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ROAD LOG

Road Log—1

Getting to the Starting Location
This road log begins at the California State Department of Transportation (Caltrans) rest
stop located on the west side of California State Highway 1, south of the town of Aptos;
and ends immediately south of Lucia located in the south central Big Coast region of
Central California. The total distance is approximately 88.5 miles along Highway.
The Caltrans rest stop is approximately 2.0 miles south on Highway 1 from the
intersection of Highway 1 and San Andreas Road. The rest stop, located on the west side
of Highway 1, is accessed by an off ramp near the crest of a long, low angle uphill grade.

Be alert for the off ramp to the rest stop. If you drive past the off ramp,
you must drive 7.5 additional miles to return to the starting location.
If you drive past the rest stop continue to the next off ramp, which is 1.8 miles south of
the rest stop. You will drive over a divide and descend into the next drainage. At the
bottom of the first descending grade is the intersection of Highway 1 and Buena Vista
Drive. Exit at Buena Vista Drive, get back on Highway 1 going north, and return to the
San Andreas Road off ramp. Exit Highway 1 at San Andreas Road, and go south (again)
toward the rest stop.

Road Log—2

Road Log Mileage
The road is log is a concatenation of the trip leaders individual efforts to identify
important and noteworthy locations between the Highway 1 rest stop south of San
Andreas Road near Aptos, and the area immediately south of Lucia along the Big Sur
Coast. The log lists the following:
Rod log mileage beginning at the Highway 1 rest stop.
Geographic points of reference to most road log locations.
Descriptive text for most road log locations.
The leader with expertise concerning a given road log location.
Note the following about the road log:
Locations in the road log are listed in geographic order in a southerly direction from
the Highway 1 rest stop.
Locations lacking mileage were approximated from local knowledge, maps, and
interpolation to adjacent stops with known mileage.
The road log contains two sets of mileage logs. The first set begins at the
Highway 1 rest stop and ends approximately 35 miles south at Rio Road,
located at the south end of the City of Carmel. The second begins at Rio
Road and ends approximately 54 miles south near Lucia on the central
Big Sur coast.
The best method for following the road log is to zero the odometer of your vehicle at Rio
Road. In lieu of zeroing the odometer, knowledge of local geography and a road map
should allow you to locate many stops in the road log, and begin registering mileage to
other stops from that location.

Roadcuts along the Big Sur coast are very steep and falling rocks are
common. The curves of Highway 1 are extremely sharp and mostly
blind. Turnouts are too small, and there is little or no shoulder.

So… be extremely careful crossing the roadway. Do not stand in the
roadway, and do not scatter rocks on the pavement!

Road Log—3

Mileage
(0.0)

Location
Rest stop on
California
State Highway
One.

Description

Leader

Approximately 2.0 miles south of the San
Andreas Road off ramp of Highway One.

Monterey Bay and Monterey Canyon,
one of the largest submarine canyons
along the contiguous U.S. is located here
and cuts deeply into the granitic rocks of
the Salinian Block. It is about 15-21 my
old and originated a considerable
distance to the south, in the general
location of Santa Barbara. This canyon
has been moved to its present location by
transform motion along the San Andreas
fault system.

G. Greene

See:
• Page Structure-4, figure 2.
• Page Structure-1, Regional Tectonics
and Structural Evolution Offshore
Monterey Bay Region, by H. Gary
Greene.
• Page Structure-2, Fluid Flow in
Offshore Monterey Bay Region, by H.
Gary Greene and others.
From this vantage point the Pajaro
Groundwater Basin is to the south and
Soquel-Aptos Groundwater Basin is to
the north. The Pajaro is a 120-mi2 aquifer
system mostly in the unconsolidated
Aromas Formation and younger deposits.
Pumping of nearly 70K ac-ft/yr results in
overdraft of roughly 20K ac-ft/yr, a
portion of which is made up by sea water
intrusion. The Pajaro Valley Water
Management Agency is attempting to
increase recharge and import water.
See:
• Page Hydrogeology-9, figure 1.
• Page Hydrogeology-10, figure 2.

Road Log—4

N.
Johnson

Mileage

Location

Description
The Soquel-Aptos aquifers are mainly
confined within the consolidated
Purisima Formation. Although one model
estimates the fresh-salt water interface is
offshore, and yet to reach eustatic
equilibrium following the Pleistocene,
some indications of intrusion are
apparent. The Parajo Valley Water
Management Agency vacillates between
stating it has a surplus to share, and a
posture of being cautiously ‘concerned’.

Leader

Before continuing, we will discuss the
upcoming drive over the next three
groundwater areas to the south.
See:
• Page Hydrogeology-2, Hydrogeology of
Coastal Watersheds: Southern Santa
Cruz and Northern Monterey Counties,
by N. Johnson.
• Page Hydrogeology-11, figure 3.
Streams originating on the Aromas
formation have a distinctive hydrology.
Mean annual runoff averages from near
zero to about 8 to 10 percent of mean
annual precipitation at the watershed
scale, compared with 25 to 40 percent in
the Santa Cruz Mountains streams with
watershed development in crystalline
rocks or consolidated sediments. This
may be attributed primarily to higher
rates of infiltration through the sandy
soils and sediments of the Aromas
formation and younger terrace deposits.
Note that significant runoff occurs in
perhaps only 10 to 15 percent of all years
from the sandy waters, and 60 to 80
percent of all years from most other
Santa Cruz Mountains catchments. This
affects not only the recharge regime of
the Pajaro and adjoining valleys, but also
land use, water rights, and habitat values
along the streams draining the sandy
watersheds.

B. Hecht

Lower rates of runoff translate to higher
rates of annual recharge in this region,

Road Log—5

Mileage

Location

Description
which receives significant rainfall,
averaging between 18 and 32 inches.
Higher rates of recharge through the sand
hills on either side of the Pajaro Valley
have been instrumental in minimizing
water-quality constraints to ground-water
use in this region despite a large and
persistent overdraft. This recharge
reduces concentrations of low dissolved
solids, boron, and nitrate, which none the
less approach or exceed regulatory action
levels.

Leader

At the site level, recharge and runoff
rates within the sandy watersheds vary
considerably, depending upon the
textural facies within the Aromas
Formation. As such, a fundamental
aspect of useful geologic or
hydrogeologic practice in these areas is
recognition of local textural facies.
See:
• Page 93, figure 3-4—Primary and
channel recharge areas in the Pajaro
Valley.
• Page 94, figure 3-5—Rainfall and
Annual Runoff Recurrence Curves for
Streams in the Pajaro Valley and Nearby
Areas.
(6.1 to 11
miles)

Pajaro River to
Moss
Landing—The
‘Springfield
Terrace’

The Springfiled Terrace is ‘officially’
designated as part of the Pajaro Basin,
however it is essentially cutoff from
inland recharge by Elkhorn Slough that
curves behind it to the east. Few practical
measures for augmenting water supply
exist. Although artichokes are salt
tolerant, intrusion may someday make
agriculture unviable.

(11 to 18
miles)

Moss Landing
to immediately
south of the
Salinas River
(17.1 miles)—
The Salinas
Groundwater

As we cross the mouth of the 470-mi2
Salinas Groundwater Basin, imagine how
seawater intrusion in the shallow 180-ft
aquifer has extended nearly 7 mi. inland
toward Salinas, encompassing 30 mi2
(nearly 3 mi. inland and a 15 mi2 area in
the 400-ft aquifer). Although solutions

Road Log—6

N.
Johnson

Mileage

Location
Basin

Description
have been elusive for greater than 60
years, improved conjunctive use of river
and reclaimed water may be at hand.

Leader

See:
• Page Hydrogeology-13, figure 5.
• Page Hydrogeology-14, figure 6.
• Page Hydrogeology-15, figure 7.
• Page Hydrogeology-16, figure 8.
(18 to 28
miles)

Salinas R. to
Monterey—
Marina/Fort
Ord and
Seaside Basin

Cleanup of contaminated groundwater
continues at the Army’s former Fort Ord
military base. Pilot measures to augment
limited local water supplies include
desalination of seawater pumped from
wells located on the beach, and aquifer
storage and recovery (ASR) of wet
season flows diverted from the Carmel
River and transported in a pipeline to the
aquifer beneath the former base. ASR is
essentially a groundwater injection
endeavor to replenish depleted
groundwater bodies.

(35.0
miles)

Rio Road,
south end of
City of
Carmel—
Carmel
River/Carmel
Valley

ZERO YOUR ODOMETER!!!

0.0 miles

Monastery
Beach/ San
Jose Creek

ROAD LOG MILEAGE IS
RECALIBRATED AT RIO ROAD,
LOCATED AT THE SOUTH END OF
THE CITY OF CARMEL.

An upthrown block of granite partially
blocks the 7-mi2 Carmel Groundwater
Basin from seawater intrusion. However,
conflicting water demands, and
environmental and legal issues have
paralyzed efforts to optimize the
conjunctive use of its surface and ground
water resources.

N.
Johnson

At this location one of several heads of
the Carmel Canyon forms the beach. The
canyon cuts the Cretaceous granodiorite
porphyry of the Monterey Mass. Two
other heads of the canyon are located
offshore, one in Stillwater Cove and the

G. Greene

Road Log—7

Mileage

Location

0.2 miles

Description
other off Point Lobos Reserve. The
canyon head off Point Lobos Reserve is
fault controlled by the Carmel Canyon
fault segment of the Palo Colorado-San
Gregorio fault zone.
Closed-cone Coniferous Forest
dominated by Monterey pine (Pinus
radiata) begins on the inland side of
road. Monterey pine is considered rare
and endangered by the California Native
Plant Society (CNPS) and is a Federal
Species of Concern. Monterey pine,
which occurs in three small mainland
populations in California, is hugely
planted in Mediterranean climates worldwide. However, the species is presently
beset with pitch canker, a fatal disease
which arborists claim will kill >80% of
all trees within 25 years.

Leader

J. Norman

See:
• Page Botany 2, California’s Native
Monterey Pine Forest: Can It Be Saved,
by M. Matthews and N. NedeffPage
• Botany 13, Pitch Canker and Its
Potential Impacts on Monterey Pine
Forests in California, by T.R. Gordon
and others.
0.9 miles

Immediately
south of San
Jose Creek and
Beach.

Southernmost range limit for longpetaled iris (Iris longipetala), in Coastal
Prairie habitat east of road.

J. Norman

1.6 miles

Big pullout
with view of
Point Lobos.

Location of one of two naturallyoccurring populations of Monterey
cypress (Cupressus macrocarpa). The
other population is across Carmel Bay at
Pebble Beach. Monterey cypresses were
much more widespread until sea level
began rising at the close of the
Pleistocene. Their distribution was
likewise restricted by the advent of
wildfires, to which Monterey pines are
better adapted.

J. Norman

2.2 miles

Point Lobos

Mid-Cretaceous porphyritic Santa Lucia

G. Ernst

Road Log—8

Mileage

2.6 miles

Location
NO STOP

Description
granodiorite of the Monterey Peninsula.
Rock contains enormous euhedral Kfeldspar tablets. It appears to be similar to
the Cathedral Peak quartz monzonite of
Yosemite Park and Sonora Pass; but of
course, is not related. It is overlain along
a buttress unconformity by gravels and
sandstones of the Eocene Carmello
Formation.

Leader

Gibson Creek

Middle reaches of this drainage support
the rare Gowen cypress (Cupressus
goveniana ssp. Goveniana) growing with
rare Central Maritime Chaparral plant
community on podsolized sandy soils
similar to those at the S.F.B. Morse
Botanical Reserve in Pebble Beach
(called “Evolution Hill” by Ledyard
Stebbins). Gowen cypress grows only in
two locations, both inland from the two
sole stations for Monterey cypress.

J. Norman

See:
• Page Botany 18—The Santa Lucia
Mountains: Diversity, endemism, and
Austere Beauty, by D. Rogers.
4.7 miles

Malpaso Creek

Immediately south of the bridge is where
the main occurrence of the Monterey
Pine Forest in Monterey County ends.
South of this location are two or three
sites where small groves of a few trees
have been mapped. Although their native
status is questionable. Monterey Pine
Forest commences again just north of
Cambria in San Luis Obispo County.
Southernmost range limit of Hooker’s
manzanita (Arctostaphylos hookeri ssp.
Hookeri) which occurs at the edge of the
pine forest at this location. Hooker’s
manzanita is listed by the CNPS as
endangered.

J. Norman

5.5 miles

Garrapata
Creek

The Palo Colorado-San Gregorio fault
zone comes ashore at this location. Just
below the stairs a good fault contact
between folded Cretaceous sandstone and
granitic rocks can be seen.

G. Greene

Road Log—9

Mileage

Location

Description
Approximately 2 km of faulted and
sheared rocks is exposed in the cliffs.
This fault zone is the western margin of
the granitic Salinian Block.
A shallow well beside Garrapata Creek ¼
mile from the coast supplies about 30
nearby homes. The California
Department of Fish and Game and the
State Water Resources Control Board
recently contested its use. The main
question posited by these State agencies
was: Does the well tap a “subterranean
stream” or does its yield, like the creek,
derive from groundwater migrating
across the watershed from areas of
rainfall recharge?

Leader

N.
Johnson

See:
• Page Hydrogeology 19—Source
Evaluation of Groundwater Extracted
from Garrapata Water Company Wells,
by N. Johnson.
7.4 miles

Immediately
south of
Soberanes
Point.

Central Maritime Chaparral growing on
the inland side of the road. The chaparral
is surrounded by more recently
colonized, and more aggressive, Coastal
Sage Scrub. The Central Maritime
Chaparral is growing on granitic soil, and
has been reduced to a single component
taxon—chamise (Adenostoma
fasciculatum). The presence of a single
taxon is probably due to thinning of soil
as sandy material has eroded away. The
process may have been accelerated by
fire.

J. Norman

9. 7 miles

Garrapata
Beach

Big pullout at the north side of the
Garrapata Creek bridge. On the east side
of road the Central Maritime Chaparral
on sandy soil supports endemic Carmel
creeper (Ceanothus griseus var
horizontalis), and is the northernmost
range of the Little Sur manzanita
(Arctostaphylos edmundsii), a Federal
Species of Concern and CNPS List 1B
species (rare and endangered). Also

J. Norman

Road Log—10

Mileage

10.7 miles

Location

Rocky Point

Leader

NE-dipping Upper Cretaceous, brown
weathering Great Valley coarse
sandstone, shale, and siltstone. Wellbedded clastic sedimentary strata derived
from the Klamath-Sierran arc plutonicvolcanic arc.

G. Ernst

Immediately
south of Rocky
Point
Restaurant.

Coastal grassland is being overrun by
French broom (Genista monspessulana)
an invasive exotic shrub. The ownerrancher of the fields south toward Palo
Colorado Canyon has used herbicide to
reduce French broom.

J. Norman

Hurricane
Point

A long coast vista allows observation of
the steep tectonically uplifted and faulted
seaward margin of the Santa Lucia
Range. Roof pendants of Jurassic
limestone are visible on the slope to the
east and the tombolo at Point Sur can be
seen to the south.

G. Ernst

Erosion and sedimentation following the
Marble-Cone fire of 1977 left deposits of
sand several inches to 1.5 feet thick on
the floodplain throughout the alluvial
lower segments of the Little Sur River.
The lagoon was largely, but not
completely, sedimented because tidal and
storm-wave action kept a vestigial lagoon
functional. This lagoon has been studied
extensively by Dr. Jerry Smith of San
Jose State University. Dr. Smith has
noted very high rates of Steelhead
productivity in this lagoon, where some
fish grow at rates sufficient for them to
go so sea during their first late spring or
early fall after hatching, rather than the
second year which is typical for stream
reared steelhead. The lagoon is
considered very important not only as

B. Hecht

Park south of
outcrop.

11.0 miles

Description
present is seacliff buckwheat (Eriogonum
parvifolium), host foodplant of the
Federally-listed Endangered Smith’s blue
butterfly (Euphilotes enoptes smithz).
This location is a documented station for
the butterfly.

