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CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATIONS, AND WELL- AND

SPRING-NUMBERING SYSTEM
Mutltiply By To obtain
acre 0.4047 hectare
acre-foot (acre-ft) 1,223 cubic meter
acre-foot per month (acre-ft/mo) 1,223 cubic meter per month
acre-foot per year (acre-ft/yr) 1,223 cubic meter per year
cubic foot per second (ft3/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
foot per day (f/d) 0.3048 meter per day
foot per foot (ft/ft) 1.000 meter per meter
foot per month (ft/mo"; 0.3048 meter per month
foot per year (ft/yr) 0.3048 meter per year
foot squared per day (f%/d) 0.0929 meter squared per day
gallon per day (gal/d) 0.06308 liter per day
gallon per minute (gal/min) 0.06308 liter per minute
inch (in.) 254 millimeter
inch per year (in/yr) 254 millimeters per year
kilowatt-hour per acre-foot (kWh/acre-ft) 0.002919  joule per cubic meter
mile (mi) 1.609 kilometer
square mile (mi?) 2.590 square kilometer
pound per square inch (b/in%)  703.1 kilogram per square meter

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F)

by the following equation:

Vertical Datum

°F=1.8(°C)+32.

Sea level: In this report "sea Level” refers to the National Geodetic Vertical Datum of 1929—a
geodetic datum derived from a general adjustment of the first-order level nets of the United States and
Canada, formerly called Sea Level Datum of 1929.

Abbreviations

mg/L milligram per liter

uS/cm  microsiemen per centimeter at 25 degrees Celsius
AET actual evapotranspiration

ET, reference evapotranspiration

CCSD Cambria Community Services District

CIMIS  California Irrigation Management Information System
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Water year: A water year is a 12-month period, October through September, designated by the
calendar year in which it ends. In this report, years are water years unless otherwise noted.

Well- and Spring-Numbering System

.Wells and springs are identified and numbered according to their location in the rectangular
system for the subdivision of public lands. Identification consists of the township number, north or
south; the range number, east or west; and the section number. Each section is divided into sixteen
40-acre tracts lettered consecutively (except I and O), beginning with "A" in the northeast corner of the
section and progressing in a sinusoidal manner to "R" in the southeast corner. Within the 40-acre-tract,

“wells are sequentially numbered in the order they are inventoried. The letter "S" inserted before the
sequence number indicates a spring. The final letter refers to the base line and meridian. In California, -
there are three base lines and meridians; Humbolt (H), Mount Diablo (M), and San Bernardino (S). All
wells and springs in the study area are referenced to the Mount Diablo base line and meridian (M).
Numbers consist of 15 characters and follow the format 027S008E10A003M. In this report, well
numbers are abbreviated and written 27S/8E-10A3. Wells in the same township and range are referred to
only by their section designation, 10A3. The following diagram shows how the number for well
27S/8E-10A3 is derived.

R4E RSE R6E R7E RBE

T238

T24S

T25S8

T26S

T278

7|8
18| 17
19|20 | 21| 2212324 |
\ _ 27S/BE-10A3. ..
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Hydrogeology, Water Quality, Water Budgets, and
Simulated Responses to Hydrologic Changes in Santa
Rosa and San Simeon Creek Ground-Water Basins,
San Luis Obispo County, California

By Eugene B. Yates and Kathryn M. Van Konynenburg

ABSTRACT

Santa Rosa and San Simeon Creeks are
underlain by thin, narrow ground-water basins that
supply nearly all water used for local agricultural
and municipal purposes. The creeks discharge to
the Pacific Ocean near the northwestern corner of
San Luis Obispo County, California. The basins
contain heterogeneous, unconsolidated alluvial
deposits and are underlain by relatively imperme-
able bedrock. Both creeks usually stop flowing
during the summer dry season, and most of the
pumpage during that time is derived from ground-
water storage. Annual pumpage increased substan-
tially during 1956-88 and is now a large fraction
of basin storage capacity. Consequently, dry-
season water levels are lower and the water supply
is more vulnerable to drought.

The creeks are the largest source of ground-
water recharge, and complete basin recharge can
occur within the first few weeks of winter stream-
flow. Agricultural and municipal pumpages are the
largest outflows and cause dry-season water-level
declines throughout the San Simeon Basin. Pump-
ing effects are more localized in the Santa Rosa
Basin because of subsurface flow obstructions.
Even without pumpage, a large quantity of water
naturally drains out of storage at the upper ends of
the basins during the dry season.

Ground water is more saline in areas close to
the coast than in inland areas. Although seawater
intrusion has occurred in the past, it probably was
not the cause of high salinity in 1988-89. Ground

water is very hard, and concentrations of dissolved
solids, chloride, iron, and manganese exceed
drinking-water standards in some locations.

Probability distributions of streamflow were
estimated indirectly from a 120-year rainfall
record because the periods of record for local
stream-gaging stations were wetter than average.
Dry-season durations with recurrence intervals
between 5 and 43 years are likely to dry up some
wells but not cause seawater intrusion. A winter
with no streamflow is likely to occur about every
32 years and to result in numerous dry wells, sea-
water intrusion, and subsidence.

Digital ground-water-flow models were
used to estimate several items in the ground-water
budgets and to investigate the effects of pumpage
and drought. The models also were used to inves-
tigate the hydrologic effects of selected water-
resources management alternatives. Selection of
alternatives was not constrained by issues related
to water rights, which were under dispute during
the study. Increases in the area and intensity of irri-
gation could increase agricultural water demand
by 26 to 35 percent, an increase that would lower
water levels by as much as 10 feet and possibly
cause subsidence in the lower Santa Rosa Basin.
An additional municipal well in the lower Santa
Rosa Basin could withdraw 100 acre-feet per year
without causing seawater intrusion, but subsidence
might occur. Transferring 270 acre-feet per year of
treated wastewater from a percolation area near the
coast to an area about 0.5 mile upstream of the

Abstract 1



municipal well field in the San Simeon Basin
could raise upstream water levels by as much as 12
feet without causing significant water-table
mounding or seawater intrusion. Decreases in
agricultural pumping after a winter without
streamflow could prevent seawater intrusion while
allowing municipal pumping to continue at normal
rates.

INTRODUCTION

Agricultural and municipal water users along
Santa Rosa and San Simeon Creeks rely almost entirely
on a limited ground-water resource. Ground water
occurs in the alluvial deposits beneath the creeks,
which drain the western flanks of the Santa Lucia
Range in San Luis Obispo County and empty into the
Pacific Ocean (fig. 1). The alluvial deposits form flat
valley floors, which are used for irrigated agriculture.
The town of Cambria is in the Santa Rosa Creek valley
about 1 mi from the coast. Municipal water is supplied
by the Cambria Community Services District (CCSD),
which operates wells in the Santa Rosa and the San
Simeon Creek valleys.

The quantity of fresh ground water stored in the
thin alluvial deposits is small relative to the overall
water demand. During an average winter rainy season,
ground-water recharge from streamflow is more than

EXPLANATION

GROUND-WATER BASIN

21.15
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sufficient to meet demand and maintain high ground-
water levels. The creeks usually stop flowing during the
dry summer season, and users rely on the quantity of
ground water in storage until the following winter.

Rapid population growth in Cambria resulted in
a fourfold increase in municipal pumpage between
1960 and 1988. In the early 1980's, agricultural
pumping increased abruptly as many farmers switched
to vegetable crops. These increases in pumping
resulted in larger seasonal water-level declines during
summer. Rural landowners in the valleys became
concerned about the effects of the declines and the
potentially devastating consequences of droughts. On
several occasions in the mid-1980's, they protested
Cambria Community Services District's appropriative
water-rights permits before the California State Water
Resources Control Board. The quantity of ground
water pumped by the District is limited by detailed
terms and conditions in their permits.

Purpose and Scope

The purpose of this report is to document the
results of a 3-year study of ground-water resources in
the Santa Rosa and the San Simeon Creek ground-
water basins. During the study, the hydrogeology and
water quality of the basins were investigated,
quantitative water budgets were developed, and
selected water-resources management alternatives

BOUNDARY OF DRAINAGE BASIN

RAINFALL STATION - Location of daily rainfall measurement.
Upper number is annual rainfall, in inches, during water year 1988.

Lower number is station identifier. Numerical identifiers are station
numbers of permanent gages operated by San Luis Obispo County.
Alphabetical identifiers indicate temporary gages used for this study

69  San Simeon (Hearst Ranch)

112 Hearst Castle (fire station)

169 Santa Rosa Creek (Soto Ranch)

180 Cambria (CalTrans)

191 Cambria (wastewater plant)
203 Cambria (Division of Forestry)

Jon Pedotti
John Olson
James Fiscalini
Scooter Rhoades

o0 w>

Figure 1. Locations of creeks, drainage-area boundaries, ground-water basins, and rainfall stations in the Cambria area, San Luis Obispo

County, California.
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were evaluated. The study was a cooperative effort
between the U.S. Geological Survey and the San Luis
Obispo County Flood Control and Water Conservation
District.

Field activities undertaken for the study included
measurement of rainfall, streamflow, temperature,
reference evapotranspiration, land use, well efficiency,
electricity use at wells, ground-water levels, aquifer
characteristics, and surface- and ground-water quality.
Observation wells were installed at several locations.
Data analysis included preparation of maps, sections,
and graphs showing geology, rainfall, water levels, and
water quality. Analytical and numerical models were
used to simulate ground-water flow, and patterns of
rainfall and streamflow were statistically analyzed. The
study focused on Santa Rosa and San Simeon Creeks,
although some consideration also was given to ground-
water conditions along Pico Creek.

Description of Study Area

The study area includes the drainage areas of
Santa Rosa and San Simeon Creeks, including major
tributaries such as Perry, Steiner, and Van Gordon
Creeks (fig. 1). Pico Creek, about 2 mi north of San
Simeon Creek, was included in the analysis of water
quality. Near the headwaters, the creek valleys form
steep, narrow canyons. Along the final 3 to 5 mi before
reaching the ocean, the valleys widen and have
relatively flat bottoms a few thousand feet wide. These
flat-bottomed areas are underlain by ground-water
basins and are flanked by steep hillslopes that rise 200
to 800 ft above the valley floor.

Figure 2 shows cultural features, wells, springs,
and streamflow and climate measurement stations used
in this study. The town of Cambria is adjacent to the
lower end of Santa Rosa Creek and had a population of
about 5,300 people in 1990. The commercial district of
Cambria is along Main Street between the Main Street
bridge and the coast. Residential areas are on the
hillsides above the commercial district and on the
slopes facing the ocean south of the outlet of Santa
Rosa Creek.

The water supply for Cambria is obtained from
three wells in the CCSD well field on San Simeon
Creek about 1 mi from the coast and from two wells
near the Burton Avenue bridge over Santa Rosa Creek.
Municipal wastewater receives a secondary level of
treatment and is discharged to a sprayfield in the San

Simeon Creek valley about 0.5 mi downstream of the
CCSD well field.

The remaining parts of the valley floors are
occupied by agricultural fields and a few rural
residences. Native vegetation consists of trees, grass,
and shrubs that grow along the creeks and field borders.
Grassy hillslopes along the sides of the valleys are used
for grazing. Other land uses include a State park
campground at the mouth of San Simeon Creek and an
in-stream gravel mining operation and processing plant
along San Simeon Creek near well 27S/8E-10G2.

