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Figure 4. Photograph of seacliff showing lenses of shell hash deposits in the Purisima Formation
which form resistant ledges throughout the exposed section of cliff.

GEOLOGY

The 1.2 km stretch of Seacliff State Beach included in this study is a portion of a continuous
section of seacliffs that extend 3 km from New Brighton State Beach in the north to Aptos Creek in
the south (fig. 1). The cliffs at Seacliff State Beach are protected from waves by a seasonally
dependent, variable-width sandy beach backed by a seawall (fig. 2). Between the seawall and the
cliffs, there is a state park road with numerous parking lots and picnic shelters. Waves only reach
the base of the cliffs during extreme storms that occur on the order of once every several decades.
Therefore, the seacliff failures and resulting cliff retreat that occur along this stretch of coast are
primarily a result of terrestrial processes (overland flow, groundwater flow, and seismic shaking).

The 28- to 36-m-high cliffs are composed of the Pliocene Purisima Formation, and are
capped along most of their length by a 6- to 12 m-thick layer of unlithified Pleistocene terrace
deposits (fig. 3) (Dupre, 1975; Greene, 1977; Brabb, 1989). In this exposure, the Purisima
Formation is moderately weathered, weakly to moderately indurated siltstone and sandstone that
contain lenses of shell hash deposits. The shell-hash deposits are more resistant than the
surrounding material and form small ledges throughout exposed sections of cliff (fig. 4). Joints are
common along this exposure and are unevenly spaced; along the northern half of the study area
joints are separated by as much as 5 to 6 m, whereas in the southern half (south of the park-entrance
road), they become much more closely spaced (0.5 m). The joints are unfilled, with little to no
separation. Figure 5 shows an equal-area plot of the joints mapped in the area. There are two
distinct joint sets with average strikes of 35° and 275° and near vertical dips. The overall trend of
the cliff section (310°) is not parallel to either joint set. Jointing does appear to have some
influence on the location and orientation of the slope failures; the east-west oriented joints are
commonly the failure planes for non-flow failures. Extensive rill development in the southern
portion of the study area is parallel to the cliff-normal joint system.

The cliff is steep at the top and more gently sloping towards the bottom where debris fans
occur at the base (fig. 3). The debris fans are well vegetated except where they are cut by debris
flow channels or have undergone recent failures. The upper, steeper portion of the cliff shows signs
of active erosion, with linear to moderately cuspate scars along the top edge where slumps or debris
flows have initiated. The exposed upper face lacks vegetation and is commonly rilled. The rills,
which are formed by overland flow, are more commonly developed in areas where the joints are
more closely spaced.

WAVE AND CLIMATIC SETTING

The wave climate is well documented for the northern Monterey Bay (U.S. Army Corps of
Engineers, 1985). Existing data from wave-gage records and wave hindcasts show that deep-water
waves have a mean height of 1.2 m and a mean period of 13 seconds. The waves most frequently
arrive from the northwest, but they do approach from due south through north-northwest. During El
Nifio winters, storm waves arrive more frequently from the west and southwest than during non-E1l
Niflo winters, and heights of 3 m or greater are common. Wave refraction studies (U.S. Army Corps
of Engineers, 1985) show that for the portion of coastline of northern Monterey Bay that includes
Seaclift State Beach, waves approaching from the northwest diverge around Point Santa Cruz at the
northwestern entrance to the Monterey Bay, changing to approach the shore from the west. Wave
height (and consequently wave energy) is thus reduced before reaching the shoreline. However,
waves approaching from the southwest undergo less refraction because there is no headland to
dissipate wave energy. As a result, waves from the southwest have greater heights and more energy
upon reaching the shoreline. The highest waves reaching the shoreline in northern Monterey Bay
are commonly storm waves approaching from the southwest to west.

Tides in this region are diurnal and have a mean range of 1.6 m; the highest high water is 2.4
m and the lowest low is -0.8 m (U.S. Army Corps of Engineers, 1985). The highest monthly tides
occur in the winter and summer; it is not unusual for the highest tides to coincide with large, winter
storm waves.

