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ROAD LOG
Cumulative
Miles
Leave Dream Inn. Go north on Bay Street. 16.6
Cross Mission Street (Highway 1). Follow 16.9
signs to UCSC campus and climb the hill past
the entrance to the lower campus. Continue up 17.1
this east side road past the Cowell farm build-
ings, past the intersection with Hagar Court/ 19
Hagar Drive, and 0.6 miles further to a turnout
on the right side of the road. Park here, at the
overlook to northern Monterey Bay. 198
STOP 1: Marine Terrace deformation pat- 21.9
tern: Its implications for repeat times of Loma )
Prieta earthquakes and for the long-term evalu-
ation of the Santa Cruz Mountains.
229
Retrace route and tum left on Mission. 44
Cross San Lorenzo River. Liquefaction re-
lated ground failure was widespread from Santa 258
Cruz to near Salinas in areas underlain by late-
Holocene unconsolidated deposits of the San
Lorenzo, Pajaro, and Salinas Rivers. Lateral 27
spreads caused displacements ranging from a
few millimeters to about 2 m. The most wide-
spread damage was to levees of the Pajaro and
San Lorenzo Rivers, which suffered cracking
due to differential settlements and small tran- 276
sitional displacements at many locations of
liquefaction. 28

Exit freeway to Capitola- Soquel. Go left on
Porter Street to Soquel.

Cross Soquel Drive. Porter Street becomes
Soquel-San Jose Road.

Road is on Holocene terrace of Soquel Creek.

Roadcuts expose south-dipping beds of ma-
rine sandstones and siltstones of the Pliocene
Purisima Formation. From here to mile 21.9,
all outcrops are of the Purisima Formation.

Cross bridge and turn right on Olive Springs
Road. The epicenter of the 1989 earthquake is
located S km due east of here.

Quarry scales on left.

Quarry gate.

STOP 2: The Zayante-Vergeles Fault Zone

Retrace route and make right on Soquel-San
Jose Road.

Road follows Hester Creek on the right.

Road crosses into Eocene conglomerates of
the Butano Sandstone.

Road crosses trace of Zayante fault.

Road crosses into Oligocene-Miocene Vaque-
ros Sandstone.

Make left on the Morrell Cutoff Road. Note
damaged house at intersection,

STOP 3: The Morrell Cutoff Landslide: An
example of a Deep-Seated Rotational Slump
Triggered by the October 17, 1989, Earth-
quake

Intersection with Summit Road. Turn right.

Loma Prieta School on left. The Loma Prieta
elementary school was closed in the spring of
1989 because geologic studies mandated by
the California Alquist-Priolo Special Studies
Zones Act found that Holocene-active faults
associated with the San Andreas fault system
passed underneath several of the school build-
ings.

At least one of the faults identified in the ex-
ploratory trenches experienced displacement
during the Loma Prieta earthquake. The zone
of distress extended under two school build-
ings and caused considerable structural dam-
age. Other earthquake-generated cracks were
noted in the asphalt school yard and to a lesser
degree in the natural ground. These cracks,
however, did not display any measurable slip
and could not be correlated to any bedding
planes or fault surfaces that were logged in the
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exploratory trenches. 14 cm as a result of the 1989 earthquake. The
topographic saddle and uphill facing notches
It was apparent from the engineering geologic that can be seen on the west side of the peak
investigation performed by Rogers E. Johnson occur along the steeply southwest dipping
and Associates that several of the faults that trace of the Sargent fault zone. Also visible
passed through the school site were zones of from the peak is the San Andreas Rift Valley,
repeated faulting and that in an event like the the Santa Clara Valley and the Calaveras fault,
1989 Loma Prieta earthquake, damaging Santa Cruz, and the Summit Road region.
ground rupture could recur. To our knowl-
edge, this is the only case where a school site 429 Retrace route, make right onto Summit Road.
wasabandoned because of a high potential for
surface faulting, which then actually occurred. 47 Right turn onto Morrill Road.
285 Burrell School (now abandoned) on right. We 47.1 STOP 5: Surface Fractures Associated with
are now entering the linear, geomorphically the 1906 and 1989 Earthquakes.
young, rift zone of the main trace of the San
Andreas fault. Investigators were at this loca- . :
tion in 1906 but did not report right-1 47.2 Retrace route, turn right onto Summit Road.
offsets. 415 Del Monte Road. Note closed depression.
. . Closed depressions and linear breaks in slope
29 éntcrgcm:ll w'ﬂé ou Sarl;J o(sie-Soquel Road. are typical of the surface geomorphology of
ontinue along Summit Road. the Summit Road ridge area. Many of these
features were previously mapped by Samna-
311 Well-developed rift topography on right. Wojcicki and others (1975) and interpreted as
part of a complex zone of faulting associated
312 Burrell guard station. with the San Andreas fault.
315 Sag pond on right. 483 Pony corral on left. The corral sits in a pro-
nounced northwest-trending, elongate ridge-
317 Stop sign. Bear left onto Mt. Bache Road. top depression that measures approximately
Directly to the southeast the San Andreas fault 500 m long and 200 m wide and has a topo-
drops into the deep ravines of Asbury Gulch graphic closure of nearly 3 m. Two exten-
and Soquel Creek. From here to Loma Prieta sional ground fractures developed along the
Peak, Mt. Bache crosses a sequence of north- southwestern and northeastern flanks of the
west striking steeply northeast- to southwest- depression during the earthquake. Ground
dipping Eocene (?) to Lower Miocene marine cracks can still be observed on the south end of
shales, sandstones, and mudstones and Upper the southwest rupture. The depression has re-
Jurassic to Upper Cretaceous sandstones, sulted from repeated displacements similar to
shales, and conglomerates. These are dis- those observed in 1989.
placed by a series of sub-vertical to steeply
southwest dipping reverse faults. 48.4 Road crosses trace of Butano fault. The fault
separates Vaqueros Sandstone on the north-
34.9 Pavement ends. east from San Lorenzo Formation and Butano
Sandstone on the southwest.
356 Go left at intersection through green gate.
49.2 Note large left-lateral offset in yellow center
373 STOP 4: Sargent Fault Zone at Loma Prieta. stripe of road. This offset is part of the Tran-

Loma Prieta is the highest peak in the Santa
Cruz Mountains at 3791 feet. Geodetic meas-
urements indicate that the peak subsided about

barger ground failure. As we slow down we
can observe the now graded and modified
Tranbarger crack in front of the pink house.
This locality was a media mecca in the early
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536
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days following the 1989 earthquake. Geologic
mapping has documented a 335 m long by 76
m wide zone of scarps, and fissures thatcrosses
the axis of Summit Road ridge. Extensional
ground fissures up to 1 m wide and 2 m deep,
compressional mole tracks up to 15 m long,
and a pronounced left-lateral displacement of
Summit Road of up to 90 cm horizontal and 40
cm vertical, make this feature one of the larg-
est and certainly most highly publicized of the
Loma Prieta earthquake. The Tranbarger fis-
sure was pictured in dozens of local and na-
tional newspapers and magazinesimmediately
following the October 17, 1989 event.

