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Repeated surveys of 22 fault-crossing alinement arrays between 1983 and 1992
along the 40-km-long Parkfield segment of the San Andreas fault have determined defor-
mation patterns, creep rates, and fault-zone widths. Deformation patterns fall naturally into
two distinct classes. The Type I pattern occurs at 6 arrays and is defined by rigid-block
motion outside of the fault zone with homogeneous right-lateral shear within the fault zone.
The Type Il pattern occurs at 4 arrays which exhibit motion in a left-lateral sense as one
approaches the fault zone and homogeneous right-lateral shear across the fault zone. Type
HI pattern includes 7 arrays that do not fulfill the requirements of either Type I or Type 1I.

Type I deformation indicates that the earth moves as rigid blocks separated by a nar-
row zone of weak material that deforms by homogenous simple shear. Type I pattern sug-
gests the alinement array was initially surveyed after a strain event and before the strain
release, or that the array crosses a shallow asperity.

Creep rates (determined from alinement arrays) decrease along the Parkfield fauit
segment from a maximum of 15.2 mm/yr at the northwest end of the segment to <1 mm/yr
in the southeast end of the segment in southern Cholame Valley. These rates are slightly
higher than those recorded by creepmeters in that same area. At sites where the rates do
not agree, the disagreement is probably due to non-tectonic movement of the alinement ar-
ray monuments or creepmeter piers or by Type II deformation where the maximum offset
is in the center of the array.

Fault zones vary from 10 meters to over 30 meters wide. The narrower fault zones

tend to undergo Type I deformation, while the wider zones fall into deformation Types II
and III.
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Introduction
The San Andreas transform fault system (SAF) is the main boundary between the

North American and Pacific lithospheric plates. In central California, the long-term slip
rate is =35 mm yr'1 (Prescott, Lisowski and Savage, 1981; Sich and Jahns, 1984). Plate
motion models (Argus and Gordon, 1990; DeMets et al., 1990) iqﬁicate tilat the total Pacif-
ic-North America motion is 48 1 mm yr'l at 36‘T‘N in central California. The remaining
13 mm yr'1 of motion is dispersed across the area between the SAF and the eastern bound-
ary of the Basin and Range Province. Evidence of this deformation can be found in folding
and faulting throughout this region. In the central California area, about 65% of the relative
movement between the two plates occurs as right-lateral strike slip motion on the SAF.
This motion occurs as movement during earthquakes and as aseismic slip, which is also
called fault creep (Wesson, 1988). Fault creep was first measured in the 1960’s (in Cali-
fornia) by Steinbrugge et al., (1960) and Tocher, (1960). There have been several cases in
California in which the rate of fault creep changed noticeably just before local earthquakes
(Burford, 1988; Simpson et al., 1988; Mavko, et al., 1985; Nason, 1973; Allen and Smith,
1966). One of these examples occurred prior to the Parkfield 1966 earthquake (Brown, et
al., 1967). Two weeks before the earthquake, fresh en echelon cracks were observed in soil
1.5 km southeast of Parkfield, and nine hours before the main earthquake an irrigation pipe-
line (crossing the fault) broke. These suggest substantial fault creep before the earthquake,
and thus, fault creep measurements may prove valuable in earthquake prediction.

Fault creep can be determined by measuring the opening of cracks and offsets of
man-made features such as curbs, fences, and buildings that cross fauits (Wesson, 1988).
It can also be measured very accurately by periodic surveys of alinement arrays (sets of sur-

vey monuments that cross the fault) and periodic or continuous measurements using
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creepmeters (wire or rod extensometers stretched 10-30 meters across the fault). Fault slip
occurs as both event slip and interseismic slip (Lienkaemper and Prescott, 1989). Event
slip is the combination of coseismic and rapid preseismic and postseismic slip.

The Parkfield, California, segment of the SAF (Fig. 1), is the most densely instru-
mented fault segment in the world. Since 1985, the U. S. Geological Survey (USGS) and
the California Division of Mines and Geology (CDMG) have been operating the Parkfield
Earthquake Prediction Experiment along the Parkfield segment of the SAF. Changesin -
physical characteristics of the Parkfield segment (such as fault creep, seismicity, microseis-
micity, strain, geochemical measurements, water well levels, magnetic field intensities, et
cetera) are being measured round the clock. Hopefully, changes in physical characteristics
measured by these instruments will allow the USGS to issue a short term warning of an im-
pending earthquake. Benefits already include an improved understanding of the relation-
ships between such characteristics as rainfall, fault creep, water level changes, strain,
potential fields, seismicity, microseismicity, and geochemistry.

Creepmeters gather real-time measurements of aseismic and seismic slip in the
Parkfield area. There have been four different types of creepmeters used. These are de-
scribed more fully by Duffield and Burford (1973), Nason et al. (1974), and Goulty and Gil-
man (1978). The configuration presently in favor at the USGS consists of an invar wire
stretched between an instrument pier and an anchor pier 20 to 36 meters apart across an ac-
tive fault (Schulz, 1989; Schulz, et al., 1982; Schulz and Burford, 1977). Generally, before
a creepmeter is installed, an alinement array is used to accurately determine the location of
the active slip zone. The creepmeter wire typically crosses the fault at an angle of 30-45°.
Depending on the orientation of the two piers relative to the fault, the creepmeter will mea-
sure either extension or contraction of the piers with movement of the fault. Bec;ause the
wire is held taut over a rocker arm by a weight at the instrument pier, creepmeters can
record either right-lateral or left-lateral motion independent of their orientations to the fault.
When the fault slips, the wire is pulled through a splicer block and a displacement trans-
ducer. Slip is measured mechanically via a micrometer on the splicer block and electroni-

cally by the ransducer. The transducer sends the reading to the data collection platform
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4
(DCP) then to a GOES satellite which relays the signals to computers at Menlo Park. A
computer algorithm then automatically converts the signal into millimeters of offset and
determines whether or not it exceeds predetermined alert thresholds. If a threshold is ex-
ceeded, the computer activates a beeper system and scientists are quickly notified.

The Parkfield segment last ruptured in a M 6 earthquake on June 27, 1966. Lindh
and Boore (1981) reported that the 1966 Parkfield earthquake nucleated beneath a 5° bend
in the fault trace at the NW end of the rupture zone (on Middle Mountain) and that the dy-
namic rupture was arrested at its southeast end by a 1-km-wide right step in the fault trace
in the Cholame Valley, just south of Gold Hill. Thus, these two geometric features (the
bend and the right step) were used to define the Parkfield segment. Bakun and McEvilly
(1979, 1984) and Bakun and Lindh (1985) commented that the 1966 Parkfield event was
the sixth in a series of similar events that had previously ruptured the Parkfield segment in
1857, 1881, 1901, 1922, and 1934. These earthquakes all had similar magnitudes, epicen-
ters, seismic moments, rupture areas, and southeast direction of rupture expansion. Based
on the history of recurrence (at intervals of 2215 years), the next M 6 Parkfield earthquake
was assigned a 95% probability of ocurring in the 10 year window from January 1983 to
January 1993.

Tocher (Tocher et al., 1968; Tocher 1969) established five prototype alinement ar-
rays (each 300-meters long) between Harris Ranch and Bitterwater Valley on the SAF.
These operated from 1963 to 1967. Detection of aseismic slip drew interest in determining
the local amount of slip, the width of the fault zones and the pattern of near-field deforma-
tion. The USGS first began monitoring fault creep with alinement arrays in 1966 at a site
in the southern Cholame Valley area (Burford and Harsh, 1980). Since its inception in
1966, the USGS network of arrays has been expanded to include sites scattered from Men-
docino to El Centro near the Mexican border (Wilmesher and Baker, 1987). There have
been long periods when no surveys were conducted and other periods with frequent repe-
tition of surveys. Figure 1 shows the locations of the 22 alinement arrays on the Parkfield

segment of the SAF. Table 1 provides general information about the arrays.



Table 1. Alinement Array Data for the Central San Andreas Fault.

Site Code Site Name Latitude Longitude FirstSurvey Last Survey # of surveys

#

1 XMM4* Middle Mountain  35°57.5° 120°30.1° 29-Apr-84  8-Aug-91 14
2 MDR4*  MiddleRidge  35°566° 120°29.1' 9-May-79  20-Nov-9l 11
3  VAR4® VarianRanch  35°55.3° 120°27.77 15-May-86  4-Apr-91 13
4 PKW4™  Pakficid Kester 35°544° 120°276° 7-Feb-85  24-Jul-9% 18
S XPN4*  PakfieldNoth  35°540° 120°26.5° 27-Dec-84  21-Aug9l 14
6 PKN4*  ParkfieldNew  35°540° 120°265°  8-Jan-88  7-Aug-9i 7
7 PKE4  Parkfield Bridge 35°S3.7° 120°260° 19-May-83  25-Jul-91 18
8 TAY4* TaylorRanch  35°534° 120°256 28-Aug-84  25-Jul-91 22
9 RCW6" RanchitaCyn.Rd. 35°53.1' 120°265" 19-Nov-86 21-Aug9l 13
10 XDRS DwhamRanch  35°53.1° 120°253° 7-Jun-84  22-Apr-87 10
11 HST4 HearstNoh  35°524' 120°24.1° 6-Nov-86  6-Aug9i 11
12 WKR4® Work Ranch  35°520° 120°238° 6Jun-84  5-Ang9l 17
13 HSW4®  Hearst Southwest 35°51.8° 120°253° 20-Nov-86  19-Nov-91 14
14 KEN5  KemnedyRanch 35°50.7° 120°226° 10-Dec-86  22-Jul-91 i3
15 HAR4® HarlanRanch  35°504° 120°22.9° 6-Nov-86  19-Nov-91 14
16 CRR4* CarRanch  35°50.1' 120°218° 5-Jan84  17-Mar-88 6
17 GHG4* GoldHill Gilman 35°492' 120°210' 23-Aug-83  7-Jul-88 8
18 PHG4 Gold Hill 35°492' 120°21.0° 8-Nov-83  23-Jul-91 9
19 XWT4 Waier Tank ~ 35°454° 120°184° 11-May-84  18-Jun-91 8
20 H464 Highway 46 35°44.1' 120°172° 24-Aug-83  18-Jun-91 11
21 X464°  Highway 46 South 35°433° 120°167° 12-Jun-86  19-Jun-91 13
2  PPP4 PaloPrictoPass  35°39.2' 120° 12,5  22-Jul-75  20-Jun91 6

. Total # of surveys 270
3 Also a creepmeter site.

b. 1 ocated on the Southwest Fracture Zone.

On a broader scale, geodetic measurements of line lengths, (using lines on the order
of 30 km in length) have been carried out since 1959 (Langbein, et al., 1990; King, et al.,
1987). These lines cross the SAF at oblique angles. Changes in their lengths were inter-
preted to reflect either block motion or strain accumulation. Burford and Harsh’s (1980)
alinement array study of near-field deformation across the fault zone determined that block
motion is the primary manner of displacement along the Parkfield segment of the fault.