EXPLANATION

— .—— BOUNDARY OF GROUND-WATER BASIN
WELL OR TEST HOLE

° Private domestic

e} Irrigation

o) Municipal

o Unused

o) Test hole

o Spring used for domestic water supply
% Spring used for stock water supply

AN Indicates observation well

R2 Last letter and digit of well number

A STREAM-GAGING STATION
Continuous-record gaging station and identifier
A Santa Rosa Creek near Cambria (11142200)
B Santa Rosa Creek at State Highway 1
D Perry Creek at Cambria (11142240)
£ San Simeon Creek at Palmer Flats
F San Simeon Creek near Cambria (11142300)

A Site of occasional discharge measurement

CLIMATE MEASUREMENT STATION
. Evapotranspiration measurement station

) Temperature measurement station and identifer
A Cambria Community Services District plant
B James Fiscalini
C Scooter Rhoades

Figure 2. Locations of cultural features, wells, springs, and
streamflow and climate measurement stations in (A) the Santa Rosa
and (B) the San Simeon ground-water basins, San Luis Obispo
County, California.
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Mesozoic marine sedimentary rocks unconformably
overlie the Mesozoic eugeosynclinal rocks of the
Franciscan Complex. In this area, the marine sediments
were thrust over the Franciscan Complex.

Surficial geology along Santa Rosa and San
Simeon Creeks near Cambria is shown in figure 3.
Geologic sections along the axes of the two creek
valleys are shown in figure 4. Most of the area is
underlain at depth by bedrock of the Franciscan
Complex, an aggregation of rocks that were
tectonically fragmented and mixed during the Late
Cretaceous period. The Franciscan Complex is
exposed on hillsides near Cambria and throughout the
mountainous terrain to the east.

Numerous northwest-trending normal faults
(Hall and others, 1979) cross the basins. These old
faults resulted in widespread shearing and fracturing of
the Franciscan rocks but do not appear to affect

Quaternary deposits in the creek valleys. The Hosgri
fault zone parallels the coastline about 2 mi west of the
ground-water basins. The Hosgri fault zone is
seismically active and could generate an earthquake of
magnitude 7.0 along the segment closest to Cambria
(Pacific Gas and Electric Company, 1988). An
earthquake of this magnitude could cause a slight
decrease in basin storage or an increase in stream base
flow. Such changes were observed following the 1989
Loma Prieta earthquake about 110 mi northwest of
Cambria; the terrain in these areas is similar (Wendell
Ayers and Scott Hamlin, U.S. Geological Survey, oral
commun., 1991).

Although the marine sedimentary rocks near the
coast are nearly the same age as the rocks of the
Franciscan Complex, the unnamed sandstones and
shales have not undergone the tectonic disruption
evident in the Franciscan Complex (Hsii, 1969).

EXPLANATION

Holocene
Quaternary Holocene
and
Plesistocene
Tertiary
Upper
Cretaceous Cretaceous
Cretaceous
and
Jurassic

ALLUVIAL DEPOSITES

STREAM-TERRACE DEPOSITS

UNDIFFERENTIATED TERRACE DEPOSITS - Slightly
consolidated. Marine and nonmarine

UNDIFFERENTIATED CONSOLIDATED ROCKS -
Crystalline felsite and marine sediments

SANDSTONE - Marine, with interbedded shale

FRANCISCAN COMPLEX - Consolidated rocks including
melange (M) and metavolcanics (MV)

—72— CONTACT - Dashed where approximately located. Queried
where inferred

—?—.. FAULT - Dashed where approximately located. Dotted where
concealed. Queried where approximately located

—4_a THRUST FAULT - Sawteeth on upper plate

A A'
—— L INE OF GEOLOGIC SECTION
K3,  WELL AND NUMBER

® TEST HOLE

Figure 3. Surficial geology of (A) the Santa Rosa and (B) the San Simeon ground-water basins, San Luis Obispo County, California. (See

figure 4 for location of sections.)
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Howell and others (1977) refer to the marine Stream-terrace deposits, primarily of marine
sedimentary rocks as the Cambria slab. The slab is origin, accumulated during a high stand of sea level in
relatively intact because it moved en bloc during alater ~ the middle to late Pleistocene. These slightly

episode of deformation in the Late Cretaceous period, consolidated deposits (unit Qtu in fig. 3) now cover
after the episode of overthrusting and gravity sliding much of the unnamed marine sedimentary rocks in the
that deformed the Franciscan Complex. study area near the coast. More recent unconsolidated
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Figure 3. Surficial geology of (A) the Santa Rosa and (B) the San Simeon ground-water basins, San Luis Obispo County, California. (See
figure 4 for location of sections.)—Continued.
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B. San Simeon Basin
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Figure 3. Surficial geology of (A) the Santa Rosa and (B) the San Simeon ground-water basins, San Luis Obispo County, California. (See
figure 4 for location of sections.}—Continued. ’
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alluvial and stream-terrace deposits (units Qal and Qt
in fig. 3) are along the valley floors.

Ground-Water Basins

The unconsolidated alluvial and stream-terrace
deposits in the Santa Rosa and the San Simeon Creek
valleys form ground-water basins extending 3 to 5 mi
inland from the coast. Pores between the grains of these
deposits can store water. Because the pores are
interconnected, this water can flow slowly from one
location to another. The bottom and sides of the basins
are bounded by relatively impermeable bedrock. Two
principal ground-water basins underlie the Cambria
area, one underlying Santa Rosa Creek downstream of
well 27S/9E-21C1 and one underlying San Simeon
Creek downstream of the confluence with Steiner
Creek (fig. 2). A similar but much smaller basin exists
beneath the final mile of Pico Creek (fig. 1) before it
enters the ocean. All the basins extend an unknown
distance offshore. In this report, Santa Rosa Creek, San
Simeon Creek, and Pico Creek ground-water basins
will be referred to as Santa Rosa Basin, San Simeon
Basin, and Pico Basin, respectively.

The onshore boundaries of the basins as defined
for this study are shown in figure 2. They generally
follow the contact between basin fill and bedrock (fig.
3). The upper parts of several small side valleys are
excluded because the basin fill is thin and does not
significantly affect ground-water storage or flow in the
main valleys. The basin boundaries occasionally
deviate slightly into the bedrock areas in order to
include most agricultural fields entirely within the
basin. Contours of the bedrock surface that form the
base of the ground-water basins are shown in figure 5.
The total volume of unconsolidated sediments in the
onshore part of the Santa Rosa Creek Basin is
66,000 acre-ft, of which 55,000 acre-ft is above sea
level. The total volume of unconsolidated sediments in
the onshore part of the San Simeon Creek Basin is
30,000 acre-ft, of which 16,700 acre-ft is above sea
level.

Geologic Units
The geologic units of the Santa Rosa and the San

Simeon Basins can be divided into two broad
categories: relatively impermeable, consolidated

bedrock and poorly consolidated to unconsolidated
alluvial deposits. Bedrock is considered relatively
impermeable because it stores and transmits much
smaller quantities of water than do the more porous and
permeable basin-fill deposits.

Bedrock

Bedrock in the study area consists primarily of
Jurassic and Cretaceous sedimentary and low-grade
metamorphic rocks of the Franciscan Complex. West
of Coast Union High School in the Santa Rosa Basin,
bedrock consists of an unnamed sequence of Upper
Cretaceous marine sandstones and shales (fig. 3A).
Some sedimentary and partly metamorphosed volcanic
rocks of Tertiary age also are exposed but are less often
in contact with the basin-fill deposits. The slightly
consolidated undifferentiated terrace deposits form a
relatively thin surficial layer over the Franciscan
Complex and marine sediments adjacent to the basins.
For this study, these also were grouped as bedrock.

The Franciscan Complex in the Cambria area
generally consists of a melange of torn and sheared
lenticular masses composed of graywacke, greenstone,
diabase, gabbro, serpentine, chert, shale, tuff, blue
schist, and other metamorphic rocks. This melange
varies spatially, allowing tectono-stratigraphic units,
known as the melange units, to be established (Hsii,
1969).

The predominant melange unit in the study area
is composed of various size blocks and slabs of chert,
greenstone, and graywacke, with the smaller blocks
surrounded by a ductily deformed matrix. Larger slabs,
as much as 5,000 ft in their maximum dimension,
usually exhibit brittle deformation (Hsii, 1969).

In addition to the melange units, the Franciscan
Complex contains large outcrops of metavolcanic
rocks. These rocks commonly are associated with red
chert, locally are dark red, and often are extensively
sheared. Outcrops of these metavolcanic rocks form
prominent hills at the eastern end of the Santa Rosa
Basin and east of the confluence of Santa Rosa and
Perry Creeks. Along the San Simeon Basin,
metavolcanic rocks are exposed east of Palmer Flats
and on the northern side between wells 27S/8E-10G2
and 9P5 (fig. 3B). These rocks usually are brittle and
highly fractured and therefore are able to transmit some
ground water. Evidence of this is confirmed by the
numerous springs in the Franciscan Complex; some

Hydrogeology 15



springs discharge enough water to meet the domestic
needs of a single household.

The unnamed Upper Cretaceous sandstone is not
highly deformed, and the original strata usually are
preserved. Occasionally, graded bedding and
laminations are disrupted by extensional shears as
observed along the beach at the mouth of Leffingwell
Creek (fig. 1) (Hsii, 1969). The interbedded shales in

this sequence are partly fractured and show less ductile
deformation than the matrix of the Franciscan melange
units. These shale interbeds and their associated
fractures probably are the conduits for the springs in
this sequence. Overall, spring discharge in the
unnamed sandstone probably is less than spring
discharge in the Franciscan Complex because the
unnamed sandstone is less fractured and deformed.
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Figure 5. Altitude of the bedrock surface beneath (A) the Santa Rosa and (B) the San Simeon ground-water basins, San Luis Obispo County,
California.
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Basin Fill extensive stream-terrace deposit in the study area is on
. . , . the northern side of Santa Rosa Creek between wells
Basin fill in the Santa Rosa and the San Simeon 27S/8E-23R2 and 27C]1 (fig. 34). The more common

Basins consists of unconsolidated alluvial and stream-

alluvial deposits are often about 100 ft thick near the

terrace deposits. Additional Quaternary sediments, center of the valleys and more than 120 ft thick at the

primarily of marine origin, come in contact with the coast.

basin boundaries near the coast. Geologic logs of wells drilled in the alluvial

The alluvial and stream-terrace deposits are deposits show alternating layers of coarse- and fine-

similar in that each consists of cobble- and pebble-size grained sediments, indicative of cyclic fluvial

gravel, sand, silt, and clay. The stream-terrace deposits,  deposition. Layering of the basin fill is evident in the
however, are slightly older than the alluvial deposits geologic sections shown in figure 4. Typically, fine-

and generally are less than 10 ft thick. The only grained sediments are deposited on the flood-plain
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surfaces adjacent to the creek channel and coarse-
grained sediments are deposited within the channel.
Over geologic time, the channel meanders across the
flood plain and produces interfingered coarse- and
fine-grained deposits of varying thicknesses.

Continuity of individual layers in the basin fill
greatly affects ground-water movement. Continuous
coarse-grained channel deposits can allow rapid
downvalley ground-water flow, and continuous fine-
grained deposits can greatly impede lateral and vertical
ground-water flow. Geologic logs of wells and test
holes generally indicate that individual layers are
variable and discontinuous. For example, logs of well
27S/8E-27H2 and two test holes in the Santa Rosa
Creek valley drilled about 100 ft upstream and
downstream of the well indicate that only one, upper
gravel layer can be correlated among the three holes
with any certainty. At depths greater than 40 to 50 ft,
the layers differ remarkably (Robert Miller, driller, oral
commun., Nov. 6, 1987).

Similarly, a cluster of three wells farther up the
Santa Rosa Creek valley (27S/9E-19M2, 19M3, and
19M4) has a large degree of spatial variability (fig. 4A).
The wells are within 25 ft of each other, but well logs
indicate that the top 30 to 40 ft in each well varies from
clay to an interbedded mixture of clays, sand, and
gravel. The logs indicate there is a continuous gravel
layer at greater depths, but it changes in thickness from
60 to 40 ft over a distance of less than 20 ft. In the San
Simeon Basin, a similar pattern is observed. Wells
27S/8E-10A3 and 10A4 are separated by a distance of
only 95 ft along a line perpendicular to the valley axis,
yet only about one-half of the geologic strata seem to
be correlated. For example, well 27S/8E-10A3
penetrates 27 ft of clay and gravel between the depths
of 10 and 40 ft, whereas well 27S/8E-10A4
encountered no clay at this depth.