NO STOP

Mouth of the
Little Sur
River

G. Greene

Road Log—11

Mileage

Location

Description
refuge during droughts and post-fire
sedimentation episodes, but also as a
locus of year-class diversification. This
diversification minimizes the risk of
complete brood-year loss and helps to
stabilize the population of steelhead.

Leader

See:
• Page Geomorphology and Hydrology 2
• Page Hydrogeology 2—Marble Cone
Fire–Effect on Erosion, by G. Cleveland.
• Page Hydrogeology 55—The Marble–
Cone Fire Ten Months Latter, by J.
Giffith.
12.7 miles

North side of
Rocky Creek.

Central Maritime Chaparral located
above highway, growing in granitic soil.
It is being slowly swallowed from below
by Coastal Sage Scrub (of a lighter, graygreen color). Higher up at an elevation of
about 1,300’ above MSL, where sandy
soil persists, is a greater species
composition of Central Maritime
Chaparral, including the southern range
limit for the federally listed endangered
Yadon’s rein-orchid (Piperia yadonii).

J. Norman

See:
• Page Botany 27—California’s Coastal
Sage Scrub, by S. DeSimone.
12. 8 miles

Roadside
turnout

Dark gray, coarse-grained, biotite-rich
charnockitic tonalite; original pyroxene is
now completely pseudomorphed by
uralitic amphibole. The tonalite contains
even darker, medium-grained inclusions
or metadikes (chiefly biotite + quartz +
plagioclase). Float blocks of very coarse,
dead white marble suggest proximity to
Paleozoic platform sedimentary rocks of
the Sur Series (Coast Ridge Belt).
Presumably, the tonalite intruded the
carbonate strata, then both were
metamorphosed.

G. Ernst

13.4 miles

Bixby Canyon
and bridge.

On the east side of road, Central
Maritime Chaparral is losing the battle
with Cape ivy (Delairea odorata), an

J. Norman

Road Log—12

Mileage

Location

Description
invasive exotic from South Africa. In the
Riparian Woodland of Bixby Creek,
Cape ivy has extirpated the southernmost
range limit of the CNPS Iisted rare and
endangered plant, maple-leaved sidalcea
(Sidalcea malachroides), extant until
about 1980. Southern range limit for
California rose-bay (Rhododendron
macrophyllum) is in this drainage,
associated with Central Maritime
Chaparral and Redwood Forest.

Leader

14.3 miles

Roadside
turnout

Light-colored graphitic marbles of the
Sur Series (Coast Ridge Belt), striking
NS, dipping about 60oE. Associated
metasedimentary rocks (pelitic schists,
slates?) can be seen down the cliff along
beach. South end of outcrop looks like a
poorly exposed Great Valley arkosic
sandstone layer (buttress or angular
unconformity?). In places, looks like
massive, saccroidal granite, but contains
subangular to moderately rounded grains,
and lacks phenocrysts. Nice big pullout.

G. Ernst

14. 6 miles

Pullout at
Hurricane
Point

Growing in Northern Coastal
Scrub/Coastal Bluff Scrub at the edge of
the pavement are specimens of
Hutchinson’s larkspur (Delphinium
hutchinsoniae) in bloom on east side of
road on 23 April 2000. This plant is a
Monterey County endemic, and a federal
Species of Concern, and a CNPS List IB
(rare and endangered).

J. Norman

15.0 miles

NO STOP

Conglomeratic Upper Cretaceous Great
Valley sandstone on east side.

G. Ernst

17. 0 miles

NO STOP

Sand dunes on east. Material derived
from the abundant nearby granitoids (and
Great Valley sediments). Cross from
Salinia to Nacimiento block.

G. Ernst

17. 2miles

Dunes south of
Little Sur
River.

At this location “trees similar to presentday Monterey Pine, Bishop Pine (Pinus
muricata) and Gowen Cypress grew
together 10,000 years ago.” James R.
Griffin, “What’s So Special About

J. Norman

Road Log—13

Mileage

Location

Description
Huckleberry Hill on the Monterey
Peninsula?” California Native Plant
Society Newsletter (pre-Fremontia), Vol.
8 No.2, July 1972.

Leader

18.0 miles

NO STOP

To the distant west is a tombolo with a
perched lighthouse atop Point Sur. The
bedrock is a large knob of Franciscan
greenstone.

G. Ernst

18. 6 miles

Pullout
opposite Point
Sur.

Great Central Maritime Chaparral on
greenstone at “The Rock.” Lots of Little
Sur manzanita.

J. Norman

Point Sur

Point Sur is a rock, former sea stack, of
more resistant Franciscan Formation that
is attached to the mainland by a tombolo.
Note the extensive sand dune
development here indicating a southward
transport of sediment along a very windy
part of the California coast.

G. Ernst

21. 0 miles

North
boundary of
Andrew
Molera State
Park.

The private El Sur Ranch grazes cattle, a
practice that began with a Mexican land
grant in 1834. The south half of the land
grant became a state park in 1971, at
which time cattle were removed. The
ensuing regrowth of Northern Coastal
Scrub dominated by coyote brush
(Baccharis pilularis) on state lands is
dramatic and demarcates the boundary
between the present and former locations
of grazing.

J. Norman

21.3 miles

Andrew
Molera State
Park

Entrance to Andrew Molera State Park is
on west side of Highway One. Directly
opposite on the east side is the southern
entrance to the old Coast Road, a
beautiful 10.4 mi-long gravel road drive
through bucollic alpine meadows and
valley redwood groves. Serpentinite is
exposed at 1.4 mi, but exposures of
Salinian block granitoids and
metamorphics to north are intensely
weathered. This is an optional route on
return north.

G. Ernst

Road Log—14

Mileage

21.8 miles

Location

Description

Leader

Mouth of the Big Sur River contains a
relatively undeveloped alluvial aquifer
that may be of adequate volume and
sufficient quality to be considered a
resource.

N.
Johnson

Old Coast
Road
(alternative
return route)

Granitic, metamorphic, and sedimentary
rocks are exposed along the road. These
rocks types impart varying major ion
signatures to ground water and late
summer baseflows emanating from
ground water.

B. Hecht

Big Sur River
streamflow
gage

Aggradation of the Big Sur River
following the Marble-Cone fire was so
large and rapid at this gage that it
overwhelmed the ability of USGS WRD
staff to maintain the gage. USGS reports
that the peak flow for the 1978 water year
occurred on January 9, 1978. Yet, very
little or no rainfall was reported for this
date, or for the previous week, at all six
rain gages which were operating in this
watershed or on the ridges at its edges.
Much larger storms occurred during the
Christmas week, later in January, in midFebruary and early March. Each of these
storms produced records of large storm
crests at other gages in the region. I
believe that the reported high flows for
the day represent aggradation at the
gaging station from sediment delivered
from the burnt hill slopes to the channel
during the late December storms.
Floodflows during the following week
likely initiated the post-event
downcutting cycle, as they did in the
Carmel watershed to the east (See page
149, figure 2.). Because most gages are
maintained approximately monthly,
USGS-WRD staff may not have been
aware of the sand ‘wave’ which passed
through the Big Sur gage leading to
misinterpretation of the water level
record. The report of peak flows on
January 9 is one manifestation of the
rapid rate at which erosion and channel

B. Hecht

Road Log—15

Mileage

Location

Description
sedimentation occur following episodic
events. It also serves as a caution about
the extra care warranted in the use of
gaging records collected during bed
sedimenting episodes. In such cases,
hydrologists should probably turn to the
primary data, such as instrument read-out
and the observers’ log of conditions and
measurements made at the station.

Big Sur River
watershed

Discussion of the finding of research
from the Marble Cone fire of 1977.
Discussion of paper South of the Spotted
Owl: Restoration Strategies for Episodic
Channels and Riparian Corridors in
Central California.

Leader

B. Hecht

See:
• Page Geomorphology and Hydrology
10—South of the Spotted Owl:
Restoration Strategies for Episodic
Channels and Riparian Corridors in
Central California, by B. Hecht.
• Page Geomorphology and Hydrology
62—Sequential Changes in Bed Habitat
Conditions, by B. Hecht.
21. 5 miles

South end of
Big Sur Valley

22.6 miles

23.1 miles

Road Log—16

High Bridge
Creek

The Riparian Woodland of the Big Sur
River. Dominant species are black
cottonwood (Populus balsamifera ssp.
Trichocarpa), white alder (Ainus
rhombifolia), western sycamore
(Platanus racemosa), and arroyo willow
(Salix lasiolepis ).

J. Norman

Entering the Redwood Forest plant
community, dominated by coast redwood
(Sequoia sempervirens ). This tree
reaches its southernmost range limit in
Monterey County, at Soda Springs Creek
near the south end of the Big Sur Coast,
about 48 miles south of this location.

J. Norman

The stream here flows down the top of a
ridge (!) formed by alluvial deposition.

J. Norman

Mileage

Location

Description

Leader

24.5 miles

Juan Higuera
Creek

See:

24.5 miles

Juan Higuera
Creek

There is a substantial kill-off of tan-oak
(Uthocarpus densiflorus) here, due to the
mysterious “tan-oak disease” (probably a
fungus). Locally, the vast number of dead
tan-oaks become host to three oak beetle
taxa; when these emerge, they infest
other tan-oaks and also coast live oaks
(Quercus agrifolia). They destroy
cambium tissue, and also inoculate their
new hosts with “tan-oak disease.” The
secondary kill-off of coast live oaks is
now becoming epidemic.

J. Norman

25.8 miles

Pfeiffer-Big
Sur State Park

Hills to west of Big Sur State Park
entrance are in the Franciscan Complex,
but are poorly exposed. Typical! Here is
where we camp.

G. Ernst

26.1 miles

Cedar Flat

Named for a volunteer incense cedar
(Calocedrus decurrens) which probably
grew after a seed from high altitude
populations, was deposited during
flooding >100 years ago. The tree fell
during the strong winds and heavy rain of
3 February 1998. John Pfeiffer grew
potatoes here at the turn of the century. It
is now a State Park septic system
leachfield.

J. Norman

26.7 miles

Entrance to
Pfeiffer-Big
Sur State Park

The land that is now the P-BS SP was
acquired from John Pfeiffer by the State
of California in 1933.

J. Norman

B. Hecht

• Page Geomorphology and Hydrology
33—Dating and Recurrence Frequency
of Prehistoric Mudflows Near Big Sur,
Monterey County, California, by L.
Jackson.

A mudslide in 1973, a by-product of
1972 Molera Fire, carried seeds of
Arroyo Seco bushmallow
(Malacothamnus palmeri var.lucianus),
in alluvium originating at high elevations
of Mt. Manuel, to this location. Here they
germinated, and several clonal groups

Road Log—17

Mileage

Location

27.1 miles

Description
persist. Arroyo Seco bushmallow is a
federal Species of Concern, and CNPS
list 1B species (rare and endangered).

Leader

Most tan-oaks in the Post Creek drainage,
which you are now ascending, ) are dead
or dying due to “tan-oak disease.”

J. Norman

28.0 miles

NO STOP

Franciscan graywacke and a greenstone
pod crop out along west side of CA State
Highway 11 near the crest at Post Ranch
Inn (west) and Ventana Inn (east), and
~0.2 mi north of Nepenthe. Beyond, cross
from Nacimiento to Salinia block.

G. Ernst

29.2 miles

Sycamore
Canyon Road

Sycamore Canyon Road, on west side
highway off our route. The southern
range limit for Little Sur manzanita, the
rare Monterey Indian paintbrush
(Castilleja latifolia), bear grass
(Xerophyllum tenax); and the northern
range limit for California peony (Paeonia
californica) are located at the end of the
road to the Pfeiffer Beach area.

J. Norman

29. 1 miles

Roadside
parking

Sheared serpentinite on west, dark
Franciscan shale across road on east.
Good parking.

G. Ernst

Serpentine plug on west side of highway
supports Coastal Sage Scrub invaded by
French broom. Foothill needlegrass
(Nassella [ = Stipa] lepida) also occurs
here.

J. Norman

29.9 miles

29.9 miles

CONSTRICTE
D SPACE ON
CURVE FOR
PARKING.

Sur Series marbles and quartzites +
feldspathic gneisses of the Coast Ridge
Belt. Mineralogy includes uralite after
clinopyroxene, red garnet, graphite • rare,
unaltered clinopyroxene.

G. Ernst

30.7 miles

Pull out

Flat-lying Sur Series (Coast Ridge Belt)
marbles, metasiltstones, and quartzites.
Same neoblastic minerals as at stop 29.9
mile.

G. Ernst

31.2 miles

Pull out

Coarse-grained graniodiorite. On the
south is dark, very coarse-grained biotite

G. Ernst

Road Log—18

Mileage

31.5 miles

Location

Leader

Coarse, dark gray charnockite with
stringers of white alaskite at stop, and in
ravine down near beach. Charnockitic
tonalite contains a large, fine-grained,
plate-like mafic granulite body consisting
chiefly of biotite + hornblende +
plagioclase, representing a wall rock
inclusion or an early, mafic igneous
border phase or relict mafic dike. It is
clearly intruded by dark tonalite and by
even later, pale alaskite. Well-exposed,
banded charnockite crops out southward
to bridge at 32.8 miles.

G. Ernst

31.7 miles

Typical Coastal Sage Scrub growing on
colluvial soil; dominated by California
sagebrush (Artemisia californica) and
black sage (Salvia mellifera). Some nice
virgin’s bower (Clematis lasiantha)
clambering over scrub, in full bloom on
22 April 2000.

J. Norman

32.5 miles

Grimes Point. Dwarf form of California
buckwheat brush
(Eriogonumfasciculatum); could be a
hybrid with seacliff buckwheat (E.
parvifolium ).

J. Norman

32.7 miles

Spanish bayonet, or yucca (Yucca
whipplel) in bloom on inland side of road
is near its northernmost coastal range
limit. Also found at this location along
roadside is the northernmost specimen of
chicory-Heaved stephanomeria
(Stephanomeria cichoriacea).

J. Norman

South end Torre Creek bridge.
Location of rediscovery in 1969 of the
‘extinct’ Hutchinson’ s larkspur
(Delphinium hutchinsoniae). The
Coastal Sage Scrub habitat which
supported this plant has been greatly
reduced by French broom incursion,
and Hutchinson’s larkspur can no

J. Norman

33.7 miles

Parking area

Description
+ hornblende-bearing, weathered
charnockitic tonalite.

South end
Torre Creek
Bridge.

Road Log—19

Mileage

Location

Description
longer be found here. Some 10
locations exist for the taxon.

Leader

34.8 miles

Sycamore
Draw

Work to repair landslide here (which
occurred in early 1983) created massive
areas of disturbed soil, which has been
colonized by pampas grass
(Cortaderiajubata), French broom, and
sticky eupatorium (Ageratina
adenophora), which is poisonous to
horses.

J. Norman

36.5 miles

Off road
parking

Traveling through brown, weathered
charnockitic tonalite to the road stop at
commodius off-the-road parking.
Hornblendic charnockite contains felsic
layers and stringers (migmatitic
sweatouts or Cretaceous granitoids?). Sur
Series marble float suggests that the
intrusive contact with the Coast Ridge
Belt is nearby.

G. Ernst

36.7 miles

Julia Pfeiffer
Burns State
Park

Lunch and rest stop. If you take the ocean
trail from the parking lot to observe a
seacliff waterfall, note the exposure of
Miocene Monterey Formation
porcellanite.

G. Ernst

37.8 miles

Julia Pfeiffer
Burns Slide of
1983 (AKA
‘Big Slide’).

Millions of yards moved from here by
Caltrans, 1983-84. Sidecasting ruined the
nearshore, subtidal Julia Pfeiffer Burns
Underwater Park and Area of Special
Biological Significance. Uncompacted
fill continues to erode and the highway is
nearly undercut here at present.

J. Norman

37.9 miles

NO STOP

Coarse conglomerate of the Great Valley
Series on the east side of road. Mostly
granitic closets, this unit is probably
proximal to the Salinian granite source
terrane.

G. Ernst

39.8 miles

Burns Creek

Type locality of Smith’s blue butterfly.
The butterfly’s habitat at this location
was greatly disturbed by recent bridge
rebuilding which required replanting of

J. Norman

Road Log—20

Mileage

Location

Description
the buttetfly’s host foodplant as
mitigation for the construction.

