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Abstract

Andrea Donnellan, Ph.D.

California Institute of Technology 1992

The Ventura basin lies within the north-south compressive western Transverse
Ranges in southern California. The basin is characterized by rapid north-south
convergence on geologic time-scales, with Quaternary rates of convergence across
the basin estimated to be approximately 20 mm/yr. Global Positioning System
(GPS) observations carried out over a period of 2.7 years suggest rapid rates of
convergence of 7+ 2 mm/yr on geodetic time scales. The deformation corresponds
to a maximum shear strain rate of 0.6 = 0.1 grad/yr with the azimuth of maximum
compression oriented N 16° + 8° W. The dilatation rate of 0.3 £ .1 x 10~ %yr~!
indicates that a significant amount of compression is occurring. The strain rates of
0.1£0.1 prad/yr south of the basin are much lower. Strain rates calculated from the
GPS measurements are consistent with those calculated from comparisons between
GPS and historical triangulation data. The deformation in the basin region cannot
be modeled as a megashear zone, which best describes much of California.

The observed deformation can be modeled by creep on detachment faults both

north and south of the basin. Faults near the surface are most likely locked. Rupture



ix

of the San Cayetano fault within the next 200 years is possible, resulting in an
earthquake of moment magnitude 6.0-6.8. Based on the fault models, the south side
of the basin is capable of producing a magnitude 5.5-6.0 earthquake. The models
of the short-term deformation suggest that the observed rate is consistent with the
geologic record, but that the observations have taken place over a small fraction of

the earthquake cycle.
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Generations come and generations go,
but the earth remains forever.

—OLD TESTAMENT, NIV, Fecclesiastes 1:4



Chapter 1

Geology, seismology and other notable

characteristics of the Ventura basin

California is marked by the boundary between the Pacific and North American plates.
Motion between these plates has formed a complex tectonic environment in south-
ern California. The development of precise space-based and ground-based geodetic
techniques has made it possible to measure crustal deformation over the order of a
few years to several decades. Measurement of crustal deformation can be integrated
with other geological and geophysical observations to improve understanding of a
tectonic regime.

Many geodetic networks exist in southern California. As resources have become
more available, many of these networks have been refined or expanded, thus improv-
ing the tectonic understanding of the region. The Ventura basin, located about 60 km
northwest of Los Angeles, is a region inferred to be actively deforming. Because of

the apparent rapid deformation and the lack of any geodetic studies of the Ventura



(8]

basin, we chose to implement a network to measure the deformation of the basin and
surrounding region. To carry out the study, we used the Global Positioning System

(GPS), a precise relative positioning space-geodetic technique

1.1 Background

Southern California lies within a complex tectonic environment. Two major tectonic
features run through the region: the San Andreas fault and the east-west trending
Transverse Ranges. The San Andreas fault is a major continental transform fault
that originates at the Gulf of California spreading center. It strikes in a northwesterly
direction towards the Transverse Ranges, where it changes strike at the southern bend
[H:ll, 1982] to a more westerly direction. It then returns to its typical strike of N35°W
north of the western Transverse Ranges at what is termed the “big bend” of the San
Andreas [Hill and Dibblee, 1953]. South of the Transverse Ranges, several strike-slip
faults parallel the San Andreas. The major faults west of the San Andreas are the
San Jacinto, Elsinore, and Newport-Inglewood faults. These faults are fairly evenly
spaced at a distance of about 50 km between faults. Slip rates become progressively
less on each fault westward from the San Andreas. A summation of slip rates across
this region [ Weldon and Humphreys, 1986] does not account for the full Pacific-North
American plate motion of 48 mm/yr, oriented N 35° & 2° W [DeMets et al., 1987].
Because of the discrepancy between the plate motion rate and summation of known
slip rates across faults in southern California, Weldon and Humphreys [1986] suggest
that a significant amount of deformation must be occurring offshore in the continental

borderland of southern California. Recent geodetic measurements of the continental



borderland suggest an offshore strike-slip rate of 8 + 3 mm/yr relative to the coast,
accounting for most of the missing plate motion [Larson 1990].

Where the San Andreas strikes more westerly, the Transverse Ranges are a promi-
nent tectonic feature. They comprise a north-south compressive regime, and are char-
acterized primarily by east-west trending thrust faults and folds. It is near the two
bends of the San Andreas fault that compression seems to be currently taking place.
A considerable amount of northwest convergence, on the order of 25 mm/yr [ Weldon
and Humphreys, 1986], is occurring in the eastern Transverse Ranges, near the south-
ern bend of the San Andreas fault [Allen, 1957; Bird and Rosenstock, 1984]. Geologic
evidence indicates that very little convergence is currently taking place throughout
the central Transverse Ranges [ Weldon and Humphreys, 1986] where most of the ac-
tive deformation is strike-slip, parallel to the San Andreas fault [ Weldon, 1985]. The
western Transverse Ranges are undergoing convergence at a rate of approximately
23 mm/yr, similar to the rate in the eastern Transverse Ranges [Namson and Dauvis,
1988; Yeats, 1983]. We note here that, just to the east of the big bend, the northeast
trending, left-lateral, strike-slip Garlock fault is truncated by the San Andreas fault.
In the Ventura basin, just south of the big bend of the San Andreas, convergence
rates of approximately 23 mm/yr of north-south shortening are inferred from the
geology [ Yeats, 1983]. Only through the western Transverse Ranges are Weldon and
Humphreys [1986] able to fit the plate motion by integrating slip rates on faults.
Their transect includes the Ventura basin.

The Ventura basin is an east-west trending trough located in the western Trans-

verse Ranges (figure 1.1). The basin is situated approximately 60 km south of the



big bend of the San Andreas fault, and about 50 km south of the confluence of the
Garlock and San Andreas faults. Between these faults and the Ventura basin, the
mountains, which exceed elevations of 2500 m (8000 feet), are among the highest
in the Transverse Ranges, aside from San Jacinto and San Gorgonio peaks near the
southern bend of the San Andreas fault. The Ventura basin is very low, narrow, and
flat, and elevations reach only about to 80 m (300 feet).

While the surface elevation of the basin is not very high, the thickness of the
basin is extraordinary. This was recognized as early as 1936 when Reed and Hollister
[1936] estimated a thickness of 12-21 km (40,000-68,000 feet) of the “sedimentary
blanket” of the Ventura basin, by measuring the mean thicknesses of beds exposed
both north and south of the basin. Even the minimum thickness that Reed and
Hollister [1936] assign to the section is still quite thick for a basin that is only about
10 km wide. A more recent estimate of the thickness of the sedimentary section
within the basin is 17.7 km (58,000 feet), with 15 km of the 17.7 km being deposited
during the Cenozoic era [Norris and Webb, 1990].