Along much of its length, the Tranbarger fis-
sure is associated with geomorphic features
such as topographic furrows and sidehill
benches that are the resultof repeated episodes
of slip. Geometric analysis of the fissure
where it crosses a drainage swale near its
western end, indicates that the fissure strikes
N40°W and dips 59°SW. This attitude con-
forms with the regional bedrock attitudes of
the Vaqueros Sandstone (generally N40-65°W
d50-60°S), and suggests that the fracture is re-
lated to slip along bedding.

Intersection with Highway 17. Go right (to-
ward Santa Cruz), cross overpass, and con-
tinue ahead up hill to left.

Junction with Mtn. Charlie Road and overlook
above Patchen Pass.

STOP 6: Highway 17 Deformation.
Leave overlook, retrace route across overpass.

Turn right onto Highway 17 towards San Jose.

Highway crosses the main trace of San An-
dreas fault. Lexington Reservoir, the approxi-
mate northwest end of the deep 1989 rupture
zone, is on the right.

Old Santa Cruz Highway on right.

Exit left to Los Gatos.

Take exit for East Los Gatos. Go east on

Cumulative
Miles

60.8

61.6

62.7

Saratoga Avenue, through light at Los Gatos
Motor Inn.

Turn left onto Los Gatos Boulevard. Continue
through light at Kennedy Road, another light,
and right at Shannon Road.

Turn right onto Blossom Hill Road. Continue
through light on Cherry Blossom Lane.

Turn left onto Camino del Cerro. Go two
blocks, turnrighton Winchester, go twoblocks,
turn right on Dover, go one block and park at
corner.

STOP 7. Coseismic Ground Deformation
Along the Northeast Margin of the Santa Cruz
Mountains.

Turn right on Blossom Glen Way, go one
block and turn left onto Camino del Cerro, turn
right on Blossom Hill Road, turn left at Los
Gatos Boulevard, turn right at Saratoga Ave-
nue, get on to Highway 17, and return to Santa
Cruz.
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Introduction

David P. Schwartz, USGS

The Loma Prieta earthquake has been described as an
anticipated event (USGS Staff, 1990), and in many respects it
was. But there were also some aspects that, while understand-
able in retrospect, would probably not have been anticipated
prior to this earthquake. Perhaps the most obvious “surprise”
was the lack of throughgoing coseismic surface faulting along
the main trace of the San Andreas fault. In hindsight this was
clearly a function of the greater than typical depth (18 km) of
this earthquake; had the same size event nucleated at the more
common depth of 10-12 km there undoubtedly would have
been surface faulting. Regardless of this, the absence of
surface faulting from an M7 San Andreas event raises some
important questions about paleoseismology and our ability to
recognize past earthquakes in the geologic record, characteris-
tic earthquakes, and fault segmentation. These have important
implications for defining the behavior of faults and for quan-
tifying input parameters for seismic design and hazard analy-
sis, particularly maximum earthquakes for ground motions,
earthquake recurrence intervals, and long-term probabilistic
forecasting of where and when earthquakes are likely to occur
along a fault.

The 1989 earthquake occurred along a segment of the San
Andreas fault zone that passes through a long double restrain-
ing (left) bend. Deformation within this bend occurs across a
broad zone of fault-normal compression extending from the
coast to the Santa Clara Valley; it is topographically and geo-
morphically expressed by the high elevations of the Santa Cruz
Mountains and uplifted coastal terraces. The deformation is
accommodated as folding and by a series of oblique and
reverse-slip faults that include the Zayante, San Andreas,
Sargent, Berrocal, and Shannon faults as well as a variety of
lessextensive structures. Seismologic, geodetic, and geologic
observations from the Loma Prieta event provide insights into
the dynamics and kinematics of restraining bends. They also
raise intriguing questions about spatial and temporal strain
partitioning within the bend, and the seismogenic potential of
individual structural elements other than the San Andreas fault.

The field trip provides an opportunity to look at the ways
the 1989 earthquake has affected the understanding of the
neotectonic development of the Santa Cruz Mountains and,
conversely, how knowledge of the structure and geologic
history of the area affects our interpretation of the Loma Prieta
event and the earthquake history of the San Andreas fault. At
Stop 1, University of California Santa Cruz campus, we will
observe uplifted marine terraces and discuss their develop-
ment in light of geodetically modeled 1989 uplift. Stop 2 at
Olive Spring Quarry presents a discussion of the Zayante fault,
amajor structure in the restraining bend that is associated with
pre-1989 seismicity and may be a source of some 1989 after-
shocks. Stop 3 gives usa chance to walk along a large landslide
thatoccurred near SummitRoad on October 17. Stop 4 is at the
peak of Loma Prieta, where we will observe the geometry and

geomorphic expression of the Sargent fault and discuss its
history and the possible role that it played in the 1989 earth-
quake. This stopalsoprovidesamagnificentoverview (weather
permitting) of the entire restraining bend. At Stop 5, Morrill
Road, we will look at surface cracks from 1989 that were also
active in 1906, discuss what is known of 1906 faulting and
ground cracking in the Santa Cruz Mountains, and discuss the
extent and possible mechanisms of formation of the 1989
Summit Road-Skyland Ridge ground cracks. Stop 6, at Sum-
mit Road and Highway 17, affords the opportunity to observe
some of the structural and lithologic relationships that may
control the style of slip and location of many of the 1989
ground cracks. At Stop 7, Los Gatos, we will observe defor-
mation of curbs that occurs in proximity to the Shannon fault
and may represent coseismic slip along a range-front reverse
fault on the northeast side of the Santa Cruz Mountains.

We hope the field trip provides a stimulating forum for
exchanging ideas, interpretations, and observations about the
Loma Prieta earthquake and leads to an increased appreciation
of the complex geology, structure, and geomorphic setting of
the epicentral region.

Stop 1.

Marine terrace deformation pattern:
Its implications for repeat times of Loma
Prieta earthquakes and for the long term

evolution of the Santa Cruz mountains

Gerald E. Weber, UCSC and Weber Associates
and Robert S. Anderson, UCSC

The view: cuiture and topography

The view is east and south. We stand on the edge of the
San Lorenzo River valley, looking down from a topographic
high that stretches some 10 km north, called Ben Lomond
Mountain (Figure 1.1). The entirety of Monterey Bay is
visible, into which the San Lorenzo, the Pajaro, the Salinas, and
the Carmel Rivers flow. Cultural features of note are the towns
of Santa Cruz to the right, Capitola, Soquel and Aptos in the
middle foreground, Watsonville further along the Bay, the
Moss Landing power plant in mid-Bay, and in the distance the
town of Monterey, at the other end of the bay.