Leader

40.1 miles

Pull out

Fantastic exposure of heavy
conglomerate of the Great Valley Series.
Locally, the conglomerate appears to be
transected by medium-grained, cm-thick
alaskite stringers. Really???

G. Ernst

40.5 miles

Buck Creek

Northernmost range limit for wishbone
bush (Mirabilis californica) in middle
reaches of this drainage.

J. Norman

40.9 miles
(approx.)

NO STOP

Cross from Salinia to Nacimiento block.

G. Ernst

41.2 miles

Hot Springs
Creek, Eslan
Institute

Blue gum trees (Eucalyptus globulus)
planted here to support overwintering
masses of Monarch butterfly (Danaus
plexippus).

J. Norman

41.9 miles

Lime Creek,
John Little
State Reserve

Elizabeth Livermore planted Torrey pines
(Pinus torreyana) at this location,
probably in the late 1920s or early 1930s,
which have naturalized. Where Torrey
pine occurs in native stands, it is
considered a federal Species of Concern,
and CNPS List 1B species (rare and
endangered).

J. Norman

42.4 miles

Roadside
parking

Franciscan greenstone knocker,
somewhat weathered, with vague pillows
and more obvious pillow breccia. Calcite
epidote veins transect the pod.

G. Ernst

42.7 miles

Roadside
parking

Very well endurated, disrupted
Franciscan graywacke, siltstone, and dark
shale. Beautiful tectonic mélange.

G. Ernst

43.0 miles

NO STOP

Greenstone lens in Franciscan mélange at
this location and at 43.8 miles.

G. Ernst

44.0 miles

Roadside
parking

Really large Franciscan greenstone
lenses, approximately 2 km long.
Subhorizontal flow layering is well
displayed. Abundant calcite + epidote
veins and hydrothermal alteration.

G. Ernst

Road Log—21

Mileage

Location

Big Creek
Reserve

Description
Pillows are present ~0.3 mi east of this
stop.
This is an area of alternating Cretaceous
sandstone and

Leader

G. Ernst

Franciscan Formation rocks that are
deformed and fractured along the SurNacimiento fault zone. The high relief
and rock offshore region is attractive to
rockfish and the reserve has been
established to preserve the fisheries here.
44.0 to
49.0 miles

Lots of gigantic landslides–this is the
Caltrans sandbox. Look uphill for
hummocky ground (where not
landscaped), chaotic blocks and hard
knockers of Franciscan, and swales in the
semicontinuously patched/repaved
roadway.

G. Ernst

44.2 miles

Rat Creek

Coast redwoods here were severely
burned during the Rat Creek Fire of
1985.

J. Norman

44.8 miles

Wing Gulch

This gully was created when a 19thCentury rancher built a wing fence far up
the hillside above today’s highway. This
caused his cattle to erode the hillside,
where the herd was diverted at a steep
area. The erosion made a gully which
today is very nearly a perennial stream. It
is a regular source of winter road
closures.

J. Norman

45.5 miles

Pull out

Square Black Rock in the nearshore. The
north half of this sea-stack (which had a
NE-SW trending cleft all the way
through) fell in the ocean during an
earthquake in 1972. A rancher above the
town of Lucia (ca. 35 mi. distant) heard
the splash. Inland, the Rat Creek Fire of
1985 started at elevation 1,450’ above
MSL following a lightening strike. Blueblossom (Ceanothus thyrsiflorus) above
highway is a fire-follower from this
event. “Banded” vegetation pattern is

J. Norman

Road Log—22

Mileage

Location

Description
probably a result of soil depth with
ceanothus occurring in deeper soil.

Leader

46.2 miles

Big Creek
Bridge

University of California’s Landels-Hill
Big Creek Reserve at south end of bridge.
The concrete used to make this bridge
incorporated sand taken from the beach
below. There is evidently enough
greenstone in the beach sand to give this
bridge a slightly greenish cast.

G. Ernst

47.3 miles

NO STOP

Tectonic block of Franciscan chert.

G. Ernst

47.5 miles

Rigdon
Fountain

During construction of Highway 1, the
location where north-bound crews met
south- bound crews in 1934. Named for
promoter of the highway, State Sen.
Elmer Rigdon of Cambria. Rigdon was
known for swindling mercury miners in
San Luis Obispo County. He owned a
brick works, and convinced the local
school board, of which he was a member,
to use his inferior bricks to enlarge the
Hesperian School. His bricks contained
substantial amounts of shell and chert
from Indian midden deposits.

J. Norman

Nice red jasper east of road.

J. Norman

47.7 miles

47.8 miles

Pull out

Small, indistinct outcrop of serpentinite,
which is the California state rock. This is
hydrated mantle, but from what platetectonic environment?

G. Ernst

48.2 miles

Immediately
south of
Gamboa Point.

Inland, much vegetation damaged by the
Hare Creek Fire of 1999 can be seen.

J. Norman

48.6 miles

Vicente Creek

Inland, more damage from Hare Creek
Fire.

J. Norman

48.9 miles

NO STOP

Franciscan shaley mélange.

G. Ernst

49.6 miles

Lucia

AKA, Landslide City.

J. Norman

Coast redwoods show typical damage to
foliage, as browning and kill-off, caused

J. Norman

49.8 miles

Road Log—23

Mileage

Location

Description
by exposure to high wind driven salt
spray from ocean.

Leader

51.0 miles

Lime Kiln
Canyon

Landslide—a truly big honker mass
slumpage.

G. Ernst

51.2 miles

Grandpa•s
Elbow

Caltrans ‘fixed’ this location in 1998.
Redwoods here have long been losing
fight with gravity, and lately some real
leaners have developed.

J. Norman

51.5 miles

Limekiln
Creek

South end of the bridge is the entrance to
Limekiln Canyon State Park.

G. Ernst

51.5 miles

Lucia Lodge

The motel cabins located north of the
lodge on the ocean side of road, were
built about 1936. At the time of
construction the ridgepoles of the four
cabins were in a straight line. After
substantial drifting, they were realigned
in 1974. Presently, they look about they
way they did prior to the 1974 work.

J. Norman

52.0 miles

‘New’ Dani
Creek

Centerline of Dani Creek as it flowed
after the 1906 Earthquake (as per George
Harlan, then 13 years old). Harlan also
observed water sloshing out of a farm
pond next to his home, above here at
elev. 800’.

J. Norman

52.1 miles

Point 16

In the 1930s, the gardener for then-owner
Edward Moore recommended pampas
grass to stabilize the substratum (the
owner was worried that unstable soil
might undercut the mansion). The
mansion slipped into the ocean in the
early 1940s; the pampas grass remains
(everywhere).

J. Norman

52.4 miles

Dani Creek

According to George Harlan, the
centerline of Dani Creek prior to 1906
was different from that of today. The
former topography is shown on the Lucia
15’ USGS quadrangle, 1921. The shift
evidently occurred at about 1,000’ above
MSL.

J. Norman

Road Log—24

Mileage
53.6 miles

Location
Limekiln
Creek

Description
Cone Peak, elevation 5,155’ above MSL,
can be seen inland from this bridge. One
of the steepest gradients along this coast,
and supporting a diverse and numerous
progression of plant communities from
sea level to the summit. Atop Cone Peak
many Sierra Nevada disjunct plant
species are found, including: sugar pine
(Pinus lambertiana); Santa Lucia
Mountains endemics, such as Santa Lucia
fir (Abies bracteata); Cone Peak
bedstraw (Galium californicum
ssp.luciense); and, Santa Lucia bed straw
(G. clementis).

Leader
J. Norman

Th th th th tha aa atsss all, f f f f folks!!
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7KHFHQWUDO&DOLIRUQLD&RDVWUDQJHVFRQWDLQDWHOHVFRSHGOLWKRWHFWRQLFFRPSOH[
UHSUHVHQWLQJVWDJHVLQWKHJHRORJLFHYROXWLRQRIWKH0HVR]RLFPDUJLQRI&DOLIRUQLD
,PSRUWDQWPDSVDQGFURVVVHFWLRQVKDYHEHHQSXEOLVKHGE\5RVV DE 
5RVVDQG0F&XOORFK  DQG+DOO  3K\VLRJUDSKLFSURYLQFHVDQGURFN
DVVHPEODJHVLQFOXGH  WKHODQGZDUG$QGHDQ 6LHUUDQ FDOFDONDOLQHSOXWRQLFYROFDQLF
DUF1RUWKZHVW)RRWKLOOVXSSHU3DOHR]RLFORZHU0HVR]RLFPHWDPRUSKLFEHOW  WKH
8SSHU-XUDVVLF&UHWDFHRXV&HQWUDO9DOOH\ *UHDW9DOOH\IRUHDUFEDVLQWXUELGLWLFVWUDWD 
DQG  WKHFRQWHPSRUDQHRXVGHHSZDWHUWUHQFKGHSRVLWV )UDQFLVFDQ&RPSOH[ 
1HRJHQHGH[WUDOVOLSDORQJWKH6DQ$QGUHDVV\VWHPWUDQVHFWHGWKHROGFRQWLQHQWDOPDUJLQ
IURPDQLQWHUQDOODQGZDUGSRVLWLRQRQWKHVRXWKLQWKHSUHVHQW*XOIRI&DOLIRUQLDWRDQ
H[WHUQDORFHDQZDUGSRVLWLRQQHDU&DSH0HQGRFLQRRQWKHQRUWKUHIOHFWLQJWKHIDFWWKDW
WKH1RUWK$PHULFDQFRQWLQHQWDOFUXVWFDSSHGSODWHSURJUHVVLYHO\RYHUUDQWKHRXWERDUG
(DVW3DFLILF5LVHVSUHDGLQJFHQWHUGXULQJODWH2OLJRFHQHWLPH5LJKWODWHUDOPRWLRQDORQJ
WKH6DQ$QGUHDVWKXVKDVGXSOLFDWHGWKH0HVR]RLFFRQWLQHQWDOPDUJLQDORQJWKH%LJ6XU
FRDVW²  6DOLQLDQVLOLFLFFDOFDONDOLQHJUDQLWRLGV3DOHR]RLF6XU6HULHVPHWDPRUSKLFV
 *UHDW9DOOH\ILUVWF\FOHGHWULWDOVHGLPHQWVGHSRVLWLRQDOO\UHVWLQJRQWKH6DOLQLDQ
EDVHPHQWDQGWHFWRQLFDOO\WKUXVWRYHUWKHRXWERDUG)UDQFLVFDQ&RPSOH[DQG  
1DFLPLHQWRJUD\ZDFNHVJUHHQVWRQHVDQGFKHUWVRIWKH)UDQFLVFDQPpODQJH7KHQDWXUH
RIWKH1HRJHQHVWULNHVOLSLVTXLWHDSSDUHQWEXWWKHDQWHFHGDQWKLVWRU\RIURFNVHFWLRQV
GLVSRVHGDORQJWKH6XU1DFLPLHQWRIDXOWLVQRW

:KDWLVFOHDULVWKDWWKH6XU6HULHV6DOLQLDQJUDQLWLFURFNVVKDUHSHWURFKHPLFDODQG
JHRFKURQRORJLFFKDUDFWHULVWLFVZLWKLQERDUGJUDQLWRLGVRIWKHZHVWHUQ0RMDYH'HVHUWDQG
WKH7HKDFKDSL0RXQWDLQV PLRJHRFOLQDOXSSHU3DOHR]RLF7ULDVVLF&DODYHUDV&RPSOH[ 
SODWIRUPVWUDWDRIWKH3DOHR]RLF6XU6HULHV" ,QVKDUSFRQWUDVWWKH)UDQFLVFDQLV
HYHU\ZKHUHDGRJ¶VEUHDNIDVWRIRFHDQLFDIILQLW\ IDUWUDYHOHGRFHDQLFFUXVW
KHPLSHODJLFFKHUW RYHUODLQE\YROXPLQRXVPDVVHVRIFDOFDONDOLQHDUFGHULYHGILUVWF\FOH
FODVWLFVDOOLQWHQVHO\WHFWRQL]HGZLWKLQWKH1RUWK$PHULFDQSDOHR3DFLILFSODWHERXQGDU\
VXEGXFWLRQ]RQH7KHIDFWVWKDW6DOLQLDQWRQDOLWHVKDYHEHHQUHFU\VWDOOL]HGWRS\UR[HQH V 
JDUQHWEHDULQJSKDVHDVVHPEODJHV LHFKDUQRFNLWHV DQGDVVRFLDWHGDOXPLQRXV
PHWDSHOLWLFURFNVFRQWDLQVLOOLPDQLWHVXJJHVWKLJKWHPSHUDWXUHVDQGFRQVLGHUDEOHGHSWKV
RIRULJLQ6RPHZKDWVLPLODUGHHSVHDWHGJDUQHWLIHURXVWRQDOLWHVLQWKHHDVWHUQ
7UDQVYHUVH5DQJHVKDYHEHHQGHVFULEHGE\6DPVDQG6DOHHE\  WKHUHIRUHD
SDOLQVSDVWLFUHVWRUDWLRQ DSSUR[LPDWHO\NP RIWKH%LJ6XUUHJLRQDJDLQVWWKHIDUWKHU
LQERDUG7HKDFKDSLVZHVWHUQ0RMDYHLVSODXVLEOH(RFHQHWRORZHU0LRFHQHVWUDWDRIWKH
QRUWKHUQ6DQWD/XFLD5DQJHZHUHGHSRVLWHGLQDEDVLQDGMDFHQWWRDQDORJRXVURFNV
H[SRVHGLQWKH6DQ(PLJGLRDUHDRIWKH7UDQVYHUVH5DQJHVMXVWHDVWRIWKH6DQ$QGUHDV
1LOVHQDQG/LQN VXSSRUWLQJVXFKD1HRJHQHRIIVHW7KHPRUHRFHDQLFGHHSVHD
)UDQFLVFDQDVVHPEODJHVDORQJWKH%LJ6XUFRDVWKDYHEHHQH[KXPHGIURPPXFK
VKDOORZHUVXEGXFWLRQGHSWKVFRPSDUHGZLWKDORQJVWULNHPHWDJUD\ZDFNHWHUUDQHV
FURSSLQJRXWIDUWKHUVRXWKLQWKH6DQ/XLV2ELVSRDUHD (UQVW EXWFRPSDUDEOH
URFNVFURSRXWIURPWKH2UHJRQERUGHUDWOHDVWDVIDUVRXWKDVFHQWUDO%DMD









9DULRXVVFHQDULRVUHJDUGLQJWKHSODWHWHFWRQLFDVVHPEO\RIWKH6DOLQLD1DFLPLHQWR
DPDOJDPDWHGWHUUDQHKDYHEHHQSURSRVHG$WWKHHQGRIWKLVURDGORJDEVWUDFWVDUH
SUHVHQWHGE\3DJH  'LFNLQVRQ  +DOO  DQG'LFNLQVRQDQG%XWOHU
 ,QWHUHSUHWDWLRQVIRUWKHRULJLQDQGHYROXWLRQRIWKH&RDVW5DQJHRSKLROLWHDUH
VXPPDUL]HGE\'LFNLQVRQHWDO  ,QDGGLWLRQKDQGRXWVGHVFULELQJWKH6DOLQLDQ
5RVV-DPHVDQG0DWWLQVRQ DQG1DFLPLHQWR (UQVW EORFNVDUH
SUHVHQWHGIRUIXUWKHUVWXG\DQGKRXUVRIERXQGOHVVHQMR\PHQW)LHOGWULSVWRSVDQGSRLQWV
RIUHIHUHQFHDUHSUHVHQWHGEHORZ