The center trough of the Ventura basin is a synclinal structure. It is is bounded
on the north by the east-west striking San Cayetano thrust fault and on the south by
the Oak Ridge, an anticlinal structure overlying the Oak Ridge fault. The western
portion of the basin opens up into the Oxnard Plain and is bounded on the north
by the Red Mountain thrust fault (figure 1.2). The bounding thrust faults dip away

from the basin (figure 1.3).
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Figure 1.1: Map showing the location of the Ventura basin relative to southern
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Figure 1.2: Subdivisions of the Ventura Basin and regional faults. SAF-San An-
dreas fault, BPF-Big Pine fault, PMF-Pine Mountain fault, SYF-Santa Ynez Fault,
RMT-Red Mountain Thrust fault, SCF-San Cayetano fault, ORF-Oak Ridge fault,
SSF-Santa Susana fault, MCF-Malibu Coast fault. SBC-Santa Barbara Channel,
C-VB-central Ventura basin, EC-VB-east-central Ventura basin, E-VB-east Ven-

tura basin. Triangles mark the geodetic network of this study.
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1.2 Geologic History of the Basin

The Ventura basin originated as a foredeep some 400 km south of its present location
[Crowell, 1987]. Subduction of the East Pacific Rise during the late Cretaceous and
early Tertiary created a foredeep basin in which the first sediments were deposited
into what are now the San Joaquin, Los Angeles, and Ventura basins. In the early
Miocene (22 m.y.), crustal stretching and breaking replaced subduction, forming
the individual basins. At around 6 m.y. rapid subsidence was renewed and the
surface of the Ventura basin may have reached 1.5 km (5,000 feet) below sea level.
This provided a deep basin, in which great thicknesses of Pliocene sediments could
be deposited. The current compressive regime began to form during the middle
Pleistocene as the area experienced uplift, folding and faulting [Norris and Webb,

1990].

1.3 Quaternary Geology of the Basin

Yeats [1983] and Cemen [1989] divide the Ventura basin into three parts: offshore,
central and eastern (figure 1.2). Although we maintain their divisions, we further
subdivide the basin in terms of the observed deformation rates. The central Ventura
basin encompasses the area surrounding the town of Ventura. The east-central Ven-
tura basin lies in the Fillmore/Santa Paula area. Unlike the central portion of the
basin, the east-central basin is very narrow. The San Cayetano fault, on the north,
and the Oak Ridge fault, to the south, pinch the basin and are less than 3 km apart at
their closest point, which is just east of the town of Fillmore (figure 1.2). The basin

opens out in the eastern Ventura basin. The San Cayetano fault is not exposed on



the north side of the basin, and the Santa Susana fault marks the southern boundary
of the eastern Ventura basin. The mountains bounding the basin reach elevations of
1650 m on the north side and 1100 m on the south side. The basin itself, being filled
with sediments, is quite flat. We will sometimes refer to the offshore Ventura Basin
as the Santa Barbara Channel.

Large displacements on faults in the Ventura basin have been inferred by several
geologists, and high rates of north-south convergence across the basin have been
determined [ Yeats, 1983, Rockwell, 1988, Cemen, 1989]. Yeats [1983] discusses large-
scale Quaternary detachments in the basin. Quaternary rates of convergence across
the central Ventura basin, near the town of Ventura, are estimated at 23 mm/yr
for the last 200,000 years [ Yeats, 1983]. In the central part of the basin, between
Fillmore and Piru (about 13 kilometers east of SNPA), Yeats [1983] calculates the
minimum rate of convergence to be 12 mm/yr and the maximum rate of 58 mm/yr.
Yeats [1983] arrives at the 23 mm/yr estimate of convergence by comparison to the
rates determined elsewhere in the basin, and by the Pacific-North American plate
motion.

The pinching of the east-central Ventura basin can be explained by differential
motion along the north-dipping San Cayetano fault. Rockwell [1988] presents a de-
tailed study of displacements on this fault and shows that dip-slip motions on the
fault increase towards the east. Dip-slip motions are 1.1 + 0.2 mm/yr, near the
western end of the fault, and increase to the east Rockwell [1988]. The maximum
displacement rate is measured at Timber Canyon about 8 km west of Fillmore, where

the displacement rate is 8.8 + 2.0 mm/yr. Displacement rates are not determined
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east of this area, but dip-slip separations become progressively less eastward along
the San Cayetano fault until it dies out about 7 km east of Fillmore [Cemen, 1989].

The Oak Ridge fault on the south side of the basin also dies out near the east
end of the San Cayetano fault, and both faults end in a synclinal structure [Cemen,
1989]. (emen [1989] interprets this change in environment from faulting to folding
as due to the two faults becoming younger to the east.

Dips of beds at the surface, and well data, show that the Oak Ridge on the
south side of the basin is an anticlinal structure [Yeats, 1983]. The structure of
the fold matches the structure of a fault-propagation fold [Suppe and Medwedeff,
19'90]. By using theory for both fixed-axis and constant-thickness fault-propagation
folding, Suppe and Medwedeff [1990] infer that a low angle decollement ramps to
about 5 km underneath the southern margin of the Oak Ridge. The extension of
the fault dips more steeply underneath the Oak Ridge and terminates at a depth
of 3 kilometers (figure 1.4). (Constant-thickness theory requires conservation of bed
thickness and length. Fixed-axis theory allows for change in thickness of the beds in
the steeply dipping limb while the axial surface of the fold remains constant [Suppe
and Medwedeff, 1990].)

The Saugus formation can be found directly under alluvium in the Santa Clara
River valley (east-central Ventura basin) and just south of the Oak Ridge. Near
Santa Paula, Yeats [1988] projected the Saugus formation above the Oak Ridge by
following the dips of beds within the ridge. He measured a vertical offset of 2240-
2345 m between the projection of the Saugus formation, at the top of the Oak Ridge,

and beds within the Santa Clara River valley (within the Ventura basin). The age of



11

Oak Ridge Anticline
S 12y, ’ Oak Riage fault N
S Sana Cara - sl
XA~
,\E‘. 2 56593?‘“ Saugus Fm.
—\
-\

Ventura Basin, California

Figure 1.4: Cross-section showing the Oak Ridge as a fault-propagation fold. The
heavy line marks the propagating fault. Slip goes to zero at the fault tip and de-
formation is accommodated by folding above the tip. [From Suppe and Medwedeff,
1990].
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the top of the Saugus is between 0.2 and 0.4 m.y. Based on the measured offset and
the age of the Saugus formation, the average rate of uplift of the Oak Ridge would
be 5.75-11.5 mm/yr. Yeats[1988] places all of the long-term deformation on the Oak
Ridge fault at a displacement rate of 5.9-12.5 mm/yr. Suppe and Medwedeff [1990]
claim that the Oak Ridge fault is a pre-existing normal fault, because unfolding of
the Oak Ridge leaves the fault with an original dip of 65° north, but they allow that
the fault may have undergone minor reactivation.

