,37 :35-48,3120720.2 2.4 04 B 107 2.4 0.0 0.5 0s6 0.06 A
28 ©3.19 3.5 35-51.9°120=24.8 ° 1.8°7 1.1 79 30l 6.6 04 145 0.8 0,02 C
28 14 10 31,2 35-45.1120-18.9 11.6 142 -8 137 0,5 041 0.5 1.3 0.04 8
2817 56 34,3 35-56,4 120-27.9 5,0% 1,8 "°87163715,7 0.0 0.3 0.01 C
2821 720 31,7 -35=44,0 120-1729 " 98, 0,57 T 12ZR. 2,2 041" 0¢5 1o4 004 8
29 B14 56,4 35-55,5 .120=28.bh - 6.4% 0,9 B 324 15,3 1.4 6.4 0.04 D
301418 57.5 35-46.97120-20.9 . 8,9 Leb -7 721507, 143 040 70427 0u4 0,01 R
3Y 7552 30,8 3B=48,3 L20<20,B- 3,370 0,6 - T:230 1.9 0.0 046 0.4 0.03C
31 1413 56,5 - 35=47,9 120-21.1 8.1 1.0 T.232 1.0 0.0 '0.3 0.5 0,01 €
SEP 1 "0 3712249 :35=55,5 170=28,3  5.0% 1.9 .10 163 14.9 0.0.7 05 0604 C
173018 0.2 35=686,7 120=28.5  5.0% 1.8 10 161 16.8 0.0 0.4 0.03 C
1 759 BRLO 35-47,6 120=19.877 0,7 7 0,7 895 72,5 0.1 lel. 243 0417 8
19 470 5.7 35553,2 '120=26.9 0.0 0.4 9 31271045 0.3 1,1 0.5 0.03 C
T 14 132,55 -35«52.4 120~25,3" Jeb  0,7° 9305 7.8 0.2 1,0 0.3 0,04 C
1 21 39 2148 35=52.0 120-25.4 " 6,0 0.8 9 304 7,5 0,7 3.3 2.0 0.06 D
122 30 32,3 35-53,5:120=26,8 " 7,1 . 0,5 79 312 10.8 0.9 4.3 2.4 0.05 D
27 4 21 35,6 35-54,3 120=28,9  G.0% - 0,3 -9 3I8 14.1 1.5, 6,8 0,08 D
201370 40,5 - 35260,9 120=-24,1 26 7 04679171 3.7 040 Ual ‘008 0004 R
2723 725 10,1 35511 '120-23,7 el 0GR ADE340 7305 0.0 043 0.5 0,03 8
30020 2 BBeA 35-852,6 120-28,67 0.0 7 0.3 9 291 5.8 0uR 2.4 143 009 C
AT 3P0 BhabBB=54L6 170-28,312.37 0 05T 10 318 6,3 0.8 3,0 3.2 0.05 D
X007 0 55,1 35-47,2 120-20.3 Beb " Oeb "10 R&E " 1,7 040 032 046 0,03 A
39T 39 86,9 35-8BA,5 120-29 .8 5.,0%° 0,7 10322 10,2 2.1 9,3 0408 [
B9 B9 40,2 388,95 120=29,7 120% 0 0.7 10 3211046 043 1o 0,06
SALL 25 67,7 0 BE=5104 120-24,2 2.1 0.6 10 120 246 040 042 0.3 0,03
316018 2717 35-48.8 120=21,3 7 3.7 0.8 L0TTRY2,170,00 002 0.2 0.03
CBLU1A 14 08 355802 120=31.4 5.0% 146 11270 14,2040 71,0 0,08
40 244 3,9 35<48,4120-20,8 3,5 0e5 1179647 °1,9 040 041 0l 0,02
SEP 4 16 44 26,1 BE=B4,5 120-30417 0.0 143712 177 8,7 Ve? 243 145 0.11 C
419 50260 AB251,3.120-24017 0 2.7 0447 11126 3.0 0.0 0.2 02 0.03 B
4 19 54 47,3 35-50.3 120°23.7 9uF 0.7 T1L1R 73,9 0l 045 0.9 0,044
5 18 281 35-56.,1°170-29.4 5.0% 0,7 10 321 9.6 1.8 7.9 0a09 ©
5 4 11 32,9 . 35=45,6 120~-18.9 549 0,7 117 77 046 040 043 047 0,05 A
510 H 42,6 0 35-52,8 120=26.17 3,0 0,9 10 269 241 642 1.5 0.7 0,04 C
H10 39 7.1 355705 :120-30.47 5.0% 0 0.6 117325 12,2048 3,7 0,12 0
5§ 10°82 23,8 35-50,4 12 3 24T =0,3 11 136 2.8 0.0 0.3 0.4 0405 8
5. 1) 55 60,0 36=45,3 12051952 5.8 1.2 11 797 0.7 0.0 043 0.6 0,05 A
517242 563 35-50.6 120~23,1 245 0,9 11 138 7 3.2°040 042 042 0403 B
521 2 55,0 385-51,3 120-23,57 1eB - «D.2 09795 - 3,3 040 Db 0.9°0.07 B
6 22 36 1.4 35282,2 120-25.1 3.1 0,3 12 185 142 040 0.3.70,3 D03 A
60157 1749 36— 142 120<38,27.7 2,3 7 1,6 12 203 13,8 0,9 3.0 3.0 0,11 ¢
6 B 15 41,0 B5=48,5 120=21.5 0 5.4 0,1 12 94 2.0 (7.0 0l 042 0401 A
613 29 14,6 -~ 35-58,0 120-29.4 1.3% 048711 312 9,2 042 141 005 D
621 18 53,1 | 35+55,1 120=2843 ° 2.2 1.3 13 161 7 6.9 040 0u4 0.5 0404 B
6°21 40 11.4 35-55.1°120=2R,3 2,4 1.8 137161 6.9 0.0 0s3 0.4 0,04 6
6 2227 41-0 35-50.8 120=24,1 742 044 2117111 3487040 0,2 0457 0,03 A
& 2239 H,2  365=48,2 120=20.6 . 3.9 03712 79 1.8 000 0e? 030,03 A
T 0720 5248 36="lal 120= 149  5,0% ~3.4 12 283 2K,5 0.5 2.3 0408 D
7 0BB 39.9  35-50.0 120~22.7 " 4¢l 04l 10 "BO 2.3 0.0 0.2 0.4 0,03 A
TR BT 2he? 35=4T25 120=2043 7 Re5 7 Vb 13 TL. Y7040 041 0.30.03 A
T8 BA 41,5 35-4ALE 120-22.1 T Teb " 2.5B:13 986 2,4 040 0.2 "0.4°0504 A
T 13 37 2146 35=60,1 120=22,6 " 433 =0.% 12 77 242 040" 043 0.5 0,05 A
714" D 25.5 - 35-47.6 120=20.8 * 7.9 1,013 70 1.0 00 0.1 0.3 0.02 A
72256 4.2 35-55.5 120=28,1 3¢5 7 1le7 13 145 131 040 04% 063 0405
B 2 43 2,7 35-=564,9 120-27.9 . 9.8 16407732 177 1.3 042 1,0 1+5:0.05
8127 39,8  35-48,7 120=21¢l . 346 . 0T 12 89 -2.370,0 042 0.2 0.0%
G- 3 2 35.5  35=4T7,4 °120=20.,6  B,2 0.5 1279 1.3 0.0 0.3 0.6 0405
95 15 546 “35-64,6 120-28.,0 1.9 - 0¢6 11151 T1.3 0«0 0s& 0.4 0405