Continuity of individual layers is evident in some
locations and seems to be greater in the direction
parallel to the valley axis. This is the result of
deposition by the creeks, which generally flow in this
direction. For example, wells 27S/9E-19H3, 19H2, and
20E2 in the Santa Rosa Basin are within 450 ft of each
other (fig. 4A), and all but one clay layer can be
correlated among their respective driller's logs. In the
San Simeon Basin, wells 27S/8E-9K3 and 9J4 are 630
ft apart along a line parallel to the valley axis. Their
logs are much more similar than the logs for wells
27S/8E-9J4 and 9J5; these wells are only 250 ft apart,

but along a line nearly perpendicular to the valley axis.

An exception to this pattern can be seen in
drillers' logs of wells near Coast Union High School in
the Santa Rosa Basin. Two wells at the high school
(27S/8E-23R1 and 23R2) are about 150 ft apart along
a line nearly parallel to the valley axis, yet only a
35-foot basal gravel layer can be correlated between
them. The upper 90 ft of sediments in well 27S/8E
-23R1 consists almost entirely of clays with only small
amounts of sand. In contrast, the upper 90 ft of
sediments in well 27S/8E-23R2 consists of alternating
layers of sand and gravel, sandy clay, and sand with
only 35 ft of sandy clay. Perhaps the sediments
deposited by Perry Creek disrupt the normal patterns of
continuity in this area.

An extensive, continuous clay layer might be
present near the high school. Previous investigations by
Envicom Corporation (1981) indicated an apparent
correlation of geologic logs for wells 27S/8E-23R1 and
24]1. However, logs for newer wells in the same area
(27S/8E-23R2 and 24N2) contain significantly higher
percentages of coarse-grained deposits. When the
additional logs are incorporated into the geologic
section (fig. 4A), the clay layer is not as continuous or
extensive as previously thought. However, the 30- to
35-foot-thick basal gravel seems to be continuous
between the wells and downstream as far as well
27S/8E-27H2.

In the San Simeon Basin, drillers’ logs do not
show any obviously continuous clay layers. At the
upper end of the basin, alluvial deposits at depths
greater than about 50 ft are finer grained than shallow
deposits. The pattern is similar near the CCSD well
field, where several well logs show fine-grained
deposits near the bottom of the basin. Fine-grained
deposits appear at various depths between the well field
and the coast and cannot be correlated with certainty
between wells.

Water Levels

Seasonal water-level fluctuations can be used to
infer the location and relative magnitude of inflows and
outflows to and from the ground-water basins. Seasonal
fluctuations are evident in monthly water-level data
collected since 1978 by the Cambria Community
Services District at about 36 wells, most of which are
in the San Simeon Basin. For this study, water levels
were measured monthly between March 1988 and
April 1989 at an additional 26 wells, most of which are
in the Santa Rosa Basin. Water levels at 31 wells were
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measured as often as daily during and shortly after a
major storm on December 23-26, 1988. Measuring-
point altitudes were surveyed from local bench marks.

Water-level hydrographs for eight wells in the
Santa Rosa Basin and eight wells in the San Simeon
Basin for January 1988 through March 1989 are shown
in figure 6. Most of the hydrographs show a large
seasonal drawdown beginning in spring and increasing
steadily until early November. Hydrogeologic sections
of ground-water levels along the length of the valleys
are shown in figure 7. These sections follow the same
lines as the geologic sections presented earlier (fig. 4).
Seasonal water levels were highest in March 1988 and
lowest at different times between mid-October and
mid-December 1988, depending on location. Water
levels from the latter dates are combined to form a
single profile representing the minimum seasonal water
level.

Seasonal water-level declines are caused by a
combination of increased pumping and decreased
streamflow during the summer dry season. At the upper
ends of the basins, natural downvalley drainage of
ground water causes large dry-season declines. Rapid
water-level declines begin when the total basinwide
pumping rate becomes larger than the rate of
streamflow entering the basin. This occurred between
March and April 1988 in the Santa Rosa Basin and
between April and May 1988 in the San Simeon Basin
when streamflow entering the basin was about 1.3 ft¥/s.
During February through April, water levels declined
less than about 1 ft/mo in both basins. During June
through August, the rate of water-level decline
increased to between 3 and 7 ft/mo in most areas.

During November and early December 1988, the
rate of water-level decline slowed or even reversed
slightly at most wells. The creeks were still dry during
‘that period, and water levels reflected the balance
between decreased pumping rates and the small but
relatively steady inflow of ground water from bedrock
along the sides of the valleys.

After a few days of small sporadic flows,
streamflow began with a large flow peak on December
24, 1988. Water-level response to the onset of
streamflow was immediate, and water levels recovered
as much as 19 ft in 4 days. In most wells, more than
90 percent of the winter water-level recovery was
during the first 2 weeks of streamflow.

Dry-season drawdown during 1988 was small at
several locations. Seasonal drawdown within about
2,000 ft of the coast was less than S ft in both basins

because of the absence of nearby pumping and because
the creek and ocean limit the range of natural water-
level fluctuations (see, for example, well 27S/8E-16D1,
fig. 6A). Drawdown was less than about 2 ft at two
inland locations along Santa Rosa Creek near wells
27S/9E-19H2 and 27S/8E-24L2. The lack of
drawdown at these locations probably is caused by
subsurface obstructions to ground-water flow
downstream of the wells. The relatively impermeable
obstructions act like dams, causing a stairstep in the
downvalley water-level profile (fig. 7) and forcing
ground water to emerge as surface flow in the creek.
Water levels in the uppermost part of the valley,
upstream of well 27S/9E-19H2, rise nearly to the level
of the thalweg when the creek flows in winter, then
gradually recede in summer to a nearly flat profile level
with the obstruction (fig. 7A). The obstruction near well
27S/8E-241.2 prevents the dry-season pumping
depression near municipal wells 27S/8E-26C5 and
26D1 from significantly affecting wells upstream of the
obstruction. The creek probably serves as the principal
means by which ground water moves past the
obstructions.

The obstructions conceivably could be caused by
thick, localized clay deposits, faults, or buried bedrock
ridges that decrease the cross-sectional area of the
basin. The valley probably always has been too steep
and narrow to favor deposition of clay materials by
Santa Rosa Creek; however, a landslide from an
adjacent hillslope could have created a thick, localized
deposit of fine-grained sediments. Previous geologic
investigations did not identify any faults young enough
to have affected the basin-fill deposits (Hall and others,
1979; Pacific Gas and Electric Company, 1988). The
shape of the hillsides near the obstructions indicates
that shallow, buried bedrock ridges are a possible cause
of the obstructions. These ridges could be more
pronounced than indicated in the bedrock contour map
(fig. 5) and geologic sections (fig. 4).

Bedrock constrictions in two locations along San
Simeon Creek steepen the downvalley water-level
profile but do not force ground water to emerge as
surface flow in the creek. The first location is along the
narrow canyon between wells 27S/8E-10A1 and 11D1.
The water-level profile upstream of the canyon shows a
pattern of seasonal filling and recession similar to, but
less pronounced than, the one at the upper end of the
Santa Rosa Basin (fig. 7A). The second location,
locally known as "Holland Gap," is between wells
27S/8E-9]J3 and 9J4 at the upstream end of the CCSD
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Figure 6. Measured and simulated water levels for selected wells in {A) the Santa Rosa and (B) the San Simeon ground-water basins, San
Luis Obispo, California, January 1988 through March 1989.
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well field (fig. 7B). Small bedrock outcrops in the
creekbed and near the road indicate that ground water
must flow through a relatively narrow notch in the
buried bedrock surface.

A large seasonal pumping depression occurred
in 1988 near municipal wells 27S/8E-26C5 and 26D1
in the Santa Rosa Basin. The combined discharge from
these wells was fairly constant from June through
December 22, 1988, and was equivalent to a
continuous pumping rate of 235 gal/min. Effects of the
pumping were evident as far upstream as well 27S/8E
-24N2 and as far downstream as well 27S/8E-21R3
(fig. 7A). Although static water levels at the pumping
wells declined as much as 11.6 ft below sea level in late
autumn, water levels between those wells and the coast
remained higher. The lowest water level in well

27S/8E-27G1 was about 10 ft above sea level (fig. 6A).

A pumping depression was similar but smaller at
the CCSD well field in the San Simeon Basin. Water
levels in the well field declined to a minimum of about
1.5 ft above sea level. Water levels between the well
field and the coast are elevated by recharge from the
CCSD wastewater sprayfield. However, regulatory
constraints limit the buildup of the recharge mound to
no more than about 1 ft above water levels in the well
field.

Water-level gradients across the valleys
generally are steeper than those along the valleys.
There are few wells along the sides of the valleys, but
cross-valley gradients can be estimated by comparing
water levels in wells with the water surface in the creek.
During the winter flow season, the creek surface and
the adjacent water table are at about the same altitude.
By this method, cross-valley water-level gradients in
March 1988 ranged from almost 0 to 0.958 and
averaged about 0.027. Downvalley water-level
gradients were smaller, ranging from about 0.002 to
0.008 and averaging less than 0.006. When the creeks
are flowing, downvalley gradients are controlled by the
slope of the creek channels.

Vertical water-level gradients within the basin-
fill deposits are small in most locations because most
municipal and irrigation wells penetrate virtually the
entire basin thickness. The wells draw water from all
- depths and, consequently, do not tend to create vertical
water-level gradients. Vertical gradients could be
measured accurately only at three locations where
multiple-depth monitoring wells were installed for this
study. Wells 27S/8E-8R3 and 8R4 in the San Simeon

State Beach campground (fig. 2B) are perforated at
depths of 130 to 140 ft and 85 to 95 ft, respectively.
Water levels in both wells show pronounced tidal
fluctuations with a maximum amplitude of about 1 ft.
The fluctuations at the two depth intervals are slightly
out of phase, so that the vertical gradient alternates
from upward to downward. The wells are 500 ft from
the ocean and only 25 ft from a ponded area where San
Simeon Creek reaches the beach. Water levels in both
wells are consistently higher than the water level in the
pond, with upward gradients ranging from about 0.001
to 0.010 ft/ft. The upward gradient probably results
from fresh ground water flowing upward over the
wedge of relatively dense seawater that is at the base of
the aquifer near the coast.

Slightly farther upstream, a large downward
vertical gradient is created by the CCSD wastewater
sprayfield operation. In 1988, the water level in a
20-foot-deep piezometer well (27S/8E-9N3) was
within 2 ft of the land surface and was 13 to 16 ft higher
than the water level in nearby well 27S/8E-9N2, which
is perforated at a depth of 117 to 127 ft below land
surface. The downward gradient resulted from a
combination of high recharge rates at the land surface
and deep pumping from wells several hundred feet
upstream.

A small upward vertical gradient also is evident
at wells 27S/8E-27C1 and 27C2 in the Santa Rosa
Basin. The wells are perforated at depths of 105 to 115
and 40 to 50 ft below land surface, respectively. The
wells are 4,500 ft from the coast, but water levels are
not noticeably influenced by tides. The vertical
gradient was consistently upward with a magnitude of
about 0.009 fu/ft. The gradient reversed for a few days
following a flood peak on December 24, 1988. At this
location, the upward gradient might not result from
discharge of fresh ground water over a saltwater
wedge. Digital simulation of the ground-water-flow
system indicated that ground water is forced upward
and into the creek by a constriction in the aquifer
downstream of the wells. Between the constriction and
the coast, the gradient reverses and water tends to seep
from the creek back into the aquifer.

Long-term water-level hydrographs for four
locations are shown in figure 8. Winter water levels are
about the same every year because even a small
quantity of streamflow is sufficient to recharge the
ground-water basins fully. After the rapid recovery of
ground-water levels during the first few weeks of the
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streamflow season, additional recharge from the creek
is rejected. Water levels near the creek stabilize at about
the level of the creek surface, which remains fairly
constant except during storms. Water year 1977 was an
exception; total annual creek discharge was only about
5 percent of normal. Semiannual water-level
measurements in spring 1977 indicated that water
levels at many wells did not fully recover during the
winter.