The dominant topographic feature of the San Francisco
peninsula is the Santa Cruz Mountains. The San Andreas fault
crosses the Santa Cruz Mountains approximately in their
middle, dividing the range into roughly equal northern and
southern ranges. This crossing occurs at the summit ridge we
will visit later in the day, roughly where Highway 17 crosses
the range. The topographic maxima of the range lie close to the
bend in the San Andreas (the Santa Cruz bend), and the main
crest of each range lies within about 2-3 km of the trace of the
San Andreas throughout its length. The highest point in the
southern range is Loma Prieta (el. 3791 ft.); the highest point
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Figure 1.1  Map of the Santa Cruz Mountains surrounding the slight bend in the San Andreas in which the recent October
17, 1989 earthquake nucleated. Index maps shows the San Andreas as it passes through California. Note the broad bend in the
Monterey Bay region separating very straight reaches of the fault. This bend is accomplished by a smaller 3 km amplitude, 30 km
long bend to the northeast of Santa Cruz (the Santa Cruz bend, long dashed lines), and a second bend associated with Black
Mountain further north (the Black Mountain bend, short dashed lines). Topographic contours are shown at 200 m intervals from
300 m up. The San Andreas crosses between the ranges in the Santa Cruz bend. The mountains to the northwest of the bend
are to the west of the fault, those to the southeast of the bend to the east of the fault. The tallest portion of each segment of the
range (Mt. Bielawski and Loma Prieta in the north and south, respectively) is closest to the bend. The crests (and the associated
cross-sectional area of the ranges) decline with distance from the bend. Other topography in the region is not shown.
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inthe northern range is Mt Bielawski (el. 3231 ft.), best viewed
from San Jose and the Bay area (and near where Highway 9
crosses the range).

Loma Prieta (“dark peak™) graces the summit of the
southern Santa Cruz Mountains, forming the skyline on the
left. Further in the distance is a set of ranges and intervening
valleys, from right to left starting at the distant tip of Monterey
Bay, the Santa Lucia range, Carmel Valley, Sierra de Salinas,
and the Salinas Valley . The Gabilan Range ,forming the
eastern side of the Salinas Valley, is hidden behind the south-
em extension of the Santa Cruz Mountains. The San Lorenzo
River Valley seen below is the major drainage in the Santa
Cruz area, with headwaters in the Santa Cruz mountains.
Major tributaries extend behind Ben Lomond mountain, and
form the valley in which the towns of Felton, Ben Lomond and
Boulder Creck sit.

The geology

The geology of the area is summarized in several recent
publications (Clarke, 1981; Brabb, 1989; Aydin and Page,
1984). We are standing on a fragment of the Salinian block,
comprised here of limestones and metasedimentary rocks of
Paleozoic and Mesozoic age intruded by Cretaceous quartz
diorite. Itis the limestone that controls the sinkhole topogra-
phy in nearby meadows, and throughout the campus. This
limestone was mined on this land in the early 20th century, in
several large quarries, and calcined in the kilns you drove past
among the farm buildings at the base of campus. Another such
chunk of Salinian basement dominated by Cretaceous granite
forms the topographic high of the Santa Lucia Range in the
distance.

The trace of the San Andreas is visible as it abuts the base
of the southern Santa Cruz Mountains further south. Although
this is difficult to see at this range, we note that the trace is
nowhere near as knife-sharp as it is in the Carrizo Plain, for
instance. Numerous landslides obscure the trace of the fault.

The lowlands in the foreground sandwiched between the
ocean and Loma Prieta are composed of significantly more
easily eroded late Cenozoic sedimentary rocks. These com-
prise a generally shoaling sequence of marine rocks. In the
Watsonville area the geology is dominated by the more recent
Aromas Formation, whichis composed chiefly of eolian sands.
The hummocky topography visible in the Watsonville area
owes its existence to this stabilized dune field. The area of the
epicenter is in the unpopulated forested region inland of the
largest indentation in the coastline, the Forest of Nisene Marks.

Between here and Watsonville, however, the lowlying
topography is dominated by a series of large flat-topped steps,
the lowest of these being the flattest, least vegetated, and most
extensive, the older ones being more and more deeply incised.
Three major steps are plainly visible. These are uplifted or
emergent marine terraces. They continue in even more impres-
sive fashion further to the north (along the ‘north coast’), there
comprising a series of up to 6 identifiable terrace remnants.

The view below shows clearly how most of the settlement
in the Santa Cruz area utilizes the lowermost of these terrace

surfaces. Highway 1 as it heads south to Watsonville follows
this terrace. This is a fortunate circumstance, as the enhance-
ment of seismic shaking on these platforms, with their thin
sequence of terrace deposits, resulted in only minor damage to
residences and businesses even this close to the epicenter.

We would like to talk first about the process of marine
terrace formation in general, and about what is known of the
terrace ages in the Santa Cruz area, as a prelude to discussing
the relevance of these terraces to our understanding of the
Loma Prieta earthquake, in particular to the calculation of the
repeat times of Loma Prieta type events.

Part A. Marine terraces and dating of the Santa
Cruz terrace sequence
Gerald E. Weber, UCSC and Weber Associates.

Marine terraces are wave-cut benches characteristic of
exposed, tectonically active coastlines. They are old ocean
floors formed by wave erosion in the surf zone that have
subsequently been stranded by a combination of tectonic uplift
and sealevel drop. They typically occur as narrow, bench-like
steps in the coastal topography within a few hundred meters of
the present sea level. Each terrace consists of a gently sloping
erosional (or abrasional, or wavecut) platform backed by a
near-vertical sea cliff atits inland edge. The intersection of the
sea cliff and the wavecut platform is the shoreline angle
(strandline, inner edge, back edge), which closely approxi-
mates the mean sea level at the time it was formed, and is
virtually horizontal (see Weber [1990] for a more lengthy
description).

The wavecut platform is commonly covered by a regres-
sive sequence of shallow marine deposits, overlain by subaerial
fluvial and colluvial deposits and windblown sand (Figure
1.2). The veneer of near-shore marine deposits is often
characterized by a thin cobble and boulder lag directly overly-
ing the wavecut platform, that may contain fossil shells.
Terrace deposits are thickest along the back orinner edge of the
terrace and thin progressively toward the seaward or distal
edge. The wavecut cliff itself degrades by weathering and
subsequent transport of particles in largely diffusive proc-
esses. This rounds off the cliff and creates the colluvial apron
at its base that buries the wavecut platform and its marine
cover. The paleo-cliff is also incised by drainages secking to
establish grade with the more recent lower sea level.

Clearly, these horizontal inner edges established in the
past and preserved by the long term uplift of the land relative
to the sea comprise potentially useful paleo-horizontal and
paleo-mean sea level datums. We must, however, know three
things about a particular marine terrace in order to make them
useful as long term recorders of uplift patterns: (1) the eleva-
tion of the inner edges of the wavecut platforms, (2) the age of
the wavecut platform, and (3) the elevation with respect to
modem sea level at which the wavecut platform was formed
(the formation elevation).
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Figure 1.2  Schematic diagram showing marine terrace features.