The purpose of this paper is to present results from new alinement array sites, to

summarize the surveying techniques used in surveys conducted along the Parkfield seg-
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ment of the SAF. This paper presents a summary of the geology of the area, a detailed
description of alinement arrays and how they are employed, along with an interpretation of
the data. Creep rates documented by Lienkaemper and Prescott, (1989), and measured by
creepmeters are provided as a comparison to slip rates determined by alinement array sur-
veys. Also, an improved method of measuring deformation is presented. This method in-
creases the amount of data gathered with each survey, provides information that assists in
the determination of monument stability, and allows the surveys to be completed by one
person rather than a crew of two. The appendix contains details that should allow other

workers to recover and resurvey these arrays.

General Geology
The Parkfield-Cholame segment of the SAF lies west of southern Diablo Range and

the northern Temblor Range in central California. It is approximately 25 miles southwest
of the town of Coalinga. Movement along the SAF has juxtaposed dissimilar rock units
separated by a belt of melange (Fig. 2). The 40-km-long segment of the SAF is the transi-
tion zone between the creeping segment, to the northwest, and the locked segment, to the
southeast. It is bounded by a 5° bend in the fault trace on Middle Mountain (on the north)
and a 1-km right stepover in Cholame Valley (on the south).

Northeast of the SAF lie complexly folded and fauited rocks of the Franciscan as-
semblage, Coast Range ophiolite, sedimentary rocks of the Great Valley sequence, and up-
per Cenozoic marine and nonmarine sedimentary rocks {Dickinson, 1966). Deformation
of these rocks varies with age and proximity to the fault. Deformation decreases with a cor-
responding decrease in the age of the rocks. Southwest of the SAF, the Salinian Block is
composed of granitic basement rocks overlain by Miocene and Pliocene marine sedimen-
tary rocks capped by Pliocene and Pleistocene nonmarine gravel and sand. The rocks west
of the fault are less deformed than the rocks to the east of the fault. Seismic activity is also
lower west of the fault.

To the northeast of the SAF, a belt of highly deformed rocks separates the Salinian
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8
block from the foided and faulted rocks to the northeast. The belt consists of sheared and
deformed Franciscan assemblage, upper Cenozoic units and exotic blocks of granite, gab-
bro, and marble. They were derived from Jurassic and Cretaceous crystailine basement
rocks and upper Miocene volcanic units to the northwest and southeast of the Parkfield area
(Sims and Hamilton, 1991; Sims, 1989).

Exotic blocks of crystalline basement and associated Tertiary volcanic and sedi-
mentary rocks are found at Gold Hill, and Lang Canyon. They have been sliced away from
their counterparts to the south and north, and have been fragmented. The Gold Hill block
includes a hornblende quartz gabbro that is similar, petrographically, to a body of the same
age about 150 km to the southeast (called Eagle Rest Peak), and to rocks about 165 km to
the northwest near Logan. The Lang Canyon block, northwest of the Gold Hill block, is a
northwest-trending belt of Miocene volcanic rocks that correlate with similar rocks of the
Neenach Volcanics, 220 km to the southeast, and with the Pinnacles Volcanics, 95 km to
the northwest (Sims and Hamilton, 1991).

The original position of the Gold Hill block (and its correlative bodies to the north-
west and southeast) is at the margin of the Mojave Desert and about 55 km northwest of the
restored position of the Lang Canyon group (Ross, 1989). Three stages of deformation ac-
count for the reversed positions of the Gold Hill and Lang Canyon blocks. In the first stage,
the Pinnacles and Logan blocks were sliced away from their parent bodies and displaced
about 95 km to the northwest. This places the Pinnacles about 40 km northwest of the Ea-
gles Rest Peak gabbro. In the second stage, the SAF stepped eastward and separated the
Lang Canyon block from the Neenach Volcanics. The Pinnacles and Lang Canyon blocks
were both on the west side of the fault and remained 95 km apart. The voicanic blocks and
one gabbro moved to the northwest. The third stage began when the Logan gabbro reached
the latitude of Gold Hill, at which point the Gold Hill block split off along the east side of
the SAF. The Logan gabbro and the Pinnacles Volcanics continued northwestward another
160 km. A total of 310 to 315 km of displacement (Sims and Hamnilton, 1991} is recorded
by the offset of all of these blocks.

The most notable feature documented by Hanna et al., (1972), was a two-lobed
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Bouguer gravity high on the north side of the SAF in Cholame Valiey. They report the
steep southwest side of the high is caused by shallow Franciscan rocks northeast of the fault
in contact with deeper granitic rocks (of similar density) southwest of the fault.

Description of Alinement Arrays

An alinement array is a linear series of buried survey monuments located so as to
cross a fault at a high angle (60-90°) to the local strike (Fig. 3). Array lengths range from
50 to 300 meters, with an average of about 100 meters. Alinement arrays consist of two to
four wing stations and an instrument station (IS). The IS is so named because a surveying
instrument called a theodolite is positioned on a tripod over the IS monument. Wing sta-
tions consist of at least one orientation station (OS) end station (ES) and as many as two of
each. Angles between the various wing stations are measured from the IS. Deflection sta-
tions (DS’s) are spaced between the IS and ES’s. The IS and OS’s are located on the same
side of the fault and are assumed to remain stationary relative to one another. The most
common array geometry is an “L” shape with the ES on the opposite side of the fault from
the IS and the OS. To determine the displacement of the deflection stations, their position
relative to the line of sight from the IS to the ES is compared from survey to survey. Re-
peated measurements of array geometries yield information on local slip rates, width of
fanlt zones, and patterns of near-field deformation. Results from repeated surveys of the
arrays can sometimes help explain unusual behavior (e.g., little movement or left-laterai
displacement) of nearby creepmeters.

Geologic evidence of fault offset (such as offset drainages, sag ponds, linear val-
leys, shutter ridges, mapped en echelon fault cracks, and offset cultural features) are used
in locating alinement array sites. Because alinement arrays require a clear line-of-sight,
heavily vegetated areas and high relief areas are avoided, if possible. Once a site is found,
that meets the above criteria, the local fault strike is measured and a line (as near to perpen-
dicular to the fault as the local terrane allows) is picked for the azimuth of the array. Station

locations are 1aid out along this line in both directions away from the fault. The interval
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Typical Alinement Array Layout

Auxiliary Fracture —_. 1
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Figure 3. Map View of an Alinement Array Layout. View shows the initial position of
the array monuments (dark circles), and positions of monuments (light circles) at a later
date after they have been displaced by fault creep (modified from Burford and Harsh,
1980). The theodolite is set up over the instrument station (IS, filled square) in the center
of the array. Tripods and targets are set up over the end and orientation stations (ES and
08S). The net amount of movement can be calculated three ways: by measuring the fauit
paraliel displacement of the end station (ES), by measuring the distance between two best-
fit-lines through the deflection stations (DS) on opposite sides of the fault, and by measur-
ing the distance parallel to the fault between the maximum offset points in the array. The
OS’s are assumed to be on the same rigid block as the IS.
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between stations usually increases with distance from the fault. OS’s are located approx-
imately 100 meters from the IS along a line parallel to the local fault strike.

In the past, monuments were made of concrete poured into unlined 6" deep holes
with a bar driven into the hole and mounted with a brass cap survey marker. This practice
was abandoned after heaving of the clay-rich soils actually caused some of the monuments
protrude as much as 6 inches above the ground surface. The expansion and contraction of
soils prompted changes in the design of newer monuments so that they would be decoupled
from the upper two to three feet of soil. The present monument installation procedure re-
quires inserting a 6" inside-diameter PVC pipe into a 3-4' deep post-hole (Fig. 4) and
pounding a 5’ long 1" inside-diameter galvanized steel pipe into the post-hole until the top
of the pipe is 4-13" below the ground surface. In plowed fields where heavy equipment is
used, the monuments are set lower to avoid being disturbed. In areas where arrays cross
pavement, subsurface monuments cannot be used, so special surveying nails (P & K nails)

are set into the pavement.

Measurement Procedure
The present procedure requires a two man crew, consisting of an instrument opera-

tor and a target operator. The instrument operator centers the tripod and theodolite over the
IS monument. The target operator centers the horizontal traverse targets and tripods over
the ES and OS. Both the theodolite and targets are equipped with optical plummets, which
eliminate the need for plumb-bobs. The survey begins with the instrument operator taking
readings to the various targets and the target operator recording the data.

The surveys are completed using precise first-order horizontal surveying theodo-
lites, traverse targets, tribrachs (attaches the theodolite and targets to the tripods) with op-
tical plummets, and tripods. A custom designed tent is used to protect the theodolite and
its tripod from the sun and wind. When the sun’s light hits the wooden tripod legs, they
expand, making the theodolite difficult to keep leveled. Large windows are cut in the four

walls of the tent to enable viewing of the targets. The target ripods have telescopic legs
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Typical U.S.G.S. Alinement Array Monument
-

Ground Level

W

USGS Monument

The monumant is either a brass or
plastic marker with a small punched
hola that the instruments are
centered over. Itis affixed atopa 5
to €' long 1" inside diameter steal pipe
that has baen driven inio the ground.

& diamater PVC pipe
&” diamaeter PVC o

T

Filted and tamped

pipe

1" LD, stee!

Not to scale J

Figure 4. Cross Section of Typical Monument. The monument is set atop 2 5 to 6 ft. steel
pipe driven into a posthole. A 6 inch (inside diameter) pvc pipe is then placed into the
hole around the monument and the area around it is tamped and filled (Modified from
Wilmesher, unpublished).

that are easier to set up than the fixed leg instrument tripod. The fixed-leg tripod is better
able to handle the extra weight of the theodolite.

Tripods with telescopic legs are positioned over the ES’s and OS's with one leg
pointing towards the IS, and a fixed-leg tripod is set up over the IS monument with a leg
set in the direction of the ES across the main fault. The positioning of the tripod legs in
such a manner enables the tribrachs to be set on the tripod head so the optical plummet eye-

pieces on the targets may be pointed toward the instrurnent. Thus, rotation of the tribrachs
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on their tripods are consistent from one survey to the next, and any systematic errors can
be more easily detected during data analysis. Next, the tribrachs are centered and leveled
over their respective monuments and the theodolite and targets are attached to the tribrachs
and are centered and leveled. The theodolite is placed on the IS tripod and centered and
leveled over the IS monument. Horizontal surveying targets are centered and leveled over
their respective monuments at the ES’s and OS’s. The theodolite scope is then aimed at ES
#1 and an angle of = 0° (' 30.0" is set on the horizontal micrometer scale and recorded. The
scope is then turned clockwise to OS #1 and the micrometer value is recorded. The acute
angle subtended by the stations is found by subtracting the two recorded values. This is
repeated for the remaining ES’s and OS's. The scope is then pointed toward ES #1 again
and the angle to OS #1 is repeated. The second reading toward ES #1 and OS #1 must close
within 3 seconds of the first reading. If there is a disagreement of more than three seconds
the angles are remeasured until the closure error is less than or equal to 3 seconds. When
all of the angle measurements close, the deflection stations are measured to complete round
one. The targets and the theodolite are then rotated clockwise 120° and the procedure is
repeated twice more. Rounds two and three follow the same procedure except the initial
horizontal angle readings set at ES #1 are =240° 00" 30.0" and =120° (0" 30.0" respectively.
Setting the micrometer readings at approximately 0°, 120° and 240° eliminates collimation
errors and reduces micrometer graduation ermrors.