The Santa Rosa and the San Simeon Basins
differ from larger or less developed basins in that
annual inflows and outflows are a large part of the total
quantity of ground water in storage. Thus, the basins
could not sustain a significant excess of outflow over
inflow without going completely dry in a few years.

Two long-term water-level trends have occurred
in recent years, but neither is necessarily indicative of a
long-term imbalance between inflow and outflow. The
first is a small, gradual decline in winter water levels in

60

the middle part of the San Simeon Basin between wells
27S/8E-10A1 and 9L1 (see, for example, well 27S/8E
-10G1, fig. 8). During 1978-87, the average rate of
long-term decline in winter water levels at five wells
was 0.35 ft/yr. The most likely cause of the decline was
increased winter pumping rates at the CCSD well field.
Total pumpage for January through March increased an
average of 8.4 acre-ft/yr during 1979-88. The trend
was greater than zero at the 0.05 level of significance.
Increased pumping in winter induces increased
seepage from the creek, but water levels are lowered
slightly in the process. This relation was confirmed by
model simulations described later in the report.

The second trend is a steady increase in the dry-
season water-level decline near the CCSD well field on
San Simeon Creek (27S/8E-9L1, fig. 8). This trend is
caused largely by the steady increase in dry-season
pumpage at the well field since the late 1970's.
Agricultural pumpage also increased rapidly in the
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San Luis Obispo County, California, 1988—89.
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Dry Wells

Some wells are likely to go dry during a long dry
season. Wells at greatest risk of going dry are shallow
wells and wells at the upper ends of the valleys. Well
27S/9E-21C1 in the Santa Rosa ground-water basin did
go dry in mid-September 1988. Similarly, the pumping
water level in irrigation well 27S/8E-11C1 in the San
Simeon ground-water basin reached the pump intake in
October 1988, forcing the farmer to switch to
well 27S/8E-10A3. Simulated water levels are not
accurate indicators of potential pumping difficulties
because they represent static (nonpumping) water
levels. Potential difficulties could be evaluated on a
well-by-well basis by using the specific capacity of a
given well to convert the static water level to a pumping
water level. The pumping water level could then be
compared with the depth of the pump intake and well
screen. Pumping problems are most likely to result
when pumping water levels reach the pump intake.
Simulated water levels were at depths below the top of
the casing perforations at many wells near the upper
ends of the valleys in all simulations of long dry
seasons. This occurred at wells as far downstream as
well 27S/9E-20G3 in the Santa Rosa Basin even for the
shortest simulated dry-season duration (calendar year
1988). In the San Simeon Basin, this occurred at wells
as far downstream as well 27S/8E-10M2. However, the
incremental water-level decline for each additional
month of dry season is a small fraction of the total
perforated interval of most wells.

Subsidence

Land subsidence and ground deformation
occurred in Cambria in the summer of 1976 and could
occur again if the minimum dry-season water level is
close to or less than the record low level reached that
year. A series of ground fractures developed on the
north side of Santa Rosa Creek in the commercial
district near Burton Avenue (fig. 2). The greatest
amount of movement, which probably occurred
between early August and mid-September 1976,
caused breaks in utility pipelines and cracks as much as
4 in. wide in structures and road surfaces. Cleveland
(1980) attributed the subsidence to a trend of increasing
water use and below-average recharge in the early
1970's combined with the short-term effects of the
drought of 1975-76. No subsidence has ever been
reported in the San Simeon Basin.

Other factors might have contributed to the
subsidence in 1976. Individual septic systems in

Cambria were replaced with a central sewer system in
late 1972, which decreased the quantity of local
ground-water recharge. Minor amounts of ground
settling were noticed in scattered locations each year
between 1972 and 1975 (Cleveland, 1980). Some of
this movement could have resulted from desaturation
of surficial deposits. However, some of the movement
also could have resulted from exceptionally low water
levels in 1972 (27S/8E-26CS in fig. 8).

Widespread subsidence in 1976 was more
clearly associated with record low water levels. The
effect of sewering on subsidence in 1976 might have
been largely indirect. By decreasing the quantity of
local recharge, sewering caused water levels to
decrease faster in response to pumping than they would
have otherwise.

Subsidence in alluvial ground-water basins
usually is caused by low water levels that decrease the -
buoyant effect of hydrostatic pressure in the ground-
water system. This increases the effective load of the
overburden and causes a slight but largely permanent
compaction in montmorillonitic clay strata (Lofgren,
1968). In August 1976, water levels in municipal well
27S/8E-26D1 and the now-abandoned well
27S/8E-26C3 reached record low levels of about 60
and 72 ft below land surface (14 and 20 ft below sea
level), respectively. The low water levels coincided
with the onset of ground deformation.

The potential for additional subsidence in
Cambria owing to ground-water pumping can be
estimated from studies of subsidence in other areas and
from the relation between water levels and pumpage.
Ground-water pumping in the San Joaquin and the
Santa Clara Valleys in California has caused as much as
29 ft of subsidence over periods of several decades
(Poland, 1969; Riley, 1969; and Bull and Poland,
1975). The amount of compaction of clay
strata—which is about one-half the total alluvial
thickness in these areas—was between 0.00001 and
0.00016 ft per foot of water-level decline per foot of
clay thickness. Ground surveys in Cambria were begun
too late to record the full amount of subsidence. As
much as 0.14 ft of subsidence was measured between
late September and December 1976. However,
subsidence potential can be estimated by applying the
compressibilities measured in other areas to the
140-foot-thick alluvial deposits in Cambria. Assuming
50 percent of the thickness is compressible clay, a 10-
foot decrease in the record low water level in Cambria
would cause between 0.007 and 0.110 ft of subsidence.
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Duration of stress is another factor in
subsidence. Compaction can take years to equilibrate
to a sudden increase in stress, and subsidence can
continue even after water levels rise above their record
low levels (Helm, 1978). Similarly, subsidence can
resume when water levels are at or slightly above their
record low levels if compaction had not fully
equilibrated to the amount of stress during the previous
period of low water levels. Thus, subsidence near well
27S/8E-26D1 could resume any time water levels are
near or below the record low levels of 1976. In 1988,
for example, the minimum water level in well 27S/8E
-26D1 at the end of the dry season was 12 ft below sea
level, which is only 2 ft higher than the minimum level
in August 1976. Subsidence could have occurred in
1988, although none was reported.

Minimum water levels during the dry season are
determined more by the cumulative quantity of dry-
season pumpage than by the duration of the dry season.
In 1976, the minimum water level in well 27S/8E-26D1
occurred in late August after a total of about 226 acre-
ft of pumpage since the beginning of May. In 1988, the
minimum water level did not occur until mid-
December, after a total of 238 acre-ft of pumpage since
the beginning of May. In both years, streamflow at the
gaging station at State Highway 1 ceased in May and a
rapid dry-season water-level decline began in June.
Although the relation between cumulative pumpage
and water-level decline seems similar for both years,
other factors could cause changes or variations in the
relation. For example, long-term changes could have
resulted from the subsidence in 1976 and from
decreases in water main leak rates. Subsidence causes
an irreversible decrease in the storage capacity of the
basin. As a result, less pumpage is needed to return
water levels to their previous low levels. The municipal
water system leaked about 20 percent less water in
1988 than in 1976 as a result of extensive pipe repairs
in late 1970's. Some of the water that leaks from pipes
returns to the ground-water basin and offsets pumping
withdrawals. Thus, although the gross dry-season
pumpages were similar in 1976 and 1978, net
pumpages might have been different. Under a permit
from the California State Water Resources Control
Board (Decision 1624, April 1989), the CCSD is
authorized to pump a maximum of 260 acre-ft of water
from the Santa Rosa Basin between May 1 and
October 31.

In the early 1970's (prior to the occurrence of
subsidence in Cambria), the dry-season safe yield of

the "downtown area" was assumed to equal 260 acre-ft,
apparently for no other reason than that this was the
quantity of dry-season pumpage in 1972 (Coastal
Valley Engineering, Inc., 1976). Water-level declines in
1988 indicate that 260 acre-ft of pumpage during the
dry season can bring water levels close to the threshold
at which subsidence will resume. Simulation results
indicate that under the pumping conditions that existed
in 1988, the minimum dry-season water level in
Cambria decreased by 1 to 2 ft for each additional
month of dry-season duration.

Single Winter with Incomplete Recharge

If streamflow is insufficient during winter,
ground-water recharge will be incomplete and water
levels will not return to the levels of the preceding
winter. As an extreme example, the hydrographs in
figure 27 show simulated water levels for 198889 that
resulted from omitting all streamflow and rainfall
recharge during the winter of 1989. In the Santa Rosa
Basin, water levels declined continuously during
winter at wells upstream of well 27S/9E-19M3 and
downstream of 27S/8E-27G1, but at wells in the
intervening reach, water levels recovered as much as 25
ft. The recovery was a result of small storage
coefficients, redistribution of water within the basin,
and sufficient inflow from bedrock to cause a
basinwide storage increase of 57 acre-ft. By the end of
the second dry season, all wells upstream of well
27S/9E-20G3 were dry, and water levels in wells
27S/9E-20G3 and 27S/8E-26C5 were low enough to
probably cause pumping difficulties.

Seawater intrusion did not occur during the
second simulated dry season in the Santa Rosa Basin,
but the rate of subsurface outflow to the ocean was only
about one-third the rate during the first dry season.
Subsidence probably occurred near wells 27S/8E
-26C5 and 26D1, where simulated water levels at the
end of the second dry season were 2 to 18 ft below the
record low levels in 1976.

In the San Simeon Basin, effects were more
severe. Water-level recovery was minimal during
winter, and basinwide storage did not increase even
though inflow from bedrock and recharge from the
CCSD wastewater sprayfield were the same as in the
calibration simulation. A water-level recovery of 1 to 2
ft in wells in the CCSD well field resulted from ground-
water movement from other parts of the basin. One
reason winter recovery was much less than in the Santa
Rosa Basin is that municipal pumping rates do not
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Figure 27. Simulated effects of a single winter without recharge on ground-water levels for 1988-89 for (A) the Santa Rosa and (B) the San
Simeaon ground-water basins, assuming normal pumping rates, and effects of selected decreases in agricultural pumping for the San
Simeon Basin for 1989, San Luis Obispo County, California.
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B. SAN SIMEON BASIN
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Figure 27. Simulated effects of a single winter without recharge on ground-water levels for 1988-89 for (A} the Santa Rosa and (B) the San
Simeon ground-water basins, assuming normal pumping rates, and effects of selected decreases in agricultural pumping for the San
Simeon Basin for 1989, San Luis Obispo County, California—Continued.
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decrease in winter as much as do agricultural pumping
rates. Water-level declines during the second dry
season were about the same as during the first dry
season. Water levels in the CCSD well field and
wastewater sprayfield declined to below sea level
during the second dry season, resulting in 48 acre-ft of
seawater intrusion. Static water levels were near or
below the pump intake at all wells upstream of well
27S/8E-10F2. By the end of the second dry season,
static water levels were below the tops of the perforated
intervals at all wells between wells 27S/8E-10F2 and
9K3. These wells might have pumped air or
experienced a decline in yield. Simulated conditions
during the second dry season were somewhat more
severe than those that would actually occur because
simulated pumpage was not decreased as wells went
dry. If pumpage had been discontinued at dry wells,
water-level declines in the middle and lower parts of
the valley would not have been as large, but crop losses
caused by lack of irrigation water in the upper part of
the valley probably would have been large.