Old shoreline angle elevations

Only rarely has a stream incised a terrace deeply enough
to expose the old shoreline angle. In the absence of a direct
measure of its elevation, such information may be obtained by
either shallow refraction seismic techniques (e.g., Bradley and
Griggs, 1976), or by a mapping technique that draws heavily
upon an analogy with the morphology of modern wavecut
platforms reported by Bradley (1958) and Bradley and Griggs
(1976). The wavecutplatform is projected inland (Figure 1.3),
and the elevation of the old shoreline angle is found by making
the following assumptions, moving from offshore toward the
coast: (1) the outer portion of the wavecut platform (to within
about 600 m of the old shoreline) slopes 0.5° seaward; (2) the
inner portion slopes 1° seaward ; and (3) the paleo sea cliff lies
near the inflection point on the face of the erosionally modified
paleo sea cliff,

Obviously, this technique is fraught with difficulties, but
it is the best we can do in the absence of further elevation
control on the wavecut platform itself. Clearly, any additional
information gathered from well logs or from shallow seismic
surveys aids in constraining the elevation of the old shoreline
angle.

fossil sea cliff

wavecut platform
in modern sea cliff

inner edge

]

]

.00 ‘

B ' |
2000 '

vertical projection from
fossil sea cliff

1000'

Figure 1.3 Diagram showing technique usedto calculate
shoreline angle (inner edge) elevations. ¥ elevation of wavecut
platform in modern sea cliff and horizontal distance to fossil sea
cliff are known, elevation of shoreline angle can be calculated.
For example: elevation at point B = 39" (1000" x tan [0.5°} = 9';
therefore, inner edge elevation = 74' (2000° x tan [1.0°] = 35").
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Terrace ages and formation elevations

Determination of terrace ages may be accomplished using
either absolute or relative age techniques. (See Lajoie [1986]
for a more extensive discussion of terrace dating techniques.)
The direct methods (and therefore presumably the most reli-
able) involve dating fossil shells found on at the wavecut
platform (yielding a maximum age), or by dating soils devel-
oped on the terrace surface (a minimum age). Given the
general thickness of the terrace cover and poor exposure of
wavecut platforms, fossils are generally scarce. Absolute ages
may be obtained from shells through U-series dating, or if
young enough, *C techniques. However, U-series dating is of
questionable reliability when used on molluscs, and is best
used on corals, effectively restricting its use to tropical lati-
tudes.

The relative dating techniques include (1) amino acid
stereochemistry studies of fossil shell material, (2) faunal
associations indicative of relative water temperature, (3) geo-
morphic modelling of the processes modifying the paleo sea
cliffs (Hanks and others, 1984), and (4) correlation techniques
based upon the assumption that the terraces reflect global
(eustatic) highstands of the sea level. The first two techniques
obviously require shell material. The second, although quite
handy in correlation of terraces along a coastline, does not
typically provide sufficient resolution to allow determination
of an absolute age.

Most marine terrace ages are therefore determined by
using the paleo-sea level curve obtained by subtracting tec-
tonic uplift from the well-dated emergent coral terrace se-
quence on the Huon Peninsula in Papua, New Guinea (Figure
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Figure 1.4 Age assignment of marine terraces based on
global sea-level curves and a constant uplift model (see text for
discussion).

1.4: see Chappell, 1983; Lajoie, 1986). The sea-level highstands
on this curve are assumed to be the formation elevations of the
terraces in any sequence. The sea level highstands are associ-
ated with interglacial periods and therefore have odd isotope
stage numbers; the sea level low stands, which correspond to
global glaciations, are not recorded by emergent terraces, and
have even isotope stage numbers. The simple graphical
technique is illustrated in Figure 1.4. The shoreline angle
elevations are plotted on the vertical axis, and lines are drawn
between the shoreline angle elevations and sea-level highstands.
If the uplift rate is constant, these lines will be parallel.

The Santa Cruz terraces

Assessment of the Santa Cruz terraces began with Rode
(1930), and has been followed by an increasing number of
workers as new techniques have emerged (see Bradley 1957,
1958; Bradley and Griggs 1976; Hanks and others, 1984;
Lajoie, 1986; Weber, Lajoie and Griggs, 1979; and Weber,
1990a,b). Most of the effort has been spent on the sequences
along the north coast. These are the best exposed terraces, and
their interpretation is important in the assessmentof the slip on
the San Gregorio fault system (Weber, 1990b). The sole source
for detailed shoreline angle elevations along the coast sought
of Santa Cruz is the work of Alexander (1953).

The naming of the local terrace sequence, and the latest
interpretation of the terrace ages is shown in Table 1 (from
Weber,1990b; Anderson,1990). Only two absolute ages have
been obtained from the Santa Cruz terrace sequence (see
Weber 1990b for discussion), both from shell material found
on the two wavecut platforms (isotope stages 5a [84 ky] and 5¢
[105 ka)), buried by the terrace cover on the Santa Cruz terrace
forming the foundation for the majority of the population in the
town of Santa Cruz (Figure 1.5). This surface corresponds to
the first terrace of Alexander (1953) south of Santa Cruz.

The road from Santa Cruz up to the view point (Stop 1)
climbs from this Santa Cruz terrace surface up through a minor
incision in the associated, now erosionally modified wavecut
cliff, onto the older (isotope stage 7a [212 ka]) “Western
terrace” surface. This latter surface corresponds to the “third
terrace” of Alexander(1953). The intervening isotope stage Se
highstand (the highest sea level in the last several hundred
thousand years) is somewhat surprisingly only represented by
a short segment called the Cement terrace north of the town of
Davenport, and by Alexander’s “second terrace” south of
Santa Cruz.

Higher terraces are found to the north of Santa Cruz in
decreasing degrees of preservation. These are the Wilder (330
ka, isotope stage 9a), the Blackrock (490ka, stage 13),and the
Quarry (630ka, stage 15) (see Hanks and others, 1984; Lajoie,
1986 for further discussion of these ages).
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TABLE 1.
Santa Cruz 103 84, 105 5a, 5¢ x,-9
Cement 120 124 5e +6
Western 214 212 7a -7
Wilder 320 330 9a +4
Black Rock 490 13 0?

Point Santa Cruz fossils (cold
water fauna) used for U-series e
age dates of 70-100 Ka

Davenport wave
cut platform

modern wave cut
platform

sl soil
[:] fluvial sediment
] nearshore marine sediment

Santa Cruz Terrace~———\\\

Fossil shell hash (cold water fauna) on wave r//////

cut platform used for amino-acid stereo
chemistry date on Highway 1 platform.

Western Terrace

old sea cliff

shore platform

Highway 1 wave
cut platform

N

Figure 1.5 Cross-section showing Santa Cruz terrace sequence.

Part B. Reflection of repeated Loma Prieta uplift
events in pattern of marine terrace
elevations south of Santa Cruz,with
Implications for repeat times of Loma
Prieta events,and for the evolution of the
Santa Cruz mountains

Robert S. Anderson, UCSC

Heretofore, no general hypothesis has been advanced for
the cause of the emergence of the terraces along the Santa Cruz
coast. Figure 1.6 shows the elevations of all old shoreline
angles along this reach of coast. Clearly, the elevation of any
particular shoreline angle is not constant along the coast, but
rather shows two prominent peaks, the most obvious to the
south of Santa Cruz, centered about Aptos, the other the
Greyhound Rock Arch noted by Bradley and Griggs (1976) 20
km to the north, which they attributed to domical uplift of the

Ben Lomond mountain massif.

I have plotted the pattern of expected uplift due to the
Loma Prieta event along the same transect of coastline on the
same graph for comparison (Many thanks to Luca Valensise
for providing the original plot of this back in November 1989;
see also McNally and others (1989) and Plafker and Galloway
(1989). It is the general correspondence of these curves that
prompted the notion that the terraces owe their elevation to
repeated seismic events. Not surprisingly, the terrace eleva-
tions are greatest along the coast closest to the epicenter of the
earthquake giving rise to the uplift (Figure 1.7). The patterns
of expected Loma Prieta uplift and of total uplift (present ele-
vation less formation elevation) are plotted in Figure 1.6, this
time normalized with respect to their maxima, the elevation
(expected uplift) at Aptos. The correspondence in the area
south of Santa Cruz is now even more striking, implying
strongly a genetic tie.



