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CONVERSION FACTORS, VERTICAL DATUM, WATER-QUALIW INFORMATION, AND 
WELL-NUMBERING SYSTEM 

CONVERSION FACTORS 

cubic meter (m3) 
cubic meter per year (m3/y) 

gram (gl 
kilometer (krn) 

liter (L) 
meter (m) 

milligram (mg) 
milligram per liter (mglL) 

millimeter (mm) 
square kilometer (h2) 

square meter (m2) 
square Per Ye= (mi@) 

acrefwt 
acre-foot per year 
ounce, avoirdupois 
mile 
gallon 
foot 
ounce, avoirdupois 
ounce per gallon 
inch 
acre 
square fwr 
square fwt per year 

Temperature is given in degrees Celsius ("C), which can be converted to degrees Fahrenheit by the following 
equation: 

VERTICAL DATUM 

Sea level: In this report, "sea level" refers to the National Cedetic Verlical Datum of 1929 (NGVID of 1929) -a  
geodetic datum derived from a general adjustment of the first-order level netrs of both the United Statas and Cmada, 
formerly called Sea Level Datum of 1929. 

WATER-QUALW INFORMATION 

Chemical concentdon is given in miUigrams per liter (mgL) or micrograms per liter (m). Miltigrams per liter 
is a unit expressing the solute pea unit volume (liter) of water. Qne thousand microgmms per liter is  equivalent to 1 
milligram per liter. For concentrations Iess than 7,000 mgL, the numerical value is the same as for concentrations in 
pans per million. 

Cmvmrskn kctor$, V d c a l  Dakrm, Water-Quality Information, md Well Numbsring Sptem V 



WELLNUMBERING SYSTEM 

Wells are identified and numbered according to theix I d o n  in the redangular system for the subdivision of public 
lands. The ident%cariw consists of the tomhip  number, north or south; the range number, east or wesc and he  section 
number. Each section is h tk r  divided into sixteen 40-am tracts lettered cwsecnrively {except I and 01, beginning with 
"An in the northeast comer of the section and progressing in a sinusoidal rnannw to "a" in the southeast comer. Within 
the 44%- tract, wells are sequentidly numbered in the order they are inventmid The f d  letter refem to the base, line 
and mddian. I n  California, there are thee base lines and meridians; Humbldt (El), Mount Diablo 0, and San Ber- 
nardino (S). MI wells in th study area are referenced to the Mount Diablo base line and meridian m). Well numbers 
consist of 15 characten and follow the format a)4SOQlW19RQOZM. In this rep& well numbers are abbreviated and 
written 4S/l W-19M. Wells in the same township and range me r e f d  to only by heir section designation, 29R2. The 
following diagrm shows how the number foa well 4SllW-19R2 is derived 



GEOHYDROLOGIC FRAMEWORK, HISTORICAL 

DEVELOPMENT OF THE GROUND-WATER SYSTEM, 

AND GENERAL HYDROLOGIC AND WATER-QUALITY 

CONDITIONS IN 1990, SOUTH SAN FRANCISCO BAY 

AND PENINSULA AREA, CALIFORNIA 

By John b. Fio and David A. heighton 

Existing data ape used for a regional as- 
sessment of geohydrologic and water-qualit y 
conditions in the south San Francisco Bay and 
Peninsula area. Semiconsolidated and uncon- 
solidated sediments form productive aquifers 
dong the coast of the Pacific Ocean and in the 
Iwge interior valley and plains associated with 
south San Francisco Bay. These sediments are 
a heterogeneous mixture of fme- and coarse- 
grained alluvium; therefore, distinct aquifers 
and aquifer boundaries are difficult to delineate 
in much of the study ma. 

Coarsc-grained sediment associatd with 
old stream channels foms the primary aquifers 
in the study area, Reported trmsmissivity d- 
cu1ate.d from pumping tests indicates that the 
depth-averaged fraction of coarse-grained sedi- 

- ment determined from well-driller reports ex- 
plains 24 percent of the variability in reported 
aquifer transmissivity. The capacity of sedi- 
ments to store ground water also is rclatcd to 
the mixture of fine- and coarse-grained s d -  
ment, and most of the pore-space available for 
storage is in Santa Clara and Alameda Coun- 
ties. 

Historical pumping of p u n d  water result- 
ed in ovenhaft conditions, and maximum over- 
drafts prior to 1965 were accompanied by sub- 
sidence of the land surface and saltwater con- 
tamination. Tage quantities of imported surface 
water delivered after 1965 have restored water 

levels in many parts of the study area. Reported 
well pumpage for water supply represents a 
minimum estimate of total withdrawals, and 
most of the 179,500,000 cubic meters with- 
drawn in 1990 was pumped in Santa Clara and 
AIameda Counties. The concentrations and 
character of dissoIved constituents in ground 
water in 1990 refla the regional geohyhlogy 
and historical overdraft conditions. 

The south San Francisco Bay area includes 
communities that surround south kan Francisco Bay 
and that are adjacent to the Pacific Ocean along the 
Peninsula (fig, I). This area is part of the larger San 
Francisco Bay region, the largest urban and indus- 
trial center in northern California The popuIation of 
the area is growing and presently exceeds 3 million 
people. Water nsedsd to support this Iarge popla- 
tion is supplied by a combination of surface and 
ground water. The State of California a d  city of 
san Francisco supplement the water supply for this 
area by importing substantial quantities of surface 
water from distant drainage 0asins. The capacity of 
these surface-water supplies to meet future demand 
is limited and can vary annually as a result of clC 
rnatic conditions. Furthermore, deliveries of import- 
ed surface water are susceptible to short-term inter- 
ruptions by natural disasters, such as fires and 
earthquakes. An assessmnd of the gtnud-water 
system in the south San Francisco Bay area is need- 
ed to provide managers and other planners campre- 
hensive information for making decisions and plans 



Area of Enlargement \ *  "\ 0 

Contact between stmiconsolidated and c o n s o l i i  bedrock 
aswrnMag%s *hured side) md unconwlidnrcd alluvium 

Figure 1. South San Francisco Bay and Peninsula area and study-am boundary, California. 



to augment water supplies during emergency situa- 
horn, meet hcfeased demands associated with 
fbtm gmwth, and improve the &ocation of avail- 
abIe water resources in he region 

This report describes the WIS of an inves- 
tigation of geohydm10gic and water-quality condi- 
tions in the south Sm Ftatlci~o Bay and Peninsula 
m a .  Although there have been previous investiga- 
tions in the area a d  data-mlle&on activities con- 
tinue at various locations, the c h i  for the region 
have not been compiled, evaluated, or analyzed sys 
tematicalty for more than 25 years. Furthermore, 
importation of substantial quantities of d a c e  water 
to the region since 1965 has drastidy altered hy- 
drologic conditions. For these m n s ,  the U.S, 
Geological Survey, in cooperation with the Bay 
Area Water Users Association (BAW-UA), conduct- 
ed an assessment of the regional ground-water 
system. 

Purpose and Saopa 

This report provides geohydrologic and water- 
quality idomtion for historical and m n t  condi- 
tions (1990) in th south Sm Francisco Bay and 

. Peninsula area. The report was written on the basis 
of an evaluation of' data from published r e p s ,  
maps, digital datih~ses, and other paper records 
maintained hy lacaf, State, and Fecteml qymcies. 
The data were compiled into a geographic informa- 
tion system (GIs) database, and the database was 
used to amss the historical development of the 
grmd-water system frem 1915 to 1990. k g  
this period, the m a  underwent a transition from a 
p r i m d y  aghiculhual: economy to the largest urban 
and industrid center in northem California Edua-  
tion of the changes in hydrologic md waterqudiq 
conditions during the past 75 years provides useful 

- insight into grwnd-water system response to poten- 
tial future changes in the management of water re- 
SOUrGeG. 

Study Area 

'Xhe study area encompasses most of San Ma- 
ceo County, p& of northern Santa Clara County, 
and the wauthwestm part of AIameda County (fig. 
1). The study area includes coastal areas t a t  consist 
of marine terraces and small alluvial valleys adja 
cent to the Pacific Ocean, and a large interim valley 
that drains into San Fmcisco Bay. The inland val- 
ley is flanked by the Didlo h g e  to the and 
Santa Cruz Mountahs to the west. Most water pw- 

veyors within the study area p h a s e  surface water 
f m  the city of San Fmcisco, which imports water 
by way of the Hetch-Hetchy Aqueduct from drain- 
age basins more than 200 km to the east. 'Ihe c d -  
tion of water purveyors that purchase water f m  
the city of San Francisco form the Bay Area Water 
Users Association, which is the cmpemtw for this 
may. 

Water is used h~ the study a m i  for various 
municipal, agricultural, i ndus~d ,  and domestic 
purposes. Before 1965, gromd water supplied the 
water needs in most of the area Imported surface 
water to supplement water supplies wns f d  deliv- 
ered to the area by the city of San Fmcisco in 
1940, whereas Ehe State of Caliornia did not start 
significant deliveries of imported surface water until 
196.5. Since 196.5, inmm~ine wpplies of imported 
surface water have supplied most water requipe- 
m n t s  h the south bay area. 

Data-cdlection and management activities 
within the mdy area range from sophisticateil pro- 
grams using numerical models, recharge facilities, 
and monitoring mtworks that hilitate the conjmc- 
tive use of fllrEace- and ground-water supplies in 
parts of the area, to minimal information on the 
density and distribution of wells, pmpage, and 
water quality in other parts. For example, N d a  
md Santa C h  Valley water districts have VQ- 
grms that supplement natural recharge with rem- 
porary and pemment facilities to store and spread 
imported surface wafer for permlation into the 
pmd-water system. In contrast, conjunctive-use 
tffarts in ather park of the study meid aa minimal 
to nonexistent, and ground-water magemat  is 
from a relatively locd perspective. 

Previous Investigations 

Previous studies have been done to assess the 
quantity and quality of ground water in the south 
San Francisco Bay and Peninsula area, a d  several 
are cited in this report. The purpose of this section 
is to provide genera1 idomt ion  on selected studies 
that describe conditions before and after the deliv- 
ery of substantial quantities of imported surface 
w a  to the region in 1965. 

The earliest published account of regional 
ground-water conditions is provided by the U.S. 
Geological Sumy for a study in Sanh Clara Coun- 
ty and parts of San M a m  and Alzmda Counties in 
the early 1900's (Clark, 1924). The ~ p r t  provides 



geohydrologic and land-use information on condi- coordiite system; thus, data layers can be combin- 
tions as early as 1915. Included in the report are a ed or intersected for spatid analyses of the data. 
compilation of geohydmbgic data from nearly Leighton and others (1994) provide a detailed de- 
3,000 wells and e m  annual recharge, pump  scription of the &h Iayen used in this study. 
age, and consumptive-use data for the perid 
1912-20, Datacornpilation efforts forused on a m s  with- 

in the boundaries of the study area, but some data 

The next study of similar regional extent was 
done in the 1960's by the California Department of 
Water Resources (1967). This study mhnpiled r~m- 
sive quantities of geohydrologic and waterquality 
data for the area bounded in the north by the cities 
of San Mate0 and Hayward and in the south by the 
Coyote Narrows. The results provide information on 
hydrologic conditions before the State of W i E o d a  
deeliverd imported surface water. Subsequent stud- 
ies done in Nameda and SanQ Clara Counties doc- 
ument the early vspnse of the ground-water sys- 
tem to increased surface-water supplies (California 
Department of Water Resources, 1967, 1973, md 
1975). 

Since the early 1970's, the frequency of 
ground-water studies generally has increased be- 
cause of greater reliance on ground water during the 
drought conditions of 1977-78 and 1987-92 and a 
general increase in pubtic concern o w  issues rela- 
ted @Q ground-water quantity and quality. These 
studies have focused on issues of relatively i d  
concern. Examples of such recent geohydrologic 
and ground-wak modeling investigations are stud- 
ies h northern San Matm County (Applied Consul- 
tants, 19911, in Santa Clara County {CHZM Hill, 
1992), and in AIameda County (Montgomery, 
1991). The results of these and otf~er I d  studies 
provide information on geohydroIogic conditions 
within subareas of the study area during the late 
1980's and early f 990's. 

