Case History No. 9.14. Santa Clara Valley, Cdlifornia,
U.S.A., by Joseph F. Poland, U.S. Geological Survey,
Sacramento, California

9.14.1 | NTRCDUCTI ON

Land subsidence in the central part of the Santa Clara Valley--beneath the southern part of San
Franci sco Bay and extending to the southern edge of San Jose--was first recognized in 1932-33.
Rel eveling of a line of first-order levels established by the National Geodetic Survey in 1912
showed about 1.2 m of subsidence in downtown San Jose in 1933. The subsiding area extends
sout hward about 40 km from Redwood City and Niles past San Jose, has a nmaxi mum wi dth of 22 km
and incl udes about 750 knf. As shown by Figure 9.14.1, nost of this central area experienced 0.3
to 2.4 m(1 to 8 feet) of subsidence from1934 to 1967

9.14.2 GEQLOGY

The Santa Cara Valley is a structural trough extending 110 km sout heast from San Franci sco. The
vall ey is bounded on the southwest by the Santa Cruz Mountains and the San Andreas fault and on
the northeast by the D abl o Range and the Hayward fault. The consol i dated bedrock bordering the
valley is shown as a single unit in Figure 9.14.1; it ranges in age from Cretaceous to Pliocene
and consists largely of sedinmentary rocks but includes areas of netanorphic and igneous rocks.

The fresh-water-bearing deposits formng the ground-water reservoir within the valley are
chiefly of Quaternary age. They include (1) the semconsolidated Santa Clara Fornmation and
associ ated deposits of Pliocene and Pl ei stocene age and (2) the unconsolidated alluvial and bay
deposits of Pleistocene and Hol ocene age. The Santa Cl ara Fornmation, which crops out on the
sout hwest and northeast flanks of the valley, consists of poorly sorted congl onerate, sandstone,
siltstone, and clay as nuch as 600 m thick in outcrop (D bblee, 1966). Wyere exposed, this
formation has a low transnmissivity and yields only snall to noderate quantities of water to
wells (1 to 6 1/s)--rarely enough for irrigation purposes.

The unconsolidated alluvial and bay deposits of clay, silt, sand, and gravel overlie the
Santa O ara Formati on and associ ated deposits their upper surface forms the valley floor. They
contain the nost productive aquifers of the ground-water reservoir. Wlls range in depth from90
to 360 m The deeper wells probably tap the upper part of the Santa O ara Formati on although the
contact with the overlying alluviumhas not been distinguished in well logs. Wll yields in the
valley range from 20 to 160 |/s (Calif. Dept. Water Resources., 1967, pl. 6). The alluvial
deposits are at least 460 mthick beneath central San Jose. However, the log of a well drilled
to a depth of 468 mrevealed a | ack of water-bearing material below a depth of 300 M Coarse-
grai ned deposits predominate on the alluvial fans near the valley margins where the stream
gradients are steeper. The proportion of clay and silt |layers increases bayward. For exanple, a
well-1og section extending 20 km northward from Canpbell to Alviso (Tolman and Pol and, 1940
Figure 3) shows that to a depth of 150 m the cunulative thickness of clay layers in the
deposits increases from25 per cent near Canpbell to 80 per cent near Alviso

In 1960, the U S. GCeological Survey drilled core holes to a depth of 305 m at the two
centers of subsidence, in San Jose (well 16C6) and in Sunnyvale (well 24C7). (For location, see
Figure 9.14.1.) The 305-m depth was chosen because it was the nmaxi mum depth of nearby water
wells. Cores were tested in the |aboratory for particle-size distribution, specific gravity of
solids, dry unit weight, porosity and void ratio, hydraulic conductivity (normal and parallel to
beddi ng), Atterberg limts, and one-di mensional consolidation and rebound (Johnson, Mston, and
Morris, 1968).