12

U.S. Geological Survey Open-Flie Report 90-274

250
quarry 'ﬁI 610ka (a)
= 200 ]
E biackrock
5 ‘“&1& 500ka
; 150 1 wider  330ka
western ‘\”
& 100 W\ 212
g 124ka
81,105ka
highway 1
0 T
noth 40 -20 0 20 40 south
distance along coast (km)
A A'
1.0
(b)
0.8 4
2 ol
é
[
0.2 4
0.0 . — r
-40 -20 0 20 40
distance along coast (km)

Figure 1.6 (a) Terrace elevations through the study area
(section A-A’; see Figure 1.7) from published data (seetext). All
elevations taken atthe back edge of the wavecut platform (refs:
Bradley and Griggs (1976) for Santa Cruz north; Alexander
(1953) for Santa Cruz south). The terraces all reach a peak
elevation inthe region of Aptos, roughly 8 km south of the mouth
of the San Lorenzo River, and display a second maximum well
to the north, representing what Bradley and Griggs (1976)
dubbed the Greyhound Rock Arch. (b) Patterns of total uplift
at the terrace back edges (difference between present eleva-
tions (Figure 1.6a) and formation elevations (Table 1), and
Loma Prieta uplift (Figure 1.7), each normalized with respect to
its maximum valuetofacilitate comparison of the patterns. That
the patterns overlay so neatly in the region south of Santa Cruz
implies that these normalization scales may be used to assess
the total number of events required to create the terraces along
this reach of the coast. Given the terrace ages from Table 1,
recurrence times may then be calculated. Divergence of the
patterns to the north implies the repeated action of other uplift
events.

If this is true, then the number of events needed to raise a
particular platform at a specific site to its present elevation
from its initial “formation elevation” may be estimated by
dividing the total upliftat that site by the local uplift per seismic
event (Figure 1.7). The repeat time of these seismic events is
then obtained by dividing the total age of the platform by the
estimated number of events. The repeat times so estimated are
of the order of 500-700 years.

These calculations require several assumptions. There is
obviously error in the elevation of the inner edges, as these
(especially along this reach of coast) are buried beneath terrace
deposits at the base of the old degraded wavecut cliffs. We
assume no other event is causing uplift of the terraces. We
ignore the slip of the plate relative to the uplift pattern since the
terrace formed (this is minor, however, as the product of slip
rates of 12 mm/yr with 300,000 yrs terrace ages result in shifts
of Iess than 1 km, which is very small relative to the scale of the
uplift pattern— roughly 40-50 km). We ignore post-seismic
deformation associated with relaxation of the newly imposed
topographic load. The Loma Prieta event is assumed to be
characteristic in the sense that it repeats the same pattern of slip
(Schwartz and Coppersmith, 1984) and hence of vertical
displacement, each time, and the uplift pattern associated with
the recent earthquake is only poorly constrained by data at
present. Nonetheless, although the magnitude of the uplift
pattern will likely change somewhat as we learn more about the
deformation from geodetic measurements now in progress,
which will in turn alter the recurrence time estimates (down-
ward for less uplift than presently modeled; upward for more
observed uplift), the conclusion that the pattern of terrace
elevations, and indeed the uplift of the terraces as a whole,
results from repeated Loma Prieta events, remains robust.

Elsewhere I have argued that a longer term manifestation
of repeated Loma Prieta-type seismic events is the formation
of the northern Santa Cruz mountains on the Pacific Plate tothe
north of the bend in the San Andreas (Anderson, 1990a,b).

There are two major issues raised by the above hypothe-
ses. First, inspection of Figures 1.6 and 1.7 reveals that only
the southern half of the terrace elevation pattern may be
explained by Loma Prieta event repetition. Some other event
or combination of events must be responsible for the genera-
tion of high elevations along the north coast, and for the
occurrence of the Greyhound Rock Arch. Two options exist:
seismic activity along the San Gregorio Fault system with
associated vertical displacement (Weber, 1990b), which has
clearly horizontally displaced portions of these terraces even
further to the north; and seismic activity on the San Andreas
further north, perhaps associated with the Black Mountain
restraining bend (Nishenko and Williams, 1985; Scholz, 1985).
The increased offshore tilt of the marine terraces with age (at
roughly 0.5°/Ma, Bradley and Griggs, 1976) seems to support
anuplift maximum to the east of the terraces, which implies the
latter scenario.

Second, while the first order features of the northern Santa
Cruz Mountains topography may be explained by repeated
Loma Prieta events, the southern Santa Cruz Mountains can-
not. In particular, geodetic evidence collected by the USGS



Neotectonics of the San Andreas Fauilt System, Santa Cruz Mountains, in Light of the 1989 Loma Prieta Esrthquake 13

ASVRIER A A°

N\ HE g 04
v\ SF : 0.3
AN &

= 0.21
2,
0
north -40 , 20 0 20 40 south
distance along coast (km)

(11 2
sme.

Figure 1.7  Distribution of uplift based upon laser geodometer and GPS measurements taken within days of the 1989
earthquake. Isolines of uplift in 10 cm intervals. Note slight subsidence expected on the North American plate east of the San

Andreas fault, where the highest part of the Santa Cruz Mountain range exists. The shaded region along the coast depicts marine
terrace deposits.
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suggests that Loma Prieta itself subsided by roughly 13 cm
withrespect to landmarks well outside the uplift pattern during
the Loma Prieta earthquake (Lisowski and others, 1990;
McNally and others, 1989). This, too, suggests the existence
of another type of seismic event; this one accomplishing uplift
of Loma Prieta and the southern Santa Cruz Mountains further
to the south. Detailed examination of the aftershock patterns
associated with the Loma Prieta event has led to the suggestion
(Schwartz and others, 1990) that the culprit is repeated events
on the Sargent-Berrocal fault system.

Stop 2.
The Zayante-Vergeles fault zone

Kevin J. Coppersmith, Geomatrix Consuitants

The Zayante fault zone is a major northwest-trending
structural element of the Santa Cruz Mountains restraining
bend. Beneath Quaternary alluvium of the Pajaro River, the
Zayante fault presumably connects with the Vergeles fault in
the northern Gabilan Range (Clark and Reitman, 1973). This
fault zone is principally defined as the boundary between the
Cretaceous crystalline rock of the Ben Lomond Mountain and
Gabilan Range to the southwest, and a thick sequence of
Tertiary rock to the northeast of the fault (Figure 2.1). Post-
Paleocene vertical displacements are on the order of 2,000-
3,000 m and locally up to 3,500 m.