Rainfall in this region occurs predominantly from December through March, and high
rainfall frequently coincides with large waves. The average annual precipitation since 1895 is 53
cm, although large climatic perturbations such as El Nifio can bring excessive precipitation to the
area. Based on data compiled by Storlazzi and Griggs (2000), 76 percent of historical storms that
caused significant coastal erosion or damage occurred during El Nifio years.
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Figure 5. Stereonet plot of fault planes along Seacliff State Beach.
Faults with the same orientation plot on top of each other.

SEISMIC AND CLIMATIC EVENTS

This study documents the impacts of earthquakes and large storms to the seacliffs along
Seacliff State Beach. The first event is the 1989 Loma Prieta earthquake, a 7.1 magnitude
carthquake that caused widespread damage to the area stretching from Santa Cruz to the San
Francisco Bay. The epicenter of the earthquake was located in the Santa Cruz Mountains,
approximately 9 km inland from the coast. Peak accelerations in the vicinity of the coastal cliffs
were estimated to be on the order of 0.47 g to 0.64 g (horizontal) and 0.40 g to 0.66 g vertical
(Sydnor and others, 1990). Extensive block and debris falls, induced by the seismic shaking,
occurred along the seacliffs in the study area (Plant and Griggs, 1990; Sydnor and others, 1990).
Plant and Griggs (1990) describe the seacliff failures in detail; in addition to the slope failures, they
also describe tension cracks that developed parallel to and landward of the cliff face. These cracks
may be important in determining locations of failures in the days, weeks, and even years following
the earthquake by providing failure planes and zones along which groundwater flow may be
focused.

The second major event considered in this study is the 1997-98 El Nifio that brought
increased winter storm activity to the coastline of the northern Monterey Bay. Associated with
these storms, which began in force in late January of 1998, were increased wave energy from more
westerly directions than in non-El Nifio years, elevated sea level, and increased amount and
duration of precipitation. While increased wave energy and elevated sea level potentially have
significant impacts on those portions of the cliffs that are exposed to waves, increased rainfall
leading to excessive surface wash and increased groundwater pore pressures promote erosion of
the seacliffs.

CLIFF RETREAT

The amount of cliff retreat for Seacliff State Beach was determined by digitizing the top
edge of the cliff on the rectified photographic stereo models from October 1989 and March 1998.
Digitizing while viewing in stereo ensures that the true topographic break in the terrain is used as
the cliff edge. The cliff edge is typically sharp and easy to identify, but in some areas it is
completely obscured by large trees or other vegetation. The amount of landward retreat of the cliff
edge was measured as the difference in distance between two cliff edges (as digitized on the
October 1989 and March 1998 stereomodels) as measured from a shore parallel baseline. The use
of shore parallel baselines in measuring coastal change is a common technique in coastal studies
(Anders and Burns, 1991; Thieler and Danforth, 1994). For this map, the positional accuracy is
less than 1 m, based on the scale of the photography, the scan resolution, and the global positioning
system (GPS) survey data used in the orthorectification process.

The orthophotomosaic in figure 6 shows the cumulative seacliff retreat and morphologic
evolution of this stretch of coast from October 1989 to March 1998. The October 1989 data
(orange line) shows the position of the upper cliff edge immediately following the magnitude 7.1
Loma Prieta earthquake, and the March 1998 data (green line) represents the position of the cliff
edge following the last of the severe 1997-98 El Nifio storms. This section of coast was actively
retreating during the duration of this study; the amount of retreat in the bar graph in figure 6 shows
a maximum retreat of 7.1 m. The baseline from which the cliff edge positions are measured is
parallel to the average trend of this section of cliffs. However, the cliff morphology is highly
crenulated and as a result the length of the baseline (fig. 6) is shorter than the actual along-cliff
distance. The maximum retreat (7.1 m) is located at the northern end of this section. Other than
this localized area of retreat, the northern half of the study area experienced few failures associated
with El Nifio storms.