PO p T2

T BT E
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TABLE .2 (CONTINYED)

1966 HRMN SEC LAT N LONG W OEPTH MAG UNO GAR DMIN ERT - ERH ERZ "MD. @
SEP 9 6 43 28.3 35-55,8 120-2R,6 449 1.1 12 287 1.3 0.1 0.8 0.9 0.05 C
9 10 26 48,4 35-47,9 120-21.4 97 0B 13 99 0.8 0.0 0427 0.5 0404 A
9 .18 2 40,8 35=52,6 120-26.1 9.6 2.0 14 137 2.1 0,0 043 0.5 0,04 8
9 2016 17.3 '35-53.4 120~26.5 5.9 lo4 13 137 2.9 0.0 0.3 0.5 0.062 B
10 B 34 36,8 35-44,4 120~17.7 12.4 1.1 10 118 2,3 0.0 0,2 0.7 0.03 A
10 R 58 0.6 35-54.9 120-28,0 3.0 B4R 12 171 1a1 0.0 046 0,5 0.04 B
10 10 32 2643  35-47.3 120-20.6 Bab o6 12 82 1.3 G0 0.3 (0.6 0.04 A
10 1215 18.4 35-53,8 120-27,1 Y945 Geft 17 143 3,4 0.2 0.9 1.5 0.05 B
10713 12 0.9 35~52.6 120-26.2 3.2 1ol 12138 2.2 040 " Ue3 0.3 0404 B
10 15 - 6 51,1 35-54.6 120-2R,2 1.9 0.7 11 162 1.2 0.0 0.8 0.7 0.07 B
11 3 50 30,7 36+ 0.8 120-38,4 5,0% 1.2 11 207 14.4 0.1 1.0 0.07 C
12 4 20 2442  35-47,2 170~19.9 2.3 1+3 12105 244 04D 042 0e3 0.06 A
12 422 5042 35-46.9 120~-19.,9 Te2 DB 11 117 2.5-0.0 043 05 0.04 A
12 .7 55 341 35-45.6 120-19.3 5.8 - 1a4 12 125 0 1e) OwD 042 0.3 0403 B
12 14 1% 4649 35-54,1 120~27,2 342 Lol 13 149 2.8 040 0.5 0,5 0.05 B.
12 2337 31.6° 35-53.,3 120-26,R° 11.0 1,1 12 145 343 0.1 0.4 0.8 0.02 B
13 1 44 3646 35=51.,5 120-24.3 3.7 0e9 . I3 95 2.5 0.0 0.2 0.3 0.05 A
13 1 50 26,6  35-48,8 120~21.9 5.3 R 13 94 2.2 0.0 041 0.3 0.03 A
13- 5 1R 14,9 36~-53,5 120=26.¢ 3.0 Oe7 14,139 3.2 0.0 046 0.6 0.08 8B
13 6 0 36,3 35-51.4 120-23.,9. 2.3 042 13 B8R 2.9 0,0 0.3 0.4 0,06 A
14 0 6 14,0 35-48,1 120-20.6 3.8 0,511 79 1.8 0.0 0.1 0.2 0,03 A
1¢ 2 B9 8.8 35-43.9 120-16.9 5.5 1.2° 712 145 3.9 0.1 0.5 1.5 0.09 8
14 12 30 30.5 35-58.0 120~32.0 6.9 1.0% 13 175 7.4 0.0 05 1.1 0.04 8
1413 37 54,7 35-4643 120~19.5 7,2 0.8 L1 84 2.0 0.0 041 03 0,022
14 1B 58°44,2 36— 1.4 120-37.2 S.0%° 1.5 13 195 13.7 0.0 1.0 0.06 C
15 3 27 7.8 35-53.4 120-26.6 10.9 0.8 12 138 3.0 0.0 043 0.5 0,02 B
15 4 32 40,0  3%-47.8 120=20.2 3.4 Oel: 12 76 1.9 0.0 042 0e2 0.03 A
15 4 37 1.0 35-53,3 120-26.4°  10.3 0.7 12 136 2.7 0.0 0.3 0,5 0.02 B
15 °9.29 46,1 35«56.7 120~31.5 " B3 1.0 13 177 542 0.0 0.6 0.8 0,04 8
15 12 36 1.7 35-51,2 120-23.87 3.2 0.4 10 85 3.2 0.0 0.2 0.3 0.04 A

Forty-uine aftershocks with magnitudes in the range 2.0 to 2.5 were assighed mag-
nitudes from the speeial network records as well as from records of the Berkeley net-
work (McEvilly et al., 1967). The Berkeley magnitudes averaged 0.1 unit larger than
those assigned by the methods used in this study. A number of aftershocks produced
unrecordably large amplitudes at all stations of the special network, and the Berkeley
magnitudes were adopted for these events. Magnitudes so assigned are flagged bv the
letter “B” in Table 2.

Srariar, DisTRIBUTION OF THE AFTERSHOCK HYPOCENTERS

In the analysis of the spatial distribution of the aftershock hypocenters special
emphasis wag placed on well-located events. Such events were defined as those for
which the foeal depth was not constrained and for which NO >3, MD <0.1 sec, ERX
<25 km and FRY <25 km. The 474 earthgyakes that meet these conditions are
plotted by large letler symbols (representing) focal depths:0to 1 km = 4,102 km =
B, ¢te.) in Figure 7, Events that satisfy slightly relaxed conditions (limit on MD re-
moved) are plotted by small letter symbols, and. other events are indicated by . The
well-located events show much less scatter thian the others, and all are heavily con-
centrated in a narrow zone bounded un the northeast by the zone of surface fractur-
ing. A very smiall, but notable, group of earthquakes suggests a porth-trending line
of activity between 10 and 20 km-approximately north of the zone where the surface
fractures jump from the northeast side to the southwest side of Cholame Vailey.