The period of highest activity on the Zayante-Vergeles
fault zone ended in Miocene time, but displacement has con-
tinued into late Quaternary and possibly Holocene time.
Sedimentary rocks of the Purisima Formation, which are
generally believed to be mid- to upper-Pliocene but are proba-
bly lower Pleistocene in this area, are vertically displaced
about 200-400 m at various locations along the fault zone.
Mid-Pleistocene Aromas deposits are displaced about 50 m
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Figure 2.1 Generalized cross-section across San An-
dreas and Zayante-Vergeles fault. Qal - undifferentiated
Quaternary deposits, Tp - Purisima Formation, Tm - Monterey
Group, Tla - Lambert Shale, Tv - Vaqueros Sandstone, Tsl -
San Lorenzo Formation, Tb - Butano Sandstone, Tss - undiffer-
entiated Tertiary sediments, gr - Cretaceous granitic rocks, Kf
- Franciscan Complex

and mapping of fluvial terraces (believed to be Sangamon or
about 100,000 years old) in the Elkhorn River area indicates
vertical displacement of about 5-15 m. True piercing points
across the fault in Quaternary deposits have not been found to
document the components of slip in the present tectonic
environment. However, multiple measurements of slicken-
sides and striac on fault surfaces in early Pleistocene to
Holocene deposits suggest oblique reverse slip with the verti-
cal and horizontal components of slip aboutequal. On the basis
of displacements of mapped Quaternary surfaces, borehole
data, and limited trench exposures (Figure 2.2), the estimated
slip rate on the Zayante-Vergeles fault zone is about 0.2 mm/
year.

North

GROUND SURFACE

Figure 2.2 Log of Fern Flat Road exposure of Zayante-Vergeles fault zone. Tp represents Purisima Formation. Distance

between crosses is one meter.
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Figure 2.3 Upper figure shows hypocentral cross-section
of events from 1969-1977. Lower figure shows fault plane
orientation derived from fault plane solutions projected onto
surface perpendicular to strike of Zayante-Vergeles and San
Andreas faults. Arrows represent approximate locations of
Zayante-Vergeles and San Andreas faults (from Coppersmith,
1979).

The Zayante-Vergeles fault is not obviously associated
with historical or teleseismically recorded seismicity. Analy-
sis of the post-1906 earthquake investigation given in the
Lawson Report (Lawson and others, 1908) suggests that some
of the field localities recorded by the field investigator, G.A.
Waring, were along the Zayante-Vergeles fault. Whether or
not the cracks and other deformation recorded at these sites
represents sympathetic displacement on the Zayante-Vergeles
fault during the 1906 earthquake is not known. A magnitude
5.2 aftershock of the Loma Prieta earthquake appears to have
occurred in the Zayante fault area near Watsonville and 1989
ground cracks having right-oblique slip along Casserly Road,
near Watsonville, seem to be unrelated to fill failures and other
non-tectonic mechanisms. Therefore, sympathetic movement
on the Zayante-Vergeles fault during the 1906 earthquake may
have occurred. Instrumental seismicity in the region of the
Zayante-Vergeles fault zone is diffuse. The systematic south-
westerly offset of earthquake epicenters from the surface trace
of the San Andreas fault in this area (Figure 2.3; Coppersmith,
1979) has always been attributed to problems in the velocity
models used to locate earthquakes. However, the Loma Pricta
event showed that southwest-dipping geometries of the San
Andreas fault zone are real and are not simply related to
velocity model problems. Hypocenter cross-sections of seis-
micity recarded between 1969 and 1977 (Coppersmith, 1979)
clearly show asteep southwesterly dip on the San Andreas and
a subvertical dip on the Zayante-Vergeles fanlt.

The geometry of the Zayante-Vergeles fault relative to the
San Andreas fault zone and its sense of slip suggest that it is
presently part of the accommodation of the restraining double
bend in this part of the San Andreas fault system. The estimates
of the Quaternary slip rate on the fault zone, as well as its
poorly defined geomorphic expression, suggest that recur-
rence intervals for large earthquakes are probably one to two
orders of magnitude longer than those for the San Andreas
fault.

Ollve Springs Quarry Exposure

We will stop at Olive Springs Quarry to observe structural
and stratigraphic relations along the Zayante fault. The quarry
operation is removing Cretaceous granitic rocks for road
aggregate and other uses. These are exposed in the face of
Sugarloaf Mountain on the southwest side of the fault zone. At
the quarry, these granitic rocks are in contact with upper
Pliocene to lower Pleistocene Purisima Formationrocks (Figure
2.4). Although the main fault is not presently exposed, shears
can be observed in exposures of the intrusive rocks and
sediments of the Purisima Formation, The Purisima Formation
directly overlies the Aromas sands about 20 km south of this
area and the Aromas is estimated to be about 700,000 to
1,000,000 years old. Therefore the Purisima Formation in this
area may be early Pleistocene in age. Also exposed within the
Olive Springs quarry is the fault juxtaposition of two distinc-
tive units of the Purisima Formation: one a typical massive silty
sandstone, the other an extremely clean silica sandstone.












Neotectonica of the San Andreas Fsult System, Santa Cruz Mountains, In Light of the 1989 Loma Prieta Earthquake 19

approximately 400 m; it then continues eastward across an
open field, passing beneath several water tanks (Figure 3.3).
East of the water tanks the cracks remain near the crest of the
ridge created by the toe of the landslide. Here displacements
were mainly extensional, 20 to 30 cm, and graben several
meters wide developed between cracks (Figure 3.4). The
cracks extend across a farm road and continue downslope
toward Burrell Creek.

The origins of many of the numerous earthquake-induced
ground cracks within the epicentral area near Summit Road are
unclear. The patterns created by crack positions are, in many
cases, confusing and do not suggest a single origin such as
primary faulting, shaking-induced bedding slip, or landslide
movement. The morphology of slopes involved in the fracture
development and deformation of the Morrell Cutoff failure
makes this example one of the few cases in which landsliding
is an obvious origin. The Morrell Cutoff landslide is also one
of the few in which the toe region was involved in noticeable
deformation and displacement. On most other landslides in the
Summit Road area, cracks that are believed to represent
movement related to landslide processes are either associated
with renewed movement at the headwall scarp or, less com-
monly, deformation along a lateral shear. Few locations have
been observed within the epicentral area of the Loma Prieta
earthquake where recognizable displacement has occurred in
the toe region of a landslide.

The future stability of seismic-induced failures such as the
Morrell Cutoff landslide is in question. Immediately after the
earthquake, one of the greatest concerns was whether the
triggered landslides would begin to move again if wet-season
rainfall were to significantly raise water tables within the slide
masses. Because of this concern, a geotechnical study of
several of the large landslides and landslide complexes that
affect residences and transportation routes has been funded by
the Federal Emergency Management Agency (FEMA) to
determine the present slope stability and to monitor subsurface
pore-water pressures and subsequent movement. Due to the
relatively dry winter of 1989-1990, the behavior of these large
deep-seated landslides during high seasonal water tables has
gone untested, and the long-term stability of many of the slopes
in the Summit Road area remains unknown.

Stop 4.
Sargent fault zone at Loma Prieta

Robert McLaughiin, USGS

At this locality we will be standing on the top of Loma
Prieta Peak, looking at the physiographically youthful trace of
the Sargent fault where it crosses the divide between the
headwaters of Los Gatos and Uvas Creeks. To the southeast
the fault is geomorphically expressed as the deep, linear valley
of Uvas Creek; to the northeast it is defined by a series of
aligned notches separating late Cretaceous conglomerate from
Eocene(?) marine sandstone and shale (Figure 4.1). It is
unclear to what degree the geomorphic expression of the fault

represents active tectonism or differential erosion. There are
no studies that have demonstrated repeated late Quaternary
displacements on the Sargent fault although the southemn end
near Pajaro Gap is marked by pre-1989 instrumentally re-
corded seismicity.