Recharge of the ground-water basins will be
incomplete if stream discharge during winter is less
than the cumulative storage deficit of the preceding dry
season. Even if total stream discharge exceeded the
deficit, recharge could be incomplete if the daily
distribution of streamflow were such that some of it
flowed out to the ocean. Dry-season storage deficits
have been increasing in recent years because of
increases in dry-season pumpage. For the following
discussion on stream recharge, the deficit is assumed to
equal the deficit from April 1 through December 20,
1988. This deficit was 660 acre-ft in the Santa Rosa
Basin and 500 acre-ft in the San Simeon Basin.

These deficits equal the minimum quantity of
stream discharge needed for complete basin recharge
and are the threshold at which detrimental effects of
drought conditions will begin to appear. For quantities
of discharge less than this, the severity of the effects
increases until the extreme case of zero discharge is
reached. These minimum quantities of stream
discharge are small compared with the total annual
discharge in most years. For the Santa Rosa and the
San Simeon Basins, the quantities are only 12 and 5
percent of the long-term median discharge,
respectively.

The critical management issue associated with
dry winters is the probability of a winter in which
streamflow is insufficient to recharge the ground-water
basins completely. This occurred most recently during
the winter of 1977. The probability of a winter with
incomplete ground-water recharge was estimated from
the distribution of annual stream discharge and the
sequence of daily flows in each year. Using the relation
between annual discharge and annual rainfall in San
Luis Obispo (fig. 15), the probability of low flows was
estimated from the probability of periods of low
rainfall. The probability distribution of rainfall at San
Luis Obispo for 1870-1989 is shown on a log-normal
probability plot in figure 28. The linear pattern formed
by the data indicates that annual rainfall is
approximately log-normally distributed. The mean and
standard deviation are 21.74 and 8.5 in., respectively.
For comparison, a log-Pearson Type III distribution
also was fit to the data, and the maximum difference
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between the two distributions is about 0.2 in. of rainfall
for probabilities in the range 0.01 to 0.99. The log-
Pearson Type III distribution is widely used for low
flows (Tasker, 1987).

Table 10 shows the recurrence intervals of
selected low annual rainfall and stream discharge. The
recurrence intervals were calculated using the fitted
log-Pearson Type III distribution. Back-transformation
of the logarithms to inches of rainfall was done using
frequency factors, as explained by Haan (1977). A year
with less than the minimum amount of stream
discharge necessary to completely recharge the
ground-water basin is likely to occur once in 18 years
in the Santa Rosa Basin and once in 25 years in the San
Simeon Basin. A winter as dry 1976 or 1977, when
basin recharge did appear to be incomplete, is likely to
occur once in about 25 to 26 years.

The recurrence intervals and stream discharges
shown in the table are only approximate because large
uncertainties result from scatter in the data. The log-
Pearson Type III distribution does not fit the data
perfectly. The 95-percent confidence interval for
recurrence intervals between 5 and 500 years
corresponds to about +1 in. of rainfall. This in turn
corresponds to an uncertainty in annual stream
discharge of £560 acre-ft for Santa Rosa Creek and
+1,100 acre-ft for San Simeon Creek. In terms of
recurrence intervals, the 95-percent confidence interval
for a winter with incomplete recharge is about +18
years and about —9 years. The uncertainty in the stream
discharge is even greater if uncertainties inherent in the
regression equations are included. For example, the
uncertainties in the expected quantity of stream
discharge associated with a 20-year period of rainfall

Table 10. Recurrence intervals of low annual rainfall at San Luis Obispo and stream discharge at upstream gaging stations on Santa Rosa

and San Simeon Creeks, San Luis Obispo County, California

[In each row, the underlined item is measured or assumed, and the remaining items are calculated from the rainfall probability distribution (fig. 28) and the

rainfall-discharge regressions (fig. 15). na, not applicable]

Recurrence

Annual rainfalt Annual discharge at upstream

tem nterval " at San Luls gaging station (acre-feet)
(vears) Obispo Santa Rosa San Simeon
(inches) Creek Creek

Minimum amount likely to occur once in

100 YEAS ..vvevrirrerisieeiesessenrae s sressnenesnnees 100 8.20 0 0

50 YEArS c.ovevvcruiriiiniiiiiteiesicieanneeseetneeenenaees 50 9.15 0 0

20 YEATS ..ecvvvererereierereririeesessisieeeete et esererenerenees 20 10.80 580 1,040

TO YRS 1.t nanene 10 12.41 1,490 2,810

Zero discharge in......coooveceeevnivnneennenenieinnens

Santa Rosa Creek ..........oourvcvvreeerveenenenecesennns 32 9.78 0 0

San Simeon Creek.......covueeeverrvererersennererens 31 9.85 40 0
Minimum discharge for complete basin recharge in!

Santa Rosa basin ........c.ccceeveveceineinrinnieinne. 18 10.95 660 1,200

San Simeon basin.........ccevrernvereereiniienenens 25 10.31 300 500
Minimum recorded stream discharge

Santa Rosa (1977) ...cocveivevvnvieneienereneiviens 26 10.21 ' 240 na

San Simeon (1976) 25 10.29 na 480

! Assuming dry-season ground-water storage deficits equal to those in 1988.
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become £1,620 acre-ft for Santa Rosa Creek and 1,880
acre-ft for San Simeon Creek. These large
uncertainties result from variations in the data not
accounted for by the log-linear model. Nevertheless,
the data do not show systematic departures from the
assumed distribution and calculated regression lines.
For the purpose of water-supply planning, the relations
between stream discharge and recurrence interval
indicated in table 10 should be considered most likely
rather than worst case. Even allowing for uncertainty,
the recurrence interval of incomplete recharge is
clearly short enough to warrant consideration during
water-supply planning.

The recurrence interval for a year with zero
discharge is 32 years for Santa Rosa Creek and 31
years for San Simeon Creek (table 10). The linear
regressions indicate that discharge is zero in Santa
Rosa Creek when annual rainfall in San Luis Obispo is
less than 9.78 in. (9.85 in. for San Simeon Creek).
Since 1870, rainfall was less than these threshold
amounts in 1877, 1898, 1913, and 1924. These were
the 4 driest years on record, with rainfall ranging from
7.33 in. in 1898 t0 9.52 in. in 1913. For comparison,
1977 was the seventh driest year on record, with 11.53
in. of rainfall. The recurrence interval for the amount of
rainfall in 1977 is about 15 years. A longer recurrence
interval is indicated in table 10 because the linear
regressions predicted that a smaller amount of rainfall
would be associated with the measured stream
discharges in 1976 and 1977.

Tree-ring data indicate that climatic conditions
during the period of record for rainfall for 1870-1989
were similar to those during the preceding several
centuries. Growth rings of trees along the central coast
of California have been used to estimate rainfall since
about 1593 (Michaelson and others, 1987). These data
include individual years of more extreme climatic
conditions than have occurred during the period of
record for rainfall measurements in San Luis Obispo.
In the extended record, 1898 is only the third driest
year. Furthermore, climatic variability seems to be
about as great in recent years as it has been in general
throughout the last 400 years. The tree-ring data give
no indication that extremely dry years will be any less
likely to occur in the future.

Some of the variability in the relation between
annual rainfall and annual stream discharge results
from different temporal patterns of rainfall within each
year. A small number of large storms will generate
larger peak flows and greater total discharge than a

large number of small storms. Peak flows often exceed
the rate at which water can percolate through the

-creekbed and become ground-water recharge; thus,

even in a year when total stream discharge exceeds the
dry-season storage deficit, recharge can be incomplete
if much of the discharge is during brief periods of peak
flows. Test simulations indicated that daily mean flows
of as much as 35 ft¥/s in Santa Rosa Creek and 50 ft¥/s
in San Simeon Creek could be completely captured as
recharge on the first day of the flow season.

The maximum streamflow that can be
completely captured as ground-water recharge
decreases as the basin gradually fills during the winter.
The maximum streamflow (expressed as daily mean
flow) during a low-flow year is roughly proportional to
total annual discharge. Figure 29 shows the relation for
annual discharges of less than 5,000 acre-ft. The
relation indicates that in a year with the minimum
discharge needed for complete basin recharge (about
662 acre-ft for Santa Rosa Creek and 503 acre-ft for
San Simeon Creek), the maximum daily mean flow for
any day during the flow season is likely to be between
20 and 80 ft¥s. This means that even if total annual
discharge is low, it is possible that some of the stream
discharge will flow out to the ocean and not be captured
as recharge. In 1976, for example, annual discharge at
the upstream gaging station on Santa Rosa Creek was
323 acre-ft. Discharge at the downstream gaging station
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Figure 29. Relation of maximum daily mean flow and annual
discharge in Santa Rosa and San Simeon Creeks, San Luis Obispo
County, California.
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was about one-half that amount, although much of the
flow probably was reemerging base flow derived from
ground water in the basin rather than through flow of
water from the upstream gaging station. In 1977, there
was no flow at the downstream gaging station even
though discharge at the upstream gaging station was
only 25 percent less than in 1976. Because of the
variability in the daily sequence of streamflow, annual
stream discharge is a good but not perfect indicator of
ground-water recharge in dry years.

Successive Winters with Incomplete Recharge

Given that the consequences of even a single
winter with incomplete recharge can be fairly severe,
the consequences of two successive winters with
incomplete recharge could be devastating. The
likelihood of this occurrence would be an important
factor in designing water storage facilities. Annual
stream discharge was tested for serial correlation to
determine whether amounts in 1 year are related to
amounts in the following year. The 1-year serial
correlation coefficients of annual discharge at the
upstream gaging stations on Santa Rosa and San
Simeon Creeks are less than 0.07, which is not
significant according to the a test developed by
Anderson (1962). This indicates that the probability of
an exceptionally dry year can be assumed to be the
same each year and to be independent of streamflow
during the previous year.

The periods of record for streamflow in Santa
Rosa and San Simeon Creeks are both fairly short for
accurate estimation of serial correlation. However, the
120-year record of annual rainfall at San Luis Obispo
also does not indicate significant serial correlation.
Consequently, the probability of 2 successive years of
incomplete recharge is the product of their individual
probabilities, or about 0.0028 for Santa Rosa Creek and
0.0014 for San Simeon Creek. These probabilities
correspond to recurrence intervals of about 360 and
730 years, respectively. Similarly, the recurrence
intervals of 2 successive years of zero discharge are
about 1,370 and 1,225 years.

The 400-year tree-ring record analyzed by
Michaelson and others (1987) shows a small amount of
serial correlation, even after correcting for a large
correlation effect related to tree-growth processes.
They defined an extremely dry year as having a
probability of 0.1 and calculated that the probability of
2 extremely dry years in a row is 0.017. This

probability is 1.7 times greater than if there were no
serial correlation. If annual stream discharge exhibited
the same degree of serial correlation as extremely dry
years in the tree-ring record, the recurrence interval for
2 successive years with incomplete recharge would be
about 210 years for Santa Rosa Creek and about 430
years for San Simeon Creek.

The driest 2-year drought in the streamflow
record was in 1976-77. Average annual rainfall at San
Luis Obispo for those 2 years was 13.61 in., which was
the sixth driest 2-year period in rainfall record. The
driest 2-year period in rainfall record was in
1898-99, which had an average annual rainfall of 12.23
in. This average is greater than the amount of rainfall in
the 11 driest single years. Basin recharge would have
been complete in at least 1 year of every 2-year drought
since 1870. Similarly, 1987-90 was-the sixth driest 4-
year period since 1870, with an average rainfall of
16.16 in. In summary, recent multiple-year droughts
have not been particularly severe, and 2 or more
consecutive years of incomplete basin recharge are not
likely to occur more often than once in 100 years or
more.

Evaluation of Water-Resources Management
Alternatives

To help resolve concerns and questions
expressed by citizens and public agencies responsible
for managing local water resources, ground-water-flow
models were used to evaluate the effects of four water-
resources management alternatives. The first
simulation was of fully irrigated conditions, which
could occur as the combined result of management
decisions made by individual farmers. The final three
simulations explored alternatives that could be pursued
by CCSD to augment the municipal water supply under
normal or drought conditions.