To establish the orientation of the zone of aftershoek sources and to provide a-meas-
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ure of the coneentration of hypocenters along it, a reference plane was fitted by least
squares to the three-dimensional pattern of well-located aftershock hypocenters. The
coordinates of the hypocenters in a cartesian system with origin on the active strand
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Fra. 7. Epicenters of Parkficld-Cholame earthquake aftershocks; July 1 through September
15 1966. Seismograph stations are indicated by iriangles. Aftershock epicenters are indicated by
letters and crogses according to their focal depths and the reliability of their hypocenters. Focal
depths are indicated by letter: A = 0 to 1'kui, B-="1102 km, ete. Large letters designate well-
located hypocenters, small letters, less well-located hypocenters, and. crosses designate poorly
located events of uncertain foeal depth. Solid and broken lines trending NW.SE show trace of
surface fractures agsociated with the main shocks.

of ‘the San Andreas fault near station 6 and with axes diréeted ‘toward the northwest
along the fauls, toward the southwest and downward were (irst cornputed: A plane was
fitted by linear regression of the transverse coordinate (NE-SW) on the radial (N'W-
SF) and depth coordinates for all well-located évents with epicenters within 10 km of
the longitudinal axis (i.e., the surface trace of the fault). Of the 630 events to which
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hypocenters were assigned, 618 fell within this zone, and these included all but one of
the 484 well-located events. The staridard deviation in the transverse eoordinates with
respect to the fitted plane was 0.71 km. To refine the fit, the nine well-located events
that lay more than 2 standard deviations from the plane were rejected and the plane
was refitted to the remaining 474 hypocenters. The standard deviation in the €rans-
verse coordinates of the hypocenters fitted to the final plane was 0.45 km,

The distribution of aftershocks along the fault is shown in Figure 8§ where all events
within 10 km. of the surface trace of the reference plane are projected onto 4 vertical
plane through that trace. Magnitude of the aftershocks is indicated by the size of the
plotted symbols. An apparent concentration of aftershocks at a depth of 5 km. in the
right half of the plot results from the assignment of a 5-km depth to events for which
focal depth cannot be determined. Most such aftershocks occurred between July 23

SE DISTANCE (KM) Nw
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Fia. 8. Projection of hypocenters within 10 km of the fault onto a vertical plane through the
surface outerop of the reference plane. Distance along the fault is in terms of the longitudinal
eoordinate axis in Figure 9. The ends of the zone of the surface fracturing are indicated bir arrows,
and the approximate position of the main shock epicenter is shown by the vertical dotted line. The
concentration of hypocenters at a depth of 5 km at ranges of 35 to 50 km should be disregurded:
%Onadeqlﬁtel% recorded aftershocks were constrained to that depth to permit their epicenters to

e caleulated.

and September 1, when the network was inadequate in the northwestern half of the
attershock region. The precision of their epicenters is also substandard.

The eclose correspondence between the surface trace of the fitted plane and the
‘mapped zone of surface fracturing is illustrated in Figure 9, which alzo shows the epi-
centers of the well-located aftershocks used to establish the plane. In Figure 10, the
hypocenters of the well-located aftershocks are projected onto a vertical plane perpen-
dicular to the strike of the fitted plane. The sirike of the plane fitted to the well-
located hypocenters is N 39°W, and it dips 86° toward the southwest.

In Figure 11, hypocenters of well-located aftershocks ‘with magnitudes larger than
0.5 are projected onto & vertical plane parallel to the gsurface trace of the fitted plane.
Deviation of hypocenters from the fitted plune is indicated by the letter symbol and
magnitudes are indicated by letter size. The aftershocks are virtually restricted to the
depth range 1 to 12 km. They are also concentrated in patches on the lip surface, with
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other patches entirely devoid of aftershocks. Moreover, they are not scattered uni-
formly about the reference plane but instead show systematic local deviations from it.
In this figure, these deviations are contoured in 0.5-km intervals to show how the slip

T T

36°00'

] H i |

- Fia. 9. Epicenters of the well-located aftershocks (July 1 to September 15) and the zone of
surface fracturing of the Parkfield-Cholame earthquake. Epicenters are indicated by crosses,
seismograph stations by triangles, and the zone of surface fracturing by the heavy solid and dashed
curves. The surface outcrop of the reference plane (heavy siraight line) is the longitudinal axis of a

coordinate system, with origin near station 6, used in the analysis of the distribution of the hypo-
centers. : :

surface departs from the reference plane. Positive deviations are southwest of the plane
and negative deviations are northeast of it. ,

The events plotted here (as in Figure 8) do not represent a uniform sample of all the
aftershocks. None during the first 70 hr is shown, and relatively fewer small events
were sampled and located from the region northwest of Gold Hill than from the south-
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east of it. Accordingly, generalizations based on this figure should be aceepted only with
appropriate reservations.

It appears that the glip surface is relatively smooth northwest of Gold Hill (22 km on
the profile) and that its dip increases northwestward along the fault from about 86°SW
near Grold Hill to about vertical beyond 85 km. Southeast of Gold Hill, the slip surface
is more complex. The shallow group of quakes southeast of Gold Hill (16 to 21 km
along the profile) lies northeast of the reference plane, whereas the deeper group of
guakes along the same part of the fault lies very near the reference plane. At about 15
km along the profile, where the zone of surface fractures swings across Cholame Valley
from the northeast side to the southwest side (Figure 9), the center portion of the slip

DISTANCE (KM)

DEPTH (KM)

1L

15

Fra. 10, Projection of well-located hypocenters ontv a vertical plane perpendicular to. the
surface trace of the reference planc. The solid line is the trace of the fitted reference plane on the
projection plane.

surface (depths of § to 10 km) curves abruptly southwestward through ihe reference
plane. Still farther southeast, the prominent group of aftershocks below 8-kin depth
indicates that the slip surface in that region swings back to the northeast side of the
reference plane again;

We may speculate that the inereasing complexity of the chp surface at its southeast
end wag one of the factors responsible for arresting the southeastward extension of
slippage along the fault during the main earthquake.

If we consider only well-located events, the region of concentrated hypocenters stops
about 1 kin short of the ends of the zone of surface fracturing. A few poorly located
aftershocks of undetermined focal depth appear to have originated northwest of the
el of the zone of surface fracturing.