The Sargent fault zone at this locality appears to be
composed of two main bedrock faults (Figure 4.1): 1) the
youthful, steep, southwest-dipping fault that passes through
the saddle in front of us and is geomorphically well-defined,
and 2) an older, low-angle, southwest-dipping thrust fault that
has displaced mafic basement rocks of the Jurassic Coast
Range ophiolite northeastward over marine sandstone and
shale of Early Eocene age. The low-angle fault passes to the
north side of Loma Prieta Peak. These two faults probably
merge at depth into an imbricate set of southwest-dipping
reverse (thrust) faults (Figure 4.2). The Berrocal fault, located
some 3 km northeast of the Sargent fault at Loma Prieta, and
the Shannon fault, which occurs along the northeast range
front of the Santa Cruz Mountains and displaces a paleosol
that is younger than 20 ka, may also merge with this system of
thrusts at depth. However, there is very little control on the
downdip geometry and extent of the Sargent fault or the other
reverse and thrust faults northeast of the San Andreas fault.

At Loma Prieta, and along strike to the northwest and
southeast, the hanging wall and footwall rocks of the Sargent
fault zone are hydrothermally altered. On Loma Prieta, this
alteration includes the hydrothermal K-feldsparadularia, which
we have dated by conventional K-Ar dating techniques at
about 10 Ma. At another locality along the Sargent fault near
Mount Madonna to the southeast, adularia is dated at 17 Ma.
These ages indicate that hydrothermal circulation occurred
along the Sargent fault between 17 and 10 Ma, and that the
Sargent and related faults therefore had formed by 17 Ma
(Middle Miocene time). Furthermore, contrasts in Miocene
stratigraphy across the Sargent fault near Mount Madonna
suggest that major uplift, erosion, and shortening occurred
across the Sargent and Berrocal faults during Oligocene to
early Miocene time. Plate tectonic reconstructions suggest that
inception of the San Andreas fault system occurred at the
restored latitude of these rocks at about 18 Ma. The Sargent
fault and related southwest-dipping thrusts and reverse faults
in this area therefore existed and probably formed at the time
of initiation of the San Andreas fault system. This relationship
deserves further careful study.

Activity during the 1989 earthquake

During the earthquake of October 17, no surface defor-
mation occurred along this part of the Sargent fault. However,
to the northwest, in the vicinity of Lake Elsman, near the
intersection of the Sargent and San Andreas faults, consider-
able surface deformation was observed. Most of this consisted
of extensional cracking, similar to the cracks in the Summit
Road-Skyland Ridge area, although some noteworthy com-
pression was noted along N40°-50°W-trending cracks. One
prominent E-W-trending extensional crack within the Sargent
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Figure 4.2 Structure sections across area of October 17, 1989 earthquake. See Figure 4.1 for explanation of map symbols.
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Figure 4.2, continued.

fault zone exhibited an oblique right-slip component of about
10 cm and an equal amount of vertical slip, with the southwest
side down. Extensional separation on cracks in this area
ranged from a few to as much as 31 cm.

The depth distribution of aftershocks following the Octo-
ber 17 earthquake (Figure 4.3) shows a distinct alignment of
hypocenters defining the steeply southwest-dipping faultplane
that ruptured. The aftershocks propagated to within a few
kilometers of the surface, just south of the surface trace of the
Sargent fault. These data suggest that the earthquake occurred
on a southwest-dipping, blind, dextral-reverse-slip fault that
attempted, but failed to propagate to the surface along the
Sargent fault. It is likely that that the Sargent fault and other
minor structures between it and the San Andreas fault, such as

the Lomita fault, were sources of much of the shallow after-
shock activity.
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TABLE 2.
Main Fracture | 1
Maximum Measured Total Displacement (mm) 540 169
Max. Extensional Component (mm) 334 108
Max, Lateral Component (mm) 412 6
Max. Vertical Component (mm) 103 129
Fracture Azimuth N32'W N50*W
Displacement Vector Azimuth N7'E N43'E
(Plunge Direction)
Displacement Vector Plunge 11° 50°
Sense of Lateral Motion Left-Lateral Right-Lateral

ture is still apparent in the orchard east of Morrill Road.
Northwest of Morrill Road, the displacements are smaller and
the cracking becomes discontinuous. Itis difficult to ascertain
the westernmost limit of the fracture, although it appears to
trend into the headwall scarp of a possible landslide near
Timmus Road, located 600 m to the northwest. This fracture
is the longest continuous rupture mapped in the area and
exhibits the second largest displacement (54 cm) of any frac-
ture system in the region; most fractures show displacements
of 10 cm or less. The smaller of the Morrill Road fractures
crosses the road approximately 30 m north of the intersection
of Morrill and Summit roads and has an overall length of about
200 m. This fracture trends more westerly than the main
fracture, although it does bend sharply to the southeast as it
crosses Summit Road. Detailed displacement data for the two
Morrill fractures are given in Table 2.

The Morrill Road fracture system occurs near the center of
an 8 km by 2 ki area that is located near the northern end of
the subsurface rupture zone, along the southwest side of the
projected surface trace of the San Andreas fault (Figure 5.4).
Nearly all of the major Santa Cruz Mountains fractures are
confined to this relatively small region. As is typical of most
Santa Cruz Mountains fractures, the Morrill Road cracks trend
NW-SE, and displacements are primarily extensional in a
NNE-SSW direction. Most fractures in the region display
significant components of lateral slip, commonly left-lateral
slip, and the Morrill Road fractures are no exception.

As can be observed in the adjacent orchard, the Morrill
fractures follow a distinctive break in slope and occur along the
marginofa shallow linear depression; this feature is apparently
associated with the Butano fault as mapped by Dibblee and
Brabb (1978). Many other cracks in the SummitRoad area also
follow similar topographic features although most do not occur
in association with any recognized bedrock faults. The asso-
ciation of many of the cracks with these types of landforms
indicate that the local topography formed by repeated move-
ments along these fracture zones. Based on the fact that the
Morrill Road fractures moved coseismically in 1906, it is
likely that prior movements on this and other fracture systems
were also earthquake-induced.

The location and orientation of most fracture systems
appear to be controlled by bedrock lithology and geometry,
and their displacement azimuths are closely associated with
local or regional slope directions (Figure 5.5). While some
fractures, such as those at Morrill Road, are associated with

known geologic structures, most are not. Most fractures occur
within steeply dipping, relatively incompetent rocks, such as
the mudstone units of the San Lorenzo Formation and the
Butano Sandstone, and shale interbeds of the Vaqueros Sand-
stone (Clark and others, 1989; Dibblee and Brabb, 1978;
USGS Staff, 1990b; Cotton and others, 1990). In the general
case, fractures are aligned with the regional strike of bedding;
where specific fractures were measured, fully 75% lie within
35° of the local strike of bedding. In rocks that are highly
anisotropic with respect to their materials properties, such as
the Vaqueros Sandstone, it is clear that fractures are largely
confined to bedding planes (Figure 5.6).