Increased Agricultural Water Use

The quantity of water available for municipal use
could decrease if there were an increase in agricultural
water use. Increased agricultural pumping could result
from an increase in irrigated area, an increase in
cropping intensity, or a conversion to crops with greater
irrigation requirements. Hypothetical water-intensive
cropping patterns were developed for both basins by
modifying the actual cropping patterns of 1988-89.
Irrigated crops were substituted for nonirrigated ones
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and extended fallow periods were filled with additional
irrigated crops. Numerous fields throughout both
basins were affected by these changes. The number and
size of fields were not changed. Many of the irrigated
crops presently grown already have moderate or high
water requirements, and this crop mix was assumed to
continue. Short fallow periods were retained in the
hypothetical data set. Overall, the hypothetical
cropping pattern and its irrigation requirements
represent a high but plausible agricultural water
demand.

Agricultural pumping requirements for the
hypothetical cropping patterns were estimated using
the soil-moisture budget algorithm. These estimates
were greater than actual pumpage during 1988-89 by
310 acre-ft (35 percent) in the Santa Rosa Basin and by
120 acre-tt (26 percent) in the San Simeon Basin. The
hypothetical pumping rates were substituted into the
calibrated simulations for the 1988-89 period by
increasing the pumpage at existing wells serving the
fields where irrigation demand increases. Municipal
pumpage was not changed. In both basins, about 37
percent of the pumpage increase was offset by
irrigation-return flow. In the Santa Rosa Basin, almost
all the remainder was balanced by an increase in net -
seepage from the creek. In the San Simeon Basin, the
remainder was balanced by increased rainfall recharge,
increased net seepage from the creek, and decreased
underflow to the ocean. Net storage also increased
slightly because of additional irrigation-return flow in
the Van Gordon Creek area. Overall, increased
agricultural pumpage increased the cumulative dry-
season storage deficit and consequently decreased the
recurrence interval of a year with incomplete recharge
(from 18 to 16 years in the Santa Rosa Basin). No
seawater intrusion occurred and stream discharge was
sufficient to recharge the basins fully.

Increased agricultural pumping generally
increased dry-season water-level declines as shown in
figures 30 and 31. The amount varied locally,
depending on the amount of pumpage increase at each
irrigation well. In the Santa Rosa Basin, dry-season
water-level declines increased as much as 10 ft near
wells 27S/9E-19M3 and 27S/8E-26D1. The latter well
is a municipal well, and the increased water-level
decline was largely the result of irrigation at a nearby
33-acre field that was nonirrigated during 1988-89.
This well is in the area where subsidence occurred in
1976. In this simulation, the water level at the end of
the dry season (18 ft below sea level) was 4 ft lower

than the minimum water level in 1976. This low level
could result in a small amount of renewed subsidence.

In the San Simeon Basin, the increase in dry-
season water-level declines was less than 3 ft in all
areas along San Simeon Creek. Water levels were
higher by as much as 7 ft along Van Gordon Creek.

Additional Municipal Well in the Santa Rosa Basin

During 1988-89, ground-water pumping was
minimal downstream of well 27S/8E-26D1 in the lower
part of the Santa Rosa Basin. Although water levels
near the well declined to below sea level in 1988, water
levels between the well and the coast remained above
sea level. One possibility for increasing the municipal
water supply would be to install an additional
municipal well between well 27S/8E-26D1 and the
coast. The effects of this alternative were explored by

.adding a new well at the present location of well

27S/8E-27G1 (fig. 2). The well arbitrarily was assumed
to produce 100 acre-ft/yr, which represents a 12-
percent increase in total municipal pumpage. The
monthly distribution of this pumpage was assumed to
be the same as the monthly distribution of municipal
water use and ranged from 6.1 acre-ft in February to
11.0 acre-ft in July and August. All other model input
was the same as the input for the calibrated simulation
for 1988-89.

The simulated water budget indicated that 90
percent of the additional pumpage was supplied by
increased net seepage from Santa Rosa Creek. The
remainder was supplied equally by decreased
underflow to the ocean and decreased phreatophyte
transpiration. No seawater intrusion occurred. The
effects of the additional well on ground-water levels are
indicated by the hydrographs in figure 30. Water levels
upstream of the high school (well 27S/8E-23R2) were
unaffected. The minimum dry-season water level near
the new well was lower by 13 ft but was above sea level
between the well and the coast. The minimum dry-
season water level at municipal well 27S/8E-26D1 was
lower by 3 ft and was 1 ft below the historical minimum
water level. A small amount of renewed subsidence
could result from these low levels.

Redistribution of Treated Municipal Wastewater

If municipal wastewater were treated to higher
standards, it could be used for artificial ground-water
recharge in areas upgradient of the municipal wells.
This would increase the quantity of water available for
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Figure 30. Effects of increased agricultural pumpage and pumpage from an additional municipal well on water levels in the Santa Rosa
ground-water basin, San Luis Obispo County, California.
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Figure 31. Effects of increased agricultural pumpage and redistributed wastewater recharge on water levels in the San Simeon ground-
water basin, San Luis Obispo County, California.
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municipal use during the dry season. A project has been
proposed to pump ground water from the CCSD
wastewater sprayfield, treat it, and deliver it to
percolation ponds upstream of the CCSD well field
(Steven Swanback, Carollo Engineers, written
commun., September 1990). Possible locations for two
off-channel percolation ponds with a combined area of
0.80 acre are shown in figure 2. A total of 270 acre-ft of
ground water would be transferred at a uniform rate
over a 6-month period during the dry season.

The effects of this alternative were simulated by
including the proposed wells and percolation ponds in
the calibrated simulation for 1988-89 and by assuming
that water was transferred during the months of May
through October 1988. Pumpage from the sprayfield
was assumed to occur at wells 27S/8E-9N2 and 9P2.
The ponds were simulated as if they were recharge
wells injecting specified quantities of water into the
ground-water basins. The transfer operation caused a
decrease of 74 acre-ft/yr (23 percent) in ground-water
outflow to the ocean, which was largely offset by a
decrease of 70 acre-ft/yr (13 percent) in net seepage
from the creek. However, simulated water levels in the
western part of the sprayfield that declined slightly
below sea level during August resulted in a small
amount of seawater intrusion (2 acre-ft) during that
month. In a second simulation, pumpage in the
sprayfield was shifted slightly farther inland, near wells
27S/8E-9N4 and 9P3. Results were similar except that
seawater intrusion did not occur.

The effect of the transfer on water levels in the
San Simeon ground-water basin is shown in figure 31.
Dry-season water-level declines were smaller at all
wells upstream of the CCSD wastewater sprayfield.
The change in cumulative decline decreased from 12 ft
at well 27S/8E-10M2 (located between the two
percolation ponds) to about 1 ft at the upper end of the
valley (well 27S/8E-11C1). Percolation from the
ponds did not create a significant water-level mound
even in the first month of the dry season (May 1988).
The general water-level gradient was continuously
downvalley through the pond area in all months, and
there was no emergent seepage into the creek near the
ponds. The model grid is too coarse to determine
whether water-logged soils or a small water-table
mound might occur in the immediate vicinity of the
percolation ponds.

Overall, the transfer of 270 acre-ft of ground
water from the sprayfield area to the percolation ponds

significantly decreased the amount of dry-season
water-level decline upstream of the sprayfield without
exceeding the capacity of the aquifer to accept or
transmit the infiltrated water. A small amount of
seawater intrusion occurred when transfer wells were
assumed to be located near the western end of the
sprayfield.

Water Marketing

The effects of a dry winter on municipal water
supply during the following dry season could be
lessened if farmers agreed to decrease their pumpage
that year by use of a water-marketing agreement. Two
simulations representing different arbitrary amounts of
farmer participation were made for the San Simeon
Basin. The reference simulation was a 2-year
simulation of calendar years 1988 and 1989, assuming
no rainfall or streamflow recharge during the winter of
1989 and no change in water use from 1988 to 1989.
Water budgets and water levels for this simulation were
previously described in the section on droughts.

To simulate the first level of farmer participation,
agricultural pumpage was omitted for wells upstream
of the CCSD well field from February through
December 1989, and fields in that area were assumed to
lie fallow. Agricultural pumpage in the sprayfield was
assumed to be the same as in 1988. The total decrease
in agricultural pumpage during 1989 was 265 acre-ft.
Water levels resulting from this simulation are shown
in figure 27. The largest changes were near the wells
where pumping was omitted. Dry-season water-level
declines were smaller by as much as 12 ft near well
27S/8E-10A1 (fig. 27B). This effect decreases
downstream to a change of about 3 ft at the CCSD well
field (27S/8E-9J4). Water levels in the CCSD
wastewater sprayfield (27S/8E-9P3 and 16D1) were
higher by as much as 1 ft but were still below sea level
for several months during 1989. The decrease in
agricultural pumping resulted in a decrease of only 14
acre-ft (29 percent) in the amount of seawater
intrusion.

To simulate the second level of farmer
participation, agricultural pumping during 1989 also
was omitted for wells in the sprayfield area, where two
wells (27S/8E-9N4 and -9P2) commonly are used to
irrigate fields farther north along Van Gordon Creek.
The additional decrease in agricultural pumpage during
1989 was 206 acre-ft. The resulting water levels are
shown in figure 27. The additional decrease in
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pumpage had minimal effects upstream of the CCSD
wastewater sprayfield. In the sprayfield area, however,
it elevated summer water levels enough to keep them
above sea level and to prevent seawater intrusion.

These simulations show that transfer of water
from agricultural to municipal use by means of a water-
marketing agreement could allow normal municipal
pumping in the San Simeon Basin during an extremely
dry year without causing seawater intrusion. The
simulations also demonstrated that pumpage decreases
near the coast are more effective than pumpage
decreases farther inland for preventing seawater
intrusion.

SUMMARY

Thin, narrow ground-water basins underlie the
final 3 to 5 mi of Santa Rosa and San Simeon Creeks
before the creeks reach the Pacific Ocean. The creeks
are near the town of Cambria in San Luis Obispo
County. The basin fill consists of unconsolidated
alluvial and stream-terrace deposits. The bottoms and
sides of the basins are bounded by bedrock consisting
primarily of the Franciscan Complex and a Cretaceous
marine sandstone. Although some ground water is
stored in bedrock and transmitted through its fractures,
bedrock is much less porous and permeable than the
basin fill.

Basin-fill deposits are heterogeneous, with grain
sizes ranging from clay to gravel. Individual layers are
discontinuous, although continuity generally is greatest
in the direction parallel to the valley axis. A continuous
clay layer underlain by sand and gravel might exist in
the Santa Rosa Basin between Coast Union High
School and a point about 1 mi downstream.

Hydraulic characteristics of the basin fill were
measured or estimated by several methods and were
highly variable. Drawdown tests and streamflow-
response tests provided estimates of transmissivity
ranging from 718 to 44,200 ft%/d and estimates of
storage coefficient ranging from 0.0022 to 0.0400.
Calibration of ground-water-flow models yielded
estimates of hydraulic conductivity ranging from 1.6 to
400 ft/d and estimates of storage coefficient ranging
from 0.045 to 0.10. The calibrated storage coefficients
are more accurate for long-term storage responses
(days to years) than for short-term responses. Test
results and model results indicated that hydraulic
conductivity generally is greatest parallel to the valley
axis and that hydraulic conductivity is greater and more

uniform in the San Simeon Basin than in the Santa
Rosa Basin. Zones of extremely low hydraulic
conductivity in the Santa Rosa Basin were used to
simulate areas where subsurface flow obstructions
block the normal downvalley flow of ground water and
force it to emerge as surface flow in the creek. The
obstructions probably are caused by buried bedrock
ridges that decrease the cross-sectional area of the
basin.