To begin the deflection station measurements, the target operator centers the deflec-
tion target (Fig. 6) over the first monument toward the ES. The target point, at the end of
the vertical rod attached to the scale, is set in the mark on top of the monument. Once the
bulls-eye bubble on the target is leveled, the lock nuts are tightened, clamping the level ad-
justment plate and bar in place. Centering of a carpenters level behind the scale is accom-
plished by rotating the level adjustment bar. Once the target is leveled over the monument,
the target operator aligns it by pointing the gun sights at the theodolite. This ensures that
the scale is perpendicular to the line of sight. At this time the instrument operator locks the
horizontal motion of the telescope while pointed at the ES. This defines a vertical plane of

sight. The measurement is made by swinging the telescope vertically in this plane and fo-
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— Vertical plane of
IS-ES line of sight
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View th h ' .
iew throug seope: Gun sight

AN / Sliding target
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1 meter scale

Level adjustment bar

Targat point

Figure 5. Sketch of the Deflection Target. The circle represents the view through the the-
odolite telescope showing the vertical and horizontal cross hairs on the target scale. The
vertical dashed line through the circle represents the vertical plane passing through the IS
and the ES. The bull’s-eye bubble on top of the scale is used for rough leveling. Behind

the center of the scale is a 4" long carpenters level (not shown) used in the final leveling
of the target.
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cusing the vertical cross hair of the telescope on the deflection target scale. The scale is
then read to the nearest tenth of a millimeter under the cross hair. The instrument operator
records the value and signals the target operator who picks up the deflection target and
moves on to the next station. All of the monuments are read after each set of angles for a

total of three readings per deflection monument.

Methods of Caiculating Displacement
Three different measures have been used to calculate the total amount of displace-

ment recorded between repeated measurements of alinement arrays. Unless otherwise not-
ed, the measure used in this study is the ES displacement along a line parallel to the fault
strike from its original position (12.1 mm in Fig. 3). At a few sites, a lack of agreement
between rates measured using ES displacement and the rates from nearby creepmeters in-
dicate that a second method is needed to better show the rate of movement at the fault zone.
The distance between the maximum displaced monuments on opposite sides of the fault can
be used in conjunction with the first calculation to show the difference in rates at the fauit
and the rate 30-60 meters distant from the fault. The maximum displacement method is
used when offset is greatest next to the fault and decreases with distance away from the
fault. The third measure is the distance (at the fauit) between two least-squares fit lines
through monuments on opposite sides of the fault zone (10.6 mm in Fig. 3). This method
was used by Burford and Harsh, (1980), as a check, or as an alternative to end point dis-
placement in the absence of reliable angle data. In cases where the deformation is homog-
enous and simple shear is distributed across the fault zone, this third method consistently

underestimates fault slip.

Precision of Measurements
The surveying procedure used in this study is nearly identical to that reported by
Burford and Harsh, (1980). They determined that the precision of the measurements de-
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pends upon 1) accurate positioning the surveying instruments over the monument centers,
2) how well the instrument operator points the theodolite at each target and reads the mi-
crometer value, and 3) monument stability. To determine the repeatability of survey mea-

surements they occupied an array (Melendy Ranch) twice in four days. Their results .

0.5¢
) .
g . .
E 3 I ®
£ 0.0f O 00— . o
§ 1 IS ¢ ES
& .
a ES
i PP o Reference positions
o5t 20m M3/76
o Apparent offset positions
7717176

Figure 6. Test of Survey Repeatability. Comparison of two surveys conducted four days
apart at Melendy Ranch alinement array to test the measurement repeatability (from Bur-
ford and Harsh, 1980). Deflection monuments are resolved to +0.17 mm, while the error
bars on the ES’s designate a resolution of 0.2 mm from the accumulation of error in the
two sets of angle measurements.

indicate a standard deviation of the ES (approximately 85 m from the IS) of 0.2 mm and
an average deviation in determination of DS displacements of +0.17 mm. These measure-
ments may include tectonic movement in the slip zone if a creep event occurred in the four
day period between surveys.

Systematic errors in measured angles and deflection station measurements resulting
from the effects of randomly oriented eccentric biases in optical plurnmets (Fig. 7) or mis-

adjustments of level vials are corrected by rotating the targets and instrument tribrachs 120°
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Figure 7. Biased Angle Measurements. The IS, ES, and OS are positioned randomly and
rotated clockwise on large eccentric circles about their true monument position {Modified
from Burford and Harsh, 1980).

between each set of readings. Errors in the angle measurements caused by the optical plum-
met being out of true or a level vial out of adjustment are generally noticeable in the read-
ings, but are almost perfectly cancelled when the mean of the three sets of angles and

deflection readings is determined. Figure 7 is a hypothetical example of a survey in which
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the eccentric errors of the optical plummets are exaggerated to a radius of =2 meters (nor-

mally 0.2 mm). The results of a comparison of the true angle and deflection values to

those from the three eccentric circles is shown in Table 2.

Table 2. Comparison of True Angle and Deflection Values with Mean Values Cbtained

from Three Sets of Ecceniric Centers.

See Figure 7 for further explanation (Burford and

Harsh, 1980).
Parameter | True Value Mean Value for Value for Value for
(units) (T) Value? 1%t Position | 27 Position | 3™ Position
o (deg) 90.0 90.2 87.3 84.5 08.8
Defl. I (m) -4.33 -4.38 -6.04 -3.15 -3.96
Defl. II (m) +4.02 +3.99 +2.53 +5.90 +3.55

* An average of three centers.

In these surveys the only changes made to the technique of Burford and Harsh,
(1980) are an additional pointing to ES #1 and the use of a newer electronic theodolite of
similar precision to the old instrument. The additional pointing to ES#1 means that each
wing station is sighted twice and the two readings must fall within a three second range.
The digital display of the electronic theodolite eliminates operator errors from the interpre-
tation of the micrometer scale. With the inclusion of the second pointing to ES #1, all of
the targets are read twice with a maximum allowable variance of three seconds of arc be-
tween each pair of measurements. Before 1983 the surveys were begun by reading OS #1
first, whereas, now they begin at ES #1. The average of the standard deviations of the 12
angles from each survey (270 surveys) is +1.57 seconds. The average standard deviation
of ES displacement is £ 0.91 mm. The standard deviations determined in this study are
probably a better indicator of the average repeatability of the various array lengths and dif-
ferent surveying conditions. The standard deviation is proportional to the length of the ar-
ray. The average distance from the IS to the ES is 113 meters. The first-order horizontal
control standard of accuracy in the United States is one part in 100,000. The average ac-

curacy of alinement array surveys is one part in 124,000.
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Site Characteristics
The following section is a brief discussion of characteristics of each site preceded

by a short explanation of how they may affect survey measurements. The various charac-
teristics listed in Table 3 include the number of stations, type of monuments, the local fauit
and array azimuths, and the length of the arrays. The monument types described earlier
(Description of Alinement Arrays section) include the subsurface type, nails set in asphalt,
and markers embedded in concrete plugs. At PKF4 (Parkfield Bridge), crosses etched into
the concrete are used on the bridge as monuments and survey nails are used outside the
bridge structure. Several of the older sites installed by Cal Tech have brass cap survey
markers crimped on 1.6 cm diameter copper clad rods pounded into the ground.

Table 3. Site Characteristics.

#  SiteCode #;)%f me;m " Fault Azimatls Array LenAgnt:y(m)
1 XMm4P 5 SS 335.5° 27° 94 84
2  MDR4* 8 SS 322° 237° _ 121.64
3 VAR4* 9 SS 320° 60° 69.40
4  PKW4*™ 4 SS/N 356° 244.5° 92.35
5 XPN4* 0 SS/N 314° 25.5° 187.04
6 PKN42 10 SS 314° 47° 92.14
7 PKF4 5 N/E 319.5° 90° 108.80
8 TAY4* 8 SS 320.5° 233° 103.20
9  RCWeE° 9 SS 318.5° 92.3° 275.99
10  XDRS 9 c 319° 235° 62.52
11 HST4 5 SS 320° 225° 74 84
12 HSW4® 7 SS 320° 50° 112.11
13  WKR4* 0 SS/CT 316.5° 43.5° 60.71
14  KENS 7 SS 320° 230° 72.70
15  HAR4P 5 SS 320° 31.5° 106.11
16  CRR4? 6 SS 314° 56.5° 12928
17  GHG4? 3 SS/CT 320.5° 42° 121.66
18  PHG4 9 SS 3205°(3 5 UP?5RS 13941
19 XWT4 9 C 326° 220° 79.23
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#  SiteCode ﬁ)%f M°i'§'§l'fm Fault — Array LenAgI:ha{m)
20  H464 4 CcT 318° 234° 151.65
21 X464 6 sS 320° 70° 150.10
22 PPP4 14 sS 320° 50° 200

3. §S=subsurface monument, N=nail, E=etched cross in concrete bridge slab,
C=monument set in concrete, CT=Cal Tech monument

b Alsoa creepmeter site.

C- Located on the Southwest Fracture Zone.

The local fault azimuths were measured with a hand-held compass and compared with az-
imuths from fault maps. The distances from the IS to the various monuments were mea-

sured with an electronic distance meter to a precision of £1 millimeter.

Patterns of Deformation
Upon initial investigation of the deformation patterns, the patterns grouped natural-

ly into two categories, with the remaining arrays placed into a third category (Fig. 8). The
first two categories (I and II), consist of arrays with deformation patterns that can be de-
fined by a general shape, although not restricted by magnitude of displacement or distance
from the fault. The third category (IIl) consists of arrays with deformation patterns that are
not easily interpreted with a simple model of deformation. Type I is found at six arrays,
Type Il is at four arrays, and Type III occurs at seven arrays. Figure 9 shows the spatial
distribution of the deformation patierns. PKF4 array is not included because the deflection
stations are on concrete slabs on the bridge framework. Arrays XPK4, WKR4, GHG4 ei-
ther don’t have any deflection stations or have too few to determine a pattern.
Deformation Type I is best defined by the displacement pattern at the Middle
Mountain array (XMM4, Fig. 10). It is the type section deformation pattern of two rigid
blocks (=100 rn2) separated by a narrow zone of ductile shearing. Monuments away from

the fault zone have little or no lateral movement between them, thus, they maintain a rela-
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Figure 8. Deformation Patterns I through III. Pattern I shows no deformation outside of
the fault zone. Pattern II shows left-lateral displacement of the monuments outside of the
fault zone. Pattern Il shows random displacement of the monuments across the arrays

length.
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tively straight line. The displacement between the IS and ES closely approximates the total
cumulative movement on the fault.