A series of projections of hypocenters, section by section along the fault, onto vertical
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planes perpendicular to the strike of the fitted plane is shown in Figure 12. The sections
were chosen to permit the separation of different patches of hypocenters on the slip
surface. It appears that the dips of individual active patches on the slip surface are
nearly vertical and that the dip of the fitted plane reflects the relative lateral offset,
perpéndicular to the strike of the fault, of the shallow active zones from the deeper ones,
Such an offset is particularly apparent-on the seetion of the fault just southeast of Gold -
Hill (16 to 21 km).-

FirsT MotioN, ParTERNS AND Focar MECHANISMS OF THE AFPTERSHOCKS

A sufficient number of stations recorded clear first motions for more than 200 events
to warrant an attempt to establish the focal mechanisms of the individual aftershocks.
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F1a.12. Bectiopal projections of liypocenters onto plan.es.perg)enQicular to. the strike of the
reference plane. The trace of the reférence plane is shown as & selid line. Projected hypocenters
are shown as crosses. ’ :

Epicenter-to-station azimuths, angles of incidence- at the:focus and direetion:of first
motion sre availabie in the HY POLAYR station list punch-eard output for each event..
Egual-aren; stereographic projections. of first. tnotions on’the. lower: half of the foeal
sphere, prepared from the foregoing data, were produced as printer plots; and orthog-
onal planes separating the first motions into.quadrants of compression and dilatation
were band-fitted to the data with the aid of a Wulff net, =

The distribution of data points over the foeal spheres was more favorable for after-
shoeks southeast of Gold Hill than for:those farther northwest and for deep aftershocks
than for shallow ones. For shallow foei; most stations.recorded boundary waves re-
fracted along horizons deeper than the focus, and their projected. first motions are
concenttated near the outside of the projection cirele: For deeper foci, many.of the
recorded. first arrivals were direct waves, and their projected first motions are-scattered
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fairly uniformly over the projection circle. The latter case is much more favorable for
establishing the dips of the fault and auxiliary planes than the former.

Exeept for the arrival at PRI, whicl is’ at the northeast edge of the San Andreas
fault zone 44 km northwest of Gold Hill, almost all aftershocks were susceptible of a
solution with no discordant .arrivals, although many such solutions:were not unigue.
The projected point for PRI usually lies very near the fault-plane-nodal line, but its
first motion corresponds to that expected southwest, rather than noertheast, of the
fault (which is very close to the nodal line) in the region northwest of the epicenter.
Thus, first motions at PRI commonly appear to have been refracted horizontally across
the rift zone from the faster erustal block southwest of the fault.

For most aftérshocks, one steeply-dipping plane striking nearly parallel to-the zone
of surface fracturing was well established: strike N 40° & 5°W, dip 80° & 10°8W. Be-
cause this plane closely parallels the reference plane fittéd to the hypocenters, it can be
identified safély as the fault plane. The auxiliary plane was generally not so well-
established. Although its strike was fixed fairly closely by the orthogonality constraint
imposed by the steeply dipping fault plane, the dip of the auxiliary plane commonly
was only limited to values greater than 45° and its direction was uncertain. The sense
of motion wag almost universally dominated by & right-lateral strike-slip component.
The proportion of aftershocks requiring solutions that lay outside the limits of the

“common solution specified above inércased toward the southeastern end and toward
the bottom of the hypocentral zone.

Only five of more than 200 events for which focal mechanism solutions were at-
tempted clearly could not be fitted by a “San Andreas” style solution if modest varia-
tions in strike and dip of the fault and auxiliary planes are permitted. Four of these
events originated at depths of 6 to 9 km in the region southeast of Gold Hill (GH)
where the slip surface swings abruptly through the fitted reference plane. The fifth
oceurred at a depth of 9.5 km in the small group of aftershocks off the main fault north
of Gold Hill (Figure 7).

Sample first-motion diagrams for four events Wlth well-determined focal mechanism
solutions are shown in Figure 13. The first. two cases, a and b, illustrate the type of
solution required by most of the events studied. Because it corresponds closely to the
slip surface defined by the distribution by hypocenters, the plane striking about N
40°W and dipping about 80°8W is identified as the fault plane. In these examples, the
strike of the auxiliary plane is about N 50°E and its dip is within 10° to 20° of vertical.
For both cases, the axis of compression is nearly horizontal and lies along an azimuth
of about N 5°E.

The third case, c, is tvpical of most of the solutions that differ from that ehown ing
and b. The gtrike of the fault plane is: about N:40°W, but its dip (toward the SW) is
less than 70°. In some cases, the dip of the auxiliary plane also departs markedly from
90°, indicating a significant dip-slip displacement eomponent. I this-example, the axis
of compression plunges about 35° in a direction N 5°W,

The fourth case, d, is representative of only five events studied. The axis of eompres-
sion plunges slightly, nearly due cast. The first-motion pattern is similar to.that for
cases @ and b but with compressions and dilatations interchanged. Thus, if the plane
striking about N 40°W is the fault plane, the motion is left lateral. If the motion is
right lateral, the plane striking about N 50°E is the fault plane. Available data are
insufficient to ehoose between these two possibilities. ]

To permit a more compact display of the first-motion: data, composite first-motion
diagrams were prepared for-aftershocks from separate sections of the hypocentral zone.
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The divisions employed in Figure 12 were again used, but two sections (16 to 21 km
and 30 to 45'km) were further subdivided into shallow (<6 km) and deep (26 km)
portions. Events with individual solutions that differed widely from the common
solutions were not included in the composite plots. The percentages of events included
in the composite plots are measures of the uniformity of the focal mechanism operating
in individual sectors. The composite plot for region 4 (21 to.25 km) illustrates the char-

/11766 05:140:35 7/2/66 [12:16:15
DEPTH 7.6 KM DEPTH 9.1 KM
MAG 0.49 MAG 3.40

a
8/24/6%6 18:07:27 7/2/66  12:25:06

DEPTH 8.2KM

DEPTH 13.6 KM

d

c

F1¢.:13. P-wave fault plane solutions for 4 Parkfield-Cholame aftershocks. ¢’s and D’s indicate
compressional and dilatational first motion respectively. I denotes the tension axis and P, the
pressure axis. .

acter of the sectional plots (Figure 14); summaries of the solutions obtained from the
compogite plots in the separate regions ure given in Table 3.

The “first-motion” fault-plane selutions for the individual sectors agree quite well
with the “reference” plane obtained in the least squares fitting of a plane to the dis-
tribution of hypocenter locations. The first-motion solutions ‘strike somewhat more
westerly (N 39°W to N 45°W) than the reference plane (N 39°W) and their average
dip (80°8W) is somewhat smaller than that of the reference plane (86°SW). These
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differences do not appear to be simply eorrelated with the irregularities in the slip
surface suggested by Figure 11. They may result from. variations in network coverage

SECTION 4

Fia. 14. Composite first motion plot of P-waves from aftershocks in the distance range 21 to 25
km along the fault (section 4). €"s and D’s indicate compreasional and dilatational first motions,
respectively. T and P denote the tension and pressure axes, respectively, of a fault-plane solu-
tion that'is ecompatible ' with first motions from all of the earthquakes in this section.