Ground-water levels in most parts of the basins
follow a seasonal pattern of gradual decline during the
summer dry season followed by rapid recovery when
the creeks start flowing in winter. In most years, the
basins are fully recharged within a few weeks
following the onset of streamflow, and additional
recharge is rejected. In exceptionally dry years, stream
discharge is too small to recharge the basins fully. The
most significant long-term trend in water levels has
been a gradual increase in the amount of dry-season
water-level decline in the San Simeon Basin. This
change is the result of increases in municipal and
agricultural pumpage during the dry season. Large
water-level declines during longer-than-average dry
seasons have caused pumping difficulties in wells at the
upper ends of the basins and probably were the
principal cause of subsidence near Burton Avenue in
the Santa Rosa Basin.

Water-quality samples collected for this study
indicated that water in San Simeon Creek is of higher
quality than water in Santa Rosa and Perry Creeks.
Hardness and concentrations of sodium, chloride,
dissolved solids were lowest in San Simeon Creek.
Connate seawater released from marine sediments
decreases the quality of water in Perry Creek. The
effect is smaller but measurable in Santa Rosa Creek
downstream of the confluence with Perry Creek.

Similar water-quality patterns exist in ground
water. Data from samples collected for this study were
combined with historical data to identify five subareas
of uniform water quality: the Perry Creek area and the
upper and lower parts of the Santa Rosa and the San
Simeon Basins. Again, concentrations of most ions
were lowest in the upper San Simeon Basin. Salinity is
higher in the lower basins than in the upper basins.
Salinity levels were highest (1,240 to 1,520 mg/L of
dissolved solids) in deep observation wells installed
near the coast for this study. Salinity in the lower basins
is almost certainly derived primarily from the ocean
rather than from an onshore source. However, overdraft
probably is not the cause of the saline water in the
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observation wells. In the San Simeon Basin, the saline
water seems to be associated with a stable saltwater
wedge that forms naturally at the base of the basin near
the coast. In the Santa Rosa Basin, the observation well
is too far inland and its water level is too high for the
brackish water to reasonably be attributed to a natural
saltwater wedge or to ground-water overdraft. The
cause of the high salinity in that well is not precisely
known, but probably is related to historical changes in
sea level. Brief occurrences of seawater intrusion
previously have been measured in the Santa Rosa and
the Pico Basins. In the latter case, the intrusion almost
certainly was caused by ground-water overdraft.

Salinity, hardness, and high concentrations of
iron and manganese limit the use of ground water in
parts of the basins. The concentration of dissolved
solids in the aforementioned observation wells
exceeded the maximum concentration recommended
for drinking water. Concentrations of iron and
manganese exceed the drinking-water standards.
Available data indicate no gradual, long-term changes
in ground-water quality. )

Major components of the hydrologic system
were investigated to develop accurate ground-water
budgets. Budget items were estimated by analysis of
new and existing field data. In some cases, estimates
were revised during the calibration of digital
ground-water-flow models developed for each basin.
The three-dimensional, finite-element models each
contained several hundred nodes and elements. The
models were calibrated to match measured water levels
and streamflow for April 1988 through March 1989.
The models accounted for anisotropy in aquifer
characteristics and mass balance between streamflow
and ground-water flow.

Average annual rainfall increases from about 20
in. at the coast to about 26 in. at the inland ends of the
ground-water basins and more than 40 in. at the
headwaters of the creek drainage areas. Rainfall in
1988 and 1989 was about 71 and 62 percent of the
long-term average, respectively.

Streamflow at the upper ends of the ground-
water basins has been measured since 1959 on Santa
Rosa Creek and since 1971 on San Simeon Creek. Both
of these periods of record are wetter than average, as
indicated by cumulative departures of annual rainfall in
San Luis Obispo during 1870-1989. Annual discharge
in Santa Rosa and San Simeon Creeks was related to
annual rainfall in San Luis Obispo using ordinary
least-squares regression. These relations were used to

estimate long-term mean and median discharge in the
two creeks. Mean annual discharge in Santa Rosa and
San Simeon Creeks is 6,800 and 13,100 acre-ft,
respectively. Median annual discharges are 5,700 and
10,900 acre-ft, respectively. Two years of discharge
data for Perry Creek indicated that daily mean flow is
on average only 18 percent as large as flow in Santa
Rosa Creek. Although Santa Rosa and San Simeon
Creeks usually dry up in summer, base flow is more
persistent in Santa Rosa Creek.

Santa Rosa and San Simeon Creeks gain and lose
water as they flow across the ground-water basins. In
winter, seepage from the creeks provides the largest
source of ground-water recharge. Net seepage loss
rates of 20 to 40 ft3/s between the upstream and
downstream gaging stations are common during the
first few weeks of streamflow. As ground-water levels
rise, these rates decrease and eventually approach zero.
In summer, ground water emerges into Santa Rosa
Creek near well 27S/9E-19H2 and creates surface flow
of several cubic feet per second along about a 2-mile
reach of the creek. Both creeks gain a small quantity of
water near the coast. The best estimates of annual net
ground-water recharge from the creeks were obtained
from the ground-water-flow models. These estimates
indicated that net recharge during 1988-89 was about
470 and 540 acre-ft in the Santa Rosa and the San
Simeon Basins, respectively.

Areal recharge was estimated using a soil-
moisture budget algorithm that balanced daily rainfall,
irrigation, runoff, evaporation, transpiration, deep
percolation, and storage change in the soil zone. The
algorithm was applied to 119 zones of uniform
vegetation overlying the ground-water basins. Local
reference evapotranspiration was estimated by
comparing short-term field measurements with longer
term records from other coastal stations. Both Penman
and eddy-correlation methods were used. Annual
reference evapotranspiration in Cambria averages
about 38 in. and was several inches above average in
1988. Local temperature data confirmed that coastal
fog results in lower evapotranspiration rates at the coast
than at locations a few miles inland. Root depths and
monthly crop coefficients were estimated for each crop
and vegetation type. Areal recharge to the ground-
water basins was assumed to occur whenever the
cumulative amount of soil moisture exceeded the field
capacity of the root zone. Areal recharge from rainfall
and irrigation-return flow for April 1988 through
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March 1989 totaled 460 acre-ft in the Santa Rosa Basin
and 220 acre-ft in the San Simeon Basin.

Transpiration by phreatophytes is strongly
affected by ground-water levels, and estimates of
transpiration rates were obtained from the ground-
water models. Transpiration by phreatophytes during
1988-89 was about 160 and 30 acre-ft in the Santa
Rosa and the San Simeon Basins, respectively.

Agricultural pumpage and irrigation efficiency
were estimated by comparing crop water demand
estimated by the soil-moisture budget algorithm with
measured electricity consumption by irrigation wells.
Electricity consumption was converted to pumpage
estimates by means of well efficiency tests. Calculated
irrigation efficiencies ranged from 53 to 80 percent,
with a median value of 66 percent. Agricultural
pumpage from April 1988 through March 1989 was
890 acre-ft in the Santa Rosa Basin and 450 acre-ft in
the San Simeon Basin.

Municipal pumpage has increased dramatically
in recent decades, from 130 acre-ft in 1956 to 820 acre-
ft in 1988. Curve separation of monthly municipal
water use indicates that about 83 percent of the annual
total is used indoors. Net unaccounted-for losses from
water and sewer pipes during 1988 were less than 10 -
percent.

The quantity of subsurface inflow entering the
ground-water basins from adjacent bedrock areas was
initially estimated using soil-moisture budgets. These
estimates were highly uncertain, however, and were
later revised during calibration of the ground-water
models. The revised estimates were 370 and 150 acre-
ft/yr for the Santa Rosa and the San Simeon Basins,
respectively. These rates probably do not fluctuate
much seasonally or annually.

Subsurface outflow from the ground-water
basins to the ocean was difficult to estimate because
ground water also can reach the ocean by seeping into
the lower reaches of the creeks. Calibration of the
ground-water models indicated that the proportion of
total outflow that occurs as subsurface outflow is larger
in the San Simeon Basin than in the Santa Rosa Basin.
Subsurface outflow during 1988-89 was about 60 and
320 acre-ft/yr in the Santa Rosa and the San Simeon
Basins, respectively.

Net ground-water storage changes from year to
year are negligible in all but extremely dry years
because the creeks usually replenish the water
withdrawn during the dry season.

The accuracy of the calibrated models is good,
although the data used for calibration were limited to
relatively dry climatic conditions and to locations near
the center of the valleys. The principal limitations of
the model are its inability to simulate flow in the
vertical direction, its omission of effects related to the
saltwater wedge near the coast, and its inability to
simulate pumping water levels in wells.

The models were used to simulate the effects of
pumpage, drought, and several water-resources
management alternatives. The effects of pumpage were
investigated in a series of simulations in which all
pumpage or either agricultural or municipal pumpage
were eliminated. Agricultural pumpage increases dry-
season water-level declines everywhere except in the
Van Gordon Creek area. In the San Simeon Basin, the
effect decreases uniformly downstream from a
maximum of about 10 ft. The effect is more variable
(from less than 2 to 25 ft) in the Santa Rosa Basin
because agricultural pumpage interacts with baseflow
in the creek.

Municipal pumpage affects water levels
throughout the San Simeon Basin, with effects ranging
from 1 ft at the upper end of the valley to 7 ft at the
CCSD well field. Municipal pumpage does not affect
water levels in the upper one-half of the Santa Rosa
Basin but contributes up to 33 ft of dry-season water-
level decline near well 27S/8E-26D1. Even with no
pumpage at all, large dry-season water-level declines
occur at the upper ends of the valleys because ground
water naturally drains from those areas to downvalley
areas. In years with long dry seasons (such as 1988),
these natural dry-season water-level declines are about
75 percent as large as declines that occur with
pumping.

Three types of drought were investigated: along
dry season, a winter with incomplete basin recharge,
and two successive winters with incomplete recharge.
Statistical analysis of streamflow records indicated that
the average duration of the dry season is about 146 days
in the Santa Rosa Basin and 164 days in the San
Simeon Basin. However, the streamflow record is short
and spans a relatively wet period. Longer estimates of
dry-season duration result if streamflow data are
adjusted according to long-term rainfall patterns.
Simulations of progressively longer dry seasons (up to
266 days for Santa Rosa Creek and 296 days for San
Simeon Creek) indicated that with present (1988)
agricultural and municipal pumping rates, dry-season
water-level declines increase as much as 5 ft and
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dry-season storage deficits increase as much as

96 acre-ft for every additional month of dry season.
These rates decrease slightly as the duration of the dry
season increases. The effects on water levels are
greatest near the upper ends of the basins and can cause
some wells to go dry, as happened in 1988. Incremental
water-level declines are not large near the coast, and
seawater intrusion did not occur in any of the
simulations. However, water levels decline almost to
the threshold at which some subsidence could occur in
the Santa Rosa Basin even during dry seasons with a
recurrence interval of only 5 years.

If insufficient streamflow occurs during winter,
ground-water basins will not be fully recharged. The
minimum amount of stream discharge required to
completely recharge the basins equals the storage
deficit accumulated during the preceding dry season. In
1988, this deficit was about 660 and 500 acre-ft in the
Santa Rosa and the San Simeon Basins, respectively.
The likelihood that stream discharge would be less than
these amounts was estimated from the probability
distribution of annual rainfall and the regression
equations relating annual stream discharge to annual
rainfall. This procedure indicated that the recurrence
interval of a year with incomplete recharge is about 18
years in the Santa Rosa Basin and 25 years in the San
Simeon Basin. The recurrence interval of a winter with
no streamflow at all is about 32 years for both basins.
There is considerable uncertainty in these estimates,
but the recurrence intervals are short enough to warrant
consideration during water-supply planning.

The ground-water models were used to
investigate the effects of a winter without streamflow or
rainfall recharge. In the simulations, numerous wells in
both basins went dry by the end of the subsequent dry
season; subsidence occurred in the Santa Rosa Basin,
and seawater intrusion occurred in the San Simeon
Basin. These simulations probably overestimate the
water-level declines because pumping was maintained
at 1988 rates and was not decreased as wells went dry.