Posslbie mechanisms for the formation of the Summit
Road-Skyland Rldge fractures

The Summit Road surface fractures probably formed as a
result of: 1) strong ground motion that resulted in large-scale
slumping of the hillsides and/or collapse of the ridge crests, and
2) tectonic uplift and extension of the hanging-wall block due
to fault movement at depth. There is little evidence to suggest
that the lateral components of motion observed on many of
these fractures are due to tectonic shearing. The displacements
of most fractures can be associated with local or regional slope
failures, or dip-slip faulting along bedding planes. Several
lines of evidence support both ground motion and tectonic
mechanisms for the formation of the fractures in the general
case, and it is likely that both mechanisms played a role in
producing the features we see. Data that suggest a tectonic
origin are not as well supported, however, except in the case of
some specific fracture systems. Various arguments that sup-
port both views are summarized in the following paragraphs.

The surface fractures are confined to a region that was
apparently subject to the most severe ground motions. The
greatest damage to competent structures, the largest number of
topped trees, and the highest density of displaced boulders and
landslides occurred within the very same localized region
where the most prominent surface fractures formed; this rela-
tionship could therefore support the theory that fracturing was
initiated by severe ground shaking. However, the location of
the fractures can also be used to argue for a tectonic origin;
nearly all of the major fractures occur southwest of the San
Andreas fault and are therefore located on the block that was
apparently subjected to uplift during the earthquake. The
absence of fracturing on the northeast side of the San Andreas
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Figure 5.5. Rose diagrams of fracture trends, displacement vector azimuths (slip directions), bedding strikes, and regional
slope directions in the Summit Road - Skyland Ridge area. Radius of each circle represents a frequency of 24%; Diagonal line
on both plots depict the azimuth of the slip plane of the Loma Prieta earthquake (Platker and Galloway, 1989). Diagram on left
depicts trends of fractures (grey) and slip vector azimuths (black outiine) obtained from 200 measurement stations located on the
fractures. Diagram on right depicts strikes of bedding (grey) obtained from 47 localities (data from Dibblee and Brabb, 1978; Clark
and others, 1989; Brabb, unpublished), and regional slope directions, as derived from ridge-crest azimuths (black outline), that
correspond to the 200 measurement stations. Note the similarities between the fracture azimuths and strike of bedding, and
between the slip vector directions and regional slope directions. These data suggest that fracture trends are controlled by bedding
and that movement on the fractures generally parallel regional slope. Movement on many of the Summit Road fractures, therefore,
appears to be due to gravitational failure of the ridge tops, probably due to shaking. The dominant NNE-SSW trend to the regional
slope as compared to the NW-SE trend of bedding also explains the tendency for many fractures to exhibit left-lateral motion.

fault, however, may simply be caused by the fact that the
sandstones and Franciscan complex rocks there are more
competent than the Tertiary sediments found southwest of the
fault, and are therefore less likely to fail during shaking events.

A shaking origin is also supported by the observation that
most fractures occur at or near the tops of ridges, particularly
fractures with large displacements such as those along Summit
Road. Nearly 3/4 of all the measured displacements indicate
movement downslope; for the majority of those fractures that
show downslope movement, the trends of the displacements
(the displacement vector azimuths) correlate strongly with
either the local orregional slope (Figure 5.5). Displacementon
the Morrill Road fracture system, for example, appears to be
best related to downslope movement.

Not all fracture systems follow ridge crests, however, and
not all displacements can be explained by downslope move-
ment. Several prominent fracture systems cross Laurel Can-
yon west of Old San Jose Road and cut obliquely across
Skyland Ridge. Several crack systems in this and other areas
appear to be associated with mapped bedrock faults or fold
axes (Clark and others, 1989; Dibblee and Brabb, 1978; Sama-
Wojcicki and others, 1975). One such series of small exten-
sional fractures occurs along the mapped trace of the axis of the
Laurel anticline. The Laurel anticline fractures have displace-
ments that are generally small (median displacement is 46
mm), have little or no vertical component of motion (median

plunge angle is 5°), and nearly half of the measured displace-
ments have no apparent slope control. Of all of the fracture
systems within the Summit Road-Skyland Ridge area, these
are the best candidates for a tectonic origin; they could be
bending-moment faults (Yeats, 1986) which formed as a result
of extension over the crest of the anticline as it was further
compressed.

Extension across a fold axis or tectonic displacement of
bedrock faults are not the only ways to explain the existence of
fractures that are located near such features, or that have
displacements that are not slope-controlled. For example, the
Morrill fractures are closely associated with the mapped trace
of the Butano fault (Dibblee and Brabb, 1978; Figure 5.4), yet
given that the sense of displacement on the Morrill fractures is
closely related to the local slope, it appears unlikely that the
Butano fault moved tectonically during the October 17 earth-
quake. Rather, the fault probably acted as a zone of weakness
whereupon gravitationally-induced failure occurred. Most of
the observed fractures with uphill-facing scarps cannot be
bending-moment or flexural-slip faults because they exhibit
displacements that are not compatible with those models.
Many of these fractures probably resulted from strong ground
shaking which caused failure along weak bedding planes due
to lateral movement of ridge flanks and collapse of the ridge
crests.
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Another argument that can be used to support the theory
that strong ground motion accounts for many of the displace-
ments lies in the amount of cumulative extension exhibited in
the fractures along Summit Road and on Skyland Ridge.
Individual fractures in the Summit Road area are observed to
have as much as 60 cm of extension (USGS Staff, 1989), and
numerous others display several tens of centimeters of exten-
sion; estimates of total extension across the region, therefore,
are upwards of several meters. Given that current geodetic
models predict a maximum uplift of only around 35-45 cm in
the Summit Road region, it is unlikely that tectonic extension
due to uplift across a broad arch would alone result in such
large displacements.

Finally, many large fracture systems appear to be inti-
mately related to large slide complexes. Several fracture
systems trend into headwall scarps of pre-existing landslide
masses. These slide complexes are common along both flanks
of the Summit Road and Skyland ridges and many of them
were reactivated by shaking during the October 17 event.

The surface ruptures in the Summit Road-Skyland Ridge

area represent an aspect of earthquake hazards that has not, up
until now, been fully appreciated. Regardless of their origin,
the hazard posed by these fractures to structures, roads, and
pipelines is significant. While it is apparent that there is a
significant gravitational component to many of these fractures,
we do not know whether tectonic uplift across the region is
required for their formation. If uplift is a requirement, then we
may be looking at a hazard that is unique to this region of the
San Andreas fault and may not be an important factor in other
areas. If, however, these fractures are primarily shaking-
induced, as appears likely, then we might expect similar
fractures to form in response to earthquakes along other
reaches of the San Andreas, such as on the Peninsula segment,
or along other faults where geologic and topographic condi-
tions are similar to those in this portion of the Santa Cruz
Mountains.

Figure5.6. Equalarea stereographic projections of bedding withinthe Vaqueros Sandstone (great circles) and displacement
vectors (dots) for several large fracture systems that formed adjacent to Summit Road 0.5 to 2 km southeast of Highway 17; many
ofthesefractures have uphill-facing scarps. Stereonet A showsbedding and displacement vectors forthefracture systems located
onthe southwest limbof a syncline. Bedding here strikes NW and dips tothe northeast; nearly all displacement vectors also plunge
northeast. Stereonet B shows bedding and displacement vectors for fracture systems located on the northeast limb of the same
syncline. Here bedding dips to the SW and most of the displacement vactors plunge to the SW as well; many lie on or near the
bedding planes. These data suggest that failure on these fracture systems occurred within the bedding planes during lateral

spreading of the the ridge flanks and collapse of the ridge crest.
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