The offset of the projected beds at the fault, from Yeats’[1988] section, is only
855 m. In this case, the average rate of displacement on the Oak Ridge fault during
the last 0.2-0.4 m.y. is 2.3-4.6 mm/yr. Yeats [1988] extends the Oak Ridge fault to
5 km depth, while Suppe and Medwedeff [1990] truncate the south dipping section at
3 km by the active decollement. Yeats [1988] justifies using the separation between
the top of the Saugus formation at the crest of the Oak Ridge and the basin because
he interprets folding of beds near the faults as drag folds and shallow features. With
this interpretation the beds would not be folded at depths of 5 km. If the fault, in
its present form, only extends to 3 km, reactivated displacement on the fault is likely
to be low.

The possibility of the Oak Ridge fault being an active fault should not be over-
looked, however. The rate of 2.3-4.6 mm/yr is only an average rate for the last
0.2-0.4 m.y. Rates are higher if the fault has been recently activated. In Suppe
and Medwedeff’s [1990] cross-section the tip of the propagating decollement is very
near the Oak Ridge fault, indicating that it has only recently cut through the fault

(figure 1.4). In western Taiwan normal faults play a major role in causing inter-
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ruptions of fault-propagation folding in the form of folding and thrust ramps [Suppe,
1986]. The Oak Ridge fault might also play an important part in altering decollement
tectonics of the Ventura basin region.

The west end of the Oak Ridge terminates at the Oxnard Plain, about 15 km
east of the town of Ventura. A boundary extends from this point northward in which
decollement tectonics are transferred from the Oak Ridge to the Sisar decollement,
which runs under the basin west of the Oak Ridge [Yeats et al., 1988]. The Sisar
decollement is present in a ductile Miocene shale and mudstone layer [ Yeats et al.,
1988]. Below the decollement are flat-lying layers, while rootless folds, such as the
Ventura Avenue anticline, are present above [ Yeats et al., 1988; Namson and Dauvis,
1988; Rockwell et al., 1988]. The decollement ramps up to the surface at Sulfur
Mountain (figure 1.5). It is possible that the presence of the Oak Ridge fault as an
old normal fault might cause the change in the nature of the decollement further east
in the Ventura basin. It also may be that a change in facies of the decollement layer,
from shale and mudstone, to interbedded sandstone and shale, further east, causes
the change. The interbedded sandstone and shale layers may increase the strength
of the strata and force the deformation elsewhere [ Yeats et al., 1988]. Perhaps both
possibilities are controlling factors.

Shortening of the Ventura Avenue anticline above the Sisar decollement has been
taking place at an average rate of 9 mm/yr, during the past 0.2 m.y. [Rockwell et al.,
1988]. The rise and fall of sea level during this time period has made it possible to
locate and date Pleistocene river terraces on the anticline. The rate of uplift of the

fold may have slowed from a rate of 14 mm/yr to 2 mm/yr during the past 0.2 m.y.
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Figure 1.5: Cross-section through the central Ventura basin showing the Sisar decolle-

ment. [From Yeats et al., 1988].
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Rockwell et al. [1988]. The rate of horizontal shortening has also decreased from
20 mm/yr, during the period of 200-80 k.y., to 5 mm/yr for the past 30 k.y. For
a constant rate of tectonic shortening the uplift rate should decrease through time,
as shown in a mathematical formulation of the mechanics of flexural folding [Rock-
well et al., 1988]. The decrease in the rate of horizontal shortening suggests that
the tectonic deformation across the fold is not uniform in time. Vertical displace-
ment of the steeply north-dipping Ventura fault, at the south limb of the anticline,
compensates for the decrease in deformation of the fold itself [ Yerkes et al., 1987].
Rockwell et al. [1988] agree with other workers that a decollement under the Ventura
Avenue anticline is likely, and, from their model, calculate an average rate of slip on
the decollement of 7.7-10.1 mm/yr.

Dates on offset marine terraces that cross the Red Mountain thrust fault near the
northwest limb of the Ventura Avenue anticline indicate that average rates of slip
during the last 0.5 m.y. were 0.5-1.6 mm/yr [Sarna-Wojcicki et al., 1979]. Closer
to the axis, and the center of the anticline, interpretation of subsurface data implies
13 mm/yr vertical uplift along the fault [Sarna- Wojcicki et al., 1979]. The subsurface
well data imply 5.5 km of stratigraphic separation on this part of the fault [ Yeats et al,
1987]. Rockwell et al. [1984] dated river terraces approximately 10 km north of the
Ventura Avenue anticline and north of the Red Mountain fault. The terraces do not
show evidence for tilting, and rates of uplift vary from 0.3-1.1 mm/yr, which are
lower than for the Ventura Avenue anticline. Interpretation of these results implies
that, on geologic time-scales of tens of thousands of years, the tectonic deformation

has been confined to a fairly narrow zone across the central Ventura basin.
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At the east end of the basin the Santa Susana fault bounds the southern margin
of the eastern Qak Ridge [Reed and Hollister, 1936]. The Santa Susana fault is a
north-dipping thrust fault that begins its exposure where the San Cayetano and
Oak Ridge faults die out. Measurement of displacement rates on the fault is difficult
because the fault is largely a bedding plane fault. Even so, a stratigraphic separation
of 4 km is measured at one point on the fault [ Yeats, 1987]. There is no evidence of
Holocene rupture of the fault, but the far eastern zone ruptured in association with
the 1971 San Fernando earthquake [Yeats, 1987]. Yeats [1987] estimates that the
Santa Susana fault is characterized by brittle failure at depth, which is propagated
to the surface on the order of thousands of years. Trenching studies indicate that,
in at least one place, the most likely age of displacement on the fault is greater than

10,000 years [Lung and Weick, 1987].

1.4 Seismicity of the Basin

Current crustal deformation, as indicated by the geologic record, is occurring across
the Ventura basin and across the westward extension of the basin. A map of focal
mechanisms of earthquakes from 1970-1975 provides similar evidence for such de-
formation [Yerkes and Lee, 1979]. Ninety percent of the events occurred south of
the Santa Ynez fault [Yerkes and Lee, 1987]. The depths of the earthquakes north
of the San Cayetano and Red Mountain faults are generally greater than 10 km.
Cross-sections of seismicity indicate that these events occur on north-dipping thrust
faults. Two of those events are interpreted to have occurred on the San Cayetano

fault, while four events occurred on the Red Mountain fault [ Yerkes and Lee, 1987).
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P axes from earthquakes in and around the Ventura basin region trend north
[Yerkes and Lee, 1987], although they are somewhat variable (figures 4.11-4.13).
Of the 50 most reliably located earthquakes, in the period from 1970-1975, nearly
all indicate thrust events [Yerkes and Lee, 1979]. In some cases slip, with a left-
lateral sense, accompanies the reverse slip. The north-south orientation of P axes
is consistent with north-south compression found in the central Transverse Ranges
[Webb and Kanamori, 1985].