TapLw 3.
SUMMARY OF SBCTIONAL CoMpogITE FirgT-MotioN Focal MECHANISM SOLUTIONS

Section | 1 .2 33 3d 4 I 5 [H] 6d
Limits (km) 813 13-16 16-21 16-21 21-25 l 256-30 - | 30456 | 3045
Fault plane strike N45°W.| NAL°W | N39°W | N39‘W | N41°W ' N40°W | N41°W | N41°W
Fault plane dip 80°SW |['75°SW | 90° T4°3W | 88°SW * 90° 90° 84°SW
Auxiliary plane strike . | N45°E | N62°E | N51°E | NSO°E | N49°E | N50°E | N49°E | N49°E
Auxiliary plane dip - T0°SE | 82°NW. | 90° 85°NW [ 84°8E  90° 90° 86°NW
Compression axis azimuth) N N5 | N6°E | N6°E | N4°E- N5S°E | N4°F | N4°E
Compression axis plunge | 17° 7° 0° LIS - | 0° 0° 110
Events plotted 6 8 23 39 15 l 31 39 25
Events omitted 8 10 10 4 0 0 1 0
Per cent.plotted 439, 4497 100%, 1 91% 1009, 1009 | 97% 1009,
Coneordant points 148 (72 0 208 387 . 148 202220 |228
Diseordant points 8 18 19 132 |2 31 |23 42
Per cent  concordant | 849 049, 9297, 9%, 9997, 909 919, 8497,
Cpoints ,
Rense of motion o -k I -k —* e AR —#

* In.all cases, the sense of motion iy predominantly right-lateral strike slip.

from region to region and from errers in the velocity-depth model used to evaluate the
selstnic observations.

The strikes of the auxiliary planes deduced from. the composite first-motion plots
also vary little from region to region (N 45°E to N 51°E), but their dips vary somewhat
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more (70°SE to 82°NW). .Simila-rly, the direction of maximum pressure shows little
variation (N to N 6°E) and its plunge ranges from 0° to 17° northward.

DISTRIBUTION OF AFUERSHOCKS ALONG THE FAULT AS A
Funerion oF TIME axp MAGNITUDE

The spatial distribution of the hypocenters suggests that the aftershocks were ¢aused
by repeated movement along & narrow zone or slip surface of low complexity that was
activated at the time of the principal shock. In such a simple system, it does not seem
unreasonable to expect that we might be able to trace episodes of slipping alomg the
fault by means of the associated aftershocks. To display the aftershock sequence in
order to evaluate this possibility, the positions of aftershocks along the fault were
plotted against their times of oceurrence.

All located events within 5 km of the reference plane were plotted (Figure 15, top)
to obtain an overview of the aftershock sequence. Network coverage between 0 and 25
ki was reasonably uniform throughout the recording period. Between 25 and 50 km,
coverage was fair during the first 4 weeks (but the detection threshold wag higher than
farther southeast) and the last 2 weeks. The data should be complete for aftershocks
larger than magpitude 1.5, but hypocentral determinations (particularly focal depths)
were poorer from 25 to 50 km than from. 0 to 25 km, especially between 25 and 70 days
after the main shoek,

To climinate regional differences in coverage resulting from variation of the detec-
tion threshold and to remove the overlay of small aftershocks that might obscure
relationships among the larger ones, the data were replotted with rejection of events
smaller than specified magnitude thresholds,

Plots for aftershocks with M >1.0 (Figure 15, middle) and M >2.0 (Figure 15,
bottom) are presented for comparison with the plot for all events. The tendency for
aftershocks to be grouped in clusters is apparent on all three plots; but it is‘elearest in
Figure 15, middle, especially along the southeastern half of the fault and during the
second half of the recording period. In a few instances, the occurretice of the largest
event of the cluster near its beginning suggests that the cluster represents a moderate
aftershock of the main quake that is followed by its own train of aftershocks. Other
clusters of aftershocks are not marked by a dominant event and appear to represent
only a series of associated earthquakes of subequal size occurring along a restricted
section of the fault. The existence of the clusters indicates that continued movement
along the fault was unsteady and the structure of the groups of aftershocks suggests
the manner in which episodes of slipping were extended in space and time. The fre-
quency of aftershocks recorded at Gold Hill versus time after the main shock during
the first 100 days of the sequence can be represented quite closely by the relationship
R(@®) = R/t (Taton, in Brown et al., 1967). The density of events on the plots in Figure
15 can therefore be expected to diminish with time approximately at 1/i. The number
of events il an interval of time df can be written: '

R(E) dt = Roiif — 230 X Ro X d(logu 1),

where ¢ is time measured in days after the main shock. Thus, if we shift to a logarithmic
time scale for the position versus time graphs, the density of events should be independ-
ent of the temporal variable, logif. On such a plot, patterns of events oceurring during
the attenuated later stages of an aftershock sequence are restored to visual similarity
with patterns of events during the initial stages of the sequence.
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F16. 15. Plots of position.on fauly versus time of necurrence of Parkfield-Cholame aftershocks.
Events with focal depths of 6 km and greater are'marked by D’s, shallower events by O’s. The size
of the plotting symbol is proportional to the magnitude of the event. Position on the fault (in
kilometers) is given in terms of the longitudinal coordinate axis of Figure 9. :
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Fig. 18, Plots of position on fault versus the logarithm of time of occurrence of Parkfield-Chol-
ame aftershoeks. Events with focal depths of 6 ki and greater are marked by I's, shallower events
by O’s. The size of the plotting symbol is proportional to the maguitude of the event. Time is
measured from the main shock, and position ou the fault (in kilometers) is given in terms of the
longitudinal eoordinate axis of Figure 9.
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In Figure 16, positions of aftershocks along the fault are plotted versus log ¢ for all
earthquakes (fop), and for earthquakes with M >1.0 (middle) and M >2.0 (bottom).
Individual clusters of aftershocks stand out most clearly on the plot for M >1.0.
Larger scale variations in activity over the fault can be seen most clearly on the plot
for M >2.0. Other features emerge from a comparison of plots with different magnitude
cut-off levels: on the plot:for M. >2.0, the southeastern limit of activity migrates
steadily toward the northwest, but this feature is not apparent on plots containing
smaller aftershocks.
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Fre. 17. Number of earthquakes larger than a given magnitude versus magnitude. The sym
bols above the downward-poirting arrows indicate the magnitudes of the largest events of their
respective groups.

DiISTRIBUTION OF AFTERSHOCKS AS. A FUNCTION OF
MagNiTUDE AND FocaL DrprH

Because of the unequal instrumental coverage of the two ends of the hypocentral
zone, it was divided into two sections (southeast, 0 to 25 km, and northwest, 25 to 50
km) for the analysis of magnitudes and foeal depths. All aftershocks located within 10
km of the zone of surface fracturing were included in the sample. Of the 376 events in
the southwestern sector, focal depths were available for all but four, whereas focal
depth could not be computed for 74 of the 243 events in the northwestern sector.