5HIHUHQFHV&LWHG

'LFNLQVRQ:5&UHWDFHRXVVLQHVWUDOVWULNHVOLSDORQJ1DFLPLHQWRIDXOWLQFRDVWDO
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Regional Tectonics And Structural Evolution
Offshore Monterey Bay Region
By H. Gary Greene
The tectonic and structural evolution of the Monterey Bay region of central California is complex
and diverse. The region has been subjected to at least two different types of tectonic forces; to a
pre-Neogene orthogonal converging plate (subduction) and a Neogene-Quaternary obliquely
converging plate (transform) tectonic influence. Present-day structural fabric, however, appears to
have formed during the translation from a subducting regime to a transform regime and since has
been modified by both strike-slip and thrust movement.
Monterey Bay region is part of an exotic allochthonous structural feature known as the Salinian
block or Salinia tectonistratigraphic terrane. This block is proposed to have originated as part of a
volcanic arc a considerable distance south of its present location, somewhere in the vicinity of
the southern Sierra-Nevada Mountain Range. It consists of Cretaceous granodiorite basement
with an incomplete cover of Tertiary strata. Paleocene rocks are scarce, evidently stripped from
the block during a time of emergence in the Oligocene time.
The Ascension-Monterey Canyon system, one of the largest submarine canyon systems in the
world, is located on and adjacent to the Salinian block. The system is composed of two parts
which contain a total of six canyons: 1) the Ascension part to the north, which includes
Ascension, Año Nuevo and Cabrillo canyons, and 2) the Monterey part to the south, which
includes Monterey Canyon and its distributaries, Soquel and Carmel canyons. The ancestral
Monterey Canyon originated in early Miocene time, cutting east-west into the crystalline
basement rocks. Since that time (~21 Ma), the Salinian block, riding on the Pacific Plate, moved
northward along the San Andreas fault zone. During this period of transport the Monterey Bay
region was subjected to several episodes of submergence (sedimentation) and emergence
(erosion) that alternately caused sedimentary infilling and exhumation. The present
configuration of the Ascension-Monterey canyon system is the result of tectonic displacement of
a long-lived Monterey Canyon, with associated canyons representing the faulted offsets of past
Monterey Canyon channels. Slivering of the Salinian block along several fault zones trending
parallel or sub-parallel to the San Andreas fault zone (i.e., the Palo Colorado-San Gregorio fault
zone) displaced to the north the westerly parts of Monterey Canyon. In this manner Monterey
Canyon “fathered” many of the canyons to the north (i.e., Pioneer and Ascension canyons).
Tectonics continues to dictate the morphology and processes active in the canyon system today.
Erosion has formed a seafloor physiography that is significantly greater in relief than onshore.
The Palo Colorado-San Gregorio fault zone marks the continental shelf boundary in the
Monterey Bay region and divides the canyon system into two parts, the Ascension and Monterey
parts. The Monterey canyon part is youthful with heads that lie at, or close to, the shoreline and
its present morphology is the product of active erosion originating near the canyon heads. This
canyon system is the main regional conduit for the transport of terrestrial sediments to the
abyssal plain. In contrast, the Ascension Canyon part heads far out on the continental shelf, far
removed from the littoral drift, but still subjected to erosion from mass wasting, some possibly
fluid induced.
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Abstract
Fluid flow out of the seafloor offshore Monterey Bay region is extensive. To date 16 major active
and ancient, or dormant, seep sites have been identified and many of these sites are composed of
smaller sites too numerous to map at a regional scale. These seeps have been identified by the
presence of chemosynthetic communities that are primarily composed of chemoautotrophic
organisms or by carbonate deposition and buildups. Of the 17 identified sites, 9 active cold seep
sites support living chemosynthethic communities. Seven major dormant seep sites have been
identified based upon the presence of carbonate deposits or buildups.
Identified seep sites are primarily concentrated along fault trends associated with the boundary of
the Salinian block or Palo Colorado-San Gregorio fault zone, and along the lower flanks and
crests of tectonically uplifting slopes. A combination of transpressional squeezing and
overburden pressures, vertical advection through hydrocarbon and organic-rich sediment, and
seaward flow of meteoric waters supply fluids to the seep sites.

Introduction
Monterey Bay is located within the active transform boundary that separates the Pacific Plate
from the North American Plate (Fig. 1). In central California this boundary is over 100 km wide
and includes offshore faults of the Palo Colorado-San Gregorio and Monterey Bay fault zones
(Fig. 2). These fault zones are seismically active and in many places offset the seafloor or
Quaternary sedimentary rocks (Greene et al., 1973, 1989; Greene, 1977, 1990; McCulloch and
Greene, 1990). The Palo Colorado-San Gregorio fault zone is a 200 km long fault zone that
trends nearly N300W and defines the western boundary of the Salinian block in the Monterey
Bay region (Page, 1970,; Page and Engerbretsen, 1984; Greene, 1977, 1990). The Salinian block
is a sliver of southern Sierran granitic rocks that is being carried northward on the Pacific Plate,
sliding along the San Andreas fault proper (Page and Engerbretsen, 1984).
The Monterey Bay region can be divided into two major physiographic and tectonic provinces;
(1) an eastern allochthonous (Salinian) block and strike-slip fault sheared and slivered province
and (2), a western allochthonous (San Simeon) block and transpressionally faulted and deformed
or continental slope accretionary province (Greene et al., 1997). These provinces are separated by
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the Palo Colorado-San Gregorio fault zone, the local western boundary of the Salinian block
(Fig. 1).

Figure 1. Generalized sketch map showing the allochthonous Salinian block of Sierran granitic
basement rocks. Modified after Greene (1990).
The Palo Colorado-San Gregorio fault zone juxtaposes the Tertiary marine sedimentary rocks and
their underlying Mesozoic basement units of the two allochthoneous blocks. West of the fault
zone continental slope sediments are subjected to transpressional forces associated with the
oblique convergence of the Pacific Plate against the North American Plate (Nagel and Mullins,
1983; Greene, 1990). Here Greene et al. (1997) and Orange et al. (1993, 1995, in press) interpret
that two areas (Smooth ridge and Sur slope) are being uplifted by the oblique fault motion
associated with the Palo Colorado-San Gregorio fault zone. This compression is probably
causing interstitial fluids to migrate up through the sediments and seep out along the surface
trace of the faults where extensive areas of carbonate slabs have been found.
Within the Salinian block, the Monterey Bay fault zone is comprised primarily of short (2-3 km
long), discontinuous, en echelon faults oriented primarily NW-SE (Greene et al., 1973; Greene,
1977, 1990; Gardner-Taggart et al., 1993). Two longer faults within the Monterey Bay fault
zone, the offshore extensions of the Chupines and Navy faults (25-30 km long offshore), mapped
onshore near the towns of Seaside and Monterey (Rosenberg and Clark, 1994), are exceptions to
this. These two faults generally define the boundaries of this fault zone which is restricted to
Monterey Bay and the onshore area to the southeast, in the northern Santa Lucia Range. The
Monterey Bay fault zone merges with the Palo Colorado-San Gregorio fault zone offshore of
Santa Cruz and southward along the trend of Carmel Canyon (Fig. 2). Gardner-Taggart et al.
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(1993) reports that two types of faults occur in the southern part of the Monterey Bay fault zone,
strike-slip and thrust. The primary NW-SE oriented faults appear as right-lateral strike-slip
faults, whereas conjugate faults are thrust faults that generally trend east-west. Rosenberg and
Clark (1994) reported similar fault relationships onshore.

Figure 2. Physiographic map of the Monterey Bay region showing generalized geologic structure
and sites of past, present and potential fluid flow and gas concentration on and in the seafloor.
Offshore shaded relief map constructed from Simrad EM300 (30 kHz) multibeam bathymetric
data collected by MBARI and the USGS; contour interval is 1000 m. Onshore topography from
USGS DEM’s. Black lines are active faults: solid lines where well defined and dashed lines
where inferred. Long dashed black lines on mid-slope are surface expressions of inactive faults
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Cretaceous granitic basement rocks of the Salinian block (Fig. 1) lie adjacent to the Franciscan
complex west of the San Andreas fault (Jennings and Burnett, 1961) and are thought to underlie
the Tertiary marine and Quaternary continental slope deposits west of the Palo Colorado-San
Gregorio fault zone (Greene, 1977, 1990; Mullins and Nagel, 1981; Nagel et al., 1986). Offshore
in the Monterey Bay region, approximately 1,790 m of Tertiary strata overlie the Cretaceous
basement rocks and about 570 m of Quaternary sediments overlie the Tertiary strata, totaling
about 2,360 m of sedimentary rocks overlying basement (Greene, 1977).
East of the Palo Colorado-San Gregorio fault zone in northern Monterey Bay about 550 m of the
Monterey Formation unconformably overlie Cretaceous granitic basement rocks (Greene, 1977;
1990). Unconformably overlying Monterey is about 370 m of upper Miocene Santa Margarita
sands and 200 m of the Santa Cruz Mudstone, a well layered diatomaceous mudstone of middle
Miocene age. Unconformably overlying the Santa Cruz Mudstone is approximately 670 m of the
Pliocene Purisima Formation which, in turn, is either exposed on the seafloor or covered by
Pleistocene deltaic and alluvial deposits or Holocene shelf deposits that can total up to 670 m
thick (Fig. 3).

Figure 3. Composite stratigraphic section of the northern Monterey Bay region, east of the Palo
Colorado-San Gregorio fault zone. Thickness based on continuous single channel seismic reflection profiler data. Modified after Greene (1977, 1990) and on ROV and submersible observations.
East of the Palo Colorado-San Gregorio fault zone in southern Monterey Bay as much as 850 m
of Neogene sedimentary rocks and 630 m of Quaternary sediments are piled an average of 1,480
m above the basement (Fig. 4). The sedimentary units of this sequence total approximately 640
m of the Monterey Formation, a porcelaneous and diatomaceous mudstone sequence of Miocene
age rich in hydrocarbons. This formation is either exposed on the seafloor or is unconformably
overlain by up to 210 m of the Purisima Formation, a nearshore marine sandstone of Late Mi-
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ocene to Pliocene age (Fig. 4). Overlying the Purisima Formation are local deposits of Pleistocene deltaic, aeolian, alluvial and Holocene shelf sediments that total more than 630 m.

Figure 4. Composite stratigraphic section of the southern Monterey Bay region, east of the Palo
Colorado-San Gregorio fault zone. Thickness based on continuous single channel seismic reflection profiler data. After Greene (1977).
During the summer of 1998, MBARI in conjunction with the USGS undertook an extensive
bathymetric survey of the Monterey Bay offshore region using a Simrad EM300 (30 kHz)
multibeam system mounted aboard the M/V Ocean Alert. The purpose of this survey was to
define the seafloor physiography and geomorphology at a resolution that allows identification
and investigation of geologic, biologic and chemical features using MBARI’s ROVs Ventana and
Tiburon. Over 17,000 km2 of continental shelf, slope and rise were covered.

Evidence Of Fluid Seeps
In the Monterey Bay region 16 major seafloor sites, many composed of several scattered smaller
sites, of fluid seeps have been identified by the presence of chemosynthetic communities
primarily composed of chemoautotrophic organisms that are dependent upon thiotrophic
symbionts or by carbonate deposition and buildups (Fig. 2). The chemosynthetic communities
consist of vesicomyid clams, vestimentiferan worms and free-living bacteria that are dependent
upon sulfide-rich fluids for life support and thus indicate present-day seep activity. Carbonate
deposits typically represent ancient seeps, although some carbonates were found in the vicinity
of current chemosynthetic communities and may be forming today (Orange et al., in press;
Stakes et al, in press).
Cold-seeps, both fossil and active are being discovered on a regular basis today along active
convergent plate margins. Deep water chemosynthetic communities were first noticed during the
discovery of hydrothermal vents along the Galapagos Ridge in 1977 (Corliss et al., 1979).
Chemosynthetic communities similar to those found at hydrothermal vents, but associated with
“cold” seeps, have been reported offshore of Louisiana (Bright et al., 1980; Kennicutt et al.,
1985), along the Florida Escarpment (Paull et al., 1984), within Sagami Bay, Japan (Okutani and
Egawa, 1985; Hashimoto et al., 1987, 1989), offshore Oregon (Suess et al., 1985; Kulm et al.,
1986; Ritger et al., 1987), and in the Japan Trench (Laubier et al., 1986; Le Pichon et al., 1987,
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Pautot et al., 1987; Cadet et al., 1987; Ohta and Laubier, 1987), to mention a few studies. Many
cold seep communities appear to be associated with dynamic geological processes such as
tectonically induced high fluid pressures in compressional regimes (Kulm et al., 1986, 1990),
artesian springs (Paull et al., 1984; Robison and Greene, 1992), hydrocarbon or natural biogenic
seeps (Brooks et al., 1987; Kennicutt et al., 1989; Hovland and Judd, 1988), or mass wasting
(Mayer et al., 1988).
Chemosynthetic Communities – Indicators of Active Seeps
Cold seep communities were discovered in the Monterey Bay region during Alvin dives and
bottom-camera tows in Monterey and Ascension Fan Valleys in 1988 (Embley et al., 1990;

Figure 5. Shaded relief map of Smooth Ridge constructed from MBARI EM300 bathymetry
showing seafloor morphology, faults and seep sites. Triangles represent active seeps; squares
indicate ancient seeps.
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McHugh et al., 1997). Since then several additional cold seep sites have been observed and
sampled in Monterey Canyon and along the offshore fault zones and continental slope using the
Monterey Bay Aquarium Research Institute’s (MBARI) remotely operated vehicle (ROV)
Ventana (Barry et al., 1993).