The displacement pattern at PKN4 is the best example of deformation Type II de-
formation (Fig. 11). The monuments outside of the fault zone remain aligned, although,
they are rotated in a counter clockwise manner. The maximum amount of displacement is
not at the two most distant stations, the IS and ES, but at the monuments closest to the fauit.
The creepmeter XPK1 located about 30 meters to the southeast has measured the same
amount of displacement over the same time period as is recorded by the displacement of
the two monuments nearest the fault zone.

Deformation Type III (Fig. 12) includes the remaining arrays that don’t neatly fit
into the first two patterns. The arrays may fit into one of the previous categories on one
side of the fault but not on both. All of the arrays classified as Type III have less total dis-
placement than any of the arrays of Type L, except MDR4, which is considered unreliable
due to unstable monuments. These arrays may represent a complex pattern of diffuse strain
across a wide fault zone, or a complex pattern caused by multiple fault traces, or they have

not moved enough to present a clear pattern.
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Deformation Pattern 1

1 XMM4

Distance from the instrument station (m)

-20 0 20 40 60 80 100 120

Right-lateral displacement (mm)

Figure 10. Example of Deformation Pattern I. Plot shows the cumulative movement at
Middle Mountain alinement array. Shaded area represents the maximum possible width
of the active fault zone. Monuments outside of the fault zone are displaced very little with
tespect to one another.
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Deformation Pattern 11
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Figure 11. Example of Deformation Pattern II. At the PKN4, array the end points have
been offset only 6.7 mm while the points closest to the fault zone have been offset 33.2
mm over the same time period. XPK1 creepmeter (=25 meters SE) agrees with the larger
displacement during the same time period.
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Deformation Pattern 111

Distance from the instrument station (m)

Right-lateral displacement (mm)

Figure 12. Example of Deformation Pattern III. The determination of the fault zone
width, fault location, and total displacement is difficult because of the random pattern of
displacement of the monuments.
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Figure 13. Plot of Creep Rate vs. Deformation Pattern Type. This plot suggests a progres-
sion from deformation patterns Il and II to I with increasing cumulative movement. The
data point MDR4 is considered unreliable due to monument instability.

Figure 13 suggests a comrelation between pattern type and amount of creep at each

site. Anunequal-variance Student’s t-test and F-test were conducted (Table 4) to determine

Table 4. F and t-Tests on Creep Rate Distribuiions between Deformation Patterns 1, II,

and I in Figure 13.
pattern 18t avg 2 nd avg t tw_osa F Fa=o_05b
Ivs. H 9.26 2.98 3.18 1.90 1.64 9.12
Ivs. I 9.26 1.11 5.33 1.83 7.07 5.19
Ovs. Il 2.98 1.11 1.26 1.86 4.31 5.41

3. Taken from Table 4, Press, et al., 1986.
b. Taken from Table 6(a), Press, ct al., 1986.

if the patterns have significantly different means and variances (Press, et al., 1986) of creep

rates. The null hypothesis (that the means of two samples are equal) is rejected when t >
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te=00s- This hypothesis can be rejected for the first two cases, but not for the third. The
null hypothesis (that the variances of two samples are equal) is rejected when F > Fg_g 05
This hypothesis can be rejected only for the second case, but not for the first and third.
Thus, the statistics show that the creep rates at sites with deformation patterns ITand II are

not significantly different from one another.
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Figure 14. Comparison of Fanlt Width and Creep Rates. Box #1 includes 7 arrays with
fault widths from 20 to 30 meters and creep rates of -1.0 to 9.1 mm/yr (avg. 2.6 mm/yr).
Box #2 includes 7 arrays with fault widths from 10 to 15 meters and creep rates of 4.4 to
15.2 mm/yr (avg. 8.5 mm/yr). The data from MDRA4 is considered unreliable due to mon-
ument instability and is not included. ’

Two possible explanations for the increase in total slip from patterns Il and Il to I
are: 1) that all sites pass from the more chaotic patterns to the simple pattern I when they
exceed a certain amount (~30 mm) of total movement; 2) that sites with Type II deforma-

tion are expected to have less displacement at the ES because they are responding to an as-
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perity on the fault that inhibits slip at the surface. These explanations are more fully
discussed later in the section on Deformation Mechanisms.

A comparison of fault widths and creep rates measured at each site is shown in Fig-
ure 14. The average value for arrays in Box 1 (26.1 m wide fault zone and 2.6 mm/yr creep
rate) and Box 2 (11.3 m wide fault zone and 8.5 mm/yr creep rate) indicate that areas of the
fanlt with narrow fault zones tend to have higher rates of creep than areas with a wide fault
zone (7 of the 10 sites with the highest rate). The high rate of creep recorded across a narrow
zone by the creepmeter suggests MDR4 might also fall into box #2 if it had stable monu-
ments. The fault widths are maximum values that are determined from the distance be-
tween the two monumients just outside of the fault zone.

The Student’s t-test and F-test results are shown in Table 5. The null hypothesis

Table 5. F and t-Tests on Creep Rate and Fault Width Distributions in Boxes 1 and 2 of
Figure 14.

box 1avg l box 2 avg t to—0.05" F | Fgoos
e e ————— ]

Creep rates | (mm/yr)
Ivs.II 2.61 8.47 291 1.78 1.01 3.79
Vi
Fault widths | (m)
Ivs.II 26.1 11.3 18.7 1.78 3.85 3.79

* Taken from Table 4, Press, et al., 1986.
b Taken from Table 6(a), Press, et al., 1986.

(that the means of two samples are equal) is rejected for the comparisons of creep rates and
fault widths in boxes 1 and 2, as t > t,_g o5- The null hypothesis (that the variances of two
samples are equal) cannot be rejected for the creep rate comparison, but is rejected in the
comparison of fault widths as F > F_g g5. Thus, the statistics show that the means of creep
rates and fault widths in the two boxes are significantly different. The variances of the

creep rates are not significantly different, but fault widths are different. Table 6 lists creep

rates and deformation patterns at each site.
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Table 6. Alinement Array Creep Rates and Deformation Patterns.

. Creep Average St Dev, b Soil Deformation Fault
# Sitc Code rate* Sec mm Topography Stability® Pattern Width (m)
1 xmMmad 152 1.21 0.6 high relief good I 10
2 MDR4¢ 79 1.39 08 °  highrelief poor I 30-35
3 VAR 66 145 0.5 high relief ~ moderate I 24
4 PKW4de 1.0 1.38 0.7 moderate good 11| 20
5 XPN4d 9.1 1.24 1.2 flat good N/A 27
6 PKNgd 19 1.63 1.6 slight good i 27
7 PKF4 8.6 1.07 1.1 flat paved N/Af ?
8 TAY4? 112 1.82 1.4 high relief good I 11
9 RCWg® 22 1.43 1.8 flat good i1 ?
10 XDRS 9.6 1.44 1.4 slight good I 15
11 HST4 6.5 1.63 1.6 moderate moderate I 12
12 WKR4? 7.1 2.45 24 moderate good N/A 9
13 HSW4% .10 1.31 1.3 flat good I 20-40
14 KENS5 59 1.55 1.6 moderate good i 10
15 HAR4® 1.0 1.90 19 slight good i 25
16 CRR4? 44 1.30 1.3 flat moderate? i 11
17 GHG4! 4.1 1.51 1.5 slight good N/A ?
18 PHG4¢ 6.5 1.19 1.2 slight good I 10
19 XWT4 2.8 2.58 26 flat poor 114 ?
20 H464 0.3 2.05 2.0 fiat moderate I 30
21  X464¢ 17.6 1.75 1.8 high relief poor N/A ?
22 PPP4 0.7 1.17 1.2 high relief  moderate 11 ?

:° From ES displacement (mm/yr).

- High relief=5 meters, moderate 5-3 meters, slight 3-2 meters, flat<2 meters.

* Not quantitatively determined. Good=little expansion or contraction,
poor=highly expansive clay rich soils.

- Also a creepmeter site.

Located on the Southwest Fracture Zone.

Deformation pattern is controlled by the structure of the bridge.

- CRR4 is in an irrigated field.

L]

| e A
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Deformation Mechanisms
Weldon and Springer (1988) suggested that shallow (2.1 km) maximum horizontal

stress orientations near the SAF are variable and can differ from those driving the fault at
depth. The varying deformation patterns suggests this is also the case at the near surface at
Parkfield. The regional stress regime is nearly perpendicular to the trend of the SAZ near
Parkfield (Zoback and Zoback, 1980). In this section five mechanisms will be presented
that can produce the observed deformation patterns. There can be as few as one or as many
as five mechanisms causing the displacements, and the mechanism can change over time at
a site.

Type I deformation is easily explained by two rigid blocks separated by a weak
zone where simple shear is the dominant strain mechanism. The monuments in the rigid
block maintain their relative positions while those in the fault zone are progressively dis-
placed (Fig. 15, line I). The two blocks freely slide past each other.

The four mechanisms suggested below for developing Type II deformation are pre-

sented for discussion and for possible further investigation. The first possibility involves a
shallow asperity below a slipping section of the fault. The second explains the observations
on the basis of the timing of the initial survey and relative to a strain event and the subse-
quent relaxation of that event. The third possibility is that the main fault trace is flanked
by auxiliary fauits such that the blocks between the faults rotate. The fourth scenario being
that the observed displacements are explained by nontectonic movements.

A shallow asperity below a creeping section of the fault could cause the monuments
to be displaced in a manner that produces Type II deformation. Line II in Figure 15 shows
a possible alinement array response to rocks at depth unable to freely slide because of a
shallow asperity in the black area. The shaded area indicates the strain shadow as it spreads
away from the asperity and intersects the surface. Even if the rocks at the surface are not
strong enough to deform elastically at the scale of the alinement arrays, they could be re-
sponding by brittle fracture to strained materials at depth (Burford and Harsh, 1980). As
the array passes through such a strain shadow the expected right-lateral displacement is in-
hibited because the faultis pinned at depth. The affect of the asperity on surrounding rocks
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Sliding Locked

Type | and Type |l deformation of alinement arrays.

Figure 15. Deformation Mechanisms. Type I deformation pattern is shown in the upper
line (encircled T). The line remains unstrained in the rigid blocks outside of the weaker
zone of rocks (stippled pattern). A high percentage of the total fault slip oecurs within a
narrow zone of simple shearing. The rocks in the shaded area have responded elastically
to the asperity on the fault (strain shadow). Type II deformation pattern (encircled IT) at
the surface responds to elastically deformed rocks at depth across the shaded area and the
weak rocks of the shear zone. See texi for further explanation. The two blocks are sepa-
rated to show the subsurface location of a shallow asperity (black filled area).
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decreases with distance from the fault. The unaffected rocks (white areas) are displaced
right-laterally (as expected).