METHODS 

Descdption of Database 

Geohydrologic, waterquality, water-use, and 
I d - u s e  data were obtained from numerous local, 
State, and Federal: agencies. The form of the data 
ranged fro111 published repts  ad r~mys lo mo~ds 
maintained in paper and digital files. A geographic 
information systcm (GIs) database was used to 
compile and organize the data into different thema- 
tic coverages. Each of these coverages, or data lay- 
ers, contain f m m s  based on t h e m  such as wells, 
political boundaries, transportation networks. and 
land use. The features are referenced to a common 

were compiled for areas orrtskk the study area to 
ensure a smmth distribution of data across the 
study area boundaries. More than 25,000 wells or 
boreholes were iden tifled for which m e  or more of 
the following types of data are available: lithology, 
water level, or water quality. For the purpose of this 
study, wells and boreholes will be referred to col- 
lectively as wells for the remainder of this report. 
These wells are ikntifred and numbered accodmg 
to their Iocation in the rectangular system for the 
subdivision of public lands. The approximate loca- 
tions of the wells, based on well-jdentification num- 
ber, are plotted in figuse 2. Field validation of these 
locations was beyond the of this st*, atld 
many well records were considered incomplete in 
thci; ptestnt form because the wel~<onstiction 
i n f o d o n  necessary for proper interpretation of 
the data was lacking, Therefore, a subset of this 
data set was developed for compilation in the GIs 
database by the selection of wells with adequate 
information on we1 depth, top and bottom of well 
perforations, use of the well, armd location @eighton 
a d  others, 1W). 

The GIS database contains data on 1,014 wells 
with information on (1) location and well. construc- 
tion (1,014 sites), (2) subsurface lithology (762 
sites), (3) groudwater levels (293 sites), and (4) 
ground-water quality (394 sites). The wtlIs wre 
located with msonable accuracy on U.S. Geologi- 
cal Survey 7.5-mkute topographic quadrangles prior 
to their compilation into the database and include 
observation wells that are not u d  to produce wa- 
ter, domestic wells used to supply water for private 
consumption, a d  large production wells that supply 
waker for municipal, inbustrhl, institutional, and ir- 
rigation water uses. The sites are plotted in figure 3 
and show that the density of data p in t s  is different 
from that shown on figure 2, but the general cover- 
age of data locations is similar. 

It is eokworthy that, because resources were 
limited, this subset of wells does not represent dl of 
the sites in the study area for which there are useful 
geohydmIogic and waterquality data. Additional 
work would be necessary if greater data density was 
neecfed for smaller, subregional analyses or to im- 
prove data coverage in areas that are currently I d -  
ing information, Because most of the data me site 
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?%7ZEmZ Coatact betwem -led and msolidated bedrock 
assanblages (khured side) and unconsolidated allwium 

Locatian of d l  and M o l e  data in the datdmc uscd far this study 

Flgure 3. Location 04 well and borehole data in the database, south San Francisco Bay a d  Peninsula area, 
California. 

Sedirnent deposits that consist mostly of gravel and sand, sand, gravelly sand, clayey or silty gravel, 
sand were assumed to k betirely c a m e  grain4 gravel, and sandy grave1; fine-grained sediment was 
(I 0CLpxent coarse grain&). Similarly, sediment defined as unconsolidated m ~ d ,  clay, silt, silty clay, 
deposits that consist of mostly silt and day were as- peat, clayey silt, sandy or gravelly clay, sandy silt, 
sumed to be entirely fine grained (0-percent c o w  or top soil (table 1). Fur the purposes of this study, 
grained). Hence, coarse-grained sediment was defm- mk, stone, shde, fractured shale, hard or cemented 
ed in this study as unconsolidated clayey or silty clay, tight, hard, or cemented sand, sandstone, and 



Table 1. List of common lithologic descriptions in 
well-driller repork, comsponding fraction of coarse- 
grained sediment, and estimated specific yield, south 
San Francisco Bav and Peninsula area. California 

Fraction of 
General description in "-- Specific 

welldriller rem Wwd yield 
sediment 
Cperceflt) 

Rock, stone, shale, fractured 
shale .................... 0 0.00 

Hard or cemented cIay, 
hardpan .................. 0 -0 1 

Mud, clay, silt, silty day, 
pear, clayey silt ............. 0 -05 

Sandy or gravelly cIay, sandy 
silt, top soil ............... 0 -05 

Tight. hard. or cemented sand, 
sandstone, tight, had, or 
cemented gravel ............ 0 -10 

Clayey or silty sand, clay y 
or silty gravel .............. 1 0 0  .05 

Sand, gravelly sand ........... 100 .20 

Gravel, sandy p v e I  .......... 100 .20 

tight, had, or cernentsd gravel are considered h e  
grained. The cambioation of coarse- and fine- 
grained sediments form the aquifer matrix in the 
study area 

The total volume of pore space between the 
sediment grains is one factor that influences the 
aquifer's stmge -pacity. Storage cnpncity, ns 
defined in this study, is the quantity of water that 
mdd potentidly be xe1md from the aquifer under 
gravity drainage. Thus, the storage capacity of the 
aquifer was estimated h m  valrres of the s p d i ~  
yield iderred from lithologic data. h~ this rqmt, 
the values of specific yieId represent a compilation 
of values used in prexious studies that related litho- 
1oMc data fom well-driller repofts to the specific 
yield of sediment deposits (Davis and others, 9959; 
California Department of Water Resources, 1975). 

The distribution of sediment texture and stor- 
age capacity was mapped by contouring the depth- 
averaged fraction of coarse-gmhed sediment and 
specific yield with the use of the Surface m map 
ping package (Sampson, 1988). W ~ . ~ ~  reports 

for 762 welIs (Kg. 4) were discretimi in 0.3-rn in- 
tervals, and the depth-averaged fraction of coarse- 
grained sediment and s~ecific yield was cdcukted 
for several depth intervals. A similar approach was 
used by h d o n  and Belib (1991) to construct 
maps of sediment texture for areas of the western 
Sm J q u i n  Vdky in California, and additional 
details of the mapping methd are given 'by Laudon 
md Belitz (1991). The storage =pacity was estima- 
ted by integrat~ng the two-dimensiond surface of 
depth-averaged specific yield over the depth interval 
of unconsolidated s d i e n t .  

Calculating Hydraulic Heads 

Hydraulic heads at 293 wells (fig, 5) were 
calculated from water-Ievel data as the difference 
h e e n  land-surface altitude and depth to water. 
Water-level data compiled for his smdy were ohen 
reported as both depth to water and calculated head, 
but in sorm ri~umstances were reported only as 
depth to water. Where the altitude of the measuring 
paint was nor available, a digital model was d ]to 
estimate the altitude of land surface to cal- 
hydmlic hcad at sites wheze data were reparted as 
only depth to water &eighton and others, 1994). 
Water levels generally were measured semi- 
mually, but some agencies have collected water 
levels m a quarterly, monzhIy, as even weekly h- 
sis. For the purpose of this study, the water levels 
were averaged on an annual his. Time-series plots 
were made m show changes in average annual hy- 
draulic head during 1936-92, and contour maps of 
the hydraulic-head surface in 1965 and 1990 were 
p e p a d  manualIy fm two depth intervals to infer 
changes in hydrautic-bead gradients. The hydradic- 
head surfam for the shallow zone less than 45 rn 
below land surface was approximated in areas 
where data were lacking using the few data points 
available and a map of the shallow water table 
(Webster, 1973). This was done because the water 
table in a Imge part of the inland vdIey is qmkd- 
ly insensitive to pumpkg fmm deeper zones. The 
assumption that hydraulic heads in the shallow aq- 
uifer zone are the same as the altitude of the water 
table is questionabIe, and conlours in areas of un- 
certainty are intended only to show estimated chan- 
ges fmm hitoric condieiocltls detemkd from limit 
ed data. Application of the maps in these areas for 
determining obsolutc h y d d i c  heads d hydraulic- 
head gradients is not warranted. The hydraulic-head 
surface for the deep zone (greater t h  45 rn below 
land surface) was not motorrd in areas with inade- 
quate data coverage. 



Contact between serniconsolidated and consolidated bedmk 
assemblages (hachured side) and unmmIidated alluvium 

_Y_ Study-mcs hlndary 

Rgum 4. Location of wells and boreholes used to con Jruct texture maps, south San Fraridsco Bay and Peninsula 
area, Cat~fornfa. 

Water Quality culate the normative salt assemblage, or salt norm, 
of a water sample f m  the reported concentration 

Water quality in the study area was assessed of major cations (sodium, calcium, d magnesium) 
with repmd results from analyses of water s m -  a d  anions (chloride, carbonate, and sulfate) in the 
ples from 394 wells (fig. 6). The computer program water samples. The At norm represents an estimate 
SNOW (Bodine rind Jones, 1986) was used to cal- of the equilibrium salt assemblage expemed when a 



Contact between bemimmlidated an8 conmlidated bedrock 
assemb1age.s (hachured s~de) and umnsotidated alluvium 

Well locatlon 

Figure 5. Location of wells used to alculate hydraulic heads, south San Francisco Bay and Peninsula area, 
CaRfornia. 

water sample is evaporated to dryness under land- the distribution and concentration of these m t i t u -  
sufiace conditions (Bodine and J m s ,  1986) and ents. For example, the spatial distrri bution of dissol- 
can be used to classify different types of water. ved solids in ground water was assessed by con- 

structing a map showing areas where reporkd well- 
The database also contains information for water samples have dissolved-soIids concentrations 

other constituents of c o n m  and was used to assess consistently greater than 500 mg/L and consistentTy 



~ ~ T Z Z  Conw between semicongolidated and wnsplidated bedrock 
assemblages (hachured sldel and unconsoltdated allunum 

c-~-- Study-ma boundary 

Figure 6. Location of wells for which waterqualiay data are available, south San Francisco Bay and Peninsula 
area, California. 

greater than 1,000 rngtL. This map was constructed tion possible. Second, these average cancentrations 
in two steps. Fust, the average reported concenb were u d  to modify similar boundary intervals pre- 
tion of dissolved solids from 1980-90 was calcula- viously reported by Webster (1972) in order to o b  
ted for each well. This 10-year interval was selected tain a map for the en& study area; in areas where, 
in order to obtain an acceptable number and distri- data were lacking, the bondarieq of Webter (1972) 
bution of dam pints for the most recent represents- were not altered. 

10 G d l y h k i g l c  Fra- Derelapmenl af Ground-Weter System, Hyllraraglnlwaier-OuaIrty Candltlans 





0 5 I D  WILES 

EXPLANATION d i I ~ M L ~ F T F A S  

( , Marine deposib of HoIocene Age--Mdified from Wcntwmth (1993) 

Alluvium of Hefstoceme aad Holocene A g t - M d k d  from We.ntworth (1993) 

Alluvfum and Pklstofene Age-ModitW from Wtt#worth (1993) 

F72ZTZZ Codaci &ween ~mim~sdidated and co~lidattd W w k  
assmMages (hachum! side) and unconsolidated alluvium 

Figure 7. Surfiiial geology in the south San Francisco Bay and Peninsula area, California. 
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Contact between semiconsolidated and conw1idate.d k h k  
awmbhges (haehured side) and unwmfidated alluvium - Study-- boundary 

Figure 8. Thickness of alluvium in the south San Francisco Bay and Peninsula area, Caliornia. 



maps of land-surface altitude and elevation of the 
bedrock surface. The bedrock surface consists of 
local highs and lows mostly due to nonuniform tec- 
tonic subsidence &tween the San Andreas F d t  in 
the west and related Hayward Fault in the east (Cal- 
ifornia Department of Water Rtsources, 1967). This 
differential movement is manifested by deep valleys 
filled with more than 400 m of sedimentary depos- 
its in the northwestern, northeastern, and southern 
areas that surround south San Francisco Bay. 

Description of Physiographic Subareas 

For this study, physiographic subareas were 
identified to focus analysis in parts of the study 
area. The subareas defined are of substantid size 
and were selected on the basis of relatively large 
scale trends; thus, these subareas do not necessarily 
conform to discrete hydrologic units or ground- 
water basins. For example, it is possible for ks 

charge in one subarea to discharge from pumping 
wells in a downslop subma. The boundaries of 
the subareas are shown in figure 9 and we defined 
as follows: (a) the Exposed Bedrock subarea com- 
prises surficid exposures of the oldest consolidated 
rwk  formations; (b) the Uplands subarea comprises 
suficial exposures of continental sediments deposit- 
ed during the late-Hiocene and arly-P1eistome 
ages; (c) the East and West Side Alluvial Apron 
subarm comprise surficial exposures of continental. 
sediment dep&ed during the Pleistocene and Hol- 
ocene ages; (d) the Niles Cone subarea comprises 
part of the East Side Alluvial Apron s u h e a  demar- 
cated by the boundaries of the Niles Cone; (el the 
Coastal subarea comprises the semiconsolidated and 
~~nconsolidated sediment in exterior areas adjacent 
to the Pacific Ocean; (f) the Merced subarea corn- 
prim a 3- to 5-h-wide valley between the Santa 
Cnxz and San Bruno Mountains, underlain by pre- 
dominantly marine sedimnw deposited during the 
Pliocene and Pleistocene age and extends northward 
beyond the boundaries of the study area; (g) the 
San J o s  Plain subarea comprises distal parts of al- 
luvial fans deposited by Coyote Creek Guaddupe 
River, and Los Gates Creek; and (h)  the Bay PIain 
s u b  comprises the tidal flats, marshlands, and 
bay-fill arew adjacent to San Francisco Bay. 