X-ray diffraction studies of 20 sanples fromthe two core holes indicate that montroril -
lonite conposes about 70 per cent of the clay-mneral assenblage in these deposits. O her
constituents are chlorite, 20 per cent, and illite, 5-10 per cent (Meade, 1967, p. 44).
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Figure 9.14.1 Land subsidence from 1.934 to 1967, Santa Clara Valley, California. Conpiled

fromleveling of National Geodetic Survey in 1934 and 1967.
9.14.3 HYDROLOGY

In the central part of Figure 9.14.1 and below a depth of 50 to 60 m ground water is confined.
The extent of the confined aquifer systemis defined roughly by the 0.6 m (2-ft) 1line of equal
subsidence in Figure 9.14.1. The area of confinenment extends southward from beneath San
Franci sco Bay to San Jose, also west to Palo Alto and east to MIpitas. In the early years of
devel opment, wells as far south as San Jose and nore than 60 m deep flowed (d ark, 1924, p.1.
XV), denonstrating by their areal distribution a mniml extent of the confining sednents. The
confined aquifer svstemis as nuch as 245 m thick. Around the valley margins, ground water is
chiefly unconfined and nost of the natural recharge to the ground-water reservoir percolates
fromstream channels in alluvial-fan deposits.
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The confining menber overlying the confined aquifer system has a thickness ranging from 45
to 60 m Al though predom nantly conposed of |enses and tongues of clay and silt, it contains
sone channel fillings and | enses of perneable sand and gravel. This confining nmenber supports a
shal l ow water table distinguished by an irregular surface. As of 1965-70, the shallow water
tabl e overlying nuch of the confined systemwas |ess than 10 m bel ow the | and surface (Wbster
1973). At least near the Bay, the shallow water table did not fluctuate appreciably during the
peri od of prolonged artesi an-head decline ternminating in 1966.

The devel opnent of irrigated agriculture in the valley began about 1900 and expanded to a
maxi mum about the end of Wrld War |I. After 1945, population pressures caused a great
transition of land use from agricultural to urban and industrial developrment. Agricultura
punpage increased from about 50 hm? per gear in 1915-20 to a maximum of 127 hnm? per year in
1945-50 (1 cubic hectonetre, hm?, = 1 x 10n? = 810.7 acre-feet). By 1970-75 nost of the orchards
had been replaced by houses, and agricultural punmpage had decreased to 25 hn? per vyear.
Muni ci pal and industrial punpage, on the other hand, increased from 27 hn? per year in 1940-45
to 162 hn? per year in 1970-75. Total punpage (Figure 9.14.2, bottom graph) increased nearly
fourfold from1915-20 to 1960-65--from 60 to 222 hny per year--but then decreased 19 per cent to
185 hn? by 1970-75, in response to a rapid increase in surface-water inports, discussed |ater

The historical increase in withdrawal of ground water was a principal factor in causing a
fairly continuous and severe 50-year decline of artesian head. In the spring of 1916, the ar-
tesian head in index well 7R in San Jose was 3.7 m above |land surface (Figure 9.14.2); by the
autum of 1966 it was 55 m bel ow | and surface. The second major factor in this 50-year decline
of 59 mwas the negative trend of the local water supply. The upper line in Figure 9.14.2 is a
pl ot of the cunulative departure, in per cent, of the seasonal rainfall at San Jose from the
50-year seasonal nean, 1897-98 to 1946-47 (Calif. State Water Resources Board, 1955, p. 26). The
50-year mean is 34.85 cm Except for the 6-year wet period 1936-42, the departure in the 50

-
o, -150%
L 82000 -100
oW L TS
>0 ]
X 2100 RAINFALL o
[ & I - ()
w = -
a3 ok o  LAND —
-t = 7 w
- O - A L - -
Za 002 -
=& [ 220- ARTESIAN | a0 =
= L HEAD 80 =
4o WELL TRT r =
- x
a | +160 [~
S60 1 | 1 1 1 ] —
0‘ 2 7 7z » % % 7 ” — 0
© 7 -
-2 T [T %
. X //// PUMPAGE .
W~ 100 7 7
= a % o 100 o
x - ¢
= w 7 / _" o
& w200 % A 5
1 1 1 ] 1 ] . 20
1920 1940 1960 1980
Figure 9.14.2 Artesian-head change in San Jose in response to rainfall, punpage, and inports
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years 1916--66 was generally negative; the cumul ative departure of 310 per cent from 1916 to
1966 represents a cunul ative "deficiency” in rainfall of about 108 cm

The 50-year decline in artesian head from 1916 to 1966 clearly was caused by the cunul ative
effect of generally deficient rainfall and runoff and a fourfold increase in withdrawals. The
plot of artesian-head decline at index well 7Rl confornms in general with the cunulative
departure of rainfall at San Jose.