Log N is shown as a funetion of M (where N is the nunber of events larger than
magnitude M) for both sections of the hypoeentral zone us well as for the entire zone
in Figure 17 (left). The number of events larger than the upper limit of each 0.2-unit
magnitude interval was plotted at the center of the corresponding interval, and straight
lines representing curves of the form log N = g 4 bM were filted by inspection to the
three sets of points over the range of magnitudes that appeared not to be too strongly
affected by the deétection threshold at small magnitudes or by inadequate sample size
at the largest magnitudes recorded. The curves for both the entire zone and for the
northwestern section have slopes (b values) of —0.85, and they fit the data poeints quite
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closely from M = 8.0 to M = 1.5. The sharp departure of the data points from the line
‘for M < 1.5 indieates that anincreasing number of earthquakes escaped detection as M
decreased from 1.5:. The curve for the southeastern section has & slope of ~0.8, and the
data-points that establish it:-remain on the line down to M = 0.5. Thus, asuming that
the straight-line relationship-holds to even smaller magnitudes, it appears-that the
threshold of reliable detection in the southeastern section was about M = 0.5,

To test for any gross dependence of the b value on foeal depth, aftershocks in the
southeastern section were divided into two groups, those shallower than 6 km and those
6 km or deeper, and log N versus M cuarves were drawn for both groups (Figure 17
(right). The b values differ significantly: —0.94 for the shallow group and —0.73 for the
deep group. Results of further subdivision of the depth.range are shown in Figure 18,
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Frg. 18. Number of earthquakes larger than magnitude M versus M, for aftershocks in the

southeastern gection of the hypocentral zone, for various ranges of focal depth. The gymbols below
N = 1 indicate the magnitudes of the largest events of their respective groups.

where data for each 2-km depth jnterval from 2 to 14 km are plotted separately. The
‘value of —b decreases regularly from a maximum of 1.03 for the 2- to 4-kmn interval to
a minimum of 0,61 for the 8- to 10-km interval and then inereases to0.95 for the 12- to
14-km ‘interval. 1t iz difficult to judge whether this variation in b stems from some
accidental irregularity in the slip-surface geometry, from some local peculiarity.in the
rock types o contact across the slip surface or from depth-controlled variations in the
behavior of rocks composing the Earth’s crust.

‘Histograms of the nurber of aftershocks larger than speeified magnitude thresholds
ineach 1-kon interval of depth from 0 te 15 km are shown for the entire hypocentral
region and separately for its northwestern and southeastern seetions in ¥igure 19. The
most pronounced feature of all three sets of curves is.a strong minimum centered at.6
to 7 km that separates peaks at 2 to4-km and at 8 to 10 km, From the evidence on
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detection thresholds offered by the log N versus M graphs (Figures 17 and 18), the
data are incomplete for magnitude thresholds below 0.5 in the southeastern section and
for magnitude thresholds below 1.5 in the northwestern section and in.the region as a
wholé. In the southeastern section, the ratio of larger aftershocks to the smaller ones is
much larger in the deep:zone than in the shallow one. This feature is reflected in the
small glope (~0.8) of the log N versus-M curve for the 8 1010 km depth interval in
Figure 18.

It. i tempting to conclude that the strong minimum centered near the 6- tu 7-kin
depth interval results-from. some depth-controlled characteristic of rocks eomposing
the upper crugt. The strong. concentration of aftershocks in a few patehes on the slip
surface. (Figures 8 and 11) raises the suspicion, however; that the two peaks on the
frequency-versus-depth histograms may result from geometrical features of the slip
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Fia. 19. Histograms showing the number of aftershockslarger than various magnitude thresh-
olds as a funetior% of foeal depth for the entire hypocentral region and for its northwestern and
southeastern seetions.

surface or from nou-depth-dependent variations in properties of rocks in contact across
the slip surface:

FavLr CREEP AND AFTERSHOCKS AS A FuNcrioy or Tive

Progressive surface displacements continuing long after the main Parkﬁelo!.—Cholame
earthquake along the section of the San Andreas fault that slipped at the time of t.,he
main shoek have been deseribed by Wallace and Roth (in Brown et al., 1967), Smith
and Wyss (1968) and Scholz, Wyss and Smith (1969). Such displacements measgred at
a number of sites along the zone of surface fracturing initially were quite rapid, but
their rates diminished logarithmically with time after the main shock in a mauner
similar to the decrease in frequency of aftershocks emanating from the same seotion of
the fault (Eaton, in' Brown et al., 1967). The possibility that continuing ,surfafee dis-
‘placement resutted simply” from the cumulative slip on the fault associated with the
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aftershocks hag been convineingly refuted by the studies of Smith and Wyss (1968)
and Scholz, Wyss, and Smith (1969). These authors estimated the cumulative average
displacement over the entire slip surface (and over various parts of it) from the seismic
moments of the earthquakes occurring along it in accordance with the relation

S .M,

Aol-‘

where % is the average slip over the area 4, (over which all of the “summed” events
oceur) due to an earthquake of seismic moment My, and u is the rigidity of the material
cut by the fault, They obtained the moments of the larger earthquakes from earlier
direct estimates by Wyss and Brune (1968) and caleulated the moments of ‘smaller
earthquakes for which magnitudes were available from the moment-magnitude rela-
tion for Parkfield earthquakes reported in the same study. The additional moment due
to many small earthquakes for which magnitudes were not available was estimated by
Schiolz, Wyss and Smith from the number of sueh earthquakes, the frequency-versus-
magnitude relationship given by McEvilly et al. (1967) and the moment-magnitude
relationship of Wyss and Brune. S8cholz, Wyss and Smith concluded that the total slip
inferred from aftershocks is an order of magnitude smaller than the displacement
measured at the surface for the period June 28 1966 to July 1968. Furthermore, when
the total slip inferred from. aftershocks during that period is compared section by
section along the fault with the corresponding displacement measurements, the central
part of the zone shows a minimum in inferred seismie slip and a2 maximum in measured
displacement.

The relationzhip of creep measured at the Earth’s surface to the aftershocks and the
cunulative displacement inferred from them are displayed as & function of time in
Figure 20. Curves CQ, CC and CP indicate cumulative strike-slip displacement along
the fault at 13 km (quadilateral QAB, from Wallace and Roth, in Brown et al. 1967)
and at 23 km and 31 km (Carr Ranch and Taylor Ranch, from Smith and Wyss, 1968).
Curves SE and NW represent the cumulative number of earthquakes of magnitude 1.5
and larger along the southeastern (0 to 25 km) and northwestern (25 to 50 km) sections
of the hypocentral zone, respectively; and curves . @ SE and D, @ NW, respectively,
show the. cumulative average digplacement over the corresponding sections of the
fault surface inferred from those earthguakes, Moments of individual earthquakes
were computed by the relationship log Mo = 1.5 M +17.0, where M is the maguitude
of the earthquake reported in Table 2. In this equation the coefficient of M and the
constant have heen somewhat arbitrarily selected from the magnitude-moment re-
lationships for Parkfield-Cholame earthquakes of magnitude 3.0 and greater obtained
independently by Aki (1969) and by Wyss and Brune (1968).