Exposed Bedrock 

This study defines bedrock as semiconsolidated 
and consolidated rock assemblages older than Rlo- 
cene age. In the study area, this definition includes 

sedimentary and volcanic rocks of Tertiary age, and 
the sandstone, shale, and greenstone of the Francis- 
can assemblage (Jurassic and Cretaceous age). 
These rocks form the kdrock subarea where they 
are e x p o d  at land surface and are the underlying 
bmei11eil t w i ~ ~ p l e x  for younger alluviuiu. Wdla it1 

this subarea typically withdraw water fiom h c -  
turn. These weI1s have variable yields and Mrnari- 
ly are used as private sources of water; thus, this 
sukea is not very significant to regional wmr re- 
sources. The database contains 168 wells in the Ex- 
posed Bedrock subarea, md these wells have corn 
pletion depths that range from 5 to 180 m below 
land s11dam. Recharge tn the more: expansive alltl- 
vid aquifers downslope of this subarea, by way of 
subsurface flow, m y  be significant but presently is 
not well understood. It should be noted that rela- 
tively small alluvial valleys are present within the 
Exposed Bedrock subarea, but these valleys are not 
delineated in this report because of the regional 
scope of the physiographic subareas. 

Uplands 

The Uplands subarea consists of three areas 
having surficid deposiu of unconsolicb~ed and 
semiconsolidated dluviurn of Pliocene and Reisto- 
cene age. The Up1and subateas are demarcated by 
the boundaries of lthe Exposed Bedrock subarea and 
younger dluvium of H e i s k c a t  and Holclctnt age. 
The northwestern part of the Uplands subarea con- 
sists of marim deposits of the Merced Formation of 
BIiocene and PJeistocene age, and the southwestern 
and southeastern parts consist of continental depos- 
its of the Santa Clara Formation of Pliocene and 
Heistocene age; in the northeastern part of the study 
area, continental sediments of Pleistocene age have 
been r e f d  to as the Alameda Formation. The.% 
sediments lie unconformably on bedrock and are 
overlain by younger alluvium in downslope areas. 

The total number of wells in the Upkands sub- 
area is relatively small (only eight wells are identifl- 
ed in the database having completion depths that 
range from 18 to 244 rn M o w  land surface). AI- 
though the potentid for ground-water production in 
the Uplands is limited, these formations me produc- 
tive aquifers when tapped by deep wells at lower al- 
titudes in d o w n s l q  vdIey areas. Furthermore, the 
Uplands in the waqtern part of the study area can be 
i rnpomt as a source area for recharge to deeper 
aquifers in downslope valley areas. In the southeast, 
the combination of eastward dip of formations for- 
ming the Uplands (10 to 30") and low permeability 
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Contau b w e e n  dconsdidated and wtlgoliited bedrock 
-blwes (hachured side} and unarmsc1IMd rlllivium 

s ~ h  boundary 

Figure 9. Boundaries of regional physiographic subareas in the south San Francisco Bay and Peninsula area, 
California. 

DIES asswiatsd with the Hayward Fault rereportdy East and WE& Side Allwial Aprons 
prevent significant westward movement of ground 
water to downslope valley areas (California Depart- Streams draining the Exposed Bedrock and 
ma of Water Resources, 1967). Upland s u b  have formed numerous alluvial 



fans on the eastern and western slopes of the study 
ma.  The database contains 381 wells in the East 
and West Side Alluvial Apron subweas, and the 
wells have completed depths that range from 8 to 
389 m below land surface. The areal extent and rel- 
alive significance of the alluvial aprons to ground- 
water production varies, but this subma is vety 
important for ground-water recharge. h southern 
Almeda and northern Smta CXa Counties, the 
streams, rivers, and adjacent f l d  p l a h ~  are used 
as sprecldmg grounds for artficial recharge by im- 
ported surface water. The sediments associated with 
the East and West Side Alluvial Apron submas 
form multiple aquifer systems, nnd because sedi- 
ments at the lower margins of alluvial aprons are 
typically fme grained, the exchange of ground water 
between aquifers of adjacent aprons is presumably 
small (California T ) e p m t  nf Water Resot~rces~ 
1967). 

The N'es Cone is  an important aquifer system 
of the East Side Alluvial A p n  subama and con- 
sists of two ground-water basins effectively sepatrr- 
ted by the H a y w d  Fadt. Alluvium east of the 
fault generally is coarse grained, and grwnd water 
east of the fault reportedly dots not move westward 
across the fault in significant quantities to recharge 
rlownslope aquifers. West of the fault, the alluvium 
is unlike most other sedimentary deposits within the 
study area in that the coarse- and fine-grained d e  
posits form distinct and d l y  extensive aquifers 
md confining bods. 

The database contains 97 wells in the Niles 
Cone subarea that have completed depths that range 
from 20 to 198 m Mow land w~rface.. ~ u v i u m  
west of the Haywad Fault and beneath the Niles 
Cone are separated generally into the fo!lowhg four 
p u p s :  the Newark aquifer (approximately 20 to 40 
rn below land surface), Centervilb aquifer (approxi- 
mately 55 to 68 rn below Iand surface), Fremont 
aquifer (approximately 90 to 120 rn below land sur- 
face), and deeper aquifers (greater than I20 m 'be- 
low land d a c e ) .  These aquifers consist of unsort- 
ed deposits of sand and gravel sqmated by thick 
layers of clay. Ground-water contoun for sballow 
depth intervals generally show water movement to- 
ward the northwestern and southwestern hndaries 
of the Niles Cone, but because the permeability of 
sediments is typically low at the l o w  margins of 
dluvid fans, the quantity of watm exchanged pre- 

sumably is s d  (California hpamnent of Water 
Resources, 1%7). In contrast, the deeper aquifers 
penetrate older alluvium of late Pliocene to early 
Pleistocene age and seem to have greater lateral 
continuity. The area\ extent of these aquifers may 
extend beyond the Niles Cone subarea T~E quantity 
of water moving between these areas, and the gene- 
rid nature of the deeper aquifers in the Niles Cone 
subarea, is not weU understood. 

Coastal 

Thc Coastal subarea kludts the exterim ruras 
in San M m  County adjacent to the Pacific Ocean. 
This subma iq chacteri.& by valleys ad marine 
tenaces filled with a combination of rnarine and 
nonmaaine sedhmts. The data& contains 73 
wells in the Coaszal subarea that have completed 
depths that range from 14 t~ 146 m Mow land sur- 
face. The aquifers generally are small in areal ex- 
tat,  and the most significant aquifer is in a 1- to 
Zkm-wide strip adjacent te Half Moon Bay. This 
aquifer provides a source of water to the local com- 
munity. Smaller valley areas also exist near Pacifi- 
ca, h i n t  San W m ,  and San IGrego~+o, but the 
number of wells and quantity of water p~mped is 
relatively small. 

In the northern part of the study area, there is a 
3- to 5-h-wide valley between the Santa Cnlz and 
San Bruno Mountains. This valley was 011ce ances- 
td arm of the Pacific Ocean that existed before the 
p e n t  Golden Gate and consists of a continuous 
body of permeable marine an8 nonmarine SHE- 
men&. The bomdaries of the Merced: suhea were 
determined by surf"cia1 exposures of the Qlma Fm- 
mation of Pleistocene age, which is underfain by the 
Me& Formation of PLiocene and Pleistocene age. 
The M e m d  Formation f m s  aquifers that are a 
significant water supply to the cities of San Francis- 
co, South S m  Francisco (not shown in fig. 91, Ddy 
City, and San Bruno; 63 wells rrre in the database 
for the Merced subma and indicate completed 
depths that range from 16 to 210 m below land sur- 
face. The aquifer extends northward from the study 
area into San Francisco and westward beneath the 
Pacfic b a n  at least as far as the San h d m s  
Fault (not shown ln fig. 9); the eastward extent of 
the aquifer beneath south San Fmcisco Bay is un- 
m a i n .  
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The grmd-wa- system in the Meroed s u b  
area is generalized as an upper unconfined aquifer 
within the Colma Formation and d e e p  semicon- 
hed or confined aquifer withim the underlying 
Merced Formation. The C o I a  Fennation consists 
of finegrahed sand and silty sand with occasional 
thii beds sf clay, w h e a s  the Merced E m t i o n  
consists of nearly 2 h of predominantly shallow 
marine and eqtuarine dewits with thin interbedded 
muds and peats. n i ck  fme-grained layers (3 to 18 
m) typically occur every 90 to 180 rn (Cfim and 
Hmnter, 1987). When continuous, these fine-grained 
layers can confine ground water in mwe permeable 
underlying sediment, and when tilted, these f m  
gained layers can impede horizontal movement of 
g m n d  water. The FvIerced Formtion dips to the 
northst,  with bedding planes that decrease from 
more than 40° in the strata between Sm Bruno and 
Daly City to 18 or 15" in strata exposed north of 
the study area (&nilla, 1971). 

San Jose Plain 

The boundaries of the San Jose Hain subtea 
wm defmed by thc California Department of Water 
Resources (1967) and generaIly coincide with the 
boundary of arZesian head reported by Clark (6924) 
and the boundaq of 0.3-m subsidence reported by 
Poland and Ireland (1988). This area consists of 
Quaternary alluvium deposited at distal parts of the 
fms formed by Coyote Creek, Gmdalupe River, 
and b s  Gatos Creek. The Quaternary deposits are 
in turn underlain by the older Santa Clara Forma- 
tion of Pliocene and Pleistocene age, which rests 
unc~nf~mIably on bedrock of Jurassic and Greta- 
oeous age. 

The respflse of hydraulic heads to annual 
pumping cycles in the San Jose Plain subarea varies 
Mth depth, and analyses of water levels collecd in 
1963 by the California Department of Water R e  
sources (1%7) identified indepenht hyrlfufic- 
head responses within the 0- to 50-m, 523- to 1 10-m, 
I 10- to 170-m, a d  greater than 17Qm depth inter- 
vds, Heads were found to decrease with depth, But 
horizotlltal I1ydrau1ic-hcd gmdients generally wcre 
W a r  at all depths (California Department of Wa- 
ter Resources, 1967). Hence, updope recharge that 
enters the coarse-grained deposits moves preferen- 
thlnlly in the horizontal direction to pumping centers 
in the San Jose Plain because of the low permeabil- 
ity of the f inegrand confining beds, Wells that 
penetrate the coarse-grained deposits usually are 

productive and have provided a significant supply 
of water to northern Santa Clara County for the past 
century. The database contains la0 wells in the San 
Jose Pain subarea; the we1 1s have completed depths 
that range from 14 to 302 rn bebelow land d a c e .  

Bay Plain 

The Bay Plain subarea is delineated by the 
most recent marhe sediments deposited by San 
Francisco Bay and includes clay and silty-clay ma- 
terials ranging in thickness from as much as 37 m 
beneath the bay to Iess than 0.3 m at the margins of 
the bay (Atwater and others, 1977). Because these 
deposits are relatively fine g d  and continuous, 
ground water beneath the bay and in the Bay Plain 
subarea typcally is confined. Lithologic data are 
available for areas adjacent and beneath south San 
Francisco Bay (fig. 41, but hydmlic-head and 
waterquality & for amas h e a t h  the bay were 
not avai!able for this study (figs. 5 md 6). There- 
fore, the Bay Plain subarea was idemtifled as the 
tidelands, marshlands, and bay-fill areas that sur- 
round south San Fmcism Bay, and hydrologic and 
waterquality conditions beneath  the bay are nnt 
specifically considered in this study. The database 
contains 9 1 wells with completed depths that range 
from 6 to 216 an below land surface in the Bay 
Hain suhre& 

Distribution of Coarse-Cj;rainedl Sediment 

Ground-water flow is affwted by the distri- 
bution of c a w s  and f m e - w e d  sediment. The 
distribution of coarse- and fine-grained sediment in 
the study area has been affected by variable upl'i 
and subsidence caused by tect~nic fixes, changes 
in sea level due to geriodic glacial episodes, and 
climatic changes that altered patterns of stream dis- 
charge! and deposition (Ifelley md Lajsie, 1979). 
Maps showing the dep~h-averaged fraction of 
coarse-grained sediment in Ithe O- to 15-m, f 5- to 
35-114 35- to mrn, and p a t e a  than 6o.m depth 
intervals are shown in figures 10A-D, The most 
d y  extensive dep i t s  of camegrained sedi- 
ment are found in the interior alluvial vaIley. 