The probability of the third type of
drought—two successive winters of incomplete
recharge—was estimated from rainfall and tree-ring
data. Records of rainfall (120 years) and tree growth
rings (about 400 years) showed little or no serial
correlation from year to year. Two successive years of
incomplete recharge are therefore likely to occur only
once in 360 years or more. Even allowing for a small
amount of serial correlation, the recurrence interval
probably is greater than 100 years.

The first water-resources management
alternative explored with the ground-water models was
the possibility of increased agricultural pumpage.
Cropping patterns representing reasonable but fully
irrigated conditions were devised. The corresponding
increases in agricultural pumpage was 310 and 120
acre-ft (35 and 26 percent) in the Santa Rosa and the
San Simeon Basins, respectively. The effect of the
increase on pumpage was to increase simulated dry-
season water-level declines by less than 3 ft in the San
Simeon Basin and by as much as 10 ft in the Santa Rosa
Basin. In the simulation, no wells went dry, but a small
amount of subsidence could have occurred in the Santa
Rosa Basin. The larger dry-season storage deficits in
this simulation would increase the likelihood of
incomplete recharge in winter.

The second alternative considered was the
addition of a new municipal well near well 27S/8E
-27G1. A well pumping 100 acre-ft/yr was added to the
calibration simulation for this location. Pumpage from
an additional well pumping 100 acre-ft/yr would
increase the municipal water supply by 12 percent. The
resulting minimum dry-season water level in that area
was lower by about 13 ft. This level is very close to the
level at which subsidence could resume. Simulated
water levels between the new well and the coast
remained above sea level, and there was no seawater
intrusion.

The third simulated alternative was a
redistribution of treated municipal wastewater in the
San Simeon Basin. In this simulation, 270 acre-ft of
ground water was pumped during the dry season from
wells in the CCSD wastewater sprayfield. After
treatment, the water was recharged to the ground-water
basin by means of two percolation ponds located
upstream of the CCSD well field. Results indicated that
dry-season water-level declines upstream of the well
field were smaller by as much as 12 ft. A small amount
of seawater intrusion occurred when the extraction
wells were assumed to be located toward the western
end of the sprayfield, but none occurred when their
locations were farther inland. There was no evidence of
water-table mounding or emerging streamflow near the
percolation ponds.

The final alternative was a hypothetical water-
marketing agreement that would decrease agricultural
water use in order to maintain municipal water use in
the event of a winter with no recharge from streamflow
or rainfall. The effects of omitting agricultural
pumpage upstream and downstream of the CCSD well
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field were evaluated separately. Seawater intrusion
decreased by only 29 percent when pumpage was
omitted upstream of the well field. In contrast, seawater
intrusion was completely eliminated when pumpage
also was omitted downstream of the well field, even
though the incremental pumpage change was smaller.

REFERENCES CITED

Anderson, R.L., 1962, Distribution of the serial correlation
coefficient: Annals of Mathematical Statistics, v. 13, p.
1-13.

Bear, J., and Dagan, G., 1964, Some exact solutions of
interface problems by means of the hydrograph
method: Journal of Geophysical Research, v. 69, no. 2,
p. 1563-1572.

Bianchi, W.C., and Hanna, W.C., 1988, Artificial recharge
and conjunctive use management, north central coastal
basins of California: Paper presented at the American
Society of Civil Engineers symposium on Artificial
Recharge of Groundwater, Anaheim, California, August
21-28, 1988, 10 p.

Blaney, H.F,, Nixon, PR., Lawless, G.P., and Widman, E.J.,
1963, Utilization of the waters of the Santa Ynez River
Basin for agriculture in southern Santa Barbara County,
California: U.S. Department of Agriculture,
Agricultural Research Service, 53 p.

Bohn, H.L., McNeal, B.L., and O'Connor, G.A., 1979, Soil
chemistry: New York, John Wiley, 329 p.

Bull, W.B., and Poland, J.FE, 1975, Land subsidence due to
ground-water withdrawal in the Los Banos-Kettleman
City area, California, Part 3. Inter-relations of water-
level change in aquifer system thickness and
subsidence: U.S. Geological Survey Professional Paper
437-G, 62 p.

California Department of Water Resources, 1975, Vegetative
water use in California, 1974: California Department of
Water Resources Bulletin 133-3, 104 p.

1983, Urban water use in California: California

Department of Water Resources Bulletin 166-3, 239 p.

1988, CIMIS--The California Irrigation Manage-
ment System and related programs: California Depart-
ment of Water Resources, 3 p.

Cambria Community Services District, 1990, Annual water
quatlity report for 1989: Cambria Community Services
District, 3 p.

Cleath, T.S., 1986, Ground-water availability, Pico Creek
ground water basin: Report to San Simeon Acres
Community Services District, March, 24 p.

Cleveland, G.B., 1980, Drought and ground deformation,
Cambria, San Luis Obispo County, California:
California Geology, v. 32, no. 2, p. 29-35.

Coastal Valley Engineering, Inc., 1976, Engineering report
on proposed water system improvements and master
plan: San Luis Obispo, California, Coastal Valley
Engineering Inc., 150 p.

Cooper, H.H., and Rorabaugh, M.1., 1963, Ground-water
movements and bank storage due to flood stages in
surface streams in Ground-water hydraulics: U.S.
Geological Survey Water-Supply Paper 1536-J, p. 343-
366.

Doorenbos, J., and Pruitt, W.O., 1977, Guidelines for
predicting crop water requirements: Rome, United
Nations Food and Agriculture Organization, 144 p.

Duell, L.EW., Jr., 1990, Estimates of evapotranspiration in
alkaline scrub and meadow communities of Owens
Valley, California, using the Bowen-ratio, eddy-
correlation, and Penman-combination methods: U.S.
Geological Survey Water-Supply Paper 2370-E, 39 p.

Dunne, Thomas, and Leopold, L.B., 1978, Water in
environmental planning: San Francisco, W.H. Freeman,
818 p.

Durbin, T.J., and Bond, L.D., 1998, FEMFLOW?3D: A finite-
element program for the simulation of three-
dimensional aquifers. Version 1.0: U.S. Geological
Survey Open-File Report 97-810, 338 p.

Envicom Corporation, 1981, Draft environmental impact
report, Fiscalini Ranch development plan, Appendix J:
Calabasas Park, California, Envicom Corporation, 57 p.

Freeze, R.A., and Cherry, J.A., 1979, Groundwater:
Englewood Cliffs, New Jersey, Prentice-Hall, 604 p.

Glover, K.C., 1988, A finite-element model for simulating
hydraulic interchange of surface and ground water: U.S.
Geological Survey Water-Resources Investigations
Report 86-4319, 90 p.

Haan, C.T., 1977, Statistical methods in hydrology: Ames,
Towa, Iowa State University Press, 378 p.

Hall, C.A., Emnst, W.G., Prior, S.W., and Wiese, J.W., 1979
[1980], Geologic map of the San Luis Obispo-San
Simeon region, California: U.S. Geological Survey
Miscellaneous Investigations Series Map I-1097, 3
sheets, scale 1:48,000.

Hall, F.R., and Moench, A.F,, 1972, Application of the
convolution equation to stream-aquifer relations: Water
Resources Research, v. 3, no. 2, p. 487-493.

Helm, D.C., 1978, Field verification of a one-dimensional
mathematical model for transient compaction and
expression of a confined aquifer system: American
Society of Civil Engineers, Specialty Conference on
Verification of Mathematical and Physical Models in
Hydraulic Engineering, August 9-11, Proceedings, p.
189-196.

102 Hydrogeology, Water Quality, Water Budgets, Simulated Responses to Hydrologic Changes in Santa Rosa, San Simeon Creek Ground-Water Basins



Hem, ].D., 1985, Study and interpretation of the chemical
characteristics of natural water: U.S. Geological Survey
Water-Supply Paper 2254, 264 p.

Hibbert, A.R., Davis, E.A., and Knipe, O.D., 1982, Water
yield changes resulting from treatment of Arizona
chaparral, in Dynamics and management of
Mediterranean type ecosystems symposium: General
Technical Report PSW-58, Berkeley, California, U.S
Department of Agriculture, Forest Service, Pacific
Southwest Forest and Range Experiment Station, p.
382-389.

Howell, D.G., Vedder, J.G., and MacDougall, K., eds., 1977,
Cretaceous geology of the California Coast Ranges
west of the San Andreas Fault: Pacific Coast
Paleogeography Field Guide No. 2, Society of
Economic Paleontologists and Mineralogists, Los
Angeles, 109 p.

Hsii, K.J., 1969, Preliminary report and geologic guide to
Francisco melanges of the Morro Bay-San Simeon area,
California: California Division of Mines and Geology,
Special Publication 35, 46 p.

Loeltz, O.J., and Leake, S.A., 1983, A method for estimating
ground-water return flow to the lower Colorado River in
the Yumna area, Arizona and California: U.S. Geological
Survey Water-Resources Investigations Report 83-
4220, 94 p.

Lofgren, B.E., 1968, Analysis of stresses causing land
subsidence in Chapter B, Geological Survey research
1968: U.S. Geological Survey Professional Paper 600-
B, p. 219-225.

Lohman, S.W., 1972, Ground-water hydraulics: U.S.
Geological Survey Professional Paper 708, 70 p.

Looney, S.W., and Gulledge, T.R., 1985, Use of the
correlation coefficient with normal probability plots:
The American Statistician, v. 39, p. 75-79.

McClelland Engineers, Inc., 1986, Draft environmental
impact statement for Santa Rosa Creek water rights
project: Ventura, California, McClelland Engineers,
Report to Cambria Community Services District, 55 p.

McDonald, M.G., and Harbaugh, A.W., 1988, A modular
three-dimensional finite-difference ground-water flow
model: U.S. Geological Survey Techniques of Water-
Resources Investigations, book 6, chap. A1, 576 p.

Meisler, Harold, Leahy, P.P., and Knobel, L.L., 1985, Effect
of eustatic sea-level changes on saltwater-freshwater
relations in the northern Atlantic coastal plain: U.S.
Geological Survey Water-Supply Paper 2255, 28 p.

Michaelson, Joel, Halston, Laura, and Davis, EW., 1987,
400 years of central California precipitation variability
reconstructed from tree-rings: Water Resources
Bulletin, v. 23, no. 5, p. 809-818.

Miller, P.C., Poole, D K., and Miller, PM., 1983, The
influence of annual precipitation, topography, and
vegetative cover on soil moisture and summer drought
in southern California: Oecologia, v. 56, p. 385-391.

Pacific Gas and Electric Company, 1988, Diablo Canyon
long-term seismic program: Final report submitted to
U.S. Nuclear Regulatory Commission, 661 p.

Poland, J.E,, 1969, Land subsidence and aquifer system
compaction, Santa Clara Valley, California, USA, in
Tison, L.J., ed., Land subsidence: International
Association for Scientific Hydrology Publication 88, v.
2, p. 285-292.

Pruitt, W.O., Fereres, E., Kuita, K., and Snyder, R.L., 1987,
Reference evapotranspiration (ET,) for California:
University of California, Division of Agriculture and
Natural Resources Bulletin 1922, 11 p.

Riley, F.S., 1969, Analysis of borehole extensometer data
from central California, in Tison, L.J., ed., Land
subsidence: International Association for Scientific
Hydrology Publication 88, v. 2, p. 424-430.

Tasker, G.D., 1987, A comparison of methods for estimating
low flow characteristics of streams: Water Resources
Bulletin, v. 23, no. 6, p. 1077-1083.

U.S. Soil Conservation Service, 1967 (rev. 1970), Irrigation
water requirements; U.S. Soil Conservation Service,
Engineering Division, Technical Release 21, 88 p.

1984, Soil Survey of San Luis Obispo County, Cali-

fornia: U.S. Soil Conservation Service, 265 p.

References Cited 103
#U.S. GOVERNMENT PRINTING OFFICE: 1998-685-556/99149



	f
	Appendix f
	usGs Report 98-4061
	2025 Appendix F CS.pdf
	F
	Appendix F
	usGs Report 98-4061