One remarkable feature of the Ventura Basin is that earthquakes occur there
to depths greater than 28 km, much deeper than elsewhere in southern California.
Contours of maximum depths of earthquakes form ellipses with the major axes fol-
lowing the trend of the Ventura basin (figure 1.6). They form a bull’s eye about
the center of the Ventura Basin near Santa Paula. Yerkes and Lee [1987] observed
that the deepest earthquakes, in their study, occurred along this same trend in the
Santa Barbara Channel and Oxnard plain. Earthquakes in the Channel were reliably
located to 19 km, and to 17 km in the Oxnard plain.

Although many earthquakes have been located near the Ventura basin, the seis-
micity is much lower near the eastern basin than elsewhere in southern California
(figure 1.7). In 200 years of record keeping, no major earthquake has been recorded
in the Ventura basin [ Yeats, 1988].

One interesting feature of the deepest earthquakes in the basin and Santa Bar-
bara Channel is that the focal mechanisms show normal faulting [Bryant and Jones,
Caltech, USGS, personal communication]. The nodal planes of the normal events

strike north-south, indicating east-west extension. These events have been recorded
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Figure 1.6: Contour map showing the maximum depth of seismicity in the Ventura

basin region. [From Bryant and Jones, 1991].
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near Santa Paula (large star, figure 1.6) and in the Channel between the town of
Santa Barbara and Santa Cruz Island. Mechanisms offshore are less reliable, how-
ever, due to a poor velocity model there [ Bryant and Jones, Caltech, USGS, personal
communication].

Many of the deeper events may identify a mid-crustal decollement that originates
at the brittle-ductile transition [Anderson, 1971]. Hadley and Kanamori [1978] ob-
served that low-angle reverse mechanisms occurred at the depth of the seismogenic
zone, near the epicenter of the 1971 San Fernando earthquake, in the west-central
Transverse Ranges. Several deep mechanisms provide evidence of a regional decolle-
ment in the western Transverse Ranges [Webb and Kanamori, 1985]. The depths
of the subhorizontal mechanisms range from 8-15 km. Outside the Ventura basin
the depth of the seismogenic zone is approximately 15 km [Webb and Kanamort,
1985]. In general, slip vectors for the earthquakes are northward near the coast, and

southward north of the coast, of the hanging wall relative to the footwall.

1.5 Heat flow and gravity

Both geologic and seismological studies provide evidence for a very deep Ventura
basin. The sedimentary section is extremely thick (15-20 km) and the basin is
brittle to depths as great as 28 km, suggesting that the basin is low-density and cold
relative to the surrounding region. Evidence of these characteristics is also present
in both heat flow and gravity data.

An isostatic gravity map of southern California [Roberts et al., 1981] shows grav-

ity anomalies for all of the Miocene basins in southern California [Luyendyk and
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Hornafius, 1987]. The Ventura basin shows an anomaly of —60 mgal, the most
pronounced anomaly in southern California. Other large anomalies range from
—25 to —35 mgal for locations such as the Santa Maria and Los Angeles basins.
The anomaly may correspond to a sediment thickness of 3600-14,300 m for sedi-
mentary/crystalline density contrasts of 0.4 g/cm? or contrasts between sediments
of 0.1 g/cm?® [Luyendyk and Hornafius, 1987].

Heat flow in the Ventura basin (48 mW /m?) is lower than determined elsewhere
in southern California (70 mW/m?) [DeRito et al., 1989]. The heat flow in the
Fillmore-Santa Paula area is particularly anomalous and the temperature gradient
to 750 m is depressed. The unusual gradient near Fillmore is still enigmatic, but
the overall low heat flow of the basin can be explained by rapid deposition of cold

sediments during the Cenozoic [DeRito et al., 1988].

1.6 Geodetic Studies in Areas Surrounding the Ventura
Basin

Several geodetic networks of varying types surround the Ventura basin. The observed
patterns of crustal deformation in these networks provide insight toward understand-
ing deformation of the basin region (figure 1.8).

The Los Padres and Tehachapi trilateration networks lie to the north of the Ven-
tura basin. Data from these networks, established by the USGS, span the period
1973-1987 [Eberhart-Phillips et al., 1990]. The southern margin of the Los Padres
network lies along the northern boundary of the central Ventura basin. The network
extends north to the big bend region of the San Andreas fault. The Tehachapi net-

work spans both the San Andreas fault, east of the big bend, and the Garlock fault.
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The axis of maximum shear strain (0.38 & 0.02 prad/yr oriented N 63° W) is sub-
parallel to the San Andreas within 10 km of the fault. 15 to 70 km away from the San
Andreas fault the maximum shear strain (0.19 £+ 0.01 prad/yr) is oriented N 44° W,
similar to the plate motion direction [Eberhart-Phillips et al., 1990]. This change in
shear orientation implies a component of compression normal to the San Andreas
fault, but Eberhart-Phillips et al. [1990] find negligible dilatation within the two
networks. The Los Padres network, with sites west of the big bend excluded, shows
the most compressive dilatation of —0.10 £ 0.02 pstrain/yr. All other subnetworks
have dilatation ranging from —0.02 £ 0.01 to 0.02 £ 0.01 ustrain/yr. The network
spans a zone of about 40 km across the western Transverse Ranges, resulting in about
7 mm/yr of north-south contraction. This is 10 mm/yr less than the most conserva-
tive geologic estimate of convergence across the western Transverse Ranges [Namson
and Davis, 1988]. The additional component of compression must lie somewhere
outside the Los Padres and Tehachapi networks. In order to fit the plate motion,
Weldon and Humphreys [1986] require 15 mm/yr of convergence through the western
Transverse Ranges south of the Big Pine fault. The additional compression must be
occurring to the north or to the south of the Los Padres network.

The eastern Santa Barbara Channel may accommodate some of the short-term
north-south compression that is not observed in the Los-Padres network. By com-
paring Global Positioning System (GPS) data and trilateration data, Larsen [1991]
estimated that 6.4 mm/yr of almost pure compression, oriented N 25° E, must be
occurring across the eastern Santa Barbara Channel. Dilatation is significant at

0.12 + 0.04 pstrain/yr. The maximum shear strain rate is 0.16 £+ 0.03 ustrain/yr.
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The central Santa Barbara Channel shows a marked difference from the eastern
Channel in that the strain is accommodated by shear rather than compression. The
dilatation is near zero and the maximum shear strain rate is 0.19 £ .03 pstrain/yr
[Larsen, 1991]. The strain pattern is consistent with both earthquake focal mechan-
isms and bathymetry of the Santa Barbara Channel [Larsen, 1991]. There must be
some transfer of compressive strain away from the Channel elsewhere or a change to
a strike-slip environment.