For caleulating average displacements corresponding to the moments so obtained
we let u = 3.0 X 10" dynes/cm? and assumed the same area, A9 = 200 km?, for both
the southeastern and northwestern parts of the slip surface. The average displacement
over the entire slip surface (with a total area of 400 km?) expected from the main shock
of magnitude 5.5, according to these relationghips, is 140 mm. The average displace-
ments inferred from aftershocks between the 3rd and 82nd day after the muain shock
are 6.0 mm and 2.5 mm for the southeastern and northwestern sections of the hypo-
central zone, respectively. Displacements measured at the surface during the same
period of time were about 60 mm (C'Q and CC) along the southeastern section and
about 140 mm (CP) along the northwestern section. The most striking features shown
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by ‘Figure 20 are the anticorrelation of ‘measured surface displacement and in-
ferred average displacement due to aftershocks over the two halves of the hypo-
central zone and the order of magnitude deficiency of the inferred average seismic
displacement as a source for the measured surface displacement. The main shock
itself is the only adequate seismic source for the large displacements that were observed,
after considerable delay, along the fault traee at the surface. However, the average
seismic displacement over the slip surface at the time of the main shock is extremely
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Fia. 20. Creep, cumulative average displacement-due to aftershocks and number of earth-
quakes of magnitude 1.5 and greater as a function of time after the main shock. Curves €Q, CC and
CP show cumulative offsets, across the 1966 fault break; due to creep near station 1, near station
11 and near station 9. (see Figure 7), respectively. Curves SE and NW show the number of earth-
quakes of magnitude 1.5 and greater along the southeastern section (0 to 25 km) and along the
northwestern section (25 to 50 km) of ‘the %ypocentral zone, respectively. The cumulative caleu-
lated average displacements over:those seetions of the fault due to the aftershocks are shown by

curves 2, 4.8 and Z‘ﬁ NW.

difficult to calculate precisely, and detailed comparisons of that displacement with
those obtained from direct geodetic measurements should be evaluated with due
regard for the uncertainty in the caleulated seismic displacement.

From the two seismic displacement curves in Figure 20, it is evident that most of
the digplacements due to aftershocks along the southeastern portion of the slip surface
oceurred in two short episodes, whereas that along the northwestern section of the slip
surface was more uniformly distributed with time. The two largest steps in the curve
for the northwest followed the sudden jumps in the curve for the southeast, perhaps
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indicating a migration of episodes of slippage aldng the fault from the southeast toward
the northwest during the first 2 months following the main earthquake.

DureNpENCE 0F GROUND MORION AMPLITUDES AND
Deravs on GeovocicaL. CONDITIONS

Magnitudes based on the maximum amplitude of P, PPMG(J), as well as on the
maximum recorded amplitude, XXMG(J), weke computed for each earthquake at all
of the stations for which adequate recordings of the earthquake and adequate calibra-
tion data were available, Deviations of values computed for individual stations from
the average of all of the stations (FPMG(J) = PPMG(J) — PMAG, and EXMG(J)
= XXMG(J) — XMAG) were also determinéd. For the caleulation of P-magnitudes
the constant in the magnitude equation was set at 1.45 rather than at 1.60 as for the
X-magnitudes. The values of PMAG obtained in this manner generally agree with
the corresponding values for XM AG within about 0.1 unit. The magnitude deviations
at a given station are logarithmic measures of the deviations in the maximum recorded
amplitude at that station from the values expected at an “average” site.

In the HYPOLAYR batch statistical summary, means, standard deviations and
standard errors of the mean are computed for the arrival time residuals, F(J), as well
as for EPMG(J) and EXMG(J) at each station. For inclusion in the statistical sum-
mary, it was required that an earthquake be recorded at five or more stations and that
the mean deviation of arrival-time residuals in its hypocentral solution, MD, not be
larger than 0.15 sec. Individual station values were deleted for particular earthquukes
if they exceeded 0.3 sec or bad overall “weights” smaller than 0.5 for the F(J), or if
they exceeded 1.0 unit for EPMG(J) and EXMG(J). The earthquakes were separated
into four calendar interval batehes, based on the number and distribution of stations
in the network, for processing in HYPOLAYR. Final values of F(J), EPMG(J), and
EXMG(J) were obtained by averaging the results from the four separate batches.

As indicated in the discussion of the dual crustal model used in the hypocenter cal-
culations, the gross average differences in the crust beneath stations on opposite sides
of the fault are incorporated into the model. A P-wave traveling vertically from a depth
of 15 km to the surface on the 8W side of the fault (model 1) takes 0.15 sec longer
than one on the NE side of the fault (model 2), and most.of the delay on the SW side is
in the uppermost 2 km of the path. The station delays DLY (J) that were incorporated
as corrections to computed travel times in HYPOLAYR result from local departures
of the crust beneath particular stations from the corresponding erustal models used in
the hypocenter determinations. The average F(J) described above are additional cor-
rections that must be added to the corrésponding station delays better to describe
local departures of the real crust from the model. To account for the differences between
the two models we must also add 0.15 sec to the corrected station delays for stations
SW of the fault, Then TD(J) = DLY(J) + F(J) + 0.15 sec (inodel 1) and TD(J) =
DLY(J) + F(J) (model 2) are the total station delays that we shall use in comparing
the various recording sites. ) )

In Figure 21 the average maguitude residuals, KPMG(J) and EXMG(T), are plotied
against the total station delays, TD(J). A single line was fitted by inspection to both
the EPMG and EXMG points for all stations SW of the fault (@ and [, for model 1),
The eqjuation of the line is MR = —~0.26 4 2.0 X T'D, whete ME is the magnitude
residual and 7'D is the total arrival time delay with respect to the model 2 erust. The
mean deviation of the model 1 station magnitude residuals from this line is 0.05 unit,
and the extreme values are +0.12 and —0.11. Because of the logarithmic relationship
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between recorded ground amplitude and magnitude, an inerease of 0.15 in delay (and
a 0.3-unit increase in magnitude residual) ‘corresponds to & twofold increase in ground
motion amplitude. Although the line through the model 1 station magnitude residuals
also fits the model 2 station magnitude résiduals (O and [1) quite well, the model 2
points are scattered rather widely about the line, with extreme variations from the
line of 0.29 and —0:.27. ' -
Because the delay. at a particular station depends primarily on the thickness of the
unconsolidated (chiefly Tertiary) sedimentrary rocks beneath the station, the relation-
ship between total delay and magnitude residual illustrated by Figure 21 also implies
a relationship between the thickness and degree of consolidation (as it affects wave
velocity) of such sediments and the ground-motion amplification of the site. An ex-
planation of the difference in scatter of magnitude residuals of stations on opposite
sides of the fault must be sought in the greater eomplexity of near-surface geology on
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Fra. 21. Average magnitude residuals versus average P-wave arrival-time delays for stations
of the portable network. Circles denote P-wave magnitude residuals and squares denote residuals
of magnitudes computed from the largest recorded amplitudes. Stations southwest of the fault
zone. are plotted by closed symbols; stations northeagt of the fault zone; by open symbols.

the northeast side of the fault than on the southwest side in the region covered by the
network. As noted by Akl (1969), the smallest ground-motion amplification oceurs at
sites with little.or no Tertiary sedimentary cover, which have the smallest delays, and
the largest amplification oecurs at sites with a thick sequenece of such rocks, which
have the largest delays.