9.14.4 LAND SUBSI DENCE

Land subsi dence was first noted in 1932-33 when bench mark P7 in San Jose, established in 1912,
was resurveyed and found to have subsided 1.2 m As a result, a valleywi de network of bench
mar ks was established in 1934 (Poland and Green, 1962, Figure 3). The total length of survey
lines conprising this bench-mark net was about 400 km From 1934 to 1967 the National GCeodetic
Survey (fornerly the U'S. Coast and Geodetic, Survey) resurveyed the network from "stable"
bedrock ties a dozen tines to determ ne changes in elevation of the bench marks; the latest full
survey of the network was in 1967. In the 33 years 1934-67, subsidence along lines of benchmark
control ranged fromO0.3 to 1.2 munder the Bay to 2.4 min San Jose (Figure 9.14.1). About 260
kn? subsided nore than 1 m The subsidence record for bench mark P7 in central San Jose is
plotted in Figure 9.14.3, together with the artesian head in nearby index well 7R1l, taken from
Figure 9.14.2. The bl ack dots on the subsidence curve indicate tinmes of bench-mark surveys. The
fluctuati ons of artesian head represent the change in stress on the confined aquifer system the
subsidence is the resulting strain. Subsidence of bench mark P7 began about 1918 (note dotted
inferred segnent of subsidence plot representing the period 1912 to 1919) and reached 1.4 min
1934. From 1938 to 1947 subsidence stopped, during a period of artesian-head recovery, in
response to above-normal rainfall and recharge. (The natural recharge was supplenented by
controlled percolation releases from newly constructed detention reservoirs on the |arger
streans.) Subsidence resuned in 1947 as a consequence of a rapidly declining artesian head due
to deficient rainfall and increasing demand for ground water (Figure 9.14.2); it attained its
fastest average rate in 1960-63 (0.22 myear), in response to the rapid head decline of 1959-62
during a drought period (see Figure 9.14.2). By 1967 bench mark P7 had subsided 3.86 m

Figure 9.14.4 shows | and-subsidence profiles along line A-A from Redwood City to Coyote
from 1912 t hrough 1969 (for location, see Figure 9.14.1). The spring 1934 |l eveling was used as a
ref erence base because this was the first conplete leveling of the net. Note that from 1934 to
1967, maxi mum subsi dence of 2.6 mwas near bench mark W11, 4.8 km northwest of bench mark P7;
also that from 1934 to 1960 the greatest subsidence along line AAA was 1.7 m at bench mark
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Figure 9.14.3 Artesi an-head change and | and subsi dence, San Jose.
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Figure 9.14.4 Profiles of |land subsidence, Redwood City to Coyote, California, 1912-69

J111 in Sunnyvale. Changes in the rate and magnitude of artesian-head decline doubtless have
caused such geographic variations in subsidence rate and nmagnitude with tine.

The volune of subsidence (pore-space reduction) planinmetered from the 1934-67 subsidence
map (Figure 9.14.1) was about 617 hn?. If the ratio of the pre-1934 subsidence volune to the
1934- 67 subsidence volune is assuned to be equal to the ratio of the pre-1934 subsidence of
bench mark P7 to the 1934-67 subsidence of that bench nmark, then the total subsidence vol une
from 1912 to 1967 is about 975 hm?. Protrusion of well casings above the land surface and
i nundation of |ands near the south end of San Francisco Bay also have furnished evidence of
subsi dence. Protrusion of well casings has been common in the subsiding area (Tol man, 1937, p
345). Many of the casings gradually protruded 0.6-1 m above ground |evel but usually were cut
of f before protruding higher. This protrusion indicates that conpaction of the deposits occurred
in the depth interval above the bottomof the protruding casing. However, such protrusion often
is acconpani ed by conpression and rupture of the casing at depth and thus supplies only a
m ni mal val ue of subsidence. In general, the deeper the conpacting interval, the smaller will be
the protrusion in proportion to the subsidence, because the frictional drag of the formation or
the gravel - pack on the casing wall should increase proportionately with depth

Al though sone horizontal novenent doubtless has occurred in the subsidence area in
associ ation with the subsi dence, no surveys or evidence of horizontal nmovenent are known to the
aut hor.
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The conparison of artesian-head change and subsidence from 1916 to 1967 (Figure 9.14.3)
denonstrates beyond a reasonabl e doubt that the increase in effective stress resulting fromthe
declining artesi an head caused the conpacti on and the subsi dence