The second possibility requires that the initial survey at a site occurs when the fault
is locked and the rocks surrounding the array are strained. When the fault releases via a
creep event or seismic slip the rocks closest to the fault are displaced further than those at
a distance. Later surveys would then record the strain release along the fault. Thas, the
displacement calculations show the greatest amount of change near the fault and in a lefi-
lateral direction. Figure 16 shows the initial strain state during the first survey in the upper
left and the corresponding initial plot of the monuments with zero displacement in the low-
er left. The upper right diagram shows the position of the rocks after the release of strain.
The lower right diagram is the displacement determined by comparing the monument po-
sitions determined during the two surveys. This mechanism can also produce Type I de-
formation. Thus, there does not have to be more than one mechanism acting on the fault to
produce two different deformation patterns.

A third possibility is that the main trace is flanked on both sides by auxiliary faults.
These scenario gains credibility from the fact that a splay of the fault was mapped approx-
imately 100 meters to the south of PKN4. Right-lateral movement on these fauits could
cause rotation of the block between the faults. These faults would have to die out or merge
at depth with the main fault, otherwise they would add to the total amount of slip measured
across the fault by far field geodetic techniques and a large discrepancy would arise be-
tween those and near ficld measurements of fault slip. Arguments against this possibility
are that other splays of the fault have not been noted at the other three sites, and that rotation
between fault splays would cause a space problem at the fault junction.

The fourth possibility is that Type II deformation is caused by nontectonic move-
ment. Gravity sliding of the near surface material would be a likely form of nontectonic
movement. But this can be ruled out as a possibility at three of the four sites because they
are on flat ground.
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Initial Survey Later Survey

State of Strain
of the ground.

Monument
Displacement

Figure 16. Possible Explanation for Type I Deformation. Top diagrams (A) show the
state of strain of the ground around the array. The lower diagrams (B) show the deforma-
tion due to a release of strain that existed before the first survey.
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Seismicity
Seismic activity along the Parkfield segment of the SAF varies directly with fauit
creep. The rates of fault creep and seismic activity decrease from the northwest to the
southeast. This decrease in creep rates is expected as the Parkfield segment is the transition

zone between the creeping section to the north and the locked section to the south (Fig. 17).

— Locked
e CrEEPING

Figure 17. Location of Creeping and Locked Areas of the San Andreas Fault. During the
great San Francisco and Ft. Tejon earthquakes in 1906 and 1857, respectively, were the
last time these segments slipped.

The relationship of seismicity and aseismic fault movement is shown in Figure 18. Seismic
activity and creep rates are both high to the northwest of Middle Mountain (at km 24 in Fig.
18). In the central section of the SAF creep is the dominant process for shallow slip (Hill,
et al., 1990). Littie if any shear strain is accumulating in the blocks on either side of the

fault, and most seismologists believe that this section of the fault is unlikely to rupture in a
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great earthquake. Decreases in both the seismic activity and the creep rates define the tran-
sition zone between the creeping section and the locked section to the southeast. The tran-
sition begins at the location of the 1966 earthquake hypocenter (star in Fig. 18) and the 5°
bend in the surface trace of the fault. It terminates to the southeast at the 1 km right step-
over.

The epicentral locations of post-1969 seismicity in the Cholame Valley region lie
along the mapped traces of the SAF. Although, Poley and Lindh, (1987), report several
earthquake epicenters located in southeastern Cholame Valley.

Scattered seismicity within the Coast Ranges surrounding the SAF is distnctly
more intense in the Franciscan terrane east of the fault than in the granitic Salinian block to
the west. The most significant seismicity away from the SAF is a series of earthquakes and
aftershocks near Coalinga, northeast of the Parkfield area. The two largest being the Coal-
inga M 6.7 earthquake on May 2, 1983 and the Kettleman Hills M 5.7 earthquake on August
4, 1985. Both earthquakes involved reverse slip on northwest-striking planeé subparallel
to the strike of the SAF (Stein and King, 1984; Eaton, 1989) and are clear evidence of crust-
al convergence perpendicular to the SAF. These fault movements released much of the
strain in the area, such that they stowed and/or reversed the direction of surface creep rates
at creepmeters and alinement arrays in the Parkfield area. Also, mid-crustal seismicity rates
decreased to near zero and remained low for the following 15 months (Schulz, 1989; Bur-
ford, 1988; Simpson, et al., 1988; Burford, et al., 1987; Poley, et al., 1987; Wilmesher and
Baker, 1987). The creepmeter at Middle Mountain recorded left-lateral slip (rebound) for
more than a year following the Coalinga event. Figure 24 (appendix) shows the initial sur-
vey of the alinement array at Middle Mountain just about the time the creepmeter returned

to its normal rate of slip in mid-1984.

Comparison of Alinement Array and Creepmeter Creep Rates
The following section is a description of significant events in the alinement array

and creepmeter data presented in the appendix. At Middle Mountain (XMM4), Figure 24
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PARKFIELD SURFACE CREEP RATES AND SEISMICITY

<«<———CREEPING > TRANSITION——————— 3 < LOCKED>
- 40
w ;
] .
3 sC [
30
g 30' + RR 1
B
CPR + =
& E 20, 20
% A

- 10

NW ° SE
E 'E -10- - -10
A -

[-20
DISTANCE (km)
MAGNITUDES CREEP RATES
*0+ 430+ o Alinement Array
+ L0+
$20+ Fa0s | Creqpructer
4 Atandoned Alinesters Array
ﬁ 1966 M 6.0 Pasifield —~ Short Trilateration Net
EQ Hypocenter
Q Offset Cultrual Feature

Figure 18. Plot of Seismicity and Surface Creep Rates. Earthquake hypocenters (crosses
in lower box) from 1984 to 1992 are plotted on a vertical fault plane with interseismic sur-
face creep rates determined from alinement arrays (boxes), creepmeters (vertical lines),
abandoned alinement arrays (crosses), short trilateration networks (horizontal lines), and
offset cultural features (diamonds) plotted above. The numbers next to the boxes coire-
spond to the site numbers in Table 1. Both seismicity and creep rates decrease from the
northwest to the southeast. The star indicates the approximate position of the 1966 earth-

quake hypocenter. The earthquakes were recorded at a minimum of ten stations with an
rms of <0.008.
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shows a comparison of the creepmeter and ES displacement during the time period spanned
by the first and last surveys (April 29,1984-August 8, 1991). The beginning and ending
alinement array data points very nearly overlie the creepmeter record. Although, data gath-
ered from June 1985 to May 1988 and the single 1989 data point indicate a higher rate of
fault slip recorded by the alinement array than is seen in the creepmeter data. Both instru-
ments show a long-term creep rate of over 15 mm/yr averaged over the period from April
29, 1984 to August 8, 1991. The May 2, 1983 M; 6.7 Coalinga earthquake (Simpson, et
al., 1988; Poley, et al., 1987; Schulz et al., 1987) caused a period of lefi-lateral slip lasting
more than a year after the earthquake. The fault creep retumned to right-lateral slip in June,
1984,

At MDR4, the creepmeter record (XMD1) and displacement of the end points of the
array do not agree (Figure 27). The creepmeter shows a slip rate of about 18 mmy/yr from
1987 to 1990, then a decrease in rate to a little over 11 mm/yr from April 1990 to November
1991. The alinement array data shows a fairly constant rate of 8 mm/yr 0.3 from 1979 to
November of 1991. The last two surveys indicate a similar decrease in creep rate as the
creepmeter. The data from the alinement array is suspect because monuments may have
been affected by gravitational movement on slopes. The OS is located on a fairly steep
slope as are some of the DS’s.

In Figure 30, the addition of insulation in VAR1 creepmeter vaultin 1990 caused a
decrease in the amplitude of the seasonal signal. The prominent rainfali-activated event re-
corded in the spring of 1991 does not affect the alinement array measurements. At the site
of co-located alinement arrays PKN4, XPK4 and nearby creepmeter XPK1 an interesting
relationship is seen in the displacement of monuments (Fig. 38). The amount of slip and
strain measured were expected to increase with distance from the fault. But, at this site, the
separation of DS’s 2 and 6 paraliel the measurement at the creepmeter and array XPK1 (no
DS’s). These measurements are markedly greater than the displacement at the ES. Hypoth-
eses explaining this type of movement were presented earlier.

At PKF4, the data from two OS’s agree fairly closely (Fig. 41). The shorter distance
to OS#2 is the probable cause of the slightly higher measurement fluctuations. The TAY4
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array should be extended, as the deflection plot in Figure 44 shows the instrument station
on the edge of the fault. The result of adding insulation in the creepmeter vaults can be seen
in the creepmeter record in 1990.

AtWKRA4 (Fig. 59) three lows in the alinement array reading correspond with highs
in the creepmeter data. If the data are correct, this suggests that a phase shift of the seasonal
signal is possible over a short distance.” If two instruments could be installed in a manner
that their combined records would cancel the seasonal signal, many alarms resulting from
creep events cansed by nontectonic forces could be avoided. Although the seasonal signal
in the array data set is highly aliased, it would be interesting to see the results of more fre-
quent surveys. In Figure 68, the large amplitude of the seasonal signal in the creepmeter
data is due to irrigation. Trrigation in the area caused several surveys to be postponed.

Figure 83 shows divergence of two alinement arrays data sets from each other at
alinement array X464. Both angle sets disagree with the flat creepmeter reading. Monu-
ment instability was certainly the cause. This is evident because the angle between the
0S’s changed over time.

The data from the four alinement array sites with Type 1I deformation, PKN4,
KENS, CRR4 and H464, suggest that a small change in the location of creep measuring
instrumentation at these sites would result in a large change in the amount of creep mea-

sured,

Nontectonic Displacement of Monuments
Factors that adversely affect interpretation of the data are the position of monu-

ments relative 1o the fanlt, non-tectonic movement of monuments, precision of the mea-

surements and the frequency of measurements. If the monuments are too few or are poorly
positioned across the active fault zone, the interpretation loses accuracy. Thus, arrays with
closely spaced monuments in the area of interest better define displacements than do arrays
with few monuments spanning long distances. Because the monuments were installed be-

fore the fault zone was well defined it is difficult to know where each monument should be
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placed in order to characterize deformation across the fault zone. Non-tectonic movement
of one or more stations will introduce error into the survey. Gravity sliding or expansion
and contraction of the soils are potential causes of monument displacement. Also, P& K
nails set in paved roads can be displaced by expansion and contraction of the asphalt. If the
surveys are repeated infrequently, a shift of displacement from one area of the fault to an-.
other will be missed, as will seasonal affects.