Coarse-grained sediment generally is associated 
with stream channels that drained into the Pacific 
b a n  and south than Francisco Bay, and the depth- 
averaged fraction of coarse-grained sediment gener- 
ally increases with distance inland From the bay. h 



EXPLANATION 

ZZiZzVZ C m  bet-  atad ad and cmpliimd l+wk 
- b ~ a g ~ s  side) and unconsor~datcd allunum 

Figure 10. Fraction of coarse-grained sediment in selected depth intervals, south San Francisco Bay and 
Peninsula area, California A, O to 15 meters. 8, I 5  to 35 mtm. C, 35 ta 60 meters. D, greater than 601 mers.  
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the 0- to 15-m depth in- upslope areas have 
s u b t i a l  deposits d mam-grained d i m t  and 
form sites of ground-water recharge for deeper q i -  
fers. In the dawnsIopc areas of the htedor vdky, 
substantial deposits of fine-grained sediment form 
what peral ly  is referred to as the overlaying 
"clay-cap.'@ The depth-avtaged fraction of coarse- 
grained sediment in the interior vaIIey increases h 
the 15- to 35-m depth interval (fig. 10B) forming a 
major shallow aquifer system. The shallow aquifers 
are underlain by substantial deposits of fine-grained 
sediment in the 35- to 60-m depth internal (fig. 
100 forming a major confining bed for aquifers 
below the 60-rn depth (fig. loll).. The quantity of 
coarse-phed sediment ib f&lr s td l  at I ~ I O S ~  

depths in areas north of the Hetch Hetchy Aqueduct 
in San Mateo County and south of the San Bnmo 
Mountains; probably because I d  streams drain 
relatively small areas and thus have a small capadq 
for transporting sediment. Ln contrast, the &a e Q basin of A l d a  Creek is substantial (1,700 krn ), 
which resulted in large quantities of coarse-grained 
sediment deposited in the Nites Cone subarea. 

The maps of ~ ~ 8 d  sediment represent 
smoothed estimates of numerous welf logs and are 
not intended to provide pantitathe simulation of 
distinct aquifer units. The assumption that texcutl: at 
a point is relafed to values several kilometers away 
is probably not valid, and p i f l c  lithologic con- 
ditions at a well may deviate from the regional 
trends shown in the maps. Also, mappitkg uncertain- 
ty increases with depth because the number of data 
points available for interpolation between sites de- 
creases as the depth of the mapping interval increas- 
es. The shaded areas of depth-averaged fmctjon nf 
coarse-grained sediment may therefore imply water 
lateral continuity of individual coarse-pined beds 
than actually exist between wells. For example, the 
shaded areas in figure 10B imply general continuity 
of coarse-grained sediment in the San Jose Plain 
su'barea (see fig. 9 for subarea boundaries), but p 
vious investigations in this area have shown that it 
is difficult to correlate lithologic data between wells 
that are just n few kilometers apart (Poland and Ire- 
land, 1988). Although nearby wells may have simi- 
Iar quantities of sand and gravel, the thickness and 
vertical stratification of individual sediment layers 
may be; quite different. In contrast, mntinuity of 
coarse-grand sediment at the distal ends of Alame- 
da and San Francisquito Creeks is consistent with 
water-level measurements and pumping test data re- 
ported by California D e e e n t  of Water Resour- 
ces (1967). These characteristics, taken together, 
indicate a hydraulic connection between shdow 
aquifers on the .east and west sides of muth San 
Francisco Bay. 

Although the texture map do not necwmil i  
defineate cor~tinuws aquifers or moonfmhg beds, 
they do show that wells in areas near stream chan- 
nels will perretme a greater cumulative thicknes of 
sand and gravel than wells at the midpoint between 
stream channels. Similarly, wells in upslop areas, of 
the alluvial aprons generally penefmte greater 
quantities of s a d  md gravel than in m a s  adjacent 
to and beneath south San Francism Bay. Ground- 
water flow within these sediments is determined by 
the hydraulic conductivity of mdividual lithologic 
layers and the potential field described by the three 
dimensional distribution of hydraulic head The 
tmnsmissivity of an aquifer is related to the h y h  
lic canductiviq and thickness of individual litho- 
logic layers, and thus represents the ability of the 
aquifer to msmit water. It will therefore be useful 
to assess the relation between measured transmissiv- 
ity and f m t i m  of me-grained sedirnent used to 
construct the texture maps. 

Table 3 shows lrammissivity values from re- 
porttd p+g tats 4 the c o m e g  depth- 
averaged fraction of coarse-@ne$ sediment calcu- 
lated from well&Uer reports. Whm the driller 
report for a well used in the reported pumping test 
waq not available. a report from a well less than 
570 m from the test well was used to estimate the 
depth-averaged fraction d m e - p k d  sediment 
at the test point. The tmnsmissivity values in table 3 
generally increase with increasing fraction of 
coarse-grained sediment. It is noteworthy &at two 
wells in exclusively fine-- sediment apparent- 
ly withdraw water from aquifers with significant 
transmissivities (354.0a3 to 363,000 m2/y). The well 
dr i l lers  rcpmtcd k g c  depth intervals of sandy and 
gravely clay and sandy and graveuy silt at these 
two sites. Tbe significant permeability of sedments 
penmated by the wells may indicate greater quanti- 
ties of sand and gravel than implied by the descrip 
tions recorded by the well drillers. 

tinear regression of tbe six reported tramis- 
sivity d u e s  resulting fhm pumping tests in weh 
with well logs in the database indicates that 61 per- 
cent of the variabilii in transmissivity is explained 
by the avmge fraction of coarse-grained sediment 
@-value of 0.07); Iinear regression of dl data in 
table 3 indicates that 24 percent of the variability in 
~ m i s s i v i t y  is explained by the average fraction 
of coarse-grained sediment @-value of 0.02). Vari- 
ability in the terminology used by different well 
drillers to describe the lirhology, differences in 
geoIogic source materials and depositional history 
that fleet the permeability of the aquifer matrix, 
and variab'dty in construction characteristics, sm- 



Table 3. Reported values of txansmlssivity and fraction of coarsegrained sediment from welldriller reports, som 
San Francisco Ray and Peninsula area, California 

[m, meter; m2/y, mcttr quared per year, -, no data. M o n  o f ~ ~ ~  sediment: Number in bold designates w e k  
Icss than 570 meters from the rest we111 

Depth to Fractioo of 
State bottom of Tmmmkivity mam+graincd 

we11 NO. w11 casing (m2/y) sediment 
Sourceofdata 

Im) Cpercent) 
2W6W - 11R1 1lQ 2,120,000 78 Yoltes and orhers, 1990 
3 3 / 5 ~  - 2 0 ~ 2  -- '32,m 42 AppIied IconrmItants, 1991 
3V6W - 1K1 -- * 108,500 74 Applied ConsuItants, 1991 
4Sll W - 7G3 .- 214,000 14 California Department of Water Resources, 1%8 
4S/lW - 21P6 - 16300,000 79 California Department of Water Resources, 1968 
4WIW - 28D9 - 4,330,000 79 Cal i f m i a  nepartm.ena of Water R e m m s ,  1968 
SSllW - 6Hl -- 789,000 42 California Department of Water R e s o u .  1968 
5S/2W - 12B2 - 757,000 30 California Department of Water Resourax, 1968 
6SllE - 31K2 229 907,000 I4 CH2M Hill, 1992 
6SBW - 1B2 330 156.000 20 CH2M XII, 1992 
6SBW - ID1 -- 33300 48 CH2M K11, 1992 
6SBW - 1M1 I31 12,200 25 CH2M Hill, 1992 
7S/lE - 3 6  - 354,000 0 CH2M Hill, 1992 
7SJIE - 7R5 253 943,000 48 CH2M Hill, 1992 
7S/1E - I6C6 - 67 1,000 3 CH2M HilI, I992 
7SllE - 22H4 238 780,000 13 CH2M Ell, f 992 
7S/fW - 1 3 U  -- 626,000 20 CH2M Hill, I992 
7SIlW - 22EBI - 544,000 0 CH2M Hill, 1992 
7S/lW - 23R1 -- 771,ooO $0 CH2M Hill, t 992 
7Sil.W - 2412 - 363,MiO 0 CHZM HilL 1992 
7SJlW - 26R4 - 317,WO 46 CH2M Hill, 1992 

'Average of reported tests conducted 9-10-88 and 9-13-88 
*emvery data 

rated thickness, and physical conditions of the 
pumping tests could explain much of the remain* 
variability. Hence, figure 10 may be used to infer 
general m d s  in aquifer permeability and related 
well yields, but additional factors Iirnit lthe useful- 
ness of these maps to quantify the distribution of 
transmissivify in the study 

The vofume of water chat can be released from 
an aquifer under graviv drainage is defined in this 
study as the stmgc capacity. Storage capacity was 
estimated h r n  the specific yield of sediments in the 
depth interval between land and bedrock surfaces 
with lithologic data from weIl4riller reports. The 
results parallel regional trends in sediment t m r e  
md thickness ad, therefore, are useful for relative 
comparisons of estimated ground-water storage 
within the physiographic subamas (table 4). For ex- 
ample, the thickest deposits of moonso2idated and 
semiconsolidated sediments are found in mrthwn 
Santa Clara County (fig. 8); thus, almost half of the 

estimated storage capacity in the study area i s  in the 
Sm Jose Fl& and West Side Mluvid Apron sub- 
areas (7,460x1o6 m?. T h e  subarea are the lwa- 
ti011 of major cr~ers of p m d  water d t h h  the re- 
gional gmund-water system and, when combined 
with the East Side Muvial A p m  m d  Niles Cone 
subareas (storage capacity of 330x106 m3), contain 
almost 70 percent of thc stmgc  capacity for the cn- 
tire study In contrast, the area and vertical ex- 
tent of nnconsoIi&ted & semiconsoli&ted sd- 
ment in the Coastal subarea represent a minimal 
contribution to storage capacity in the study area 
(83~ro6 K?). 

Storage capacity i s  an estimate of tk maxi- 
mum volume of subsurhce storage potentially 
available for pumping. Operational values m y  be 
considerably less than reported in table 4 because of 
gemhydrologic conditions and waterquality con- 
straints. For example, the depth to the saturated 
zone can be substantial m anany parts af the study 
area; thus, storage capacity repotzed in table 4 
probably is greater than the valume of water that 
would be released by gravity drainage. Also, cmw~ 



Table 4. Estimated ground-water storage capacity of matrix (PoIand and others, 1988). As discussed h e r  
sediments beneath physiogmphic subamas of tFw h this report, maximum drawdowns in areas histori- 
south San Francisco Bay and Peninsula area, dy affected by w e  about 20 m ;below 
California sea level. and thus drawdowns below this d e ~ h  
[in, meter; m3, cubic meter: -, assumed zero] may cause renewed subsidence in some areas. As a 

r ed t ,  the storage capacity at depths greater than 20 
Stwage capacity 
(I ,000,OQO m3) 

m b l o w  sea Ievel may not be avaihbIe in areas 
suscepfibk to subsidence, S i a r I y ,  storage capa- 

sea Depths city may not be fully avaiIable in areas adjacent to 
Physiographic Land greater level than 

the Pacific Ocean and south San Fmciscn Bay 
subarea because drawdowns below sea ]eve1 m y  induce the 

to 
Sm 

20rn ~d 
''low below inland movement of saltwater. 

sea sea level level kwl Relative duc t ions  in storage capacity because 

- -- of potential subsidence and saltwater intrusion can 
Exposed Bedrock . . -- -- be approximated on a regional basis with the results 

Uplands . . . . . ... 307 43 600 950 

East Side Alluvial 
A . , . . . . . . 220 150 900 1,270 

West Side Alluvial 
Aprm . . . . . . . .  3W 220 1,700 2310 

Coastal ....,,... 37 43 3 83 

San Jose Plain . . . . 220 330 4,600 5,150 

Bay F ' h  . . . . . . . 36 354 2,700 3,090 

Total . . . . . . . . . 1,442 1,418 12,453 15313 

grained sand and gravel deposits have signzcant 
vo~uumcs of pore space and &fly store an8 tram- 
mit water to we&. In contrast, the volume of pore 
space within fme-grained sediment beds also can bt 
significant, but the reIativeIy low permeability of 
these $egosits limit their use as t e m p m y  memoirs 
and efficient conduits of grwnd water. Thus, the 
contribution of coarse- and fine-grained d e p i t s  to 
stwage capacity may not be adequately weighted to 
reflect relative differences in permeability that affect 
the time mquired to transmit water in and out of 
storage. Finally, the volume of water available for 
prnping can be limited by potential subsidence of 
the land surface md saltwater c o n ~ a t i o n .  