It is possible that the zone of compression migrates north towards the mountains
in the far western region of the Transverse Ranges. Two years between GPS mea-
surements show that a site just north of the town of Santa Barbara (La Cumbre
Peak) is moving 6.9 + 2 mm/yr in a direction S 17° £ 10° W relative to a station
near Point Arguello (VNDN), at the far western end of the Santa Barbara Channel.
This is supported by sixteen years between GPS and trilateration [Larson, 1990).
More recent GPS measurements indicate that La Cumbre Peak is moving at rate of
7.7£0.6mm/yr S 25° £ 7° W relative to Vandenberg [Murray, 1991]. Vandenberg
(VNDN) shows little motion relative to Santa Cruz Island at the southern margin of
the channel. Continuation of the compressive strain would require that the zone of
compression be situated north of Pt. Arguello, most likely in the Santa Maria fold
and thrust belt.

Further west, in the Santa Maria fold and thrust belt, Feigl et al. [1990] calculated
a maximum shear strain of 0.19 £ 0.01 urad/yr, from triangulation, trilateration and
GPS data. This is similar to measurements of maximum shear strain found elsewhere

in southern California. The maximum compression calculated from the data is 0.13+
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0.03 pstrain/yr oriented N 17° E. The dilatation (—0.07 £ 0.05 pstrain/yr) shows
that some compression oriented N-NE may be occurring in the Santa Maria fold and
thrust belt. Feigl et al. [1990] infer 6 & 2 mm/yr of crustal shortening along an axis
oriented N 30° E, and 3 £ 1 mm/yr of right-lateral shear across that axis.

Interpretation of the above results suggests that a zone of compression steps down
from the Santa Maria fold and thrust belt, near the town of Santa Barbara, into the
eastern Santa Barbara Channel. Along this entire zone the crustal shortening occurs
at a rate of 6-7 mm/yr. Projection of this zone of convergence eastward would place
it in the region of the Ventura basin. The Ventura basin lies just south of the Los
Padres trilateration network, which shows little evidence of compression. There is
also no resolvable deformation of the Oxnard plain, directly south of the Ventura
basin [Webb, 1991]. It is possible, then, that the Ventura basin is accommodating a
significant amount of compression in the short term.

Just west of the Ventura Basin, uplift seems to be occurring most rapidly along
the coast rather than inland towards the mountains [Buchanan-Banks et al., 1975].
Figure 1.9 shows two leveling profiles reduced by Buchanan-Banks et al. [1975]. The
first profile runs northwest up the coast from the Ventura Basin and the second runs
north from Ventura, through Ojai to the Munson Creek fault. For data spanning
1920-1968, the average tilt across the first profile is 13 urad. This is derived from
an uplift of 244 mm of the northwest end of the line relative to I 30 (figure 1.9).
Assuming no variations temporally, this difference corresponds to an uplift rate of
4 mm/yr along the coast west of Ventura. Along the north-south line the uplift rate

is 2 mm/yr. These results suggest that much of the current deformation occurs near
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the coast. The workers have inferred from the data that the Red Mountain fault
is currently the most active fault in the area of study. Extrapolating the observed
uplift eastward into the Ventura Basin suggests that the northern part of the basin
should also be active and show deformation detectable by geodetic techniques.
Over a period of 120 years considerable triangulation, trilateration and astro-
nomic azimuth data were collected in the vicinity of the Los Angeles basin. The
National Geodetic Survey (NGS) launched a program, termed REDEAM (REgional
Deformation of the EArth Models), to produce a model of crustal deformation for the
Los Angeles region that accounts for both spatial and temporal variations in strain
[Cline et al., 1984]. The region of this study includes the area between the San
Gabriel segment of the San Andreas fault and the coast, and was divided into eight
subregions. Strain parameters were calculated for these regions [Cline et al., 1984].
Compressional areas trend along the southern margin of the Transverse Ranges,
while the rest of the region can be described by shear. The authors caution that
scale biases, from combining different trilateration surveys, may affect the dilata-
tional components of the strain tensor. The shear components of the strain tensor
and orientation of shear are not affected by scale biases and are therefore more reliable
[Cline et al., 1984]. As in the Los Padres trilateration network, the direction of max-
imum shear strain parallels the San Andreas fault close to the fault (N 64° £3° W),
and is closer to the plate motion away from the fault (N 24°-42° W). The highest
shear strain rates are measured along the southern margin of the Transverse Ranges
(0.58 £0.12 purad/yr) and along the San Andreas fault (0.30 +0.03 gstrain/yr). The

rate of shear near the San Andreas fault is similar to that obtained further northwest
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in the Los Padres-Tehachapi networks.

Because north-south compression is indicated at the southern margin of the
Transverse Ranges, both east and west of the Ventura basin area, it is probable
that convergence is also taking place in or near the Ventura basin. The lack of
significant dilatation in the Los Padres trilateration network implies that a conver-
gent zone must exist south of the network if the present-day strain rate matches the
geologic record.

Since 1985, mobile Very Long Baseline Interferometry (VLBI) data have been
collected for a sparse distribution of sites in and near the western Transverse Ranges.
One of the sites, SANP (SANta Paula), is situated within the east-central Ventura
basin just north of the centerline of the basin. Unfortunately, the site was observed
fairly infrequently during the period 1985-1990, and rate determinations for this site
differ depending upon the analysis. For example, Ward [1990] discusses a preliminary
analysis, by NASA/GSFC, of VLBI data collected through February 1989. In this
analysis, the site SANP is moving at a rate of 6 +£ 2 mm/yr south and 4 £ 2 mm/yr
west with respect to the site on the Palos Verdes peninsula. On the other hand,
Herring [MIT, personal communication, 1991] analyzed the VLBI data through 1990
and obtained a velocity of SANP relative to PVER of 2+ 1 mm/yr and 0+ 1 mm/yr,
south and east respectively. Evaluation of the same data by the Goddard Space
Flight Center shows a rate of 5.0 £ 1.5 mm/yr south and —0.3 £ 1.1 mm/yr west of
SANP relative to PVER (Chopo Ma, NASA/GSFC, written communication).

The VLBI data in their present state appear to be inadequate for determining

whether any compressive strain is accumulating north or south of the SANP mark or
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across the entire Ventura basin at all. A more detailed geodetic network is necessary

to understand the deformation pattern in the region of the Ventura basin.