Figure 6. Shaded relief map of the Monterey meander and spur located within the middle part of
Monterey Canyon. Seafloor morphology, faults, and active seep sites are shown and labeled. Map
constructed from MBARI/USGS EM300 mulltibeam bathymetry.
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Barry et al. (1993, 1996, 1997) and Greene et al. (1997) divide the biota inhabiting cold seeps of
the Monterey Bay region as including ‘obligate’ species, restricted to sites in direct proximity to
fluids rich in sulfide, methane, or perhaps other reduced inorganic compounds (e.g. ammonia;
Fisher 1990), and ‘regional’ species that are found at seeps, as well as local non-seep habitats.
Obligate species may be chemoautotrophic (e.g. Beggiatoa), or have thiotrophic or
methanotrophic symbionts (e.g. vesicomyid clams, mytilid mussels, and vestimentiferan worms),
but also may be heterotrophic and rely nearly exclusively on chemosynthetic fauna (e.g. galatheid
crabs [Munidopsis? sp.], gastropods [Mitrella sp.], limpets [Pyropelta sp.]). Regional fauna may
forage on chemosynthetic biota (e.g. Neptunia amianta, lithode crabs), but range throughout
regional benthic environments and are clearly not dependent trophically on chemosynthetic
production.
Distribution of Seeps West of the Salinian Block
West of the Salinian block, west of the Palo Colorado-San Gregorio fault zone and within the
eastern compressional province, four well defined cold seep sites which support active
chemosynthetic communities are known (Fig. 2). The deepest site is located within the proximal
Monterey Fan Valley at a water depth of ~3,200 m (Plate 1, A). Here the source of the sulfiderich fluids that sustain the biota appear to come from either compressional dewatering of
sediment under convergent compression or from buried organic sources deposited in channel fill
(Embley et al., 1990; Greene et al., 1997).
Three distinct cold seep sites (Clam Flat, Horseshoe Scarp-South, Tubeworm Slump in Fig. 5)
that support chemosynthetic communities have been identified on Smooth Ridge (Barry et al.,
1993; Greene et al. 1997; Orange et al, in press), a smooth sediment covered ridge that separates
the Monterey Canyon system from the Ascension Canyon system and makes up the continental
slope immediately west of Moss Landing (Figs. 2 & 5). The site known as “Clam Flat” (Barry et
al. 1996, 1997; Greene et al., 1997; Orange et al., in press) is located between 980 and 1,010 m
deep along the crest of Smooth Ridge.
Barry et al. (1996) described the vesicomyid clam Calyptogena kilmeri as the dominant obligate
taxa at Clam Flat (Plate 1, B). Tectonic compression at this site results in “squeezing” of the
sediment package and outflow of CO -saturated interstitial fluid according to Barry et al. (1996),
2
Greene et al. (1993), Orange et al. (1993) and Martin et al. (1997). Apparently fluid expulsion in
this area promotes surficial carbonate precipitation and the release of sulfide and methane-rich
fluids at the sediment-water interface, in close proximity to where aggregations of thousands of
live clams are located (Barry et al., 1996)
Pore water analyses of push core sediment samples taken on Smooth Ridge at Clam Flat showed
elevated levels of sulfide and methane (Orange et al., in press). Isotopic analyses of authogenic
carbonate precipitates by Stakes et al. (in press) from carbonate samples indicate the presence of
methane and report isotopic values of –48.8 ‰ to -52.6 ‰ (PDB) for 13C and of +4.05 ‰ to
+5.19 ‰ (PDB) for 18O whereas oxygen isotopes indicate precipitation at or near ambient
seafloor temperatures. Martin et al. (1997) interprets the presence of the fluids at Smooth Ridge
as being derived from both shallow and deep sources based on the presence of higher order
hydrocarbons. These authors state that pore fluids outside the Clam Flat seeps include
thermogenic methane and within the seeps fluids are of a mixed biogenic-thermogenic origin.
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The two other active cold seep sites located west of the Palo Colorado-San Gregorio fault zone
lie along the eastern and southern flank of Smooth Ridge (Fig. 5; Orange et al., in press). One of
these two sites is known as “Horseshoe Scarp-South” and is located near the upper eastern edge
of the ridge at about 800 m deep along an area faulted and deformed by the Palo Colorado-San
Gregorio fault zone. At this locality, Orange et al. (in press) reports cold seep chemosynthetic
clams and surface parallel authigenic carbonate deposits. The second seep site is located in the
secondary head scarp of a recent slump near the lower southern flank of Smooth Ridge in 2,310
m of water and is known as “Tubeworm Slump” (Fig. 5). Here the existence of Vestimentiferan
tubeworms and authogenic barite deposits indicate an active cold seep (Naehr et al., 1998).
All of the active seep sites on Smooth Ridge appear to result from dewatering of accretionarylike sedimentary units squeezed against the Salinian block by motion of the Pacific Plate (Figs. 2
& 5; Nagel and Mullins, 1983; Greene et al, 1990; Orange et al., 1994, in press; Barry et al,
1996). A combination of uplift and compression leading to dewatering appears to be responsible
for fluid-induced mass wasting along the flanks of Smooth Ridge.
Distribution of Seeps on Salinia
East of the Palo Colorado-San Gregorio fault zone distinct evidence of fluid seepage along faults
of the Monterey Bay fault zone and bedding planes of the Purisima Formation exposed along the
northern wall of Monterey Canyon consists of sites where metal oxidizing bacterial mats and/or
chemosynthetic communities occur (Figs. 2 & 6). Greene (1997) and Orange et al. (in press)
proposed that these fluids could be sulfide-rich aquifer waters in the Purisima Formation that
originate in the Santa Cruz Mountains northeast of Monterey Canyon and/or fluids that circulate
through the hydrocarbon-rich Monterey Formation. Oxygen isotopic analyses of carbonate
deposits sampled at some of these seeps do not indicate fresh water flow (Stakes et al., in press).
They conclude that hydraulic connectivity to fresh water aquifers does not force fluid flow at the
seeps and that the carbon isotopic values indicate that the carbon source is sedimentary, and that
lateral transport of particulate organic carbon dominates fluid flow at the canyon head sites.
Of the five confirmed active seep sites found on the Salinian block, three (Mt. Crushmore,
Tubeworm City, Clam Field; Fig. 6) are located along the northern wall of Monterey Canyon
within Monterey meander and opposite the Monterey meander spur, within the Monterey Bay
fault zone (Fig. 6). The fourth site (Invertebrate Cliff) is located within the extensive mass
wasting field and canyon complex that has formed between the Monterey Bay and Palo
Colorado-San Gregorio fault zones (Fig. 2).
The shallowest seep site is at a depth of 550-700 m and is located at the confluence of Monterey
and Soquel submarine canyons, in a region of intense deformation associated with movement
along faults within the Monterey Bay fault zone (Greene et al., 1997; Barry et al., 1996). The site
is known as “Mount Crushmore”, a name that reflects the shatter ridge-like structure that has
been produced from cross-faulting and thrusting within the fault zone. Here bacterial mats and
clams buried deeply within black hydrogen sulfide-bearing mud form 0.25-3 m diameter patches
of seep communities that stretch for approximately 1 km along the NW-SE trend of the faults in
this location (Plate 1, C). Gray bacterial crusts or authigenic carbonate precipitates are common
to all seep patches (Barry et al., 1996). The vesicomyid clam Calyptogena pacifica and bacterial
mats are the most conspicuous biota found at this site (Barry et al., 1996) (Plate 1, D). Stakes et
al. (in press) and Orange et al. (in press) report that pore waters contain moderate sulfide and

Structure–10

extremely low methane concentrations.
The second site is known as “Tubeworm City,” named after Vestimetifera tubeworms found there.
This site is structurally similar to the Mount Crushmore site and is located in water depths of
610 to 810 m along the outer western wall of the Monterey meander. Barry et al. (1996), Greene
et al. (1997) and Orange et al. (in press) show that active cold seeps are scattered within crevices
and fault gullies in the Monterey Canyon walls that ring the apex of the Monterey meander (Fig.
6). This is an area where several faults of the Monterey Bay fault zone, including the Navy and
Chupines faults, cut through the walls of the canyon.
Two other active seep sites exist on the outer western wall of the Monterey meander and are
aligned along the trend of the Navy fault within the Monterey Bay fault zone (Fig. 6). The third
site is known as “Clamfield” and is located along the outer wall of the Monterey meander in 875920 m of water, centered at 896 m, is 2 m wide and 150 m long trending E-W. This site lies along
the Navy fault trend and is composed of a dense aggregation of Calyptogena sp. clams
concentrated in muds overlying the Monterey Formation (Barry et al., 1996). At Clamfield the
communities may depend upon a sulfide source within the Miocene Monterey Formation. Here
Ferioli (1997) found that the fluids are salt water derived.
The fourth site is called “Invertebrate Cliff” named after clams found there. This site lies in water
depths of approximately 900 to 1,100 m (Fig. 6). Because the site has just recently been
discovered, no detailed descriptions have been reported. We interpret the community to be
sustained by fluids seeping out along the offshore extension of the Navy fault.
The fifth seep site (842 in Fig. 6) is located along the southern wall of Monterey Canyon, just
south of the eastern flank of the Monterey meander spur. Stakes et al. (in press) report that
faulted granitic rocks exposed along the southern wall of Monterey Canyon in this area is
occasionally covered with bacterial mats.
Ancient Carbonate Deposits - Indicators of Past Fluid Flow
Seven major fossil or dormant seep sites have been identified based on the existence of carbonate
deposits or buildups. Five of these sites either lie on, or in close proximity to, the western margin
of the Salinian block, along the Palo Colorado-San Gregorio fault zone, or on Smooth Ridge and
the upper flank of Sur slope (Fig. 2). Two other sites are located on the Salinian block, on the
shelf of southern Monterey Bay.
West of Salinia
Using side scan sonar data along with in situ observations and sampling from MBARI’s ROV
Ventana, three major areas of fluid-produced carbonate deposits have been identified near the
head of Smooth Ridge (Fig. 5; McHugh et al., 1997; Orange et al., in press; Stakes et al., in
press). These deposits occur along the trend of the offshore extension of the San Gregroio fault
zone, both east and west of the main fault strands. Although many areas are devoid of living
chemosynthetic biota, they are underlain by carbonate cemented sediment. Orange et al. (in
press) describe carbonate layers on the seafloor along the western margin of the San Gregorio
fault zone and large (5 m x 2 m x 1 m thick) rectangular blocks of carbonates along the eastern
margin of the fault zone that are randomly scattered and oriented.
In other areas along the Palo Colorado-San Gregorio fault zone (Fig. 5), on the outer continental
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Figure 7. Shaded relief map of the Sur Ridge area showing seafloor geomorphology and seep
sites. Image constructed from MBARI/USGS EM300 multibeam bathymetry. Ancient seep sites
indicated by squares, potential seep sites by astricks and possible carbonate deposits by circles.
shelf NE of Smooth Ridge, Orange et al. (in press) describe en echelon carbonate ridges a few
centimeters wide and high and about 10 m long and trending N-S. Brachiopods are often
attached to the carbonate deposits. At sites where no carbonate deposits crop out on the seafloor
yet extensive patches of brachiopods occur, we found hard carbonate substrate about 8-10 cm
beneath the seafloor. Petrographic analyses reported by Orange et al. (in press) indicate that the
carbonates in this area are composed in part of micritic to sparitic calcite and brachiopod shell
hash with framboids of sulfide and inclusions of hydrocarbons. Push cores obtained with the
ROV Ventana contained minor amounts of hydrocarbons. Orange et al. (in press) concluded that
methane seepage is probably dormant, although earlier methane seeps did produce the carbonate
deposits.
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Figure 8. Shaded relief map of the headward part of Monterey Canyon and the Monterey Bay
shelf showing seafloor geomorphology, faults and locations of carbonate deposits (squares). Map
constructed from USGS EM1000 and MBARI/USGS EM300 multibeam bathymetry.
Two other areas of past fluid seepage were identified on Smooth Ridge. One site, known as
“Chimney Field”, is located on the upper northern flank of the ridge, at the base of a slump head
scarp (Fig. 5). Broken carbonate chimneys (as large as 1.5 m long x 0.6 m in diameter and in the
form of doughnut-like features) lying on their sides are concentrated in this area. Orange et al. (in
press) and Stakes et al. (in press) report that the isotopic composition of the carbonates range
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from -55.9 ‰ to -11.8 ‰ (PDB) for 13C and +3.44 ‰ to +6.82 ‰ (PDB) for 18O. Oxygen
isotopic analyses indicate that precipitation took place at near ambient seafloor temperatures.
The other site is known as “Horseshoe Scarp-North” and is located along the eastern margin of
Smooth Ridge, a fault truncated boundary (Fig. 5). Authigenic slope parallel carbonate slabs are
found near the base of the head scarp of the slump here. No biologic communities indicative of
present-day fluid flow were found (Orange et al., in press).
A Fourth site is located in about 400 m of water along the upper northern flank of Sur slope
(Figs. 2 & 7). Carbonate “patties” (Plate 1, E) are scattered about the slope in this locality and
suggest that past fluid flow has occurred in this area (Waldo W. Wakefield, pers. Commun. 1998).
On the Salinian Block
Three major sites of past fluid flow are located on the Salinian block and two are found on the
southern Monterey Bay shelf (Fig. 2). One of the three sites lies within the Monterey Bay fault
zone, between the offshore extensions of the Navy and Chupines faults (Fig. 8). Side scan sonar
and seismic reflection profile data, as well as submersible diving observations and sampling,
indicate that a carbonate mound (80 m x 40 m x 4 m high), that incorporates Pleistocene gravels,
formed on top of faulted and tilted beds of the Monterey Formation since the last rise in sea level
(Plate 1, F). This mound is located in a major fishing ground known as Portuguese Ledge in
water depths of 90 m. Simrad EM1000 swath bathymetry data collected by the U.S. Geological
Survey (Ettreim et al., 1997; Edwards et al., 1997) indicate that Portuguese Ledge and nearby
Italian Ledge, are partially composed of carbonate mounds and angular blocks forming “hard
ground” critical to rockfish habitat (Fig. 8).
Oxygen and carbon isotopic analyses of the carbonate cement sampled from the mound at
Portuguese Ledge yielded 18O values of -6.01 ‰ to -6.06 ‰ (PDB) and 13C values of -9.77 ‰ to
-10.04 ‰ (PDB) (K.C. Lohman, Univ. of Michigan, Written Commun., 1996). Stakes et al. (in
press) obtained similar values from a sample collected in the same area, which range from values
of -5.81 ‰ to -5.68 ‰ (PDB) for 18O and values of -10.01 ‰ to 10.21 ‰ (PDB) for 13C. These
data suggest meteoric water sources and based on this, along with interpretation of geophysical
data and in situ seafloor observations, we speculate that fresh water fluids flowed offshore along
a fault and then along fault-tilted bedding planes to the seafloor where the carbonate mound
formed. Because the carbonate mounds found at this location contain Pleistocene gravel, we
speculate that seeping occurred before or shortly after the last transgression started, ca 7000 BP.
The second site is located along the shelf break at the top of a slump head scarp, at the top of the
southern headward wall of Monterey Canyon (Fig. 8). The EM300 multibeam bathymetry data
show several rounded mounds that stand about 4 m above an otherwise flat seafloor 90-100 m
deep (Fig. 8). In addition, 100 kHz side scan sonar data show a high reflectivity bottom
composed of
concentric reflectors that dip away from a gently uplifted center indicating that the seafloor here
is domed and composed of thin sheets of hard ground. Dredge haul samples of well lithified
gravel cemented by spary calcite (Robert E. Garrison, Pers. Commun., 1998) were collected from
this locality. Based on the exposures of fresh water aquifers (180 foot and 400 foot aquifers in the
Aromas Red Sands and the deep aquifer in the Purisma Formation) exposed along the slump
scarp, we suspect that the carbonate precipitation resulted from the flow of fresh water. Also, just
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below the shelf break in the slump head
scarp, side scan sonar and EM 300
bathymetric data show a series of linear
reflectors and ROV observations show that
these reflectors correspond with extensive
flat lying tabular beds of CaCO exposed in
3
the upper wall of the canyon. These beds
form overhangs and ledges.
Stakes et al. (in press) described an area
(site 842 in Fig. 6) in northern Monterey
Bay, along the western edge of the Monterey
Bay fault zone, where crusts of CaCO were
3
identified. These authors also noted that
sometimes bacterial mats are found here as
well and that several other minor associated
sites in this area contain carbonates that
were not occupied by chemosynthetic
communities and, therefore may represent
past fluid flow.

a.

EVIDENCE OF GAS EXPULSION
In the Monterey Bay region only two gas
sites have been identified, and these are
found in Tertiary sedimentary rocks at the
heads of submarine canyons (Fig. 2). One
site is located on the Salinian block east of
the Palo Colorado-San Gregorio fault zone,
at the head of Soquel Canyon which incises
the northern Monterey Bay shelf. The
canyon cuts the Purisima Formation and
seismic reflection profiles collected across
the shelf just north of the canyon head
exhibit acoustic anomalies or “bright spots”
indicative of gas charged sediments (Figs. 8
& 9; Sullivan, 1994).

b.
Figure 9. Geopulse seismic reflection profiles (a.,
line 64 and b., line 68) across the shelf immediately north of the head of Soquel Canyon showing acoustic anomalies (bright spots) characteristic of gas charged sediments. See Figure 8 for
location. After Sullivan (1994).