The term subsidence, in thi r e p q  refers to 
downward vertical movement of the land surface 
resulting from compaction of unwnsolidated and 
semiconsolidated sediments that form the aquifer 

in table 4. For example, the storage capacity of sed- 
iments between land surface md a depth of 20 rn 
below sea level is 2860x16 m3. If reg~onal pump 
h g  Ievels are restricted to maximum drawdowns of 
20 rn below sea level, the potential for subsidence 
represents a regional reduction in storage capacity 
of llmre I E h t  80 percedt. Similarly, the storage ca- 
pacity within the depth interval between Imd sur- 
face and sea kvel is 1,442x106 m3, md the potential 
for saltwater intrusion can represent a regional re- 
duction in storage capacity of marc: than 90 pcrcent. 
These duct ions  in storage capacity represent maxi- 
mum estimates because not alI parts of the study 
m a  are at equal risk of subsidence and saltwater 
inmsion. For example, some mas consist of fairly 
shalllow a d  (or) predominantly c o m q p h e d  sedi- 
ment and me at minimal risk of compaction when 
drawdown oxws. Similarly, inland aquifers and 
some aquifers adjacent to and beneath the b y  may 
be hydraufidy separated by thick deposits of fine- 
grained sed-4 which limits the exchange of salt- 
water with grmd water. Opetarional values of stor- 
age capacity for subareas of the study area raquire 
shdy at the subregional and local scale of obser- 
vation. 

HISTORICAL QEVELOPMEMT OF THE 
GROUND-WATER SYSTEM 

During tbe past century, water demand and 
supply has c h a n M  dmmticafly in the ~011th San 
Francisco Bay and Peninsula area. R e p T e d  @- 
water pf.oduction and surface-water deliveries to 
northem Smta Clara County and southern Alameda 
County for the years 1915, 2955, 1966, 1977, and 
1990 are shown in figure 11. Before 1966, ground 
water supplied msc of the water required by agri- 
culture and early urban development; total pwnpage 



WATER YEAR 

Figure 11. Water use and source of supply in 
northem Santa Clara and southern Alamda Counties 
(1 91 5,1955,1966,1977, 1990). Sources of data are 
from Chrk (19241, California Department of Water 
Resources (1 $68, 1975). Poland and Ireland (I sup), 
LeigMon and others (1994), and Scott: m l y ,  Hilton, 
Farnkopf, and Hobson, written cmmun., (1 992). 

in the study area iu 1915 was about 128x106 m3/y 
(Clark 1924). Rapid uhm growth m f t e d  ia great- 
er demands for water and large increases in ground- 
water pnmpage. which continued until d a c e  water 
was imparted to meet increasing demands for water. 
Water deliveries by the city of San Francisco began 
in 1940, and the State of California first delivered 
surface water in 1965 (not shown in fig. 11). By 
1990, the combined supply of sttrfm- and ground- 
water resources used in nofiern Santa Clam and 
southern Alamda Counties was about 470x1U6 
m3/y. The reported 1990 water supply to the entire 
study area (not shown m fig. 11) consisted of about 
468x10~ m3 of delivered surFace water (Scott SeeIy, 
Hilton, Farnkopf, and Hobson, written commun., 
1992) and about 1795x10~ m" of reported well 
pumpage for water supply. 

The water-supply data identify two general per- 
iods in the historical development of water resour- 
ces in the study area The first period includes the 
intend ftom the earfr 1900's to 1965, when 
ground-water pumpage supplied most needs for 
water. The second period includes conditions after 

1965 to 1990, when substantial quantities of surface 
water w a e  hpr ted  to supplement water supplies. 
Maximum ground-water overdrafts gemralIy ocm- 
md in f 965, which represents a pivotal year be- 
tween these two periods. A greater undemanding of 
the ground-water system can be gained by evahat- 
ing early development conditions and the changes 
that o c c d  in response to historical pmpage and 
recharge. 

Early developat of ground wakr was in re- 
sponse to irrigation requirements. Beame little & 
falb during the summer growing season, mosz areas 
were dependent upon ground water for irrigation. 
Clark (1 924) estimated that water reqkments fcw 
irrigation wete about 100xla6 m3/y in 1915 and 
inc& to about 350x106 m'iy by 1919. Water 
requirements for municipal and industrial mrpplies 
wcrc substantially Icss-about 30x f o6 m3/y during 
1912-18 (Clark, 1924). 

The plmping of ground water had begun to 
d m  hydrologic conditions as early as the IWO's, 
when Clark (1924) reported that Alameda Creek 
flowed continuously befm the 1920's but was dry 
for considerable pmts of the year by 1924. Similar- 
ly, the flow in other streams also was intermittent 
by 1924. Natural recharge during this period ranged 
from 110x10~ to 120x106 m3/y, leading Clark 
(1924) to conclude that recharge and withdrawals 
were h u t  equal. He supported his mclusion with 
obsemtions that water levels in wells decreased 
during periods of &all deficits (droughts), but 
the levels retuned to normal relatively quickly once 
rainfall returned. Maps of water-level altitudes h 
wells reported by Clark (1924) for the early 1900's 
show that h&mtal hydraulichead merits were 
Klward San Francisco Bay (fig, 121, and ground 
water beneath a substantial part of the alluvial 
~ d e y  was d e r  pressure aid chmterizad by free- 
flowing wells. 

Hlstodcal Response to Pumping and 
Recharge Conditions 

The hydraulic response of the ground-water 
system to pumping and: recharge conditims result- 
ing from historical changes in water suppIy azld 
demand has been recorded by water-level measurn 
ments in wells. Measured depth to water in selected 
wells in the Coastal Bay Plain, East Side Alluvial 
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mgum 12 AmWe of water levels measured in wells during me early 19OO's, south San Framlsca Bay and 
Peninsula area, Calbmla 

Apron,SanJogePlain,Ueroad,NilesCone,and draulic head and the quantity ofwater stored in the 
West Side Alluvial Aprou ~~ d h g  1936-92 aquXa, The comspondirrg inmeme in hydraulic 
is shown in figure 13. Water levels rose in the East had sznd grouad-water storage was a dim% msult of 
Side Muvial Apron and San Jose Aain subaceas constivation efforts by the Santa C h  Water Con- 
during 193643, whih indicates an i n m e  in hy- semtiw District, which was formed to provide re 
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Flgure 1% Depth to water in wells in physiographic subareas of the south San Fmdsm Bay and ~ m i m ~ a  aria, 
Califomla. 1936-92. Well number and wellcompleti'on interval on meters Mow land surface) shown following 
symbols in each graph. 



hf to grouad-water overdraft by constructing reten- 
tim hciEties designed to haease natural recharge 
from storm moff .  The dezivery of imported swfa9e 
water to these subareas by the city of San Fmcisco 
dso probably helped to reduce demand for ground 
water. 

Increased pumpage and general ~~n 
deficits &ring the perid 1944 to 1965 resuIted in 
p t c r  depths to water mc wells (Pofmd atKT 
Ireland, 1988). A map showing hydraulic-head m- 
tows cerlculatd from 1965 water kvels in wells 
perforated in the shallow aad deeq zones is shorn 
in figure 14. hmasd pumpage multed in a de- 
crease in hydraulic heads when cornpad  with hy- 
draulic conditions in the early 1900's (fig. 12). 
Associated drawdowns m l t d  in large cones d 
depression in nmthem Santa Clara and mhrn 
Alameda Counties, a d  ground-water gradients in 
some areas reversed from a baywid diPection to a 
landward -on. These conditions resulted in 
subsidence of the land surface and Atwater con- 
tamhation in sorne parts of the study area. 

Although data are sparse, qorted water levels 
in weus from the Coastal a d  Mered subareas 
show varied response to hydmIogic conditions dur- 
ing the past 36 to 40 years. One well in the Merced 
subarea (2S/6W-36Nl) shows a nearly 40-m in- 
crease h depth to water hween  the 1950's and 
1992. It is uncertain what the rate and magdmde of 
ilrawdown was in this we11 b e c w  only m e  nreas- 
rrrement was collected before 1990. Similarly, stat- 
ic water levels reported by Applied Consultants 
(1331) idlicate an average drawdm af 23 m d m  
bg  the period 1959 to 1988 in threc other wells h 
the Merced m h  (drawdown in the thee wens 
ranged from 22 to 24 m). In contrast, depth to 
water in one well in the Coastal subarea (5StSW- 
32K1) and m e  we11 In the Meroed dmea (3S/5W- 
20K3) has; been steady sinoe the 1950's. Rising 
demands for water in most of San Mateo County 
have been snet with i m w  d a c e  water. which 
represented more than 90 percent of the total water 
supply to Sm Mateo County in 1990 (Smtt Seely, 
Hilton, Fmnkopf, and Hobson, mitten wmrrmn., 
1992). 

After 1 %5, the rapid increase in sdaoe-water 
deliveries by the city of San F b  and State d 
C a l i f h a  was used to reduce demands for pd 
water and supplement nattrrrll grd-water re- 
charge, themby restoring water levels to pre-1960 
conditions. ms bmght a tern- Mt to smbsi- 
dence and saltwater contamination, but problems 

could resume if overdrafit conditions return. An 
evaluation of historical subsidence and saltwater 
contarninatim in gmter detail would help to im- 
prove our u ~ ~ d i i g  of limitatims in the supply 
of ground water in the study area. 

Changm to the Aquifer System due to 
Excessive Pumping 

Suhsidenoe of Land Surface 

Pumping initidly mmoves ground warn frm 
the permeable coarse-grained sediment matrix, 
thereby lowering the water table or p m m e  head in 
the aquifer. The reduction h hydraulic head increas- 
es the effective stress borne by the sediment grains 
a d  can induce the dease d water by the compac- 
Gon of compressible fine-grained sediment M s .  
The total reduction in the voIumc of fine-grained 
sediment cm cause subsidence of the land surface. 

W&-kvel fluctuations in wetls mfle.ct a 
change in effdve stress, and extensive hvestigrl- 
tims by P o l d  and Ireland (1988) showed a cone- 
lation between ductions in hydraulic bds and 
subsidence d the laml surface. Their study indica- 
ted that t d  subsidence during 1934-67 was anore 
than 2 rn in some weas of northern Santa Clara 
County (fig. 13, and maximum compaction occur- 
red in areas that coincided with large depressions in 
the hydraulio-head surface withim the former zone 
of pressure identified by Clark (1924). The ratio of 
subsidence and compaction m d  with an exten- 
someter indicated that the v~rtical mvplment of 
land surfice resulted from the compaction of sedi- 
ments at depths greater than 60 m below land sru- 
face (F'oland and IreIand, 1988); fme-@ed sedi- 
ment beds in the upper 35- to 60-m depth in tend  
form an areally extensive cofifining bed in the study 
area 

The historical rate and magnitude of sub& 
d e w  was dqen$ent in part on variability in the 
decline of hydraulic bead. For example, subsidence 
slowed dramatically in northern Santa Clara C m t y  
from 1938 to 1947 h e  to a tempwary recovery in 
hydraulic heads (Poland and Ireland, 1988). When 
overdraft and head declines resumed, subsidence 
continued mtif delivery of surface water by the 
State of W o m i a  in 1965 mpplemmted water sup 
pries and eventually bmght an end to continued 
subsidence Should ov&t conditions resume, re- 
newed subsidence dso could resume. Poland and 
lreIand (1 988) reported that estimated costs for the 
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rmrfm. Dashed Iim are approxjmate locations d contom 
using the few data points available and a modified regional 
map ot tllc water table from Webster (1973). Querkd in meas 
of p a t e s t  uncertainty. Contour interval. in meters. is variable. 
Datum is sea level 

FmmzZ contact between semi-ted and coneolidated b2drmk 
asmnblagcs lhachured side) and utaconsalihtcd ulluvium 

Figurn 14. Hydraulic-head sukface in 1965, sow San Franciisco Bay and Peninsula area, California. A, shallow 
ZORR. 8, deep 2 m .  

repair a d  maintenance of levees, damaged wells, $100 million in 1979 dollars. For these reasons, wa- 
railroads, d s ,  bridges, and sewers as a result of ter levels are meamred at key index wells fur corn 
subsidence in nortfrern Smta Clara Cmty exuded parison with subsidence thresholds (CTI2M Hill, 
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Datum is sea lcvcl 

zZ?ZZ?T C O W 1  bthwa s e m i c o n s o l i  and omdldaud bedrock 
assemblages (backed side) and uncoasolkhtd alluvium 

1992) and used to limit drawdowm and prevent re- Little information is available to assess btori- 
n e d  mbsideme in northern Smta Clara Cwnty. cal subsidence in other parts nf the study area His- 
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P o l d  and Ireland (1988) 

Contact between semkmmlidated a d  consolidated be$rock 
assemblages (hechurcd side) and uaconsololidated dhum 

Figure 15. Total subsidence measured duhng 1934-67, south Sari Fwncisco Bay and Peninsula area, California 

torid subsidem in southern A b d a  and Sm wm levels and l m & s h  altitude in these areas 
Matea Counties rtqm%ed by Poland and bland may be necessary for messing the occumce and 
(1 988) was less &an abut 03 m. Monitoring of extent of subsidence in he future. 
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Hgum 16. Chloride-Ion concentrations Inr the shallow aquifer In southern Alameda and northern Santa Clara 
Codes,  California, 196546. 