The amount that a particular section of cliff retreats in a given time period provides
quantitative information that may be useful to land-use planning and land owners. While such
retreat information is valuable, it provides little information on the processes of slope failure that
lead to seacliff retreat.
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Universal Transverse Mercator projection, Zone 10 Figure 6. Orthophotomosaic (CAMS imagery flown 2/9/98 at a scale of 1:7500) of Seacliff State Beach section showing retreat magnitude and cliff edge position for two dates of photography.
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Figure 9. Plot of cliff retreat magnitudes for individual dates of photography versus the along-cliff distribution of cliff failures. The color coding shows which cliff-forming materials were involved in an individual failure.
Note that all "retreat" values for the October 1989 date of photography are shown as zero. This date was used as the baseline data, and thus no other data set currently exists against which to determine the amount of retreat
for this date. However, along-cliff failures are identified by deposits on the beach and scars on the cliff slope. The along cliff distance is longer than the baseline shown in figure 6 because the baseline is a straight line
approximating the average trend of this section of coast and figure 9 is showing the actual along cliff distance.

PROCESSES OF SEACLIFF FAILURE

During this study we developed a method for investigating short-term processes of seacliff evolution
using rectified photographic stereo models. This method allows us to document the linear extent of cliff
failures, the spatial and temporal relationship between failures, and the type or style of slope failure.

In order to document the along-cliff linear extent of slope failure associated with a particular period or
event, the top edge of the cliff was digitized from the rectified photographic stereo model at high resolution
(0.2 m/pixel) for each date of photography. At each location where slope failure was observed, either by retreat
of the cliff edge or by visible deposits at the base of the cliff, the position, linear extent and characteristics of
the cliff failure were documented. The characteristics for each occurrence of slope failure include the amount
of retreat, if any, the type of failure (debris fall, block fall, debris flow), physical descriptions such as the shape
of the scar (linear or cuspate), and the geologic unit involved. The type of cliff failure was determined by both
the nature of the failure scar and the deposit on the beach below and is based on the classifications and
descriptions by Varnes (1958). The linear extent of places where the cliff has failed is demarcated for each date
of photography by overlaying the representation of the cliff edge that was digitized from the previous date of
photography on the current rectified photographic stereo model (for example Oct. 1989 digitized cliff edge
position over Jan. 1998 stereo model) and delineating the places where visible slope failure or retreat of the top
edge of the cliff have occurred during the period between the two dates of photography. For each linear extent
of slope failure the location and characteristics of each individual failure for each date are recorded. An
important finding of this study is that slope failures do not always result in retreat of the cliff edge. Failures
can occur on the seaward face of the cliff where there is no actual landward retreat of the top edge of the cliff.
These slope failures are recognized by the existence of fresh scars and deposits that are visible in the
photographic stereo models. The cliff failures that do not result in measurable retreat of the top edge of the
cliff may result in destabilization of the cliff and are important in the understanding of seacliff evolution and
processes.

Along Seacliff State Beach, two stretches of cliff are repeatedly unstable; these are shown as areas A
and B on figure 6. Both of these stretches of cliff failure occur south of the park entrance road that bisects the
cliff along the north-central portion (see fig. 6). A few slope failures occurred north of the park-entrance road,
but these were localized and, with the exception of the northernmost 50 m, were not repeating failures. Figure
7a shows the locations of cliff failures along an enlargement of the area A in figure 6. In area A, slope failures
occurred continuously along a 150 m stretch of cliff and were recorded during all but the final time period of
the study (February 9 to March 6, 1998). The slope failures shown in figure 7a occur in the same place as, or
immediately adjacent to, locations of previous failures. Nearly 90 continuous meters of cliff in area A failed as
a slump during the 1989 earthquake. During the 1997-98 El Nifio storms, slope failures within area A cliff
resulted in 2.5 to 3.0 m of landward retreat of the top edge of the cliff. Many additional failures occurred on
the slope face in the form of debris flows and slaking (downslope movement of surficial, weathered material)
with no measurable landward retreat of the top edge of the cliff.

Another area of unstable cliffs is shown in figure 7b, an enlargement of area B in figure 6. In area B,
130 m of continuous cliff failed as slumps and debris falls during the 1989 earthquake. Slope failures resulting
in as much as 4.6 m of retreat of the top edge of the cliff occurred during the 1997-98 El Nifio; these failures
occurred in the same locations as previous failures.