Sullivan (1994) reported finding water column anomalies which she interpreted as gas. We
speculate that the block glides and other slump deposits found in the head of Soquel Canyon
(Sullivan, 1994) result from elevated pore pressures associated with periodic venting of gas in the
headwalls of the canyon.
A second gas site lies along the shelf at the head of Año Nuevo Canyon (Fig. 10). Data collected
from a single channel 1 kJ sparker and a 300 J Uniboom seismic reflection profiling systems
along the Año Nuevo Point to Santa Cruz shelf defined an area of acoustic anomalies (“bright
spots”) on the shelf immediately adjacent to the canyon head (Mullins and Nagel, 1982; Nagel et
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Figure 10. Shaded relief map of Ascension Canyon slope showing inferred gas induced canyon
head collapse at Año Nuevo Canyon. Dashed line represents inferred structural lineament, possibly a fault or lithologic contact. Map constructed from MBARI EM300 multibeam bathymetry.
Slashes and dashed symbols indicate the location of interpreted gas occurrences near the head of
Año Nuevo Canyon by Mullins and Nagel (1982).
al., 1986). Similar to Soquel Canyon, Año Nuevo Canyon notches the continental shelf and has
eroded Pliocene sandstones equivalent in age and lithologies to the Purisima Formation. Mullins
and Nagel (1982) also reported finding several water column anomalies that they interpreted as
gas venting from the seafloor. The recently collected MBARI EM300 swath bathymetry shows
Año Nuevo Canyon to have a crecentic to circular collapsed head (Fig. 11). We speculate that
this collapse is primarily the results of high pore pressures produced by gas forcing from
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Figure 11. Shaded relief map of the northern Ascension slope showing inferred groundwater
geomorphology and seep sites. Map constructed from MBARI EM300 multibeam bathymetry.
Circle shows location of possible carbonate mounds. A denotes scallop, B marks thin sediment
flow, and C’s indicate areas of incipient canyon formation.

hydrocarbon sources at depth with the gas traveling to the headwalls of the canyon where mass
wasting and headward encroachment is stimulated

EVIDENCE OF POTENTIAL FLUID SEEPS
The EM300 multibeam data revealed a seafloor morphology that suggests deformation and
alteration through transpressional tectonic processes, fluid flow and submarine canyon erosion.
Much of the region exhibits fluid induced mass wasting that is especially prominent in the north
along the Ascension Canyon slope. Parts of the Sur slope also exhibit a seafloor morphology that
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may result from fluid induced mass wasting. These two slopes, the Ascension Canyon (including
Smooth Ridge) and Sur slopes, are separated by Monterey Canyon and Fan Valley (Fig. 2)
Ascension Canyon Slope and Smooth Ridge
The Ascension Canyon slope (Fig. 11) exhibits features such as rills, pits and gullies associated
with piping, fluid induced thin sediment flows, concentric- to circular-shaped small (meters to
10’s of meters in diameter) slump scarps we call “scallops” or “cusps” associated with fluid
sapping, and fluid induced rotational slumps (Greene et al., 1998; Maher et al., 1998; Naehr et
al., 1998). These features are remarkably similar to those described on land by Parker et al.
(1990), Jones (1990), Higgins et al. (1990) and Baker et al. (1990). In addition, areas along the
distal edge of the shelf and upper slope (100-300 m deep) where rills and pipes terminate
correspond to incipient canyon formation (C in Fig. 11). The term pipes as used here refers to
narrow conduits through which fluids flow in sedimentary deposits and where granular material
is removed forming linear collapsed structures that can be identified as rills and aligned pits on
the surface of the seafloor.
Past, and perhaps present, fluid flow is suggested in the EM300 bathymetry by the presence of
possible carbonate mounds scattered about the flat shelf floor (Fig. 11). The base of the slope is
similar to outwash plains. We speculate that fluid and gas migration from the hydrocarbon source
in the Monterey Formation of the Outer Santa Cruz Basin (Hoskins and Griffiths, 1971;
McCulloch and Greene, 1990) may be responsible for the shelf and slope morphology. We have
identified several geomorphic features along the upper slope and outer shelf where we suspect
that fluids and perhaps gases are seeping out into the water column (Figs. 2 and 11).
The EM300 data also shows that the southern flank of Smooth Ridge is shedding its sediment
cover, which appears the result of fluid induced mass wasting. We have identified a few of these
areas in Figures 2 and 11. Young to incipient cold seep sites aligned N-S along the eastern crest
of the ridge, just west of the Horseshoe Scarps, may be forming from compressional squeezing, a
result of the buttressing effect the Salinian block creates where the ridge is obliquely converging
along the western boundary of the block, along the Palo Colorado-San Gregorio fault zone. This
compression is forcing fluid flow.
Sur Slope
Similar to the Ascension Canyon slope and Smooth Ridge, the Sur slope is being tectonically
uplifted as indicated by the uplifted terraces in the coastal part of the Santa Lucia Mountains
adjacent to Point Sur and the shedding of the sedimentary cover at the base of Sur slope. This
uplift has led to the initiation of denudation of the upper slope and the formation of gullies and
canyon heads (Fig. 7). Apparent fluid induced mass wasting occurs here as suggested by rills,
mounds that may be constructed of carbonates and scallops.
The EM300 data collected along the northern flank of Sur slope shows two possible carbonate
sites where mounds have been identified associated with canyon heads on an otherwise smooth
area of seafloor (Figs. 2 & 7). One site is located at the head of an unnamed canyon just offshore
of Garrapata Beach, in the area where the Palo Colorado fault zone extends offshore to connect
with the southern extension of the Carmel Canyon fault zone, the southern extension of the Palo
Colorado-San Gregorio fault zone. The other site is to the south of this unnamed canyon on the
upper slope and distal outer shelf where distinct mound-like topography is mapped (Figs. 2 & 7).
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The entire western base of Sur slope is undergoing mass wasting and, based on the
geomorphology, we speculate that many of the landslides in this area are fluid induced. The very
large and extensive Sur slide, identified by Hess et al. (1979) and Normark and Gutmacher
(1988) is composed of a number of retrogressive slumps (Greene et al., 1989) which probably
result from an increase in slope due to tectonic uplift of the Sur slope and platform to the east,
and increased fluid flow resulting from compressional squeezing and overburden pressure. The
Monterey Formation exists at depth in this area and gas expulsion may also be taking place. The
identification of an extensive pockmark field south of the Sur slope, near the lower part of Lucia
Canyon, suggests that gas venting occurred in this area in the past (Maher et al., 1998).
We have identified a series of sites along the base of Sur slope that we think are potential fluid
seep sites (Figs. 2 & 7). These sites by no means represent the total number of seeps we believe
are present, but are identified to indicate symbolically that fluid induced mass wasting is most
likely occurring around the base of the lower Sur Ridge.

CONCLUSIONS
At least 16 major active and past fluid seep sites are identified in the Monterey Bay region. Of
the 16 identified sites, 9 are confirmed active and 7 are fossilized or dormant. The active seeps
are based on the presence of chemosynthethic communities composed of vesicomyid clams,
vestimentiferan worms and free-living bacterial mats. The existence of ancient seeps are based on
the presence of slabs, pavements, chimneys and other buildups that are composed of authigenic
carbonate.
Seeps are generally concentrated along faults, particularly along the Palo Colorado-San Gregorio
fault zone that marks the western boundary of the Salinian block in the Monterey Bay region.
This boundary locally separates two major tectonic provinces; 1) the eastern fault sheared and
slivered allochthonous Salinian block province and 2), the western transpressional accretionary
province.
Expelled fluids in the eastern province appears to derive from several different sources. Ancient
or dormant seep sites on the southern Monterey Bay shelf may have resulted from the expulsion
of aquifer driven meteoric waters. In the Portuguese Ledge and Italian Ledge areas we suggest
that these waters traveled along faults within the Monterey Bay fault zone to sites on the seafloor
where the water vented.
Along the eastern margin of the western province, west of the Palo Colorado-San Gregorio fault
zone and in the area where the faults of the Monterey Bay fault zone merge with the Palo
Colorado-San Gregorio fault zone, many active seeps are located. Cold-seep communities of
metal oxidizing bacterial mats and chemosynthetic clams (Vesicomya) along the northern wall of
Monterey Canyon indicate that sulfide-rich fluids are seeping out of faults in the Monterey Bay
fault zone (Barry et al., 1993, 1996, 1997).
The fluid chemistry suggests the mixing of fluids from several sources (Stakes et al., in press;
Orange et al., in press). Some fluids may result from advection through the hydrocarbon-rich
Monterey Formation whereas other fluids may be transported along fault conduits. Other fluids
travel through freshwater aquifers within the Purisima Formation that extend from the Santa Cruz
Mountains to Monterey Bay and surface along the walls of Monterey Canyon (Greene et al.,
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1997). Artesian conditions exist, although flow rates at the faults are not known. At Mount
Crushmore the chemosynthetic communities may obtain sulfide-rich fluids from artesian flow of
aquifer waters as the biota are all concentrated in black hydrogen-sulfide mud in fault and
fractured crevices that cut deeply into the Pliocene Purisima Formation, a shallow water marine
sandstone and the best recharged aquifer of the Santa Cruz Mountains (Muir, 1972). Some fluids
may be methane-rich resulting from gas overpressures in the Monterey Formation and migration
to overlying permeable sandstones such as the Purisima Formation exposed at the heads of
Soquel and Año Nuevo canyons.
In the western province expelled fluids originate from several sources and processes.
Compression of the sedimentary slope west of the Palo Colorado-San Gregorio fault zone due to
transpressional movement may cause dewatering. This dewatering is shown by the existence of
cold seep chemosynthetic communities and carbonate crust formation. Carbon and oxygen
isotopic analyses indicate several sources for these fluids (Orange et al., in press; Stakes et al., in
press). One source is from the hydrocarbon-rich Monterey Formation of Miocene age whereas
the other is from carbon buried in Quaternary sediments. The Monterey Bay region is a major
upwelling area and high organic production occurs here. Organic-rich sediment accumulates on
the slope and produces considerable biogenic methane. Other fluids flow along faults and have a
source deep in the sedimentary column.
In Monterey Fan Valley, chemosynthic seeps are reported to be the result of biogenic fluids that
originate from buried organic material in filled channels (Greene et al., 1997). No chemical
analyses have been made of these seeps so the origin of fluids is still speculative.
The recently collected EM300 multibeam bathymetry data indicates extensive areas of seafloor
fluid flow and gas expulsion north and south of Monterey Bay. The Ascension Canyon slope
exhibits distinct groundwater geomorpholgy with numerous fluid-induced mass wasting features.
Fluid induced rills, grooves, pipes and pits are common in this area. We speculate that these
features may be forming from gas and fluid expulsion originating from deep hydrocarbon sources
in the Outer Santa Cruz Basin.
EM300 data show that the Sur slope offshore of Point Sur is undergoing similar mass wasting
processes. In addition, these data revealed an extensive pockmark field to the south of the Sur
slope (Maher et al., 1989) that may be the result of past gas expulsion associated with of gas
escaping from the Monterey Formation at depth here, possibly initiated by seismic activity.
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Introduction
Constraints imposed by seasonal and drought scarcities of potable water strongly characterize
development patterns in California’s past and present. Whereas water imported from the state’s
north and Sierra Nevada helped alleviate such constraints across large portions of the state, the
Central Coast region between San Francisco and San Luis Obispo struggles with its continuing
dependency on local supplies. The myriad of problems associated with this struggle include
groundwater overdraft, seawater intrusion, depletion of in-stream flows, pressure to construct dams,
wanted and unwanted growth, and water quality degradation by agriculture, wastewater, and other
aspects of development. Traditional local sources include a few relatively large unconsolidated
groundwater basins, scattered bedrock aquifers of primary and/or secondary porosity, direct
diversions from large and small streams, and releases from relatively modest reservoirs built prior to
the mid-1960s. “New” supplies mostly involve the conjunctive use of surface water, groundwater,
reclaimed wastewater, and desalinated water, as well as continued attempts to build new dams and
importation pipelines (Table 1).
The streams, aquifers, farms, towns, and relatively native watersheds we pass on our drive from
Aptos to Big Sur embody all these issues—from one of the worst cases of seawater intrusion at the
mouth of the Salinas Valley, to ongoing fights over water importation into Pajaro Valley; dam
construction in Carmel Valley; and residential diversions from small salmonoid streams along the
Big Sur Coast.
Highway 1 Rest Stop Between Aptos and Watsonville (0.0 mile)
From this vantage, the Soquel-Aptos groundwater basin extends to our north and the Pajaro
groundwater basin lies to our south (Figure 1). Urban water production from the Soquel-Aptos basin
is primarily from confined aquifer zones in the semi-consolidated, Pliocene Purisima Formation.
Production from the Pajaro basin, mostly for agriculture, is largely from relatively unconfined zones
within unconsolidated deposits of Aromas Formation, terrace deposits, and river alluvium.
Soquel-Aptos Basin
The Soquel Creek Water District serves a population of about 50,000 from 17 wells with a total
capacity of 17,000 acre-feet per year (ac-ft/yr). Most of these wells draw from confined portions of
the Purisima aquifer, although its southern wells are in the Aromas. A building moratorium was
imposed in the 1970s in response to a USGS investigator’s warning that overdraft and seawater
intrusion were imminent. After a District consultant negated these concerns in the 1980s by
installing coastal monitoring wells and arguing for a nearly open-ended yield, the area grew
substantially and the City of Santa Cruz Water Department began eyeing the Soquel-Aptos basin
for itself. Santa Cruz considered an exchange of its stream and river diversions during wet years for
Soquel groundwater during dry years, and more recently considered increasing its own Purisima
production from along its eastern service area boundary. Meanwhile, far-reaching subsealevel
drawdowns propagating through the confined aquifer have renewed overdraft and intrusion
concerns.
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Evaluating the potential for seawater intrusion depends in part on assumptions about potential
pathways and initial conditions. The Purisima outcrops in Monterey Bay, including where cut by the
marine canyon. One modeling effort concluded that insufficient time had passed since the Holocene
sea level rise to equilibrate the aquifer’s freshwater-saltwater interface (Essaid, 1992); i.e., although
sea water continues to enter the aquifer through the canyon walls, the interface remains far offshore
and pumping has little effective impact. This conceptualization, however, may underestimate
downward leakage near shore and communication with intruded portions of the Aromas.
Recent modeling by the Soquel District suggests overdraft of as much as 1,000 ac-ft/yr. Supply
augmentation measures being considered include distributing pumping inland and among
unconfined zones; offstream storage of Soquel Creek high flows, with injection of same back into
the Purisima; and desalination. The City of Santa Cruz is again looking elsewhere for water,
including a major desalination facility. In the near term, Santa Cruz will be limited to renewed water
conservation and rationing.
Pajaro Basin
As shown in Figure 1, the Purisima dips steeply east and south from Soquel and becomes overlain
by many hundreds of feet of unconsolidated Aromas Formation and younger terrace and alluvial
deposits beneath the 120-mi2 Pajaro Valley (Figure 2). Agricultural, urban, and industrial needs are
currently met by nearly 70,000 ac-ft/yr of groundwater pumping, mainly from the Aromas aquifer
and Pajaro River alluvium. Seawater intrusion into shallow zones near the river mouth and
Springfield Terrace to the south was noted as early as the late 1940s. Significant intrusion is now
evident in wells along the coast, for example at La Selva Beach immediately west of the scenic
overlook at Stop 1.
The Pajaro Valley Water Management Agency (PVWMA) was formed in 1984 to address the
overdraft issue. Groundwater modeling for the Agency has estimated 18,000 ac-ft/yr of overdraft, of
which a portion is replaced each year by seawater intrusion (Table 2). The Agency’s 1993 Basin
Management Plan asserted that future water demands could be met without overdraft by eliminating
pumping along the coast (thus increasing the “natural” yield by 60 percent), recharging 6,000 acft/yr of local runoff, importing as much as 20,000 ac-ft/yr from outside the basin, and achieving
conservation through an aggressive pump tax.
Implementation of the plan began to falter once the pump tax began to hit water users hard and
potential growth-inducement from water importation became a stronger environmental issue. With
the help of a group called “NOPE” (No Overpriced Pipeline Ever), a halt was put to the pipeline and
further increases in the pump tax.
Local recharge projects are going forward, including percolation of river diversions into the basin
forebay and percolation of slough diversions into coastal dunes. Logistically, these diversions are
fraught with environmental issues of their own, e.g., minimizing disturbances to the streambed and
flow conditions. Because extensive clay layers may inhibit deep percolation, new shallow recovery
wells are planned along with a pipeline distribution system. Enhancement and use of seasonal
storage in College Lake has been delayed pending integration with new Army Corps flood control
plans. Finally, a new Basin Plan and EIR are intended to revitalize the importation pipeline, which
would bring outside water to the Central Coast for the first time. The pipeline would convey an
entitlement from the Bureau of Reclamation’s San Felipe Project as well as “water transfers”
negotiated on the open market.
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Pajaro River to Moss Landing (6.1 to 11.0 miles)
Springfield Terrace and Aromas Sand Hills
After crossing the Pajaro River and leaving Santa Cruz County, we climb out of the flood plain and
onto Springfield Terrace, an area of rich farmland cultivated primarily in artichokes. This area and
the rolling hills of Aromas Sand to the east are within the overlapping jurisdictions of PVWMA and
Monterey County Water Resources Agency (MCWRA). Yet neither agency has any easy answers
for dealing with severe groundwater overdraft and seawater intrusion in these areas. As illustrated
in Figure 3, Springfield Terrace may be essentially cutoff from inland recharge by a deep clay plug
underlying Elkhorn Slough to the south and curving behind to the east. Although the sand hills
comprise a highly permeable recharge area, rainfall amounts are low. Furthermore, groundwater
quality degradation from fertilizers and septic tanks is particularly acute here. No viable local
recharge projects have been advanced. Because houses use less water and introduce less nitrogen
than farms, Monterey County has been hard pressed to stem the conversion of agricultural land to
residential subdivisions. Ultimately, a prohibition on future development may result from water
supply limitations, although curtailing agricultural use remains problematic under California water
law.
Moss Landing to just beyond Salinas River (11.0 to 18.0 miles)
Salinas Groundwater Basin
As shown in Figure 4, the long and narrow Salinas Valley floor extends nearly 80 miles inland
southeast of Monterey Bay and covers about 470-mi2. Compared to the rather heterogeneous
hydrostratigraphy of the Pajaro Basin, the lower Salinas Basin consists of a series of three relatively
distinct aquifer zones defined by confining aquitards (Figures 1, 5, and 6). Drawn by pumping
depressions exceeding 100 ft below sea level near and east of Salinas, seawater intrusion in the
shallow “180-ft aquifer” extends nearly 7 miles inland, encompassing 30 mi 2 (Figure 7), and nearly 3
miles inland over 15 mi 2 in the “400-ft aquifer.” Furthermore, severe nitrate contamination from
agriculture and wastewater is prevalent.
Figure 8 summarizes the Salinas Valley groundwater balance. Among its four subareas,
groundwater production exceeds 500,000 ac-ft/yr. Since construction of San Antonio and
Nacimiento reservoirs in the upper watershed in the 1950s and 1960s, Salinas Valley water supply
problems have been mainly a function of distribution rather than available yield. Indeed, when the
California Department of Water Resources (DWR) conceptualized these dams in the 1940s, a
complementary conveyance system was known to be necessary for a long-term water supply
solution. The DWR envisioned using the Upper Valley and Forebay subareas for storage by
drawing groundwater levels down, piping the pumped groundwater to the Pressure and East Side
subareas, and inducing additional recharge from reservoir releases to replenish upper valley
groundwater storage. Because such conveyance facilities were never implemented, the upper
(southern) portion of the valley has enjoyed a water surplus and the lower (northern) portion of the
valley has experienced severe local overdraft. Due to confining layers and limited local runoff, the
lower valley does not receive significant local recharge.
Because water users in the upper basin are apparently unwilling to allow groundwater withdrawals
to serve the needs of the lower basin, the current Salinas Valley Water Project intends to use
inflatable dams or Ranney collectors to capture excess reservoir releases, hold it in various offstream storage facilities, and distribute this water for irrigation in the lower valley. This “in-lieu”
recharge will reduce groundwater extractions in the lower valley and help the groundwater gradient
reverse against seawater intrusion. Reclaimed wastewater is providing an additional source of
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irrigation water in intruded areas, although planned recharge and recovery of reclaimed water using
injection wells in the intruded zone has yet to be permitted.
Salinas River to Monterey (18.0 to 28.0 miles)
Marina/Fort Ord
The City of Marina has assumed responsibility for supplying water to the various new endeavors at
Fort Ord. Falling within the Salinas Valley water management zone, it may be assumed that
groundwater use by Marina/Fort Ord contributes to existing overdraft and intrusion problems.
Marina has gone ahead and constructed a 300 ac-ft/yr desalination project. Because its beach well
currently produces brackish water with only 22,000 ppm salinity, wastewater from its treatment plant
approaches the salinity of seawater and can be discharged directly to the ocean.
Seaside Basin
Although the Seaside Basin is considered separate from the problems of Salinas Valley, its size and
yield are limited. It falls within the jurisdiction of the Monterey Peninsula Water Management District
(MPWMD), within which the California-American Water Company (Cal-Am) is the primary water
purveyor. With the recent failure to win public approval for a larger dam on the Carmel River, the
conjunctive management of surface water and groundwater between Seaside and Carmel Valley
has increased. A pilot project now pipes 350 gallons per minute over from the Carmel River when it
is flowing to the ocean (thus, about 200 ac-ft/yr) for recharge by injection well into the Seaside
Basin. Although approved by regulators, the public also voted down a Seaside desalination project.
Nevertheless, the water needs of the Monterey Peninsula may be met by a future water
desalinization project and expanded injection and recovery of Carmel River water in the Seaside
Basin and perhaps at Fort Ord (i.e., “aquifer storage and recovery,” or ASR).
Rio Road, south end of the City of Carmel (35.0 miles [reset mileage to 0.0 mile])
Carmel River/Carmel Valley
An up-thrown block of granite at the mouth of the Carmel River partially blocks seawater intrusion
from entering the 7-mi2 Carmel Groundwater Basin. However, conflicting water demands and
environmental and legal issues have thwarted efforts to optimize the conjunctive use of its surface
water and groundwater resources. Presently, the area is under order from the California State
Water Resources Control Board (SWRCB) to reduce Carmel Valley water production by 10,000 acft/yr, which may trigger mandatory rationing until other sources and/or projects are developed.
Garrapata Beach (5.5 miles)
Garrapata Creek
Available water supplies become limited in the steep bedrock canyons south of Carmel. Please
refer to the attached report prepared for the Garrapata Water Company for an example of water
issues in this area. In this case a shallow well beside Garrapata Creek ¼-mile from the coast
supplies about 30 nearby homes built since the 1960s. State Fish and Game and the Water
Resources Control Board recently challenged the use of this well. At issue is whether the well taps
a "subterranean stream." Following a hearing in February 1999, the Board determined that it does.
Andrew Molera State Park (21.3 miles)
Big Sur River Alluvial Fan
The lower reaches of the Big Sur River are likely underlain by a locally significant alluvial aquifer.
Perhaps because of its parkland status, it appears to have remained undeveloped.
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over 20 years of work in the area. However, I am very grateful to my colleague Martin Feeney, a
consulting hydrogeologist based in Monterey (831/643-0703; mfeeney@ lx.netcom.com), for the
update he provided me on many of these topics immediately prior to the field trip. Furthermore,
several of the following references cite only an agency and/or district and its current consultant;
titles of many of the most recent and relevant reports were unavailable to me as this guide was
prepared.
California Department of Water Resources, 1977, North Monterey Water Resources Investigation.
CH2M HILL and Montgomery Watson, recent reports prepared for Pajaro Valley Water
Management Agency.
Corollo Engineers and Fugro West, recent studies prepared for the City of Santa Cruz Water
Department.
Essaid, H.I., 1992, Simulation of Freshwater and Saltwater Flow in the Coastal Aquifer System of
the Purisima Formation in the Soquel-Aptos Basin, Santa Cruz County, CA: USGS WaterResources Investigation Report 91-4148, 35 p.
Feeney, M.B., Consulting Hydrogeologist, Monterey, CA, personal communication.
Jones & Stokes Consultants, State of the Basin Report, in preparation for Pajaro Valley
Groundwater Investigation, Phase I, prepared for Pajaro Water Management Agency.
LeClergue, B., County Hydrologist, Santa Cruz County, CA, personal communication.
Luhdorff & Scalmanini Consulting Engineers and Montgomery Watson, recent reports prepared for
Soquel Creek Water District.
Luhdorff & Scalmanini Consulting Engineers, 1987, Pajaro Valley Groundwater Investigation, Phase
I, prepared for Pajaro Water Management Agency.
Montgomery Watson, 1994, Salinas Valley Groundwater Flow and Quality Model Report, prepared
for Monterey County Water Resources Agency.
Montgomery Watson, 1998, Salinas Valley Historical Benefits Analysis Final Report, prepared for
Monterey County Water Resources Agency.
Montgomery Watson, 1998, Salinas Valley Water Project, Draft Project Plan Report, prepared for
Monterey County Water Resources Agency.