SaRwakr Contamlnatlon and the asocbkd tidal flats, m h h d s ,  and salt 
evapmmm. The I-g d h y b u l i  W in q- 

S a l i n e w a t m ~ a ~ t i d s o u r c e o f  uifm beneath and adjacent to the bay in the past 
contamination to pund-wakr mmmes in mas has induced the seepage of dtwakr across the bay 
adjacent to the F~CZIC Ocean, Sm F&ce Bay, m d s  and toward inland pumping cmrew. Brealcs in 



---7- l L i n e o f a q u a l ~ v o d & s c o n c e ~ ~ i n a r e a s ~  
wasiskm2y gmtm th 500 milligrams p# Urn (or 1,000 
millfgramr per k). Dashed whac approximately loeatd 
Qwry (7) i d i a t e s  areas of greatest uncertninry. Modified 
from Webster (1972) 

Contad betwacn ~~ and consolidated bodrock 
assemblages (Imchurcd side) d uncoasolidaled alluvium 

Figure 17. Areas in whW dissohred-solids ~ ~ o n s  in ground water were consistently greater than 500 
milligrams per liter, s& San Francisco Bay and Peninsula area, Califmia, 1845-70. 

the bay muds, areas where the bay muds bad been me of salt-water intrusion (California Depattment 
thinned by M g h g  of ship channels, a d  andon- of Water Resources, 1973). The bland movcment 
sd or improperly sealed wells greatly inmmed the of saltwater was fairly rapid, and by 1967 a sub- 



stantid part of the shallow aquifer was affected by 
high co~entmtions of At, as i n d i d  by lines of 
equal chloride-ion concentration (fig. 16). Near the 
bay, aquifers rue sepmted vertically by substantid 
deposits of fmegmined sediment, and the m o w  
ment of saltwater in the shallow zone was, then- 
fore, mmtIy horizontal. The contaminated water 
them mved downward into underlying aquifers in 
the inland areas where f ie  vertical hydraulic 
continuity inmacp:~. 

wamqudity data a h t e  that the quantity of 
usable water in the Niles Cane subarea decmmed 
from a maximum rate of 11x106 m3/y in 1961-62 to 
a minimum rate of 1x106 d / y  in 196748 (Califor- 
nia Department of Water Resources, 1973). Artifi- 
cPd mharge of imported surface wakr and con- 
servation m u s  taken by the Alan& Cwrrty 
Water District have increased gmmd-wak~ 
charge, which has increased hydraulic heads and 
reduced the volume of saltwater inmion. In 1973, 
the water district began an aquifer-reclamation pro- 
gram that pmped contnrninated water into surface 
channels that empty into the bay (Montgomq, 
1991). Reclamation pumping has ranged from less 
than 4x106 m3 in 1975, to more than 14xlV m3 in 
1982; redamatinn pumping in 1990 was, 7.8xlff n$ 
(Alame& County Water Ilistrict, written comun., 
1992). Monitoring of waer  levels and pumpage 
volumes enables managers in Alameda Cmmy 
Water District to ensure that bydcaulichead gradi- 
ents are baywad in the shallow aquifer system, 
and O to slightIy l a a d d  in the deeper aquifers, 
These measures are intended to remediate saltwater- 
c o n ~ t i o n  in the Niles Cone subarea a d  pre- 
vent contamination problem in the future. 

Evidence of ealtwarcr contmbtion exists for 
other parts of the study area adjacent to south San 
Praucisco Bay, Saltwater contamination idenmcd in 
northern h t a  Clara County generally is lrmited to 
the shallow aquifer system in the Bay Rain sub- 
and the greatest extent of contamination is associa- 
ted with aqrifrrs beneath psent-day smarn beds 
(Iwamum, 1980). Webster (1972). mapped areas 
where cEssolved~lids mcentrahns  in well-water 
samples (collected during the period 1945 to 1970) 
were consistently between 500 and 1,000 @, or 
c o d e n t I y  greater than 1,000 mgL (fig. 17). D s -  
solved-solids concentrations were consistently pat-  
er in areas associated with Almeda and San h n -  
zo Creeks of the Niles Cone and East Side Alluvial 
Apron subareas and mas in northem Santa Clara 
Comnty where stream channels empty into the bay; 

m y  of the samples collected within the 1,000- ' 

mgL bwrnt3atk.s had &ssoIved-solids mmenm- 
tions hat exceeded 2,000 mg/L (Webster, 1972). 

GENERAL HYDRQhUGlC AND WATER- 
QUALITT CONDITIONS IN 1990 

F u m  deve10pmmr of gmmd-water resources 
to increase pumping yields d water supplies for 
the study area is limited by c u m t  development 
Ievels and other hydrologic a d  waterquality con- 
straints. A description of 1990 hydrologic and 
water-qualiQ conditions provides a description of 
base condhmns tor evaluation ot psslble future 
changes that could result from greater pumpage or 
increased conjunctive use of ground- and surface- 
water smpplies. 

Existfng Wells and Reported Pumpage 

Water-supply wells are typically located in 
areas where d e d s  for water are greater than 
surface-water suppfies and w h  geohydrologic 
conditions rrre favorable for ground-water p q h g ;  
few wells are typicalIy found in areas with unfavor- 
able geohydro1ogic conditions or where nuface- 
water supplies meet water demand. The distribution 
of water-supply we&, the depth distribution of we11 
@orations, and reported pumpage are described in 
this section to assess the general magnitude and 
spatial d is tnht i~n of ground-water development in 
the study ma 

Major waw-supply wells, heaeh t e f d  to 
as production wells, were d e f d  in this study as 
wIls used to supply ir@aleion, hdwtrkl or muni- 
cipal water needs, or wells with well-casing d i m  
ctcrs greater than 200 mm. A total of 505 wells in 
the database supply water for kigation, industrial, 
or municipal water rcquinrnents. A totaI of 95 ad- 
ditional wells have casing diameters greater than 
2DO mm, and these wells were about ewnly dismi- 
uted between domestic and institutional uses (47 
wells) and other unhown uses (48 wells). 

The distribution of *on d s  in the 
databe are plotted in figure 18 relative to subareas 
of variable maximum probable well yield (68 per- 
cent confidence intenrat) re- by Webster 
(1972). As noted by Webster (19721, his subareas 
were determined from available geohydrologic 
information and are defined using the concept of 
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flgura 18. Lad im d productIan wells in the database and maximurn probable H I  yields, & San F m c k o  
Bay and Peninsula area, California. 



normal probability. Thus, the expected maximum 
well yield fur a well 10~akd in the 10.000 to 
lQO,(#MF d y  s u b  is smaller than the expected 
maximum well yield for a well in the adjacent 
100,000 to l,OUO,000 m3/y subma. It is possible 
that some wells in e i t k  subarea m y  have rnnxi- 
mum well yields of 100,000 m3fy, but most wells 
in the f o m  subarea wif I  have yields that are less 
than 100,000 m3/y, and m y  welh in the latter 
sub- will have yidds greater than 100,000 IT?&, 
Most production wells in the database are Iocated 

Tabk 5. Reported well pumpage by physiographic 
subarea during calendar year 1990, south San 
Francisco Bay and Peninsula area, California 

[m3, cubic meter] 

Physiographic 
R- 
pumpage 

subarea (1,000,000 m3) 
Exposed Bedrmk .................. Q.3 

........................ Uplands .3 

within subareas where maximum probable well East Side Muvial Apron ............ 
yields are margird-to-adequate for irrigation, heavy 
indusay, and municipal use (68-prceni chance 

- 
Weq Side Alluvial Apron . . . . . . . . . . . .  71.6 

of maximum yields ranging from 1,000,000 to 
3,OOO.000 m3/y), indicating that from a regional Niles Cone1 ...................... 39.1 
perspective the most productive aquifers have been ......................... tapped by production wells. The primping levels Coastal -7 
for many of these wells, however, are uncemin, ......................... and additional study with the intent of maximizing Merced 7.4 

yield within these areas and improving the conjm& Saa Jose Plain .................... 59.0 
tive use of 'both local and regional surface- and 
pound-water resources may be warmfed. BayPEn ....................... .3 

The depth distribution of productive zones in 
the physiographic subwas is assessed with the re- 
ported perforation depths of ~ u c t i o n  wells (fig. 
f 9). Two relative maximums in the number of per- 
forated wells occur at about 30 m and 125 m below 
land surface in the West Side Alluvial Apron sub- 
area because of a bias in the database. A subsmltial 
number of the wells in this subarea were found and 
located in a relatively small area north of Sm Fm- 
cisqnito Creek (fig. 18) as part of an ongoing and 
related study. These wells, are used to idgate pri- 
vate midentid estates a d  are perforated in the 
shalbw aquifer zone. Similar wells probably exist 
in m y  other parts of the study area, but these 
wells have not been located and the daza have not 
been compiled into the database to the same extent 
as was done for this area. The large number of per- 
forated wells at the 20-m depth reflects the substan- 
tial number of residential wells in the database for 
this area, whereas the maximum number sf gerfora- 
ted welIs at the 125-rn depth prdbably reflects the 
production wells in the West Side Alluvial Apmn 
s u h  that traverse both shallow and deep aquifer 
zon~s. In contrast, relative minimums h the Niles 
Cone s u b  occur at depths of a h t  SO m, 100 
m, and 130 m below lmd surface. These depths c+ 
iocide with confmhg beds that separate the upper 
Newark Aquifer in the shallow aquifer zone from 
the underlying Centerville, Fremont, and deeper aq- 
uifers comprising the deep aquifer zone (California 
Department of Water Resources, 1968). Thus, the 

'Does not include 7.8x1@ m3 pumped by Alarneda 
Counky Water Dishict for aquifer reclamation and dis- 
char& to Saa Francisco hy: 

relative minimums and maximums in the Niles 
Cone subarea reflect I d  gwhydrdogb w~~dit im~s.  
Similarly, few wells are perforated in the 0- to 550- 
rn d m  internall in the Sm Jose Hdn and Merced 
subareas. This diitrihtion indicates that most pro- 
duction wells in these ama~ draw water from the 
deep aquifer zone. Most wells am perforated in the 
0- to SO-m depth intenal in the Costal subarea 
This distribution indicates that prcduction wells iu 
this, s11haw.a remove water fmm a mlatively shallow, 
unconfined aquifer. 

The magnitude and distribution of reported 
pumpage in calendar year 19!Xl is listed in table 5, 
and almost 95 percent of the total reported pmpage 
in the study area occurs in northern Sanh Clara and 
southern Alameda Counties (the West Side Alluvial 
Apron, Sm Jose M, and Niles Cone s~~bareas). 
Programs for monitoring ground-w~er pumpage ex- 
ist in these subareas because fees are imposed on 
ground-water users to suppoe dficia1 recharge 
activities of the Santa Clara Valley and Alameda 
Cmnry Water Districts. Reported punlpage is less 
in Ithe remaining s u b s  because of unfavorable 
geohyddugic conditions, a small number of exist- 
ing production wells, or lack af monitoring efforts. 
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W B O R  OF WOUS PERFORATED 

flgure 19. Perforation depths (in 3-meter depth intervals) of p m d ~ i o n  wells in database by regional physrnppb~: 
subarea in the south San Francisco Bay and Peninsula area, California. 

Actualpumpageinbawsanbesign%cantly 
greater than that given in table 5. For example, 

_ reported p p a g e  f a  tbe blerced s u b  (7.4~106 
m3) is mostly from m i c i p l  supply weIls, but a 
local study in 1988 reported m u d  pumpage to be 
about 13x10' m3 (Applied ComuItarPts, 1991). The 
Allpried Consultants' study 41991) ioc!uded pump 
age estimates fw wells f i l s 4  by golf CO~~B-,  em- 
t w k ,  md nurseries, which were not amiIabfe for 
19801. Improved monitoring of purnpage in K i  
similar areas is necessary for adequate assessment 
of development potential and to design improved 
conjunctive-use practices. Pumpage volumes may be 
estimated by electrid power-consumpph records 
or water-budget and consumptive-we estimates. if 
bbe nwessaq data are avaikibIe, hut these d u l a -  
tians wem beyond the scope of this report- 

hunpage in the Exposed Bedrock subarea 
(0.3xle m3) is similar in magnitude to pumpage in 
the East Side Muvial Apron (0.8~106 m3), Coastal 
(0.7x1o6 m3), Bay Plain (0.3~1 fl 061, and Uplands 
(0.3~10~ m3) subareas, This similariv is surprising, 
given the limited permeability of bedrock relative to 
the alluvial deposits in the other sub- Close in- 
spection of the database reveals that abut 60 per- 
cent of the reported pumpage in the E+ Bed- 
llock subarea was for wells in small coastal duvid 
valleys, and 31 p-a of the reported pumpage 
was fm wells m the boundary between the E x p  
ed Bedrock and West and East Side Alluvial Apron 
subas,  Thmf~re, r e p W  pumpage for wells in 
bedrock is subskmtkdy less than pmmpge records 
compiled with the regional boundaries of the physi- 
ographic subareas. Sirnil&, reported p p a g e  hr 



subareas can be in e m  if wells are erronemsly 
grouped in adjacent suheas  by the rcgiod bund- 
aria. 