Interpreting the survey data can also be difficult at sites were the rate of slip is very
slow because of a low signal to noise ratio. For example, at sitt PKW4 the amount of
movement of the monuments from the first survey to the second is very small and produces
a pattern that is difficult to explain with a simple model (Fig. 33, lower plot). When the
second survey was compared to the first survey (11/15/85), the changes in position of the
monuments appear to be almost random.

One explanation for an unusual pattern of deformation such as this, is compensating
affects of elastic strain and relaxation of the monuments in the ground. When the monu-
ments are installed the steel pipes are pounded into the ground. Sometimes the pipe tilts,
bends, and/or stops penetrating the ground when it encounters an obstacle. Random dis-
pIacemént of the monuments might be explained by elastic rebound of the monuments as
they gradually recover their original shape after the first survey. Figure 19 A shows how a
monument could undergo elastic strain when it is pounded into the ground. Figure 19 B
shows how change in the near surface stress pattern could allow the pipe to rebound to its
original shape, and cause the top of the pipe to tilt as it moves in the PVC pipe. A one de-
gree bend in the pipe at its midpoint would produce a 13 mm offset of the top of the pipe if
it were to retumn to its original shape while the pipe remains fixed from its midpoint to the
bottom. Either tectonic or non-tectonic processes could cause a reduction of stress on the
monument, and atlow the pipe to return to its original shape. Once the pipe and the monu-
ment have stabilized, measurements of displacement should be accurate. in the case of
PKW4, results of the second survey (7/17/86) may be used as the reference to which the

others are compared (Fig. 33). Later position changes are then much easier to interpret .
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Figure 19. Block Diagrams of a Subsurface Monument. (a) The monument is forced to
bend around a rock. (b) Slight movement of the rock atlows the pipe to straighten, which
causes a tilting of the top of the pipe.

New Survey Technigues
The technique used in this study cannot determine whether movements are due to

fault slippage or to non-tectonic forces. Sites where the angle from the IS to two separate

OS’s (on the same side of the fault) change over time show where the present technique
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falls short. But, if vertical angles and distances were measured to the OS’s they could be
used to determine which, if any of the monuments might not be stable. It might then be
possible to ignore the moving reference point and not have to discard the data from the sur-
vey. The procedure suggested here has not been field tested to see if it can indeed produce
the desired results.

At site X464 end point displacement varies widely depending on which OS is used
in the determination. The monument at OS #1 (as shown in Fig. 4) is =100 meters to the
northwest. OS #2 is a power line pole on the horizon approximately 2 miles to the south.
The rate of creep measured by nearby creepmeters (Fig. 18) and offset cultural features are
much lower than the alinement array rate for the last several years (Fig. 83). The creepme-
ter indicates little to no fault creep. The rate determined from the ES1/0S1 angle is approx-
imately twice that of the ES1/0S2 angle. Also, the angle subtended by Station X464 's two
08S’s and the IS (all of which are supposed to the on the same rigid block) changes over
time. One possible explanation is that the three stations are not on the same rigid block, or
perhaps, one or more of the monuments are unstable. At present it is not possible to deter-
mine the cause of the error.

With a new method of surveying using an electronic distance meter and measuring
vertical angles, the amount of data per survey is tripled. In addition to the presently ac-
quired angle data will be distance and leveling data to each station, including the wing sta-
tions. Also, instead of using a horizontal traverse target and the deflection target, a target
that attaches directly to the monument via threads and holds a reflector and traverse target
could be used (Fig. 20). This will eliminate errors inherent in setting up tripods over the
wing stations and leveling the deflection target over each DS. A carpenters level attached
to the target would enable the investigator to take monument tilt measurements. Also, the
precision of DS measurements will be equal to that of wing stations. The disadvantage to
such targets would be the increased potential for disturbance of the monuments. Any time
a monument touched there is some risk of displacing it. It might be possible to make a very
precise coupling that would allow the target to be removed and then re-attached for each

survey to reduce the risk of incidental contact.
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Proposed New Monument

PVC pl

6" diameter PVC pipe
6" diameter P

<

Not to scale

Figure 20. New Monument. A rod holding a traverse target and reflector threads into the
subsurface monument, eliminating the need of targets with optical plummets.
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The new procedure is shown in Figure 21. Although, it probably won’t be faster,

End Siation
Qrientation Station #1
#1

Old deflection target with
3 reflector target attached
End Station could be used on nail
#2 monuments.

Orientation Station }
#2 '
Low angle view - Not to scale

Figure 21. Proposed Field Procedure. A rod holding a target and reflector replaces the
tripods, traverse targets and the deflection target.

the procedure could be completed by one person. After the instruments are set up, horizon-
tal and vertical angles could be read for each monument. Three sets of angles wouid no
longer be necessary because there are no longer optical plummets at the wing stations. With
the same Wild T2000 theodolite at the instrument station, rotating the tribrach would not
be necessary because the optical plummet is attached to the upper part of the theodolite and
not in the tribrach. Once the horizontal and vertical angle measurements are completed,
distances to each monument would be measured. Down-slope movement of monuments
could be determined from the relative elevation changes between the monuments and the

tilt measurements.
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Conclusions

Results from repeated surveys of alinement arrays show creep rates on the SAF de-
creasing from a high at Middle Mountain (XMM4) of 15.2 mm/yr to a low of <1 mm/yr
just southeast of Cholame Valley (PPP4). These creep rates are in gencral agreement with
those determined from creepmeter records and from offset of some cultural features. The
decrease in creep rates corresponds directly to a similar decrease in seismicity.

Fault widths vary from 10 meters (possibly less) at Middle Mountain to 35-40
meters at several other sites. The active fault trace is narrower to the northwest and wider
to the southeast.

Data from WKR4 alinement array although sparse, suggests that recording of 180°
phase shifts of the seasonal signal may be possible over a short distance. With careful study
it may be possible to install an instrument in a creepmeter vault whose record summed with
the creepmeter reading would cancel out the seasonal signal.

Deformation patterns determined by surveys of alinement arrays may have been
produced by one to four different mechanisms, or a combination of the four, along the ac-
tive fault trace. Type 1 deforﬁaﬁon shows rigid-block motion on both sides of the fault sep-
arated by a narrow zone of homogenous simple shear. Type II deformation shows lefi-
lateral offset in areas flanking the active fault and right-lateral simple shear across the fault.
Two plausible explanations for Type Il deformation are offered: 1) the array was first swr-
veyed after a strain event and but before strain release; 2) a shallow asperity has pinned the
fault at some depth resulting in local redistribution of stress and strain. Thus, an array
crossing the pinned section would deform in a manner similar to Type H deformation. By
lengthening the array at these sites, this effect could be positively identified.

Loss of usable data from two of the sites indicates that a better technique should be
developed for alinement array surveys. Distance measurements, monument tilt measure-
ments, and vertical angle readings gathered along with the data presently being collected
should allow for more confident interpretation of the data, especially where one or more of

the monuments are unstable.
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APPENDIX

Site Descriptions, Site Maps and Data Plots



Introduction

This appendix is a site by site catalog providing the reader with a site description, a
site map and a plot of the results from repeated surveys. The purpose of the appendix is to
provide the data for interpretation and to allow investigators to resurvey the site and com-
pare their measurements to the original survey. The following section is a brief explanation
of the data in the appendix.

The site description includes: the site name, the code name, longitude and latitude,
the 7 1/2’ USGS topographic quad that it can be found on, the original angles between
wings stations, how to reach it; and a general description of the site. Below the description,
the site is marked on the 2 1/2° square of the topo quad in which the site is located. The
original angles along with the date of the first survey (Table 1.) will allow an investigator
to resurvey a site and compare their results to previous surveys to determine displacements
of monuments.

The site map follows the site description page and shows a map view of the array
and surrounding instrumentation. The azimuths from the IS to the ES’s and OS’s are listed
along with distances between all of the monuments, including the deflection stations. Az-
imuths and distances from local landmarks are given where possible to aid locating the
monuments. Locating many of the monuments requires a metal detector because they are
buried with no trace at the surface.

The third and last page of data for each site contains two x-y graphs. The first plot
1s a time series showing fault movement versus time. Time is marked along the x-axis (the

beginning of a year is directly above the year text) and right-lateral displacement of the ES
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52
parallel to the fault trace as a positive value and left-lateral as a negative value along the y-

axis. The points are plotted with vertical error bars showing the uncertainty in their mea-
surement. Although, the points are connected this is not meant to imply that fault motion
was measured between the plotted points. The second plot displays deformation parallel to
the local strike across the fault zone. The y-axis is distance, in meters, from the instrument
station. The x-axis represents displacement of monuments, in millimeters, from their orig-
inal positions to a position measured during a later survey. Each survey is offset along the
x-axis from the previous survey an appropriate amount to prevent them from overlapping.-
The plots are not a time series, but a sequential plot of surveys showing displacement of the
monuments from their original positions. Although, they do increase in elapsed time from
left to right, with the initial survey at the left and the last at the right side of the plot. If a
survey was completed without a measurement of the deflection stations then its data point
on the top graph will not have a corresponding deformation plot on the bottom graph.
The determination of the rate of fault creep, the width of the fault zone, and the
manner of deformation is from interpretations of these graphs. The rate of fault creep can
be determined by using either of the two methods mentioned earlier, end station offset or
least squares fit offset at the fault. .The width of the fault zone is defined as the distance
between the closest monuments on opposite sides of the fault that are relatively unaffected
by fault zone shearing. The precision of this determination is constrained by the spacing
of the monuments. The fault zone widths presented here are the maximum possible widths

of the fault that has been active during the period of study.



Site Description 33

Station Code___ XMM4 Name_Middle Mountain County___ Monterey

e ————t el A —

Quad_ Stockdale Mountain = Latitude___35° 57.5" Longitude_120° 30.1"

ESVOSI__100°57'52.3"_ -

To Reachs From San Miguel take Vineyard Canyon Road 19 miles to a “T™ intersection and turn south.
Proceed 4 miles to the Parkfield turnoff to the left, pass through town and proceed 5 miles to Varian
Ranch on the left. Immediately past the entrance wrn left on to dirt track, across the field and follow the
trail =2 miles. ‘The crecpmeter will be visible to the west in a swale. The alinement array runs east-west

near the creepmeter instrument end.