9.14.5 EXTENSOVETERS TO MEASURE COVPACTI ON

Ext ensoneters (conpaction recorders) were installed by the Geological Survey in 1960 in the
cased core holes 305 m deep in San Jose (16C6) and in Sunnyvale (24C7) and in several unused
water-supply wells. (For location, see Figure 9.14.1.) The purpose of this equipnent was to
neasure the rate and magni tude of conpaction occurring between the land surface and the wel
bottom When first installed, the extensoneter consisted of an anchor placed in the formation
bel ow the casing bottom attached to a cable that passed over sheaves at the |and surface and
was counterweighted to naintain constant tension (Figure 2.5A). A recorder actuated by cable
novenent yields a tinme graph of the novenent of |land surface with respect to the anchor--the
conpacti on or expansion of the deposits within that depth range. To reduce friction and increase
the accuracy of neasurenent four of the extensoneters were nodified in 1972 by replacing the
cable with a free-standing pipe of 3.8-cmdianeter (Figure 2.5B) within the well casing of 10-cm
di anmeter. The records obtained fromthese instruments show that the neasured conpaction to the
depth of 305 mis nearly equal to the | and subsidence as neasured periodically by releveling of
the bench-mark network. Thus, these instruments function as continuous subsidence nonitors.

Figure 9.14.5 shows the neasured conpaction in the 305-mwell in San Jose (well 16C6) and
the conpacti on and artesian-head fluctuation in adjacent unused well 16C5 (depth 277 nm) through
1975. The dashed |ine represents subsidence of adjacent bench mark J& as determ ned by periodic
releveling from stable bench marks. Measured conpaction of the confined aquifer systemto the
305-mdepth fromJuly 1, 1960, to Decenber 31, 1976, was 1.4 m

9.14.6 MEASURES TAKEN TO CONTROL SUBSI DENCE

Local agenci es have been working since the 1930's to conserve water and to obtain water supplies
adequate to stop the ground-water overdraft and raise the artesian head. Their program has
invol ved (1) salvage of flood waters fromlocal streanms that would otherwi se waste to the Bay
and (2) inportation of water fromoutside the valley. In 1935-36 five storage dams were built on
|l ocal streans to provide detention reservoirs with conbined storage capacity of about 62 hn? to
retain floodwaters and permt controlled releases to increase streanbed percolation (Hunt,
1940). The storage capacity of detention reservoirs was i ncreased to 178 hn? in the early 1950's
(Calif. State Water Resources Board, 1955, p. 51).
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Figure 9.14.5 Measured water-|evel change, conpaction, and subsidence in San Jose
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By 1960, sharply declining water |evels furnished evidence that |ocal resources were not
adequate to supply present and future water needs. Steps were taken to increase water inports to
the County. The inmport of surface water to Santa Cara County began about 1940 when San
Franci sco commenced selling water inported from the Sierra Nevada to several nunicipalities
This inport increased to 15 hn? in 1960 and to 54 hn? by 1975 (see bl ank segments of yearly bars,
upper right graph, Figure 9.14.2). Surface water inported fromthe Central Valley through the
State’'s South Bay Aqueduct first becane available in 1965; by 1974-75, the aqueduct inport was
128 hn? (see cross-hatched plus diagonally ruled segnents of yearly bars, upper right graph
Figure 9.14.2). As a result, total inports to Santa Cara County increased five-fold from
1964-65 to 1974-75--from 37 to 183 hm? per year

The recovery of water |evel since 1967 has been dramatic. By 1975, the spring high water
level at index well 7Rl (Figure 9.14.2) was 32 m above that of 1967, and about equal to the
level in this well in 1925. This major recovery of head was due primarily to the fivefold
increase in inports fromthe Central Valley. Two other favorable factors were the above-norna
rainfall and the decreased punmpage (Figure 9.14.2).

The average seasonal rainfall at San Jose was 13 per cent above normal in the period 1966-
75. The cumul ative departure graph (Figure 9.14.2) indicates an increase of 120 per cent or a
cumul ati ve excess of about 41 cm above normal in the 9-year period

The average yearly punpage of ground water, which had reached its peak of 228 hn? in
1960- 65, decreased to 185 hm’ in 1970-75. A principal reason for this 19-per cent decrease was a
use tax levied on ground-water punpage since 1964. In 1977, for exanple, the ground-water tax
was |evied at $8.50 per unit (1 acre-ft. or 1234 n?¥) for ground water extracted for agricultura
purposes and at $34 per unit for ground water extracted for other uses. The energy cost to the
consunmer for punping ground water in the Santa Cara Valley at 1977 prices was $10 to $15 per
unit. Thus, the average total cost for ground water punped for agricultural purposes was about
$20 per unit and for other uses was about $45 per unit. The price for surface water delivered in
lieu of extraction was $14 per unit for water used for agriculture and $39.50 per unit for water
used for other purposes. The econom c advantage of buying surface water, where available, is
obvi ous.