1.7 Geodesy in the Basin

As previously discussed, the present Ventura Basin is characterized by high rates
of convergence taken up by both thrust faults and folds, but the rates are not well
constrained. Such high rates can be detected with geodetic techniques. First or-
der triangulation provides an accuracy of 0.7" [Gossett, 1959] or about 50 mm on
baselines of 15 km. Thus, only a decade of time is required to observe rates of 10—
20 mm/yr across the central part of the Ventura basin, assuming such rates exist and
that they are fairly uniform in time. The Global Positioning System (GPS) provides
much higher accuracies of 5-10 mm over 100 km [e.g., Dong and Bock, 1987]. One
to two years of repeated GPS measurements should be sufficient to resolve the 10-
20 mm/yr of convergence in the basin if the short-term strain rate is similar to the
long-term strain rate. Space geodetic techniques can address several problems, since
all components of the displacement field are solved for in a reference frame external
to the network. In this thesis we address three tectonic problems of the Ventura
Basin area. The first is to measure and interpret the present-day deformation of the
basin. Second, we will address the seismic hazard of the basin. The third goal is to
measure the deformation around the Santa Paula (SANP) VLBI site, referred to as

a footprint, to place the site within its tectonic setting.
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1.7.1 Measurement of Current Deformation in the Ventura Basin

The rates mentioned above that have been geologically determined are long-term
averages. The rate that Yeats [1983] estimates for convergence in the Ventura Basin
1s an average rate over the last 200,000 years. The rate given by Namson and Davis
[1988] is the average rate over the last 2-3 m.y. We compare the geology and the
geodesy to test whether the rates measured over the last several years with geodetic
techniques are representative of the geologic rates. If the geology and the geodesy do
not match, any of three factors might account for the discrepancy. It is possible that
the current average rate is simply not the same as the previous rate. Perhaps the
interpretation of the geology over- or underestimates the rate of convergence across
the basin or western Transverse Ranges. It is more likely, however, that the two
types of measurements do not agree because the displacements are not temporally
uniform. A large earthquake could make up any deficiencies in the convergence rate.
Of course, site instabilities can also contribute to differences between geologic and
apparent geodetic rates. We will examine the possibility of site instabilities in the
Ventura basin network.

Estimating the spatial distribution of the deformation is also important in the
comparison between the geology and geodesy. Namson and Davis [1988] have es-
timated a geologic rate of convergence of 17-26 mm/yr across a north-south cross-
section of the Transverse Ranges, and Yeats [1983] has inferred that over the last
200,000 years the convergence across the Ventura basin is of a similar rate. It is
possible, then, that most or all of the north-south convergence is accommodated at

the southern edge of the western Transverse Ranges. Geodetic and other geologic
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studies provide evidence for a zone of crustal shortening at the southern edge of
the western Transverse Ranges. We will examine whether the spatial distribution
of the deformation within the Ventura basin is similar to the deformation west of
the basin, and if the current pattern of deformation matches that inferred from the
geologic record.

GPS provides a direct measurement of relative site velocities in a global reference
frame. Because of this, we can directly measure rotations of the crust. Paleomag-
netic observations have been used to show that clockwise rotations on the order of
5°/m.y. have occurred on geologic time-scales in the western Transverse Ranges [Hor-
nafius, 1985; Kamerling and Luyendyk, 1985]. Jackson and Molnar [1990] propose
that clockwise block rotations must still be occurring within the western Transverse
Ranges. They base their idea on slip vectors from major earthquakes and observa-
tions from VLBI measurements spanning a period of five years. Jackson and Molnar
[1990] go on to propose, as a mechanism for the rotations, that the blocks of crust
are moving as if carried passively by a continuously deforming substratum. Jackson
and Molnar [1990] detail several mechanisms that could cause rotations about ver-
tical axes and assess the likelihood of each mechanism accounting for the observed
rotations. The observations that these workers use to choose the most appropriate
mechanism are fairly limited. Their hypothesis is based on focal mechanisms of four
large earthquakes in the area and on two VLBI vectors, one measured at the western
margin of their area of study and one on the eastern side of the western Transverse
Ranges. The geodetic network that we occupied is a far more detailed network in

Jackson and Molnar’s [1990] area of study, so we will be better able to constrain
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kinematic models of the area based on velocity vectors obtained from GPS over a

period of 2.7 years.

1.7.2 Seismic Hazard Assessment

Geology and geodesy can be compared to estimate the seismic hazard in the Ven-
tura basin. According to Wesnousky [1986], the Ventura basin, along with the San
Andreas and San Jacinto faults, should have the most frequent occurrence of po-
tentially destructive strong ground motions in southern California. In 200 years of
record keeping, however, there have been no large earthquakes in the Ventura basin
[ Yeats, 1988]. Although there have been no large earthquakes within the Ventura
basin historically, the basin has been surrounded by large earthquakes very recently.
The magnitude 6.5 1971 San Fernando earthquake occurred along the eastern exten-
sion of the basin [e.g., Heaton, 1982]. The magnitude 7.2 Kern County earthquake
occurred in 1952 about 40 kilometers due north of the Ventura Basin [e.g., Stein and
Thatcher, 1981]. In 1926 and 1978 earthquakes occurred west of Santa Barbara [e.g.,
Corbett and Johnson, 1982]. Both the Kern County and the San Fernando earth-
quakes were thrust events with left-lateral components. A similar event might occur
within the Ventura Basin. We assess the possibility of such an event by comparing
the geodesy and geology and by modeling the observed displacements.
Understanding the spatial distribution of the deformation is important to assess-
ing the seismic hazard of the Ventura basin. If all of the deformation is occurring in
a narrow zone it is possible that creep is occurring on a fault, or faults, near the sur-
face. This could lower the hazard, because elastic strain might not be accumulating.

Rather, aseismic flexural slip between beds during folding might accommodate the
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strain. A broad zone of deformation, on the other hand, might indicate that strain

is accumulating and that faults are locked near the surface.

1.7.3 Tectonic Footprint of the Santa Paula VLBI site

Tectonic interpretations from VLBI results are based on data collected at widely
separated sites. In southern California, VLBI baseline lengths are on the order of
100-200 km. Understanding the deformation between those sites is essential to de-
veloping accurate tectonic models. This deformation can occur on any scale, ranging
from a few centimeters to tens of kilometers. Small-scale deformation can arise from
site instabilities and larger scale deformation patterns may result from the tectonic
environment. Understanding the velocity of a site in terms of its environment is
referred to as footprinting. Two types of footprints apply to geodesy. The first is a
site stability footprint and the second is a tectonic footprint. Our goal is to footprint
the Santa Paula VLBI site, located in the east-central Ventura basin.

Site stability footprints are important to assure the geodetic integrity of obser-
vations at a given site [Bell et al., 1991]. If a site is locally unstable, rates obtained
between that site and others are inadequate for determining tectonic motion. NASA
has set forth guidelines for this type of footprint. Footprint sites must not cross any
faults, so that tectonic motion is not confused with motion due to an unstable site
[Bell, NASA/GSFC, personal communication]. Baselines should be short. NASA
will implement a site stability footprint around the Santa Paula VLBI mark.

We will focus on the tectonic footprint of the Santa Paula VLBI mark. A tec-
tonic footprint measures the local strain field so that motion of a monument can be

understood on regional scales [Bell et al., 1991]. (When we refer to footprint without
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a modifier we are referring to a tectonic footprint.)