General Description: The monuments are covered by rocks. The array crosses just north of the
creepmeter and solar panels. The ES is on top of a ridge in the center of a dirt road. The IS is the 6th
station northeast of the ES and is closest to the road. The OS is 9.03 meters northwest from a large tree

southeast of the IS. Monuments were installed by the USGS ir 1979.
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Figure 22. XMM4 Site Description.
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Site Map
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Site Description
Station Code MDR4 Name__Middie Ridge =~ County __Monterey
Quad Parkfield Latitude____ 35° 56.6' Longitude__120° 201"
ES1/0S1___99°24'11.3" ES2/0S1 __51°16'53.1"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles o a “T™ intersection, turn south and
travel 0.6 miles and pass through 2 gate on the left near 2 mailboxes. Follow along the fence 0.17 miles
and turn left. Proceed 0.6 miles throngh gate, right at fork, 0.3 miles left at fork. Then go 25 miles
through gate, .22 miles left at fork, .036 miles veer left at windmill around corral and up the steep grade
to the left. Proceed 0.57 miles, go right at fork through gap in fence. Make left tums at fork at 0.35 miles
and again 0.10 miles further. Follow the trail 0.33 miles to the site.

General Description: The amray is on top of a small ridge. The IS, both ES’s and the OS are brass mon-
uments marked with station numbers. The deflection targets are numbered yellow survey plugs. ES1is
121.6 meters from the IS at an azimuth of 237°. ES2 is 61 meters from the IS at an azimuth of 91°. The
OS is on a knoll 136.7 meters southwest of the IS beside a cow trail.
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Figure 25. MDR4 Site Description.
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Site Map
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Data Plots
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Site Description
Station Code VAR4 Name__ Varian Ranch County _ Monterev
Quad Parkfield Latitude___ 35° 55.3' Longitude_ 120° 27.7"
ES1/OS1__97° 58' 01.7" ES2/0S1 __76° 46' 37.0"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles o a “T” intersection and turn south.
Proceed 4 miles to the Parkfield turnoff to the left, pass through town and proceed 3.3 miles to the home
of Blzine and Katy Santos (sign aver the gate). Pass through wire gate at the north side of the house (lock
combination is 2364). Cross the field toward the hill. Follow the jeep trail 0.7 miles and turn right at the
fork. Continue 10 two metal fence posts on the left side of the trail protecting DS’s 5 and 6 from waffic.

General Description: The IS and wing stations are brass monuments and the DS"s are numbered yellow
plastic plugs. The IS and ES are on opposite sides of the gully, southwest and northeast respectively.
The ES2 is on a knoll 112 meters away at an azimuth of 251° from the IS, The OS is beside an ozk tree
89 meters away at an azimuth of 323° from the IS. '

NOTE: BEFORE VISITING, CALL BLAINE SANTOS (805)463-2354 FOR PERMISSION TO ENTER.
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Figure 28. VARA4 Site Description.
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Site Description
Station Code PKW4 Name Parkfield Kester West County__Monterey
Quad Parkfield Latitude 35° 54.4' Longitude_120° 27 6'
ES1/0S1__130°355' 53.8"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles to a “T” ingersection and turn south.
Proceed 2.75 miles to the Kester Ranch. Mzke a “U” turn in the driveway and park on the east side of
the road next 1o the silos. .

General Description: The array crosses the road about 50 meters north of the driveway. The ISisa
P&K nail in asphalt 1 meter from the northeast side of the road and 10.4 meters from a tree just south of
the 2 grain silos. ESIisjustwmofadinjeepu-ailonlopoftheridgein:heﬁcldwmoﬂhemainroad.
The OS is a P&K nail just south of the driveway, 3.93 meters from the first tree and 1 meter from the
southwest edge of the road.
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Figure 31. PKW4 Site Description.
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Data Plots
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Figure 33. PKW4 Data Plots.
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Site Description
Station Code XPN4 Name__ Parkfield North County _ Monterey
Quad Parkfield Lafitude___ 35° 54.0' Longitude_120° 18.5'

ESV1/OSI_96°47 304"
To Reach: From San Miguel take Vineyard Canyon Road 19 miles to a “T™ intersection-and turn south.
Proceed 3.83 miles to a driveway on the left side of the road. Park alongside the road next to the drive-

way. ’
Generat Description: The IS and OS are P&K nails set in the road. The IS is 0.9 meters from the edge

of the asphalt in front of the driveway. The OS is 0.37 meters from the north edge of the road and 5.25
meters from the second ielephone pole north of the driveway. The ES is a subsurface monument near

the northwest corner of the goat bamn at the base of the slope.
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Figure 34. XPN4 Site Description.
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Site Description ]
Station Code PKN4 Name__Parkfield New County _ Monterey
Quad Parkfield Latitude___35° 54.0' Longitude__120° 18.5'

ESLI/OS1_115° 50'01.3"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles toa “T intersection and turn south.
Go 3.83 miles and turn left into a driveway. Park near the entrance to the corral.

General Description: The monuments are subsurface pipes with yeliow plastic plugs except the OS
which is a P&K nail set in an oak tree northwest of the IS. The IS is just outside the entry to the corral.
The deflection stations and ES are aligned at a bearing of 47° from the IS. The ES is just outside the

corral on the hillside.

See XPN4 Map. These sites are colocated.

Figure 35. PKN4 Site Description.
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Data Plots
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Site Description
Station Code PKF4 Name_ Parkfield Bridge County __Monterey
Quad Parkfield Latitude___ 35° 53.7° Longitude_120° 26.0'
ES1/OS1_87° 57 40.1" ESI/OS2___130°06° 080"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles o a “T™ intersection and turn south.
Proceed 4 miles to the Parkfield turnoff to the left. Park in shade on the southeast corner of the intersec-
tion. The array crosses the bridge.

General Description: The IS and wing stations are P&K nails set in asphalt. The deflection stations are
spikes, nails and crosses chiseled into the concrete roadway of the bridge. There are 2 OS’s, one to the

north and another to the south.
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Figure 39. PKF4 Site Description.



1

Site Map
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Figure 40. PKF4 Site Map.
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Data Plots
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Site Description
Station Code___TAY4 Name_ Taylor Ranch County __ Monterev
Quad Parkfield Latitude___ 35° 534" Longitude__120° 256

ESL/OS1__ 109°52001" = ESL/OS2__69°55°310"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles 10 a “T™ intersection and turn south.
Go4.5 miles passing the tum off to Parkfield and a green trestle bridge to a gate on the left. Contact Tom
Burdette of the U.S.G.S. for permission 0 enter. Travel east on gravel road, right at the fork and left at
the ponds. Pass the small shed and continue up the hill to the creepmeter. .

General Description: The monuments are all subsurface pipes. The IS is on 2 knoll near the creepmeter
and battery vaults, and between two solar panel poles. The OS is between the fence and the road just
before the fork by the ponds. ES1 is across the road to the two color laser shed on top of the hill. ES2

is near the fence north of the ranch house.
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Figure 42. TAY4 Site Description.
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Site Map

USGS : TAYLOR RANCH ALINEMENT ARRAY (TAY4)
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Figure 43. TAY4 Site Map.
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Data Plots
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Station Code____RCW6 Name_Ranchita Cyn. Rd.  County _Monterey
Quad Parkfield Latitude___35° 53.1° Longitude__120° 26.5"

ESI/OS1___84°25'486"

To Reach: From San Miguel take Vineyard Canyon Road 19 miles to a “T” intersection and tam south.
Pass the turn off to Parkfield and continue .62 miles to Ranchita Canyon Road, just before a green trestle
bridge. The array is 0.52 miles to the west on the north side of the road.

General Description: The monuments are all subsurface pipes with yellow plastic plugs. The IS is near
a telephone company “Buried Cable” sign and a barbed wire gate. The OS is just south of the field to
the south of the road. The ES is across the road (north) of leveling monument PF611 to the east of the IS.
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Figure 45. RCW6 Site Description.
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Data Plots
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Station Code____XDRS Name_ Durham Ranch = County __Monterey
Quad Parkfield Latitude____35° 53.1" Longitude_ 120° 25.3'
ES1/OS1___ 128°37424" ES1/OS2___76°57°180"

‘To Reach: From San Miguel take Vineyard Canyon Road 19 miles to 2 “T™ intersection and turn south.
Go ~5 miles to left turn onto Turkey Flat Road. At 1/4 mile head north through first gate on left (Eade
Ranch). Follow road past the ranch house across the airfield and pass through barbed wired gatwe. Make
the first left, then right at the water trough, right at feeder, and west past oak 1o fence. Array is approx-
imately 51 meters south of fence. Creepmeter solar panel and Staong M&ion housing are visible just past
the array. NOTE: This site has been abandoned due to loss of entry permits.

General Description: The IS is about 2 meters east of the dirtroad. ES is atop a ridge near the creepme-
tervault. The OS is north of the IS between the road and the fence near the shed. The ES and deflection

stations are embedded in cement on the ground surface. The IS and OS are subsurface monuments.
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Figure 48. XDRS Site Description.
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Site Description
Station Code____HST4 Name___Hearst North County __Monterey
Quad Parkfield Latitude____35° 52.4' Longitude_ 120 24.1'

ESLI/OS1___101°45'11.7"
To Reach: From Paso Robles, take California Staie Highway 46 east approximately 25 miles and tum
north on the Parkfield-Cholame Vailey Road. Travel 11.8 miles to the array, =50 meters before the creek

crossing. : ,
General Description: The IS is about 2 meters east of the dirt road. ES is atop a ridge near the creepme-
ter vault. The OS is north of the IS between the road and the fence near the shed. The ES and deflection

stations are embedded in cement on the ground surface. The IS and OS are subsurface monuments.
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Figure 51. HST4 Site Description.
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Site Map

U.S.G.S. : HEARST NORTH ALINEMENT ARRAY
(HST4)} 11/22/88

IS-ES1 2257 Az
{$-081 120° Az
-—— 18-
To Parkfield F |s.531 17241:%%:;
1S-1  4.41m
N 2 8.31m
3 19.92m
4 30.03m
§ 39.94m
\CHEEK '/
‘\-..—o/

IS is 5.1m S E. of 5ih wooden
post from large oak te north and
10.5m N.W. of §th wooden post

5 0:75.0'!1 from pase
ES1 \‘

b}

EST is 1.6m  °
from base .

A Y

i pine
ES1 is 5.2m
y -from base
v
\

AN
A \
N RN

§
N

Figure 52. HST4 Site Map.




&4

Data Plots

A
(wu) Juowzondsip [eIde-1Y31y

1991 1992

1990

1986

1989

1988

}

F— 20omm —]

1987

i%

E

SRR BIRRLSRRQ_N S

'

YT vyrfritryvy™yrryriryryryrrryvyprrr? -“..—-G

(w) uonels JUSWNISUL Y] WIOLJ DUBISIC]

Right-lateral displacement (mm)

Figure 53. HST4 Data Plots.



85

Site Description
Station Code___ HSW4 Name_Hearst Southwest County __Monterev
Quad___ Cholame Hills Latitude___35°51.%' Longitude__120° 25 3’

ES1/OS1____89°58'19.3"

To Reach: From Paso Robies, take California State Highway 46 east approximately 25 miles and turn
north on the Parkfield-Cholame Valley Road. Travel 12.4 miles and torn west onto Parkfield Cemetery
Road. Cross Cholame Creek, pass the ranch and tum left just before the corral. The passes next to a
honse and through a gate. Turn right and go a 1/4 mile and turn right at the gate., Crosstheaeék,st.aying
to the right, pass a fork in the road, cross the creek again, another fork and turn right into the pasture.