Hydraulic H e a d s  
The hydraulic-head &ace was estimatd h m  

average 1W water-IeveI measurements in wells 
perforated in the shallow and deep aquifer zones 
(fig. 20). Hydraulic heads and ground-water storage 
have increased since 1965 (fig. 14A) as a mult of 
increases in recharge and deems in pumpage. 
Horizontal gradients in the shdlow zone of the in- 
land valIey and in aquifers of the Coastal subarea 
are tow south Sm Francisco Bay and the Pacitic 
Ocean, respectively. A substantial cone of depres- 
sion in the deep zme of the M d  s u h  indi- 
cates that horizontal flow is in a landward direction 
from tfle hay in the mutheat rtnd the M i f :  

in the northwest Similarly, horizontal flow in the 
deep zone js landward from beneath south San 
Fmcisco Bay toward the Niles Cone subarea and 
the northern part of thc East Sick Alluvial Apron 
su0amL 

The veaical component of flow was inferred 
h m  hydraulic-head gradients between wells perf* 
rated in the sM1ow and deep aquifer zones. Cdcu- 
lated vertical hydraulic-head gradients using water- 
kvel m e a s m m t s  in the database range from a 
maximum upward gradient of 0.010 to a maximum 
downwml gradient of -0.4M. Vertical gradients 
generally are downward in the upsIope areas that 
surround south Sm Francisco Bay indicating down- 
ward flow, but hydraulic h& can increase with 
depth in the downslope mas adjacent to the. bay, 
indicating upward flow. Heads that derrease with 
depth md -downward flow gemally are associated 
with recharge meas or drawdowns of the hydraulic- 
head surface in the deep m e ,  or both, whereas 
heads that increase with depth and upward flow are 
associated with pressure-head increases as a result 
of confined conditions, drawdowns of the hydraulic- 
head surface in the shallow zone, or h th .  The ver- 
tical movement of water is dependent upon the gra- 
dient and pmability. Thus, vertical flow is prob- 
ably substantial in upslope areas where sediments 
are predominantIy c o m e  grained (fig. 10) and 
greatly reduced in areas where fm-gain& clays 
and silts impede the vertical mvernent of water. 

Water Quality 

The criteria used to judge the quality of water 
are determined by its intended use; ground water in 
the smdy area is usad for various domestic, agricul- 

tural, and industrial purposes. Waterquality criteria 
m based on the quarliily a d  ch-r of dissolved 
constituents, which are determined by the net result 
of physimkmical and bioIogical reactions b t w m  
water, air, and rock. The ultimate concatration of 
constituents can be modified further by reactions 
and mixing between surface and ground waters of 
different types. This mixing can occur along natural 
ground-water-flow paths between recharge and dis- 
charge mas or ffam altemtims to hydrologic con- 
ditions because of human activities. For example, as 
stated previmsly, historid gradients from exces- 
sive pumping which induced the inland movement 
of saltwater resulted in a duction in quality of 
ground-water supplies in some m. Fmdly, nat- 
ural and synthetic constituents and conzpounds re 
l d  into the environment by human activities can 
reach unacceptable levels and M e r  degrade the 
quaIity of ground water. 

Dissolved constituents in ground water, as 
indicatd by t k  coplcentmtion of dissoIved solids 
?Uld ~ h b d e  ~ Q Q  the e 0 n d  @WhyChIogy 
and historid overdraft conditions. The mncentm- 
tion of dissolved solids is reIativeiy low in the u p  
slope areas (kss than 500 ma), where m of the 
r e c h w  to the ground-water system occurs (fig. 
21). Chssolved solids in recharge, as indicated by 
surface-water runoff in northern Smta C h  Coun- 
ty, typically range from about 170 to 250 sllg/T, 
(Iwamura, 1980); in contrast, ground water in arerts 
adjacent to the Mfic Ocean, south &in Francism 
Bay, and in areas affected by historical saltwater 
contamination has concentrations of dissoIved solids 
&ream t h  1,000 mg/L. The SCK)-rng/L boundary 
g e n d y  extends inland beneath stream channels 
and follews lthe general shape of the bay in areas 
between stream channeh. This distribution indicates 
that relatively high corrcentrations of dissolved sol- 
ids ~uay be assmiaced with sediments deposited in 
estuarine conditions during historical high stands of 
swth San Francisco Bay. Ground-water samples 
from areas near San Francisquito and Stevens 
Creeks have lower concentrations of dissolved sol- 
ids than ground-water samples from areas between 
these two creeks. This may indicate a disphcement 
of salts in ground water beneath these creeks by 
pe~olating n~noff, or that the. wells nwr these 
creeks capture a substantial mount of recharge 
from percolating moff. 

loformation on the character of dissoIved con- 
stituents in w n d  warn is useful for classifylag 
water types, as we11 as identifying waters with un- 
acceptable levels of various constituents of concern. 
The quality of recharge, as indicated by chemical 
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Dashed Iims are approximata hatlons of eom~urs  using tht few 
data points available and a modified r q i m l  map ofthe water 
labIe from Wehter (1 973). Queried in areas of mtcst u n m ,  
Contour interval, in meterr, is variable. Datum is sea level 

Concltetbcrweenstmi~~n~atwlaodcwsolidatedbedrock 
asmbfagts  (hachum! side) and unconsolidated dovim 

Figure 20. Hydmuli~head surface in 1990, south San FPanclsco Bay and Peninsula area, Caliirnia. A, shallow 
zone. B, deep zone. 

analyses on streamflow samples io Santa C k a  magnesium and calcium are the principal ations 
County, indicates that bimknate is &e principal (Sylvester, 1986), Results horn the SNORM 
anion in recharge for this pm of the study area and (Bodhe amf Jones, 1986) shuhtions done for this 
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Contact between semicansolidaced aad consolidated bedrock 
assembl~ges (khurtd side) arad unconsolidated ~lluvium 

Figure 20. Conthud. 

study confirm these results and indicate that report- ium and chloride increases as ground water moves 
ed ~ m d - w a t e r  analyses on samples collected in downslope, and re* analyses for samples domi- 
the upslope areas have a normative salt assemblage nakd by halite (greater than 50 percent by weight) 
dominated by dolomite ( c d c i u m m ~ i u m -  consist of an intermediate group ( 5 6  to 30-percent 
carbonate waters). The relative importance of sod- halite by weight) and a marine group (greater than 



0 l O M W  

* A s  
EXPLANATION 

m - - -  Lioc afrgurl blvtd-mlids am- w b c y w o s i ~ t d y  grater than 
500 mi i v s  pn lim (or 1,033 milIigrams per lml. Dashed w h  a p -  
imately located. Queried in areas of greatest unccnainty 

Contact between semfronsolihkd and c c o n s o ~ t d  h h c k  m b l a g e s  
(hachured side) and unconsolidated alluvium 

Chloride Iolr comentradon In well wnter-in milligrams per lit# 
0 Lessthanloo 

Grcater than or equal to 100 

Figure 21. Average concentration of dissohed solids and chloride ion in ground-water samples, south Sari 
Francisco Bay and Peninsula area, Calhrnfa, t!X&!Xl. 

70-percent halite by weight). Samples in the marine south San Francisco Bay, and samples in the inter- 
group were reportedly m l l ~  from wells near mediate group were collected from wells farther 
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Wdl from which water sample cmtaincd nitrate cmcmmirn aqua1 
to or greater than 45 milligrams per lifw 

-re 22  Location oli wl ls having nitrate ccmmtdons greater than or equal to 45 milligrams per Hter, swtb 
San Frandsco Bay and PenlRsula area, Carlfmfa, 1980-90. 

inhdatldinmas along thecoast ofthe Wit Calcium and mgtwium ions in d m g e  atd 
Ocean (not &own), A number of gnwnd-water downslopemoving ground water probably exchange 
samples caUected from the Coastal and M a d  with adsorbad d u r n  ions h the Iowland~, This 
subareas reportedly did not have a dominant ionic ionic exchange could conm'bute to the increasing 
composition, which made it difficult to distinguish iqmtmce of sodium ions in pumbwater samples 
different water types. near the bay and ocean. The increasing irnportanm 



of chloride ions in the lowlands (fig. 21) may be 
the result of connate water associated with historical 
marine environments and more recent problems 
with saltwater contamination, or both. Most of the 
areas within the 500-mg/L dissolved-solids bound- 
aries of figure 21 have chloride-ion concentrations 
greater than 100 mg/L, and areas within the 1,000- 
mg/L boundaries have chloride-ion concentrations 
greater than 250 mg/L; a chloride-ion concentration 
equal to and greater than 100 mg/L has been used 
as an indication of saltwater contamination in north- 
ern Santa Clara County (Iwamura, 1980). In gene- 
ral, the chloride-ion concentration in well-water 
samples decreases with increasing well depth, water 
samples from all wells deeper than 250 m below 
land surface have chloride-ion concentrations less 
than 250 mg/L, and the samples with the greatest 
concentrations of chloride ion (greater than 1,000- 
mg/L chloride) were collected from wells less than 
82 m deep. 

The concentration of sodium, magnesium, and 
calcium ions in ground water can affect its potential 
for various uses. For example, the soap-consuming 
capacity of water is typically referred to as its hard- 
ness (Hem, 1985) and is a measure of the quantity 
of dissolved calcium and magnesium ions. Most of 
the wells in the study area (199 of the 207 wells 
having adequate chemical data during 1980-90) pro- 
duce water classified as hard to very hard (121 to 
greater than 180 mg/L of calcium-carbonate equiva- 
lent hardness). Hard to very hard waters can be ob- 
jectionable for ordinary domestic purposes and have 
problems with encrustations and scaling when heat- 
ed. Substantial concentrations of sodium ions can 
cause &flocculation of clays and damage to the soil 
structure and iniiltration rate of water. The sodium- 
adsorption ratio is used to predict the hazard of . 
sodium in irrigation water (Hem, 1985); during 
1980-90, 3 1 of the 205 wells reported produced 
water that can cause increasing to severe problems 
when used for irrigation. These water samples gen- 
erally were collected from wells north of Alameda 
Creek, near San Francisquito Creek, and in the 
coastal areas and lowlands near the bay. 

Additional constituents of concern reported in 
the database of Leighton and others (1994) include 
boron and nitrate. Boron can be unsuitable in irriga- 
tion water for sensitive crops at concentrations of 
about 1 mg/L (for example, citrus trees, some nut 
trees, and other fruit trees such as apricot, peach, 
pear, and plum) and unsuitable for the most tolerant 
crops at concentrations greater than about 4 mg/L 
(Hem, 1985). Boron concentrations greater than 1.0 

mg/L were reported in water samples from only a 
few wells in the database, and these wells were 
adjacent to south San Francisco Bay. 

Excessive concentration of nitrate in drinking 
water is a concern because it may cause methemo- 
globinemia in small children (blue-baby disease); 
nitrate concentrations greater than or equal to 45 
mg/L can cause this problem (Hem, 1985). A total 
of 22 wells in the study area reportedly had nitrate 
concentrations greater than 45 mg/L during the per- 
iod 1980-90 (fig. 22). The depth of these wells ran- 
ges from 19 to 213 m below land surface (median 
depth of 133 m below land surface), and the wells 
are on the western side of the bay and in the coastal 
areas. Webster (1972) reported a substantial part of 
the east bay area as having nitrate problems in 
ground water also, and this constituent may present 
greater concern than implied by the reported data 
available for compilation into the database. Sources 
of nitrate in ground water include leaching of fer- 
tilizers, seepage of sewage flows, degradation of 
plant materials, and microbial activity. Identification 
of nitrate sources is beyond the scope of this report, 
but recent studies indicate that fertilizers and leak- 
ing sewers contribute the greatest quantities of ni- 
trate in ground water in the city of San Francisco 
(Phillips and others, 1993). 