Throughout most of this chapter we have been discussing evidence for compres-
sion along the southern margin of the western Transverse Ranges. Velocities from 5.5
years of VLBI data fit a model in which California is a shear zone between the North
American and Pacific plates [Ward, 1988]. The Santa Paula VLBI mark (SANP)
was not used in the above model, but the rate of motion of Santa Paula (SANP)
relative to the Palos Verdes peninsula (PVER), obtained by Herring [MIT, personal
communication, 1991], is consistent with the model. Ward’s [1990] rate, however,
indicates convergence and left-lateral shear between the two sites. In terms of mod-
eling the plate boundary as a megashear zone, SANP could be viewed as an outlier
if Ward’s [1990] results are used in the analysis. On the other hand, Herring’s rate
may fit the model well, but a compressional zone across the Ventura basin may be
completely missed. Understanding the local deformation around the site is impor-
tant for interpreting the larger-scale results. While VLBI data collected from sites
separated by 100-200 km may be adequate for modeling the gross structure between
the Pacific and North American plates, more detail is required to understand the

finer scale pattern of deformation.



Chapter 2

Network and data analysis

Because the Ventura basin is inferred to be so tectonically active, geodetic studies,
carried out over of a few years, could provide useful insight into the current char-
acteristics of the basin. As mentioned in Chapter 1, the Global Positioning System
(GPS) provides accuracy of horizontal baseline measurements on the order of 5-
10 mm [e.g., Dong and Bock, 1989; Dixon et al, 1990]. This should be sufficient
to estimate the velocity distribution and patterns of strain in and near the Ventura
basin. Over a period of 2.7 years we collected three epochs of GPS measurements
from a network that spans the Ventura basin. In addition, we used historical trian-
gulation measurements to obtain an estimate of the strain field over a 28-100 year

period of time.

2.1 Historical Triangulation

Prior to the development of electronic distance measurement (EDM), station coordi-

nates were calculated from a technique called triangulation. Gosset [1959] described

35
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triangulation as follows:

Geodetic triangulation is a very efficient method of controlling sur-
veys over extensive areas of the earth’s surface and is utilized in the basic
horizontal control networks of the major countries of the world. Trian-
gulation is a method of surveying in which the stations are points on the
ground at vertices of triangles forming chains or networks. In these trian-
gles, the angles are observed instrumentally, and the sides are determined
by successive computations through the chains of triangles from selected
triangle sides called base lines, the lengths of which are obtained from di-
rect measurements on the ground. Triangulation in which the figure and
size of the earth are taken into account is called geodetic triangulation.
The highest form of survey engineering is involved in geodetic triangu-
lation, necessitating extremely precise instrumental equipment and ob-
servational techniques, capable and conscientious personnel, and detailed

computations [Gosset, 1959].

Triangulation was widely used to establish a horizontal control network for the
United States. The value of using triangulation to measure earth movements was
recognized after the 1906 San Francisco earthquake [Hayford and Baldwin, 1907].
During the first half of this century, triangulation monuments were reoccupied ap-
proximately once a decade in an attempt to measure crustal deformation throughout
California [Hager et al., 1991]. Two of these stations are on the southern margin
of the Ventura basiﬁ and a third near the coast south of the basin. The National

Geodetic Survey (NGS) added other marks near the basin to the horizontal control
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network in the 1930’s and 1950’s.

First order triangulation was subject to strict controls by the U. S. Coast and
Geodetic Survey (now the National Geodetic Survey (NGS)). Because triangulation
is a line-of-sight method, interstation visibility is required. In mountainous southern
California this necessitated that most sites be established on peaks. Line lengths
between monuments were to be 4-10 miles (6.5-16.1 km). Workers observed at night
by positioning the theodolite at one station and sighting on lamps at other stations.
Night observations were made in order to avoid horizontal refraction from differential
temperature effects [Gossett, 1959]. According to Bomford [1971], in mountainous
terrain, horizontal refraction is smallest at sunrise and sunset, and of opposite sign
during the day and night. We will explore the problems of lateral refraction later.
Twelve sets of directions to each station were measured. Any direction that deviated
from the mean by more than 4” was thrown out and reobserved. A direction is a
measurement from the theodolite to a single station; an angle is the difference of
directions between two stations. Rounds of angles that best closed to 360° plus
the spherical eccentricity were retained. Occasionally a light was not visible and the
work was completed at a later time. For first order triangulation a direction generally
carries an error of 0.7" [Gossett, 1959] or 0.85" for an angle.

Beginning in 1932, a series of first-order triangulation measurements were carried
out across the Ventura basin as part of the National Geodetic Survey’s (NGS) first-
order adjustment of California (tables C.1-C.2). Directly south of the basin angles
between stations were observed five times from 1898-1968 (table C.3). Although

triangulation maintains an accuracy of 4 parts in 108 (0.85”) the long time history
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makes it possible to recover information about crustal deformation of the region.
Unfortunately, triangulation across the west-central Ventura basin is woefully sparse
and monuments have been destroyed. We were able to recover triangulation in the
east-central and eastern Ventura basin, however, which is the region of the basin in-
ferred to be the most actively deforming. We added a longer time history to our GPS
study by occupying historical triangulation stations. By comparing angles calculated
from GPS with historical triangulation data we could improve our understanding of
strain across the basin by verifying the GPS results. We will discuss the problems
we encountered in a later section. Triangulation data exist somewhat sparsely to the
north of the Ventura basin, so we will rely primarily on trilateration results of others

to examine the crustal deformation in that region.

2.2 Evolution of the Current Network

Geologic and other studies indicate that the Ventura basin is a rapidly deforming
region. Previous geodetic studies did not focus on the Ventura basin, and the current
distribution of strain across the basin was not well understood. If the deformation
in the basin is as rapid as suggested, only a short period of time should be required
to constrain the rate and nature of deformation. During 1986-1991 a consortium
of Caltech, MIT, Scripps and UCLA was collecting GPS data as part of a study to
measure crustal deformation in Southern California. In 1987 we piggybacked, onto
the larger one, an experiment that focused on the Ventura basin. Our goal was to
compare historical triangulation with results from GPS to measure the strain across

the basin. Although funds, time and personnel were limited we were able to obtain
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interesting results from the experiment and also establish an adequate network for
future studies.

In order to test for deformation across the Ventura basin after the first epoch of
GPS measurements, we chose sites where data from triangulation surveys existed.
This placed limits on our choice of stations because many of the original horizontal
control marks were destroyed. In some cases our stations occupy marks near the
original mark and we have chosen to rely on geodetic ties to recover the historical
triangulation. Our original network spanned the geologically most active part of the
basin and was comprised of 6 sites (figure 2.1, table 2.1). During all of our GPS
occupations we collected data at the Very Long Baseline Interferometry (VLBI) sta-
tion Palos Verdes (PVER) in order to have a common reference for the observations.
Coincident with our 1987 measurements, a mark on Castro Peak (CATO) was also
occupied. This proved to be fortuitous and we have occupied that site in subsequent
observations.