General Description: The monuments are all subsurface and covered with rocks. DS 3 is just off the
trail to the northeast. The IS is =50 meters southwest of DS 3. ES1 is 5 meters to the southeast of 2
Digger pine tree on the same small ridge as the water tank. ES2 is a nail in an cak tree =160 meters from
the IS to the southwest. The OS is near a tree towards the galley to the southeast of the IS.
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Figure 54. HSW4 Site Description.
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Site Description
Station Code___ WKR4 Name___Work Ranch County __Monterey
Quad Cholame Hills Latitude___35°51.8' Longitude_120° 23 8'
ES1/0S1___99°08°01.9" ES2/081 __82°05' Q2.5

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Valley Road 11 miles to the amay. It lies about 1/4 mile north of the Work
Ranch creepmeter and 30metmnonhof;ixemlephoncdroppedes:al.

General Description: The monuments are all subsurface. The IS is about 5 meters west of the fencs to

the west of the road. The array is perpendicular to the road.
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Figure 57. WKR4 Site Description.
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Site Map
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Red painted fence post st:'smp
0S1 '.-Pote
10.6m
w
w 2 ISES1 Az 435°
3] Wi 5-0S Az 809°
5 A IS-ES2 Az 2235°
(T | Q
© 2
small oak l
ES2 > 10 feet
@ 150 P' ﬁ OO **  o@esi
: 1< %
IS-1 9.947m I = o
1S-2 22.477Tm '
IS-3 30.480m
IS-ES1 €0.712m
IS-ES2  30.480m # monuments 1, 2, OS Installod 4/ ¥ leas
I5-08 125.39m l w use punched hole
ES1t is on= 55 angle slope %
about 1/4 way up l 6"
ES2 is up ==50° angle siope =t nume §2, GAL TECH
Small osk tree to IS 23 feet i monuments 1S, g}gsg;; %unchad Hole
: (7.010m) |
2+ Telephone pedestal #3
13 I monument-metal

LPs
) \Approximata strike of fault

Figure 58. WKR4 Site Map.
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Station Code____KENS Name__Kennedy Ranch County __Monterey
Quad. Cholame Hills Latitude____ 35° 50.7" Longitude_ 120° 22.6'
ES1/0S1__99°5730.2"

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Valley Road. Go 10.36 miles 175 meters past the bridge to the gate on the
right hand side of the road. Follow the trail to the top of the escarpment. Turn back north about 100

meters, just past a gutly and park.
General Description: The monuments are all subsurface. The IS is at the crest of the scarp approxi-

mately 15 meters from the edge. Deflection station 1 is at the edge of the slope. ES1 is near the fence
line about 0.75 meters NW of a concrete slab near the road. ES2 is on a ridge 185 meters to the NE from
the IS. The OS is next 1o the dirt road 77 meters SE of the IS.
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Figure 60. KENS Site Description.
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Site Description
Station Code____HAR4 Name___Harlan Ranch County __Monterey
Quad___Cholame Hills Latitude____35° 50.4' Longitude_120° 22.9°

ESV/OS1__121°55°08.1"

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Valley Road. Go 10.3 miles to the Harlan Ranch Road to the left. The IS is
justinside the gate on the NW comner of the intersection. The array crosses the Parkfield-Cholame Vatley
Road, with the ES on the east side of the road.

General Description: The IS is equidistant from the telephone pedestal, the telephone pole to the east
in the fence line, and the water tank. The ES is on the east side of the road on a small knoll. The OS is
the farthest leg of the third set of steel power poles west of the fault. Deflection stations 3.4, and 5 are

P&K nails driven into the pavement of the Parkfield-Cholame Valley Road.
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Figure 63. HAR4 Site Description.
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Site Map
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Site Descripton
Station Code___ CRR4 Name __ Carr Ranch County __Monterey
Quad___Cholame Valley Latitude____35° 50.1' Longitude_120° 21.9'

ESVOS1__717°22 214"

To Reach: From Paso Robles, take California State Highway 46 cast approximately 25 miles and go north
on the Parkfield-Cholame Road. Travel 10.35 miles, turn into the Jack Ranch flay Headquarters and go
past the ranch house and bamns. Drive east on the dirt road along the fence line for 1.1 miles, turn left on
trail leading toward the two grain silos. Before reaching the silos, take the first tum 1o the right. The array
crosses the trail just north of the crecpmeter vault and solar panel.

General Description: The monuments are all subsurface. Deflection station 2 is approximately 0.75
meters northwest from the creepmeter vanlt. The ES is near the fence line at an azimuth of 56.5 degrees
from station 2. The IS is 25 meters in the opposite direction from station 2. The monuments are buried

about 0.5 meters deep to avoid being disturbed by the heavy machinery. A metal detector is necessary o
find them. OS is 402 meters southeast of the IS, and 1.3 meters to the east of the 16th fence post south of

the high voliage tower.
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Figure 66. CRR4 Site Description.
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Site Description
Station Code___ GHG4 Name_Gold Hill Gilman County __ Monterev
Quad____Cholame Hills Latifude___35°49.1° Longitude_ 120° 21.0'

ESL/OS1__118°21'283"

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Road. Go 6.35 miles to Jack Ranch. Pass the ranch house and cross over to
the northeast gate at the horse bamn. Ge through the gate, cross the stream, pass through the middie gate
into the northeast pastre and follow the road along the westem base of Gold Hill for 0.3 miles. Look
for a white fiberglass creepmeter vault lid approximately 100 meters to the left of the road. The array is
just north of the creepmeter.

General Description: 0S1 and OS2 are U.S.G.S. subsurface monuments, the others are small metal
monuments. The IS is 10.5 meters from the fence line. The ES lies along a cow trail, across the fault
from the IS to the northeast. OS1 is southeast of the IS and 19 fence posts south of an exposed under-
ground cable. OS2 is northwest of the IS and 1.1 mesers form a post with a nail in its top.
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Figure 69. GHG4 Site Description.
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Site Description
Station Code____ PHG4 Name Gold Hill County __Monterev
Quad___CholameHills _  Latitude___ 35°49.1' Longitude_ 120° 21.0'

ES1/0S1___ 74°3T 540"

To Reach: From Paso Robies, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Road. Go 6.35 miles wo Jack Ranch. Pass the ranch house and cross over 1o
the northeast gate at the horse barmn. Go through the gate, cross the stream, pass through the middle gate
into the northeast pasture and follow the road along the western base of Gold Hill for 0.3 miles. Look
for a white fiberglass creepmeter vault lid approximately 100 meters to the left of the road. The amay is
just south of the crecpmeter.

General Description: The monuments are the subsurface type, covered by rocks. The IS is the same
monument as OS1 from GHG4, and the OS is the same as 082 in GHG4. There are nine deflection sta-
tions and an unused monument behind the ES. NOTE: Set the ES tripod high so that it may be seen over
the ridge from the IS.
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Figure 72. PGH4 Site Description.
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Figure 73. PGH4 Site Map.
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Site Description
Station Code___ XWT4 Name ___Water Tank County_San Luis Obispo
Quad___Cholame Valley Latitude____35°45.4" Longitude__120° 18.5"

ES1/OS1__ 120°53'42.0"

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Road. Travel 1.3 miles and turn west just north of the fence. Cross the fence
line at the water tank. The array starts § fence posts west of the gate and runs along the fence line to the

wesL.

General Description: All the monuments are brass caps embedded in cement except the OS which isa
subsurface monument. The IS is between the 8th and 9th fence posts west of the gate and is covered by
rocks. The OS is S meters toward the IS from the outside kip of the water tank north of the fence. The
deflection stations and the ES are aligned parallel to the fence line toward the northwest
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Figure 75. XWT4 Site Description.
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Site Map
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Site Description
Station Code H464 Name____ Highway 46 County San Luis Obispo
Quad__Cholame Hills _  Latitude_ 35°44.1" Longitude__120° 17.2'

ES1/0S1___121°14'136"

To Reach: From Paso Robles, take California State Highway 46 east approximately 25 miles and go north
on the Parkfield-Cholame Road. Go about 25 meters and turn onto the fiekd to the west.

General Description: Al of the monuments are small metal plugs with hexagonal openings on top ex-
cept OS1, which is a subsurface monument and OS2 which is a spike driven into a telephone pole. The
1S is approximately 100 meters from the road. OS1 is 21 meters from the road and 155 meters further

north. The ES is next to the fence beside Highway 46.
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Figure 78. H464 Site Description.
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Figure 80. H464 Data Plots.
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Site Description
Station Code ____X464 Name_Highway 46 South  County_San Luis Obispo
Quad Cholame Latitude 35°43.3 Longitude__120°16.7

ES1/0S1__ 118°12'483" ES1/0S82____66°5703.0"

To Reach: From Paso Robles, take California State Highway 46 east approximately 24 miles w0 Cholame.
Approximately 0.8 miles past Cholame turn right on Davies Road and travel 1.2 miles to a jeep trail on
the right side of the road. The trail is 10 meters north of a culvert marked by a red San Luis Obispo road
marker. Follow trail about 1/4 mile to the top of the small ridge just past the fault guily.

General Description:The 1S is approximately 3 meters north of the jeep trail and follow the top of the
ridge on the fault side. The ES (encircled by 3 stakes driven nearly flush with the ground) is 8.5 meters
from the center line of Davies Road, approximately 140 meters north of the culvert described above. OS1
is 74 meters at an azimuth of 312° from the IS.
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Figure 81. X464 Site Description.
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Data Plots
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Figure 83. X464 Data Plots.
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Site Descripton
Station Code PPP4 Name__P3lo Prieto Pass County_San Luis Obispo
Quad Cholame Latitude ____35°43.3' Longitude__120° 16.7
ESHOS1___79°59' 544" ES1/0S2_____89° 15" 51.6°

To Reach: From Paso Robles, take California State Highway 46 east approximately 24 miles to Cholame.
Approximately 0.8 miles past Cholame turn right on Davies Road and trave! 1.2 miles 10 a jeep trail on
the right side of the road. The trail is 10 meters north of a culvert marked by a red San Luis Obispo road
marker. Follow trail about 1/4 mile to the top of the small ridge just past the faniz gully.

General Description:The IS is approximately 3 meters north of the jeep trail and follow the top of the
ridge on the fauit side. The ES (encircled by 3 stakes driven nearly flush with the ground) is 8.5 meters
from the center line of Davies Road, approximately 140 meters north of the culvert described above. OS1
is 74 meters at an azimuth of 312° from the IS.
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Figure 84. PPP4 Site Description.



Palo Prieto Pass Alinement Array PPP4
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Figure 85. PPP4 Site Map.
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Data Plots
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Figure 86. PPP4 Data Plots.