More detailed analyses of the relationships between magnitude anomalies and travel-
time delays and the near-surface geological features of the recording sites can be ex-
pected to yield methods for the quantitative prediction of ground-motion amplification
at specific sites from geological data.

Ground-motion. amplification factors based: on “P-magnitude - and - X-magnitude
residuals are presented .in.Table 4, together with the corresponding magnitude resi-
duals, corrected station delays and total-delays with respect to.the model 2-crustal
structure. Standard deviations and standard errors of the means of individual station
~ values of travel-time residuals,. X-magnitude residuals and P-magnitude residuals,
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respectively, averaged 0.06 se¢ and 0.01 se¢, 0.23 unit and 0.04 unit, and 0.21 unit and
0.04 unit. The number of observations used in caleulating individual station values
‘relating to arrival-time residuals and magnitude residuals averaged about 500 aad 300,
respectiveély, for stations 1 through 7 and about 50 and 40, respeetively, for stations 8
through 12. Because the separate stations were not equally represenited in the deter-
mination of hypocenters und magnitudes (i.e.; records were available much more fre-
quently from some than from others): the residuals in Table 4 do not'sum to 0.

TaBLE 4

GROUND-MOTION AMPLIFICATION FacTORs BasED oN P-MAGNITUDE AND
X-MAGNITUDE RESIDUALS

Station Mol OPICd  TowalDeley  EFIG BXHG Amplification Factor
P Max

GH 2 -0.01 —0.01 —* —* T -t
1 1 -0.03 +0.12 —0.06 —0.01 0.87 0.98
2 1 -0.09 +0.06 —0.11 =0.17 0.78 0.68
3 1 +0.01 +0.16 +0,02 +0.04 1.05 1.10
4 2 0.00 0.0 +0.03 -0.04 1.07 0.91
5 1 +0.10 +0.25 +0,37 4-0.30 2.34 2.00
6 1 -0.06 +0.09 -~0.11 +0.01 0.78 1.02
7 1 +0.12 +0.27 +0.23 +0.17 1.70 1.48
8 2 -0.07 =0.07 —0.156 —0.15 0.71 0.71
9 2 +0.10 +0:10. 0,33 —=0.25 0.47 0.56
10 1 ~0.08 +0.07 —0.05 ~0,14 0.89 0.72
11 2 -0.12 —0,12 —0.59 —0.58 0.26 0.26
12 2 +0.12 +0.12 —-0.08 +-0.02 0.83 1.05
13 1 -0.13 +0.02 —* —* —* ¥
K 2 +0.26 +0.26 —¥ —F —* —F
E2 1 +0.04 +0.19 —* —F —* —*
E3 1 +0.12 +0.27 —* ¥ —* —*
Et 1 -0.19 —0.04 — — — —
E5 1 —-0.27 —0.12 -k —* —* —*
PRI 2 +0.33 +0.33 —* —* —* —*

* Not used in magnitude calculations.
CONCLUSIONS

The portable cluster of high-sensitivity, short-period seismographs employed in the
study of aftershocks of the  Parkfield-Cholame: earthquake provided hypocenter
determinations of sufficient precision to permit the mapping in three dimensions: of
the slip surface on which the aftershocks (und presumably the main shock, too)
ocecurred. Caleulated standard errors in epicentral position did not exceed 1.0 km for
80 per cent, nor 0.5 km for 59 per cent of the 537 aftershocks for which ealculation
could be made. The calculated standard errorin focal depth rarely exceeded twice that
in the epicentral position. A reference planc fitted to all but 10 of the 484 well-located
aftershoek hypocenters, which have a standard deviation from the plane of 0.45 ki,
strikes N 39°W and dips 86°SW. Its surface trace is a good straight-line approxima-
tion to the gently curved zone of surface fracturing that accompanied the main earth-
quake. Systematic variations in the deviation of hypocenters from the reference plane
suggest even finer details of the geometry of the slip surface:

About 95 per cent of the aftershocks studied had focal depths between 1 km and 12
km and none were deepel tha.n 15 km. Strong concentrations of foci at depths of 2 to
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4 km and 8 to 10 km were separated by a pronounced minimum &t 5 to 7 km. The lower
limit of aftershocks (and the sudden release of stored elastic strain energy that gener-
ates them) at about 15 km coincides approximately with the top of the probable
intermediate-velocity layer of the lower crust and is about 10 km shallower than the
top of the mantle.

Aftershocks were concentrated in patches on the slip surface, especially near its
southeastern end; other patches were entirely quiet, and with only a few exceptions
(most of them poorly located events northwest of the portable network) aftershocks
were restricted to 'the section of the San Andreas fault marked by burfawe fracturmg
at the time of the main shock.

Focal mechanism solutions based on the du'ectwn of first motion in the P-waves
for individual events and for composite plots of data from various sections of the slip
surface indicate that a very large majority of the aftershocks originated by right-
lateral strike-slip displacement on surfaces that very nearly parallel the reference plane
fitted to the aftershock hypocenters. Departures from this usual solution, mostly
involving smaller dip of the fault plane and larger plunge in slip direction, were most
prevalent among deep aftershocks at the southeastern end of the hypocentral zone.

Separate plots of log N versus M, where N is the number of aftershocks larger than
magnitude M, for the well-instrumented southeastern section and the sparsely instru-
mented northwestern section of the hypocentral zone suggest that recording of after-
shocks was essentially complete down to magnitude 0.5 in the southeastern section
but only to magnitude 1.5 in the northwestern seetion. In the southeastern section of
the hypocentral zone, the slope b of the log N versus M curve is a function of focal
depth: it is about —0.6 for events between 8- and 10-km depth but averages about
—0.95 for events at other depths.

An analysis of arrival-time and magnitude residuals suggests a relationship of the
form MR = —0.26 + 2.0 X TD, where MR is the magnitude residual and 7D is the
corresponding arrival-time residual with respect to crustal model 2 (northeast of the
fault). Thus maximum recorded amplitudes increase systematically with increasing
thickness of the low-velocity, near-surface sediments that are primarily responsible
for the arrival-time delays.
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