Recharge to the ground-water reservoir from regulated local runoff released to stream
channels and percol ation ponds has been augnented since 1965 by water from the South Bay
Aqueduct that could not be delivered directly to the user. The quantity diverted to recharge
areas (cross-hatched segnment of yearly bars, upper right graph, Figure (9.14.2) in the 10 years
to 1975 averaged about 50 hm? per year and represents 56 per cent of the total import fromthe
Sout h Bay Aqueduct.

The marked decrease in rate of subsidence in response to the dramatic head recovery from
1967 to 1975 is denonstrated graphically by the conpaction records from the two deep
extensoneters in San Jose and Sunnyval e (Figure 9.14.6). The rate of neasured conpaction in well
16C6 in San Jose decreased from about 30 cmper year in 1961 to 7.3 cmin 1967 and to 0.3 cmin
1973. Net expansion (Il and-surface rebound) of 0.6 cmoccurred in 1974. In Sunnyval e, conpaction
of the sedi ments above the 305-m anchor in well 24C7 decreased fromabout 15 cm per year in 1961
to 1.2 cmin 1973; net expansion of 0.5 cmand 1.1 cmoccurred in 1974 and 1975, respectively.
Very deficient rainfall in 1975-76 and in 1976-77 virtually elinmnated runoff and recharge from
| ocal sources, and water levels started to decline once nore in 1976. |In response, conpaction
and subsidence resunmed once again. |In San Jose at well 16C6, conpaction in 1976 was 3.5 cm
about equal to that in 1968; in Sunnyvale, conpaction was 1.6 cm

9.14. 7 COMPRESSI Bl LI TY AND STORAGE PARAMETERS

Conpressibility characteristics of fine-grained conpressible |ayers (aquitards) can be obtai ned
by maki ng one-di nensi onal consolidation tests of "undisturbed" cores in the |aboratory. As one
phase of the research on conpaction of the aquifer system |aboratory consolidation tests were
made on 21 selected fine-grained cores fromthe two core holes. These tests were made in the
Earth Laboratory of the United States Bureau of Reclamation at Denver, Colorado. Paraneters
tested included the conpression index, C, a neasure of the nonlinear conpressibility of the
sanple, and the coefficient of consolidation, G;, a neasure of the time rate of consolidation.
Conpl ete results of these |aboratory tests have been published (Johnson and others, 1968, Tables
8 and 9 and Figure 21). The 21 sanples tested %8anned a depth range from43 to 292 m bel ow | and
surface. The range of the conpression index, “c, was small conpared to the range in the San
Joaqui n Valley: the maxi mum value was 0.33, the mnimm 0.13, and the nmean was 0.24. O the 21
sanpl es, 15 had CC values falling between 0.20 and 0. 30. This suggests that the nonlinear
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Figure 9.14.6 Measured annual conpaction to 305-m (1, 000-ft) depth.

conpressibility characteristics of the aquitards in the confined aquifer system do not vary
wi del y.

The plot of void ratio against the log of load (effective stress), known as the e-log p
plot, can be used to obtain a graphic plot of conpressibility versus effective stress. Such a
graph can be used to estimate ultimate conpaction due to a step increase in effective stress.
This procedure applied to the I aboratory consolidation tests at the Sunnyval e and San Jose core
hol es produced estimates of ultimate conpaction that were only about one-third to one-half the
val ues obtained by sunming field neasurements of conpaction to date with residual conpaction
estimated from a one-dinensional sinulation of the field observations (Helm 1976). The reason
for this disparity is not known. Apparently the sanples tested were not representative of the
aqui tards that contributed nost to the observed conpaction

Subsi dence represents pore-space reduction which occurs alnost wholly in the fine-grained
conpressi ble aquitards. At well 16C6 in San Jose the confined aquifer systemis 244 m thick,
from 61 to 305 m below |land surface. Based on study of the microlog, the confined system
contained 38 aquitards with a conbined thickness of 145 m The nean porosity of 27 core sanpl es,
determined in the laboratory, was 37 per cent. The total subsidence to date at well 16C6 is
about 4 m A reduction of 4 min the thickness of the confined system requires about 1.8 per
cent reduction in the porosity of the aquitards--for exanple, from37 to 35.2 per cent.