Hyrdogeology—6

Hydrogeology—7

Hyrdogeology—8

Hydrogeology—9

Hyrdogeology—10

Hydrogeology—11

Hyrdogeology—12

Hydrogeology—13

Hyrdogeology—14

Hydrogeology—15

Hyrdogeology—16

Source Evaluation for Groundwater Extracted from
Garrapata Water Company Wells

Prepared for
Garrapata Water Company, Inc.

Prepared by
Geomatrix consultants, Inc.
100 Pine Street, 10th Floor
San Francisco, California 94111
December 1998

Hydrogeology—17

Source Evaluation for Groundwater Extracted from
Garrapata Water Company Wells
Table of Contents
1
2

Introduction ................................................................................ 19
Watershed Hydrology and Hydrogeology.................................. 19
2.1 Water Balance.................................................................................. 19
2.1.1
Inflow ......................................................................... 19
2.1.2
Outflow....................................................................... 20
2.2 Garrapata Creek Discharge............................................................... 20
2.2.1
Available Data............................................................. 20
2.2.2
Estimated of Average Monthly Flows .......................... 20
2.2.3
Estimated Baseflows.................................................... 20
2.3 Groundwater .................................................................................... 21
2.3.1
Alluvial Deposits......................................................... 21
2.3.2
Weathered and Fractured Granitic Bedrock .................. 21
2.4 Water Quality .................................................................................. 21

3

Interpretation.............................................................................. 21

4

Conclusion................................................................................... 22

5

References ................................................................................... 23

Tables
1.

Estimated Soil Water Balance for the Garrapata Creek Watershed Upstream of the Garrapata Water Company Wells

2.

Instantaneous Discharge Measurements of Garrapata

3.

Estimation of Garrapata Creek Average Monthly Discharge

4.

Available Paired Water Quality Data for Garrapata Creek and Water Company Well

Figures
1.

Location Map for Garrapata Creek

2.

Garrapata Watershed

3.

Isohyetal Map for Central Monterey County

4.

Average Monthly Precipitation at Big Sure State Park and Monterey

5.

Annual Discharge of Big Sur River as Percent of 1951-1997 Average Discharge

6.

Gaged Instantaneous Discharge of Garrapata Creek as a Percent of Corresponding Big Sur River Average Daily Discharge

7.

Estimated Average Annual Total Discharge and Baseflow of Garrapata Creek

8.

Groundwater Flow Pattern from Bedrock Aquifer Recharge Areas to Alluvial Deposits Beneath Garrapata Creek

Hyrdogeology—18

Introduction
Garrapata Water Company (Water Company) supplies water to approximately 35 homes and one restaurant in an area near the
Monterey County coast approximately 5 miles south of Carmel Highlands (Figure 1). The water source is from two shallow
wells near Garrapata Creek approximately 1500 feet upstream of the coast (Figure 2). Only one of these wells is in regular use.
The Water Company retained Geomatrix Consultants, Inc. (Geomatrix) to evaluate the source of groundwater to its wells. This
evaluation relates to whether or not the Division of Water Rights (Division) of the California State Water Resources Control
Board (SWRCB) has the jurisdiction to require an appropriative water right for the Water Company’s groundwater use.
In California the following definitions are used:
Groundwater is all subsurface percolating water not flowing in a known and definite channel.
A stream’s underflow is a subterranean stream flowing through a known and definite channel having
identifiable beds and banks.
As defined, use of underflow requires an appropriative right whereas use of groundwater does not.
Division staff prepared an analysis in May 1997 summarizing a staff field investigation relating to Garrapata Creek water rights
issues. This analysis recommended conditions for permitting a Water Company appropriate right to extract groundwater from its
wells. A subsequent memorandum by Division staff in October 1997 concluded that the source of water to the Water Company
wells is Garrapata Creek underflow.
In this report, Geomatrix evaluates available hydrologic and hydrogeologic information for the Garrapata Creek watershed and
nearby region to demonstrate the role of groundwater as a source of water to both stream baseflow
and wells.

Watershed Hydrology and Hydrogeology
Garrapata Creek has a watershed area of approximately 10.6 square miles upstream of the Water Company wells. The watershed
includes two principal tributaries, Joshua Creek and Wildcat Canyon. The watershed is underlain entirely by granitic bedrock.
Alluvial deposits derived from this bedrock underlie Garrapata Creek. One alluviated reach of Garrapata Creek follows a branch
of the Palo Colorado fault for a distance of approximately 2½ miles.

Water Balance
Inflow
Watershed average precipitation is approximately 26.4 inches based on a U.S. Geological Survey (USGS) isohyetal map (Figure
3; Rantz, 1969). Average precipitation measured by a resident at an approximate elevation of 1000 feet above mean sea level (ft
amsl) in the watershed for water years (WYs) 1982 to 1996 was 29 inches per year (in/yr) (Table A-1). Nearby official
precipitation gages include Monterey and Big Sur State Park, where long-term average precipitation is approximately 19 and 42
in/yr, respectively (Figure 4; Tables A-2 and A-3). The Division assumes average watershed precipitation to be 25 in/yr.
Table 1 presents an estimated soil water balance for the Garrapata Creek watershed upstream of the Water Company wells. The
soil water balance indicates that actual evapotranspiration is approximately 16.7 in/yr. Thus, approximately 9.7 in/yr, or 5500
acre-feet per year (ac-ft/yr), are available for streamflow and groundwater recharge.
In the May 1997 Division staff report, total watershed runoff was estimated as 35 percent of precipitation, or 4668 ac-ft/yr
assuming 25 in/yr of average precipitation. This is reasonably consistent with the above estimate using the soil water balance
approach.
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Outflow
Meter readings of water produced by the Water Company well between July 12 and September 13, 1997 indicate an
extraction rate of approximately 3.6 ac-ft/month during the dry season (27 gpm or 0.06 cfs). This extrapolates to 43 ac-ft/yr,
although water use is probably less during other times of the year. The majority of this water is used in nearby areas outside the
watershed boundary, and some is recharged by septic tanks and percolated landscape irrigation of Water Company customers
within the watershed.
Excluding the Water Company, the Division lists ten diversions of record in the watershed totaling 310 ac-ft/yr of appropriative
and claimed water rights (Table 3 of May 1997 staff report). The entire amount of these rights may not be exercised, and of the
amount used some returns as applied water and wastewater recharge. Additional water use includes non-recorded diversions and
other groundwater extractions. No water use appears to occur downstream of the Water Company wells.
Based on these outflows, a rough, conservative estimate of total watershed outflow to the ocean is 5100 ac-ft/yr. Based on the
discussion in the following sections, it is reasonable to assume that most of this reaches the ocean as Garrapata Creek
streamflow.

Garrapata Creek Discharge
Garrapata Creek does not have a recording stream gage. The nearest recording gage is operated by the USGS on the Big Sur
River. The average discharge of the river’s 46.5 square mile gaged watershed is approximately 72,000 ac-ft/yr (Table A-4).
Figure 5 provides the river’s WY 1951-1997 gaging record in terms of percent average annual discharge. Assuming Garrapata
Creek has an average annual flow of approximately 5000 ac-ft/yr near the Water Company well, its average annual flow is equal
to approximately 7 percent of that of the Big Sur River.

Available Data
Table 2 summarizes 13 measurements of Garrapata Creek instantaneous discharge reported by various observers during 1976 to
1996. These measurements were taken at various times of the year during both dry and wet years, and range from 0.05 to 22
cubic ft per second (cfs).
The measured instantaneous flows of Garrapata Creek range from about 2 to 11 percent of the corresponding average daily flows
of the Big Sur River (Table 2). Creek flows below 1 cfs were roughly 3 percent of corresponding river flows, creek flows from 5
to 10 cfs were about 8 to 11 percent of river flows, and creek flows over 15 cfs ranged from about 5 to 7 percent of river flows.
This relation is plotted in Figure 6. The non-linear relation between creek and river flows may be related to various factors,
including differences in watershed physiography, geology, precipitation, and vegetation.

Estimate of Average Monthly Flows
Based on the flow relationship in Figure 6, Table 3 provides estimates of the average monthly flows of Garrapata Creek. These
total 5000 ac-ft/yr, consistent with the water-balance estimate presented in Section 2.1. Figure 7 is a plot of the estimated
average monthly flows of Garrapata Creek expressed in terms of cfs.
In Table 1 of their May 1997 report, Division staff estimate the average monthly flows of Garrapata Creek to equal 35 percent of
the estimated volume of average monthly rainfall. Because this approach ignores the contribution of groundwater discharge to
streamflow during the dry season, the Division’s estimated minimum monthly flow of 0.16 cfs (in July and August) is only about
one third of the minimum monthly flow estimated by Geomatrix (in October; Table 3). Indeed, the Division approach for
estimating monthly flows is contrary to the following statement by Division staff in the same May 1997 report:
“Streamflow during the six months [dry season] consists of water that is released from bank and channel storage
and water discharged from springs and seeps” (p. 7, 2nd paragraph).