In general, the linear extents of cliff failure represented by the colored lines in figures 7a and 7b show
there are two distinct areas of unstable cliffs in the central and southern portion of the area, both south of the
park entrance road. A few widely distributed failures occur north of the road but are not areas of repeated slope
failure. The only gap along the south-central portion of the study area where no failures were documented is
located along an undeveloped lot (between the lines demarcating the areas A and B on figure 6).

RESULTS

Figures 8 and 9 and table 1 summarize the overall failure styles, magnitude, and distribution along
Seacliff State Beach. In figure 8a, the failure types are shown in relation to the amount of along-shore
occurrence, and Table 1 shows the total along-cliff failures for each time interval as well as the failure types.
Table 1 also includes the geologic unit that failed, if this was distinguishable on the aerial photography. The
category labeled "other" represents decadal slope failures wherein cliff retreat was documented but the failure
style could not be discerned.

Five different types of slope failure were documented during the period from October 18, 1989 to
March 6, 1998. These include debris falls, block falls, debris flows, slumps, and slaking. Rapid, seismically-
induced failures were either debris falls or slumps, resulting in failure of 244 m of the 1.3 km-long cliff section.
Weakening of the cliff-forming unit as a result of seismic shaking may have contributed to the failure of the
cliffs in the ensuing decade, in which 201 m of cliff experienced mass movement. In some areas, the process of
failure could not be identified due to lack of a geomorphic scar or a characteristic toe deposit. These areas
were identified by a retreat of the cliff edge and are included as "other" in table 1, whereby the cliff retreated
but the process was not observable. The dominant failure style identified in the January 1998 images was
slaking of the upper section of the cliff, along with occasional minor debris flows. The period of severe storms
from January 27 to February 9, 1998, (fig. 8b) had the greatest impact on this stretch of coast. Over 370 m of
cliff failed, predominantly as debris flows, during this two-week period. These flows appeared as fluid,
channelized deposits that flowed tens of meters from the place of initiation. During the last several weeks of the
El Nifio storm period, precipitation amounts dropped and storm intensities decreased. The response of the
seacliffs during this time was minor; failures were documented along 31 m of the section. Small, reactivated
debris flows were the only style of failure during this period.

Figure 9 is a plot of the distribution and amount of cliff failure along Seacliff State Beach. The along-
cliff distance in figure 9 is longer than the baseline shown in figure 6 because the baseline is a straight line
approximating the average trend of this section of coast and figure 9 is showing the actual along cliff distance.
All failures documented from October 1989 are shown as having zero failure amounts. The amount of
landward retreat of the cliff edge is not available for the October 1989 date in figure 9 because the cliff position
delineated from this date of photography was used as the initial position against which to measure subsequent
retreat. Failure types can be recognized by geomorphic scars or toe deposits, but retreat amounts cannot be
documented.

In figure 9, data from the bar graph on figure 6 and the failure locations on figure 7 are summarized.
Figure 9 demonstrates the grouping of unstable cliff sections, both in the south-central part of the study area:
from 500-700 m, and from 830-1050 m. The amounts of retreat on figure 9 are for each individual time
period, whereas those shown on the bar graph in figure 6 are cumulative. Failures over the course of the
decade, which include the failures associated with early (December and January) El Nifio storms, lead to the
greatest localized amount of retreat of the top edge of the cliff. However, spatially, the severe storm period
of 1998 (January to March) and the Loma Prieta earthquake caused the most widespread slope failures. The
inactive section of cliff from 700-840 m (fig. 9) is the only undeveloped area above the cliffs in the study
area.

This map has introduced new techniques of analyzing the short-term evolution of seacliffs and the
differential response of seacliffs to seismic and climatic events. Using stereo models derived from softcopy
photogrammetry, we are able to locate seacliff failures and determine their spatial distribution and the
geologic units involved for several different time periods in an area where seacliff failure and retreat
periodically threaten homes and community infrastructures. These data can be incorporated into a GIS
database to examine the relationship of the failures to one another, to coastline morphology, and to field data
(faults, joints, or lithologic variations). Spatial plots of the failures appear to show specific patterns; if
additional data continue to support this observation, the technique of extracting failure signatures and
analyzing the temporal and spatial distributions of the signatures may help to identify areas prone to future
failures.
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