The subsi dence/ head-decline ratio is a useful parameter in subsidence studies. The ratio is
a rough approxi mati on of the response of the aquifer systemto a given change in stress. At San
Jose, referring to the plot of subsidence for bench mark P7 and the artesi an-head change in well
7R1 (Figure 9.14.3), the artesian head declined from6 mbelow | and surface in 1918 (approximate
preconsol idation stress) to 55 mbelow | and surface in 1966, for a net change of 49 m Subsi dence
at bench mark P7 from 1918-66 was about 3.84 m This neans that as of 1966 the enpirical ratio
is 3.84 M49 m= 0.08. The ratio of ultinmate subsidence to head decline nust therefore be |arger
than 0.08 at this site. Artesian head as neasured in a well casing represents a conposite pore
pressure of all aquifers in the confined systemthat are tapped by the observation well. |If and
when the pore pressures in fine-grained aquitards reach equilibriumw th those in the adjacent
aqui fers, conpaction will cease, and the ratio of ultimte subsidence to head decline will be a
true nmeasure of virgin conpressibility for the entire interval being stressed. Such an ultinmate
val ue is anal ogous to a storage coefficient.

Hel m (1977), by nmeans of a one-dinensional sinulation of the long-termfield observations
of subsi dence at bench march P7 and artesian head at well 7RI, provided the paraneters used for
estimating the ultimate conpaction (subsidence) resulting froma step change in head of 49 m
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the conputed conpaction is about 5.3 m Thus, on the basis of Helms paraneter values, the
ul ti mat e subsi dence/ head-decline ratio would be 5.3 mM49 m= 0.11. If we divide the ratio by the
thi ckness of conpacting aquitards, 145 m we obtain the virgin conpressibility (for stress
i ncrease beyond preconsolidation stress) of the aquitards:

5.3 mM (145 mx 49 n) = 7.4 x 10 *ni?

As the water levels in the San Jose area rose rapidly after 1967 (Figure 9.14.2), the
stress-strain curves obtained from paired neasurenents of conpaction and artesi an head began to
show seasonal expansion during the winter nonths when the water |evel was highest and the
effective stress on the confined system was | owest. These stress-strain |oops can be used to
obtain the conpressibility of the confined system in the recoverable or elastic range of
stresses (less than preconsolidation stress). One exanple (Figure 9.14.7) shows the stress-
conpaction plot for a pair of wells in San Jose from 1967 through 1974. Conpaction was neasured
in well 16C6,11, 305 m deep, and stress in nearby well 16C5. Depth to water is plotted
i ncreasing upward. Change in depth to water represents an average change in stress in all
aqui fers of the confined aquifer systemtapped by well 16C5. The | ower parts of the descendi ng
segnents of the annual |oops for the winters of 1967-68, 1969-70, and 1970-71 are approxi mately
parallel, as shown by the dotted lines, indicating that the response is essentially elastic in
both aquifers and aquitards when the depth to water is less than about 55 m The heavy dashed
line drawn parallel to the dotted lines represents the average slope of the segments in the
range of stresses |l ess than preconsolidation stress. The reci procal of the slope of this lineis
the component of the storage coefficient attributable to elastic or recoverable deformation of
the aquifer-system skeleton, S, and equals 1.5 Xx 10°3. The conponent of average specific
storage due to elastic deformation, Sg, equals S/244 m = 6.15 x 10°°m?! if stresses are
expressed in nmetres of water, and if vy,(the unit weight of water) = 1, the average elastic
conpressibility of the aquifer system skeleton, oy, is equal nunerically to Sgye.
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Figure 9.14.7 Stress change and conpacti on, San Jose site.
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In these conputations | have assuned that in the range of stresses |ess than preconsolid-
ation stress, the conpressibility of the aquitards and the aquifers is the same. Therefore, the
full thickness of the confined aquifer system 244 m was used to derive the specific storage
component, Sgke, in the elastic range of stress.