After comparing the 1987 GPS results to the historical triangulation data we
detected considerable strain across the basin. We discuss details of this comparison
in future sections, but will note it here because of the role these results played in
planning future experiments. Although our results showed high rates of convergence
across the Ventura basin, we were unable to determine whether these results were due
to tectonic or other effects. Better spatial control around the basin would enable us to
assess whether we were observing local effects. We therefore added two stations north
of the basin in 1989 and continued to observe at the station CATO (figure 2.1). The

additional stations are Yam 2 (YAM2), in the Cuyama Valley, and Munson (MUNS)
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Figure 2.1: Ventura basin network.
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site ID Stamping Location Latitude Longitude
CATO Solstice B2 aux 66 Castro Peak 34.086  -118.786
COTR None Pac. Miss. Test Cen. 34.1 -119.1
HAPY Happy Happy Peak 34.358  -118.850
HOPP Hopper 1941 Hopper Mountain 34.478 -118.866
LACU none La Cumbre Peak 34495  -119.712
LOVE Loma Verde Reset 1963  Loma Verde Peak 34.496 - 118.669
MUNS Munson TPC 1971 Pine Ridge 34.636  -119.301
MPNS Mount Pinos 1941 Mount Pifios 7 34.812  -119.145

PVER Palos Verdes aries 1976 Rancho Palos Verdes 33.743 - 118.403

SAFE Pico L9C (LAC) Oat Mountain 34.330  -118.601
SCLA Santa Clara 1898 Santa Clara Peak 34.326  -119.039
SNPA Santa Paula NCMN 1981 Toland Road 34.388  -118.998
SNP2 Santa Paula 1941 Santa Paula Peak 34.440  -119.010
SOLI Solimar 1974 Ventura 34.298  -119.342
WHIT Whitaker 1964 A-TA Whitaker Peak 34.566  -118.742
YAM2 USGS 2749 ft. Cuyama Ranger St. 34.853  -119.483

Table 2.1: Station names and four-character identification codes. Approximate lo-

cation is given. Tables of the fiducial stations used are in Appendix A.
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located on the ridge of Pine Mountain. Neither of the northern sites are historical
triangulation sites.

During the 1990 experiment we expanded our network considerably. We reob-
served all previous Ventura basin sites and added new sites, in order to tie the
basin network into surrounding geodetic networks and add better spatial control.
We occupied the stations La Cumbre Peak (LACU), Cotar (COTR) and Solimar
(SOLI), which are part of the southern California GPS network. These stations were
previously occupied with GPS, making it possible to assess deformation across the
western margin of the Ventura basin. The two additional sites, which were not mea-
sured previously with GPS, are Mount Pifios (MPNS) and Whitaker Peak (WHIT).
These stations are part of the USGS Los Padres and Tehachapi trilateration networks
[Eberhart-Phillips et al., 1990], which tie the Ventura basin network into the USGS
networks north of the basin. Subsequent measurements at these sites will provide
rates of deformation north of the eastern Ventura basin.

The Santa Paula VLBI site (SANP/SNPA) is situated in the center of the Ventura
basin. We occupied the site in 1989 and 1990. (When referring to GPS observations
from the mark we will refer to the site as SNPA. We will refer to this mark as SANP
when discussing VLBI observations.) We also designed the Ventura basin network
as a tectonic footprint around the Santa Paula VLBI (SANP) mark. Santa Paula
(SNPA) lies within possibly the most active part of the Ventura basin and is just
south of the surface expression of the San Cayetano Fault. We designed the 1990
network to provide complete coverage around the Santa Paula VLBI mark. Because

Santa Paula (SNPA) is the only mark occupied within the basin, it is also important
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for determining the partitioning of strain across the basin.

2.3 Description of Monuments and Sites

Because we are looking for baseline length changes of millimeters to centimeters, site
stability is of the utmost importance. A variety of organizations monumented the
sites that we used so different sites meet different specifications.

All of the sites used for historical triangulation are first order monuments. As
mentioned before, these sites are all located on peaks. Each of the monuments is
placed in sedimentary bedrock. The first order triangulation monuments are brass
disks, 90 mm in diameter. The shank of the mark is 25 mm in diameter and 80 mm
long. A wedge is inserted into a slit in the lower edge of the shank so that it bulges
at the bottom when driven into a drill hole [Mitchell, 1936]. Other marks consist of a
brass rod two feet long and four inches in diameter, set in a tile pipe and encased in
concrete. The mountains in this network are rapidly eroding; some of the sites have
been eroded to the point of being unstable and thus unusable. Before occupying any
of the monuments, we examined them closely to assure ourselves that the bedrock
was stable.

Three of the sites in the network are not located in outcropping bedrock but
are driven to the point of refusal. These are Cotar, located at the Pacific Missile
Test Center, the Santa Paula VLBI (SNPA) monument and the site Yam 2 (YAM2).
Cotar (COTR) is situated a few hundred meters from the ocean, in a sandy swampy
area on the Oxnard Plain. Pumping of groundwater out of the Oxnard Plain has

caused subsidence of the site (Richard Dizon, PMTC, personal communication). The
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unstable ground around the site, may cause horizontal fluctuations of the site position
which should be taken into consideration when interpreting results from that site.
The site Santa Paula (SNPA) is located on the northern side of the Ventura basin,
on an alluvial fan but the shaft of the monument is driven into bedrock. NASA will
be resurveying the monument and the reference marks late in 1991 to test for local
site stability. Because the monuments are situated on an alluvial fan, it is possible
that the level of the water table might cause fluctuations of the site position. The
station Yam 2 (YAM2) located in the Cuyama Valley is a U. S. Geological Survey
benchmark. (Benchmarks are vertical control points, rather than horizontal control
points.) This mark may also be subject to fluctuations of the water table.

Most of the sites are clear of any obstructions of the sky and are not in close
proximity to any objects on the ground. Trees north of Hopper (HOPP) slightly
obstruct the site. Santa Clara (SCLA) was situated next to oil tanks during the
1987 experiment and for part of the 1990 experiment. These tanks did not cause
multipath problems, however, because a 15 foot tall steel survey tower was still set
up over the mark. To occupy this site we set up the antenna on top of the survey
tower. This required careful plumbing to the monument 5 meters below. It appears
that the presence of the tower did not hamper the GPS observations. The site Castro
(CATO) is a less than ideal site in terms of multipath effects. The site is surrounded
by a chain link fence about 3 m away from the monument and is also near several
sheds. In addition to this, the site shares a hilltop with several radio transmitting
antennas. Radio frequency interference, at Castro (CATO), caused us to lose all

but one day of data at the site during 1990. Another questionable site in terms of
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multipath is Palos Verdes (PVER). During the 1990 experiment heavy equipment
was parked near th