Estimated Baseflows
Similar to other streams in coastal California, Garrapata Creek streamflow consists of two components, runoff and baseflow.
The runoff component occurs during and after periods of precipitation. The baseflow component occurs because of the hydraulic
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head difference between groundwater and the water surface in the creek. During the dry season from May to October, when
there is little or no precipitation (Figure 4), the flow is entirely baseflow. All but four of the flow measurements in Table 2
represent such conditions. During the wet season, flows consist of both baseflow and runoff. The rate of baseflow is greatest
when the hydraulic gradient between groundwater and stream is greatest. This occurs when groundwater elevations reach their
annual peak near the end of the wet season as a result of cumulative recharge.
Figure 7 shows an approximate runoff-baseflow separation for the estimated average annual hydrograph of Garrapata
Creek. Peak baseflow is estimated to occur in April at a rate of about 6 cfs. Baseflows of this magnitude were measured
during June of 1982 following a winter of above average rainfall. As summarized in Table 3, average annual baseflows
are estimated to total about 1900 ac-ft/yr given the runoff-baseflow separation shown in Figure 7.

Groundwater
The Garrapata Creek watershed consists of a dual aquifer system. One aquifer consists of alluvial deposits underlying the valley
floor and the other aquifer consists of the weathered and fractured granite exposed across the remainder of the watershed.

Alluvial Deposits
Drillers’ logs suggest that alluvial deposits in the vicinity of the Water Company wells are at least 40 to 50 ft thick. The Water
Company wells are completed in these deposits and operate at a rate of approximately 50 gallons per minute (gpm). From the
Water Company wells upstream to where the creek follows the Palo Colorado fault, the valley floor occupies approximately 42
acres. Another broad portion of the valley floor further upstream occupies another 24 acres. Because the alluvial fill is “V”shaped in cross section, its average thickness may be about 20 ft. Assuming a porosity of 20 percent, the total amount of
groundwater stored in the alluvium may be about 260 ac-ft.

Weathered and Fractured Granitic Bedrock
As described in the October 1997 Division staff memorandum, the granitic bedrock has a moderately to well developed system
of joints trending northwest similar to the Palo Colorado fault. Weathering and fracturing associated with the joints and faulting
result in a secondary porosity capable of producing significant well yields.
Wells in the granitic bedrock provide groundwater to many residents in the region. For example, a 900-ft deep well drilled in the
late 1980s at an elevation of approximately 800 ft amsl on the ridge separating Garrapata Creek and State Route 1 had a yield
reportedly sufficient to serve 12 homes (D. Lane, personal communication).

Water Quality
Table 4 gives 7 paired measurements of the water quality of Garrapata Creek and the Water Company well. The
electrical conductivity of groundwater averages about 3.5 times greater than the streamflow. The pH and turbidity also are
distinctly different. These differences are significant given that groundwater has been extracted continuously at this site for
several decades, and indicate that the groundwater pumped from the Water Company well is derived from a source other than
Garrapata Creek.

Interpretation
Several lines of evidence indicate that water pumped from the Water Company well is truly groundwater and not underflow, i.e.,
not a “subterranean stream flowing though a known and definite channel having identifiable beds and banks.” These include the
following:
•

The need for a bedrock aquifer to transmit and sustain baseflows.

•

The existence of a bedrock aquifer indicated by the many bedrock wells in the region.

•

Significant water quality differences between Garrapata Creek and the groundwater.
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It is not possible to transmit the measured and estimated rates of Garrapata Creek baseflow into the stream except through the
bedrock aquifer. The volume of water released from “bank and channel storage,” as suggested by the Division staff report, could
not sustain these volumes of baseflow. Indeed, the alluvial deposits upstream of the Water Company well have an estimated
groundwater storage capacity of less than 15 percent of the estimated average annual baseflow. Water released from the banks
immediately adjacent to the creek could not provide the additional water needed to sustain baseflow.
The volume of baseflow indicated in Figure 7 and Table 3 requires an average rate of groundwater recharge of 3.5 in/yr across
the entire watershed. Effectively transmitting this flow through the colluvium across the entire watershed, as suggested by the
October 1997 Division staff memorandum, is highly improbable. Instead, this recharge percolates over the entire watershed to
become groundwater within a significantly thick weathered and fractured zone of saturated bedrock. The existence of this
bedrock aquifer is known from the many successful wells in granitic bedrock in the region of Garrapata Creek. Aquifers within
fractured granitic rock are common throughout the world. The weathering of feldspar minerals into clay, contrary to the
Division staff memorandum does not compromise their viability.
The Division staff memorandum states that the “boundary of the zone of [bedrock] fractures and weathering, although not known
with exactness” may be inferred to be the “bed and banks of a subterranean stream.” Because the granitic bedrock occurs over
the entire watershed, and because fractures and weathering are not limited to the bedrock immediately beneath Garrapata Creek,
this statement by Division staff may be reasonably interpreted to say that the entire watershed is underlain by a subterranean
stream. Geomatrix agrees that the entire watershed is underlain by a bedrock aquifer that transmits recharge to Garrapata Creek,
but this clearly should not be described as the underflow of a subterranean stream.
Garrapata Creek occupies the topographic low point of the watershed and is thus the ultimate destination of most groundwater
flow through the bedrock aquifer from all points of the watershed. Furthermore, because the hydraulic conductivity of the
alluvial deposits is likely greater than that of the fractured and weathered bedrock, groundwater flow paths are directed into the
alluvium. The difference in hydraulic head between areas of recharge and the creek cause groundwater entering the alluvium
from the bedrock to rise up into the channel. This is particularly true as sea level is approached towards the lower portions of the
watershed, such as where the Water Company well is located. Figure 8 illustrates this flow pattern. Whereas this flow system
can support the observed baseflows of Garrapata Creek, the flow system described by Division staff cannot.
The water quality differences between the Water Company well and Garrapata Creek are consistent with the interpretation that
groundwater flows from the bedrock aquifer across the watershed toward the creek. The groundwater is more mineralized
because of its residence time in the bedrock aquifer.

Conclusion
The source of groundwater that both discharges into Garrapata Creek and is pumped from the Water Company well originates
from groundwater recharge into the weathered and fractured bedrock aquifer across the entire watershed. This explanation of the
watershed hydrology is consistent with rates of observed and estimated baseflow, the existence of wells in the bedrock, and
water quality differences between groundwater and the creek. These conditions indicate that percolating groundwater is the
source of water to the Water Company well.
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DROUGHT, FIRE AND GEOLOGY: KEY
WATERSHED INFLUENCES IN THE
NORTHERN SANTA LUCIA MOUNTAINS
Barry Hecht
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Sediment Yield Variations in the Northern Santa Lucia Mountains
Barry Hecht1
Sediment yields in the northern Santa Lucia Mountains affect channel stability and flood
inundation levels along the larger streams, riparian vegetation and aquatic habitat associated with
the streams, beach sand supply, and the supply of sand available for transport into the deepsea
canyon network just offshore. Sediment yields vary considerably over space and time in this
region. Understanding this variability is one key to usefully reconstructing events of the recent
past and anticipating channel, beach, and offshore dynamics likely to occur in the near future.
Knowledge of sediment yields and transport rates are based on a limited number of
measurements of sediment transport (c.f., Matthews, 1989; Hecht and Napolitano, 1995); on
progressive measurements of sedimentation rates in three reservoirs (see Figure 1, from
Woyshner and Hecht, 2000); and on miscellaneous observations observations developed by
biologists and engineers in the course of evaluating instream habitat and channel stability or
flooding potential. Until recently, absence of data and analysis would have precluded developing
even initial assessments of sediment yields.
Sediment originating in the northern Santa Lucia Mountains is transported subequally as
suspended and bedload sediment (Kondolf, 1982), in contrast to other many other Central Coast
streams, where bedload is frequently 10 percent or less of the material delivered from large
watersheds. The predominantly granitic or crystalline-metamorphic parent rock often weathers
to relatively coarse sands, normally transported by rolling or saltating along the bed. One recent
analysis of portions of the sediment retained in San Clemente Reservoir on the Carmel River
(Moffatt and Nichol, 1996) indicates that about 95 percent of the material is sand, primarily
coarser than 0.25 millimeters.
Spatial Variability
Data to date show much more temporal variability, which masks sub-regional or basin-by-basin
tendencies. In keeping with patterns observed elsewhere in the world, the sub-arid portion of the
region, where mean annual rainfall is less than 20 inches (600 mm.), appears to yield more
sediment per unit area than the sub-humid areas (20 to 40 inches of mean annual precipitation)
based on the limited information presently available. One important mechanism for the
1
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apparently higher rates in the drier areas is mobilization of sediment stored in valley fills by
incision of the larger streams into the adjoining alluvium (Williams and Matthews, 1983;
Hampson, 1997). Higher local relief in the wetter areas also contributes to yields from the
headwaters. It is difficult to distinguish the effects of climate from those of grazing or other
land-use practices, which tend to affect the drier areas to a greater degree.
Underlying geologic materials strongly affect the mechanisms—and presumably the rates—of
erosion. About one-quarter of the northern Santa Lucia Mountains are underlain by Tertiary
sandstones and shales (including Monterey Shales), or by Mesozoic Franciscan and Great Valley
Assemblages. Since little is known directly about yields from these substrates (Hampson, 1997;
Matthews, 1989), rates and processes may be best inferred from adjoining areas with similar
erosional influences (Brown, 1973, Hecht and Enkeboll, 1981, Hecht and Kittleson, 1997 for the
Tertiary sediments; Brown and Jackson, 1973; Knott, 1976; Hecht, 1983 for the older rocks).
Short-Term Variability
Both rates and processes of sediment delivery vary episodically in the northern Santa Lucia
Mountains. Sediment yields following large wildfires, in particular, can abruptly alter sediment
yields and result in fundamental changes in the processes which move sediment (c.f., Cleveland,
1973, 1977; Jackson, 1977; Hecht, 1993). Sedimentation in Los Padres Reservoir during the
winter following the Marble-Cone fire of 1977 effectively doubled the long-term rate of
reservoir filling (Hecht, 1981). Following the same fire, Arroyo Seco aggraded nine feet at the
Green Bridge upstream of Greenfield, with the bed gradually being exhumed during the
following 4 to 6 years (Roberts and others, 1984); farther downstream, non-cohesive banks of
the Salinas River were destabilized during the following 10 years. The pulse of suspended
sediment generated by this fire was several times larger than that moved by the record storms of
January and February 1969, two of the regional floods of record. Smaller—but still
geomorphically significant—episodic events generating large volumes of sediment have been
attributed to large regional storms, landsliding associated (Fig. 1) with large-scale grading and
channel incision and instability (Kondolf, 1982; Williams and Matthews, 1983; Matthews, 1989;
Hampson, 1997; Woyshner and Hecht, 2000).
It is difficult to evaluate sediment yields (or sediment storage) in the streams of the northern
Santa Lucia Mountains without knowing the recent local history of fire, floods and other
episodes. For example, the March 1995 storm fundamentally altered sediment delivery and
channel stability on several regional streams, such as Cachagua Creek (Kondolf, 1995), while
incision events which altered the entire Carmel River corridor downstream occurred on
Tularcitos Creek during 1983 and 1998. At Big Sur, debris flows following fires have
complemented overbank flooding during 1995, which left atypical vegetation washed in from
the watershed growing on the floodplain downstream from the mountain front (Jeff Norman,
pers. comm.).
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Episodic variability is sometimes caused and extended by two or more discrete unusual events
occurring concurrently, or nearly so. The high rates of sediment yield following the MarbleCone fire are likely related to a very large buildup in fuel loadings caused by a record snowstorm
in January 1974 (Griffith, 1978). The numerous hardwood limbs which broke off during this
event had been thoroughly dried in time for the July and August 1977 fire by a hard drought
during 1976 and 1977—at Big Sur, the driest and third-driest years in a century of measuring
rainfall. The winter 1978 fire/fill episode resulted from the sequential occurrence of snow, then
drought, then lightning.
Whether eroded during isolated or compound episodes, sediment can be rapidly removed from
source areas and delivered to the lower alluvial reaches of the master stream or to the near-shore
environment following episodic events. Factors promoting quick recovery of the sedimentary
system and related instream and riparian habitat values are rapid curtailment of the source of
sediment (such as after a fire by regrowth) and/or maintenance of terrestrial channel stability
downstream. Soft, non-cohesive banks may retreat during the rapid delivery of sediment, adding
substantial volumes from bank or bed storage to the event-related yields from far upstream. The
additive yields of sediment from these primary and secondary sources can result in large
accumulations of sediment in the lower alluvial reaches or on the adjoining continental shelf
over a period of a few years, potentially generating density currents in the marine environment.
It may be that depositional sequences in the offshore canyons or abyssal plain are most likely to
be generated or preserved following episodic events in the high-relief setting of the northern
Santa Lucia Mountains.
Valley-Filling Events
The geological evidence points to a number of periods of valley-filling aggradation throughout
the northern Santa Lucia Mountains. Multiple river terraces are visible at heights of 1000 feet
(300 m) or more along the larger streams, such as the Carmel and Big and Little Sur Rivers. The
terraces appear to be remnants of once-continuous and presumably coeval surfaces, now
discontinuous and partially buried beneath cones or slopes of colluvial deposition.
Kondolf (1982) shows that the flood of 1911, perhaps in combination with a smaller event in
1914, left deposits which now form much of the floor of Carmel Valley. The flood(s) resulted in
sedimentation of typically 2 to 20 feet thick over much of the eastern half of the valley. No
subsequent events have even approached the level, magnitude, or extent of deposition. The river
terraces visible high above the present-day valley floors may be eroded relics of comparable
depositional epicycles in the past.
River terraces and alluvial benches or fans are often ascribed to climatic change, typically to the
drying stages of the fluctuations prevailing throughout the Quaternary. Conventional thinking is
that the higher rates of erosion prevailing in drier climate lead to accelerated erosion of the
weathering which occurred during the wetter stade. This mechanism may or may not play a
significant role in the incidence of valley-filling events. It might be held that this epicycle
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followed a period of protracted drying from the preceding glacial maximum, circa 15000 bp,
when the Monterey Bay region was clearly colder and wetter, locally supporting Sitka spruce
woodlands (c.f., Adams, 1975). It is also possible that the valley-filling epicycles are associated
simply with peaks in sediment supply. Such peaks might be created by discrete events (such as
massive erosion following fires, or failures during earthquakes). They may also be an artifact of
the rapid rise of the mountains. Very large sediment loads might be generated by temporary
obstructions of the main channel (such as the debris flows described by Cleveland in 1973),
rapid erosion of large point bars or the previous generation(s) of terraces as the rivers erode
beneath the riparian trees which hold such features in place in less tectonically-dynamic settings,
or by large failures of soils and regolith as the river undercuts metastabale slopes not previouslyattacked for many years (c.f., Kondolf, 1995).
Many homes and extensive public improvements have been built on deposits of the 1911/1914
floods in Carmel Valley. The scale of such valley-filling epicycles should be better known, if
only in deference to their public safety implications. They also have a significant, littleunderstood role in the regional sediment budget when considered at the geologic time scale.
Although perhaps better known from Southern California or the Wasatch Front, the causes and
implications of valley-filling events in a rapidly-uplifting areas merit consideration and
evaluation in many aspects of local geological investigations.
Conclusions
Sediment yields in the northern Santa Lucia Mountains are variable spatially, with underlying
geology, rainfall and relief as significant influences. Sediment yields in this region vary even
more over both the short term and geologic time frame. The sedimentary record preserved in
reservoirs and Quaternary stream terraces helps in understanding accumulation in the lower
valleys and near-offshore environments during the recent geologic past. The episodes which
generate sediment yields in this high-relief setting may aid in understanding (and be better
understood through) the turbidites and other high-energy deposits recorded in the Jurassic and
Cretaceous rock record preserved along this coast.
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