At these San Jose sites, then, the average conpressibility of the aquitards in the virgin
range of stress, 7.4 x 10°% mil is 120 tines as large as the average conpressibility of the
confined aquifer systemin the elastic range of stress, 6.15 x 108 mil. This great difference in
response to stressing should be kept in mnd when considering use of aquifer tests to derive
hydrol ogi ¢ paraneters, as well as in appraisal of subsidence potenti al

9.14.8 ECONOM C AND SCCI AL | MPACTS

Subsi dence has created several mmjor problens. Lands adjacent to San Francisco Bay have sunk as
much as 2.4 m since 1912, requiring construction and repeated raising of levees to restrain
| andward novenent of the saline bay water onto 44 kn2 of |and below high-tide level in 1967
Al so, flood-control |evees have been built and mai ntai ned near the bayward ends of the depressed
stream channel s. About $9 million of public funds had been spent to 1974 on such flood-contro
I evees to correct for subsidence effects, according to Lloyd Fow er, former Chief Engineer of
the Santa Clara Valley Water District. In addition, a mgjor salt conmpany has spent an unknown
but substantial anpunt maintaining | evees on 78 kn2 of salt ponds to counter as much as 2.4 m of
subsi dence. Several hundred water-well casings have failed in vertical conpression, due to
conpaction of the sedinents. The cost of repair or replacenent of such damaged wells has been
estimated as at least $4 million (Roll, 1967). Including funds spent on maintaining the salt-
pond | evees, establishing and resurveying the bench-mark net, repairing railroads, roads, and
bridges, replacing or increasing the size of storm and sanitary sewers, and naking private
engi neering surveys, the direct costs of subsidence nmust have been at least 35 million dollars
to date.

A mej or earthquake could cause failure of the bay-margin |evees, resulting in the flooding
of areas presently below sea level. The levees were constructed of locally derived weak
materials and were designed only to retain salt-pond water under static conditions (Rogers and
Wlliams, 1974). The potential for such an earthquake poses a continuing threat to floodi ng of
the estimted 44 knf (4400 hectares) of land standing below high tide |evel as of 1967. Such a
threat must have reduced the value of this land very substantially conpared to the value if it
all still stood above nean sea level as it did in 1912. This decrease in |land val ue should be
included in the gross costs of subsidence.

9.14.9 LEGAL ASPECTS

The successful managenment of a highly variable water supply to achieve a balance with an ever-
i ncreasi ng demand for water in Santa Clara County (not shown on map) has been remarkable for
several reasons. First, maxi num devel opment of |ocal water supplies and inportation of water
fromtwo sources have nonmentarily brought supply and demand into bal ance. Secondly, by building
up the ground-water storage in the recharge area, and thus the artesian head in the confined
system | and subsi dence was stopped, at |east tenporarily, by 1973. Thirdly, all this has been
acconpl i shed by bond issues, revenue from taxes, and water charges, thus avoiding a drawn-out
expensive | egal adjudication of the ground-water supply such as occurred in southern California
in the Raynond Basin (Pasadena vs. Al hanbra, 1949).

9.14.10 CONCLUSI ONS

Both the cause of subsidence and the means of its control are known. The evidence given here
proves that the subsidence is caused by decline of the artesian head and the resulting increase
in effective overburden |oad or grain-to-grain stress on the water-bearing beds in the confined
system The sediments conpact under the increasing stress and the |land surface sinks. Mst of
the conpaction occurs in the fine-grained clayey beds (aquitards) which are the nost
conpressi bl e but have | ow perneability. Therefore, the escape of water fromthese sl ow draining
aqui tards (decay of excess pore pressure) and the increase in effective stress are slow and
ti me-dependent, but the ultinmate conpaction is |arge and chiefly permanent.
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The subsidence has been stopped by raising the artesian head in the aquifers until it
equal ed or exceeded the maxi mum pore pressures in the aquitards. The conpaction and water-|evel
records being obtained by the GCeological Survey indicate that if the artesian head can be
mai ntained 3 to 6 mabove the levels of 1971-73, subsidence will not recur. On the other hand,
subsi dence will recomence if artesian head is drawmn down as nuch as 6 to 9 m bel ow the 1971-73
| evel s.

9.14-11 EPI LOGUE

Recently the Santa Clara Valley Water District was given Hi storical Landmark status by the
Anerican Society of Civil Engineers for its nmajor contributions to the devel opnment of the re-
gion. It was acknow edged that the district’s systemis "the first and only instance of a najor
wat er supply being developed in a single ground-water basin involving the control of numerous
i ndependent tributaries to effectuate alnpbst optinmal conservation of practically all of the
sources of water flowing into the basin."
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