SUMMARY AND CONCLUSIONS ' 

Existing data in the form of published maps, 
reports, and paper and digital datafiles provided by 
local, State, and Federal agencies were used to con- 
duct a regional assessment of geohydrologic and 
waterquality conditions in the south San Francisco 
Bay and Peninsula area. Well construction, subsur- 
face lithology, ground-water levels, and ground- 
waterquality data were entered into a Geographic 
Information System database and used to develop 
various maps and conduct spatial analyses of the 
data. Because resources were limited, this subset of 
wells does not represent all of the sites in the study 
area for which there are useful geohydrologic and 
waterquality data. Additional compilation efforts 
are necessary for greater data density and smaller 
subregional analyses or to improve data coverage in 
areas currently lacking information. 

Semiconsolidated and unconsolidated sand and 
gravel deposited during the Pliocene, Pleistocene, 
and Holocene age form productive aquifers in the 
study area. The principal aquifers are in the large 
interior valley and alluvial aprons that surround 
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south San Francisco Bay. These aquifers are com- 
posed of a heterogeneous mixture of fine- and 
coarse-grained alluvium, and it is difficult to delin- 
eate distinct aquifers and aquifer boundaries. Con- 
ceptually, the ground-water system consists of a 
shallow zone (depths less than 45 m below land 
surface) underlain by an areally extensive sequence 
of fine-grained sediment separating it from a deeper 
zone (depths greater than 60 m below land surface). 
The underlying bedrock surface consists of local 
highs and lows, which produce deep valleys of 
sediment that can be more than 400 m thick in 
some areas. Most wells in the shallow and deep 
zones withdraw ground water under confined 
conditions, but ground water in the region is found 
under both unconfined and confined conditions. 

*. . 

Regional variability in physiographic features 
was used-to delineate the following generalized 
ground-water subareas: Exposed Bedrock, Uplands, 
East and West Side Alluvial Aprons, Niles Cone, 
Coastal, Merced, San Jose Plain, and Bay Plain. 
These subareas do not necessarily conform to 
discrete hydrologic units or ground-water basins. 
Hence, the exchange of ground water between sub- 
areas can be significant and must be quantified in 
order to fully assess the implications of water-use 
practices within a subarea for hydrologic conditions 
in adjacent subareas. This information will be useful 
for the modification of the boundaries of the ground 
water subareas to more adequately reflect geohydro- 
logic conditions and formulation of plans for re- 
gional conjunctive-use practices. 

The principal aquifers in the study area are 
formed by .coarse-grained deposits of sand and 
gravel associated with stream channels that drain- 
ed into the Pacific Ocean and south San Francisco 
Bay. Twen'ty-four percent of the variability in trans- 
missivity $dues reported from pumping tests is ex- 
plained by the depth-averaged fraction of coarse- 
grained sediment. This variability indicates that the 
distribution of coarse-grained sediment can be used 
to infer general trends in aquifer permeability. Ad- 
ditional factors can affect the permeability of the 
aquifer matrix and test conditions at the well site, 
and thus, expected values of transmissivity at a 
specific location can deviate considerably from val- 
ues estimated from the fraction of coarse-grained 
sediment. 

Maximum ground-water overdrafts occurred in 
the study area around 1965, at which time increas- 
ing supplies of imported surface water were begin- 

ning to reduce demands for ground water. Less ' 

pumping and greater recharge due to deliveries of 
imported surface water increased ground-water lev- 
els and storage, which brought a temporary halt to 
subsidence in northern Santa Clara County and salt- 
water contamination in southern Alameda County. 
Most ground-water subareas have already undergone 
significant development of the resource, and a mini- 
mum estimate of 1990 pumpage, as indicated by 
reported well pumpage, was 179 .5~10~ m3. Most 
wells in the study area withdraw water from depths 
greater than 70 m below land surface. 

Hydraulic heads generally have increased in 
the study area since maximum overdraft conditions 
in 1965, and in the deep zone, hydraulic heads have 
increased as much as 30 to 40 m during the past 
25 years. Horizontal gradients in the shallow zone 
in 1990 are toward south San Francisco Bay and 
the Pacific Ocean, respectively. A substantial cone 
of depression in the deep zone of the Merced sub- 
area indicates that horizontal flow is in a landward 
direction from the bay in the southeast and the 
Pacifrc Ocean in the northwest. Similarly, horizontal 
flow in the deep zone is landward from beneath 
south San Francisco Bay toward the Niles Cone 
subarea and northern part of the East Side Alluvial 
Apron subarea. Vertical gradients generally are 
downward in the upslope recharge areas that sur- 
round south San Francisco Bay, but can be upward 
in the downslope areas adjacent to the bay. 

The quantity and quality of dissolved consti- 
tuents in ground- water &fled regional geohydrol- 
ogy and historical overdraft conditions. The con- 
centration of dissolved solids increases from less 
than 500 mg/L in the upslope areas to an excess of 
1,000 mg/L in the lowlands adjacent to south San 
Francisco Bay and the Pacific Ocean. Ground-water 
samples from wells in the upslope areas principally 
are calcium magnesium carbonate waters, whereas 
in the downslope areas, sodium and chloride 
become increasingly important. The increasing 
importance of sodium and chloride can be attributed 
to sediments deposited in marine environments 
during historically high stands of San Francisco Bay 
and to saltwater contamination problems during the 
past 70 years. Most ground water can be classifred 
as hard to very hard, and some wells produce water 
that can cause soil problems due to high concen- 
trations of sodium when used for irrigation. The 
database indicates that water samples from 22 wells 
in the study area reported nitrate concentrations 
greater than 45 mg/L and may cause harm to young 
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children. Previous studies indicate that the area 
affected by unacceptable nitrate concentrations may 
be greater than is reflected by the data in the 
database. 

The results presented in this report are regional 
in scope, and their extrapolation into local areas of 
study and smaller scales of observation may not be 
warranted. Uncertainty exists in areas where data 
are sparse, and additional study is necessary to as- 
sess the sensitivity of the geohydrologic and water- 
quality conditions described in this report to the un- 
certainty levels present in the data set. Optimal allo- 
cation of water resources and conjunctive use of 
surface- and ground-water supplies require tools that 
can forecast the response of the ground-water sys- 
tem to alterations in recharge and pumping condi- 
tions. From a regional perspective, this will require 
greater understanding of the hydrologic interaction 
between subareas within both the shallow and the 
deeper aquifer systems; the quantity of recharge 
moving between subareas and the general nature of 
the deep aquifer system are not well understood. 
The conceptual description of geohydrologic condi- 
tions in this report will provide the background for 
such studies, but are of limited usefulness for mak- 
ing quantitative projections. Additional work would 
be necessary to develop models capable of assessing 
the cause and effect relation between water-resource 
management decisions and the regional response of 
the ground-water system. 

References Cited 

Applied Consultants, 1991, Report on the Daly City 
ground-water investigation and model study: Pre- 
pared for the city of Daly City, California, July 
1991, 153 p. 

Atwater, B.F., Hedel, C.W., and Helley, E.J., 1977, Late 
Quaternary depositional history, Holocene sea-level 
changes, and vertical crustal movement, southern 
San Francisco Bay, California: U.S. Geological Sur- 
vey Professional Paper 1014, 15 p. 

Bodine, M.W., Jr., and Jones, B.F., 1986, The salt norm: 
A quantitative chemical-mineralogical characteri- 
zation of natural waters: U.S. Geological Survey 
Water-Resources Investigations Report 86-4086, 
130 p. 

Bonilla, M.G., 1971, Preliminary geologic map of the 
San Francisco south quadrangle and part of the 
Hunter's Point quadrangle, California: U.S. Geo- 
logical Survey Miscellaneous Field Studies Map 
MF-311, 2 sheets, scale 1:24,000. 

California Department of Water Resources, 1967, 
Evaluation of ground-water resources, South San 
Francisco Bay, appendix A, Geology: Bulletin 
118-1, 153 p. 

1968, Evaluation of ground-water resources, South 
Bay, v. 1, Fremont study area: Bulletin 118-1, 
117 p. 
1973, Evaluation of ground-water resources, South 

San Francisco Bay, v. 2, Additional Fremont area 
study: Bulletin 118-1, 57 p. 
1975, Evaluation of ground-water resources, South 

San Francisco Bay, v. 3, Northern Santa Clara 
County area: Bulletin 118-1, 133 p. 

CH2M Hill, 1992, Santa Clara Valley ground water 
model project, hydrogeologic interpretation, draft 
technical memorandum for city of San Jose and 
Santa Clara Valley Water District, 90 p. 

Clark, W.O., 1924, Ground water in Santa Clara Valley, 
California: U.S. Geological Survey Water-Supply 
Paper 5 19, 209 p. 

Clifton, E.H., and Hunter, R.E., 1987, The Merced For- 
mation and related beds: A mile-thick succession of 
late Cenozoic coastal and shelf deposits in the sea- 
cliffs of San Francisco, California: Geological Soci- 
ety of America Centennial Field Guide-Cordilleran 
Section, p. 257-62. 

Davis, G.H., Green, J.H., Olmsted, F.H., and Brown, 
D.W., 1959, Ground-water conditions and storage 
capacity in the San Joaquin Valley, California: U.S. 
Geological Survey Water-Supply Paper 1469, 
287 D. 

Earth ~ci inces Associates, 1986, Evaluation of ground- 
water development potential in the Half Moon Bay 
and Granada areas: Prepared for Coastside County 
Water District, 28 p. 

Helley, E.M., and Lajoie, K.R., 1979, Flatland deposits 
of the San Francisco Bay Region, California-their 
geology and engineering properties, and their im- 
portance to comprehensive planning: U.S. Geolog- 
ical Survey Professional Paper 943, 88 p. 

Hem, J.D., 1985, Study and interpretation of the chemi- 
cal characteristics of natural water: U.S. Geological 
Survey Water-Supply Paper 2254, 263 p. 

Iwamura, T.I., 1980, Saltwater intrusion investigation in 
the Santa Clara County baylaids area, California: 
Santa Clara Valley Water District, 115 p. 

Laudon, Julie, and Belitz, Kenneth, 1991, Texture and 
depositional history of late Pleistocene-Holocene 
alluvium in the central part of the western San Joa- 
quin Valley, California: Bulletin of the Association 
of Engineering Geologists, v. 28, no. 1, p. 73-88. 

Leighton, D.A., Fio, J.L., and Metzger, L.F., 1994, Data- 
base of well and areal data, south San Francisco 
Bay and Peninsula area, California: U.S. Geologi- 
cal Survey Water-Resources Investigations Report 
94-4151, 47. p. 

Montgomery, James M., Consulting Engineers, 1991, 
Alameda County Water District integrated ground 
water-surface water model: James M. Montgomery 
Consulting Engineers report prepared for the Ala- 
meda County Water District, 201 p. 

Phillips, S.P., Hamlin, S.N., and Yates, E.B., 1993, Geo- 
hydrology, water quality, and estimation of ground- 
water recharge in San Francisco, California, 1987- 
92: U.S. Geological Survey Water-Resources Report 
92-4019, 69 p. 

References Cited 45 



Poland, J.F., and Ireland, R.L., 1988, Land subsidence in 
the Santa Clara Valley, California, as of 1982: U.S. 
Geological Survey Professional Paper 497-F, 61 p. 

Rantz, S.E., 1971, Mean annual precipitation and precipi- 
tation depth-duration-frequency data for the San 
Francisco Bay region, California: U.S. Geological 
Survey Open-File Report, 23 p. 

Sampson, R.J., 1988, Surface 111: Lawrence, Kansas, 
Kansas Geological Survey, 277 p. 

Sylvester, M.A., 1986, Water quality and flow of streams 
in Santa Clara Valley, Santa Clara County, Cali- 
fornia, 1979-81: U.S. Geological Survey Water- 
Resources Investigations Report 84-4196, 80 p. 

Webster, D.A., 1972, Map showing areas in the San 
Francisco Bay region where nitrate, boron, and 
dissolved solids in ground water may influence 
local or regional development: U.S. Geological 
Survey Miscellaneous Field Studies Map MF-432. 

1972, Map showing ranges in probable maximum 
well yield from water-bearing rocks in the San 
Francisco Bay region, California: U.S. Geological 
Survey Miscellaneous Field Studies Map MF-431. 
1973, Map showing areas bordering the southern 

part of San Francisco Bay where a high water table 
may adversely affect land use: U.S. Geological 
Survey Miscellaneous Field Studies Map MF-530. 

Wentworth, C.M., 1993, General distribution of geologic 
materials in the southern San Francisco Bay region, 
California: A digital map database: U.S. Geological 
Survey Open-File Report 93-693, 10 p. 

Yates, E.B., Hamlin, S.N., and Horowitz McCann, L., 
1990, Geohydrology, water quality, and water bud- 
gets of Golden Gate Park and the Lake Merced area 
in the western part of San Francisco, California: 
U.S. Geological Survey Water-Resources Inves- 
tigations Report 90-4080.45 p. 

46 Geohydrologic Framework, Development of Gromnd-Water System, HydrologlcMlater-Quality Conditlons 


