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HYDROGEOLOGY AND LAND SUBSIDENCE,

GREAT CENTRAL VALLEY, CALIFORNIA *

Bv J. F. Poland and R. E. Evenson
U.S. Geological Survey, Sacramento, California

The first part of this paper describes the significant

geomorpliic features, presents a tentative correlation

of the geologic units that constitute significant ele-

ments of the tremendous ground-water reservoir in

the Great Central Valley, summarizes the post-Miocene

geologic history, and describes briefly the ground-

water conditions of the valley. It is a supplement to

the more comprehensive companion paper by Otto

Hackel on the geology of the valley from Late Ju-

rassic time to the end of Pliocene marine deposition.

The second part of the paper describes the extent

and magnitude of the land subsidence that is taking

place in the San Joaquin Valley, caused chiefly b\-

intensive pumping of ground water and the resulting

decline in artesian head. Subsidence of the land sur-

face is a critical aspect of the hydrogeology because

it poses serious problems in construction and mainte-

nance of engineering structures for water transport,

especially large canals or aqueducts.

The first part of this paper is based largely on U.S.

Geological Survey studies in the Sacramento Valley

by Olmsted and Davis (1961), and in the San Joaquin

Valley by Davis and others (1959 and 1964). The
authors are also indebted to representatives of the

Pacific Gas and Electric Company and the Sacramento

Municipal Utility District for providing background
data that facilitated estimates of ground-water \\ ith-

drawal for irrigation use in 1964.

HYDROGEOLOGY

Geomorphology

The Central Valley constitutes a structural down-
\Varp extending more than 400 miles from Redding on
the north to the Tehachapi Mountains on the south;

it has an average width of about 40 miles, and spans

15,000 sq. mi. or about one-tenth of the State. About
the northern third of the valley is known as the Sac-

ramento Valley and the southern two-thirds as the

San Joaquin Valley. Drainage from the Sacramento
Valley is southward through the Sacramento River

to its confluence with the San Joaquin River, near

Suisun Bay, and then westward through San Francisco

Bay to the Pacific Ocean. The northern part of the

San Joaquin Valley drains northward through the San

Joaquin River but the southern part of the valley is

a basin of interior drainage tributary to ephemeral

* Publication authorized by the Director, U. S. Geological Sur\'ey.

lakes in the trough of the vallc\ . These often nearly

dry lake areas arc known as Kern, Buena V'ista, and

Tulare Lake Beds.

The valley floor is divided, as shown on figure 1,

into four geomorphic units: (1) dissected uplands, (2)

low alluvial plains and fans, ( 3 ) river flood plains and

channels, and (4) overflow lands and lake bottoms.

Dissected uplands fringe the valle\- along its moun-
tain borders and are underlain principally b>' uncon-

solidated to semiconsolidated continental deposits of

Pliocene and Pleistocene age which have been struc-

turally deformed. Topographic expression of these

uplands ranges from dissected hills with relief of sev-

eral hundred feet to gently rolling lands where relief

is only a few feet.

Lo\\' alluvial plains and fans that border the dis-

sected uplands along their valleyw ard margins are gen-

erally flat to gentls' undulant and are underlain by
undeformed to slightly deformed alluvial deposits of

Pleistocene and Recent age.

The river flood plains and channels lie along the

Sacramento, San Joaquin, and Kings Rivers in the

axial parts of the valley and along the major streams

on the eastern side of the valley. Those rivers that

are incised below the general land surface have well-

defined flood plains; but in the axial trough of the

valley, the rivers are flanked by low-l\ing overflow

lands and there the flood-plain and channel deposits

are confined to the stream channel and to the natural

levees that slope away from the river.

Overflow lands and lake bottoms include the historic

beds of Kern, Buena Vista, and Tulare Lakes in the

southern part of the valley, and also the lowlands

adjacent to the natural levees of the major rivers.

They are almost level and are underlain by lake and

swamp deposits of PvCcent age.

Geologic Units

The deposits containing fresh ground water are

principally unconsolidated continental deposits of Pli-

ocene to Recent age that extend to depths ranging

from less than a hundred to more than 3,500 feet.

Locally, marine sediments contain fresh water and in

other areas continental deposits contain saline water,

but such conditions are of minor extent. Table 1 shows

a tentative correlation of geologic units of hydrologic

significance in the ground-water reservoir of the Cen-

tral V^alley and table 2 is a resume of the post-Miocene
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EXPLANATION

Overflow lands and
lake b ot I oms

20 20 40 60 80 Miles

Figure 1. Geomorphic map of the Great Cenlrol Valley. Geomorphic units after Davis and others (1959, pi. 1) and Olmsted and Davis (1961, pi. I).
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CORRELATION CHART OF GEOLOGIC UNITS H YOR OLQG 1 CA LLY SIGNIFICANT IN THE CENTRAL VALLEY. CALIFORNIA
(Estimaled range in thickness indicaled Kilhin paienlhesesi
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table 2.-resume of post-miocene geologic history.

Bull. 190

Epoch
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EXPLANATION

OutI i ne of Val ley
Drawn chiefly on boundary of

consol idafed rocks

Line of equal subsidence
In feet, dashed where approx i mate

interval variable

California Aqueduct
Under construct i on

1926-62

Peri od of vert ical control
Compiled from leveling of the U.S.

Coast and Geodetic Survey and
Topographic mapping by U.S.
Geolog I ca I Survey

Figure 2. Areas of major land subsidence in the Greet Central Valley.
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order of 10,700,000 ;icrc-fcct, representing more than a

threefold increase since 1940 \\ hen the draft was about

} million acre-feet. This large withdrawal has caused

substantial overdraft on the central west side and in

much of tiie southern part of the \'alle\-, \\here re-

plenishment is small compared to withdrawal. As a re-

sult, water levels have declined 100 to more than 400

feet in the confined aquifer s\stem in the Tulare

Formation in western I'Vcsno Count\' and more than

lOO feet in the same formation in Kern County south

of the Kern River fan.

LAND SUBSIDENCE

In the great agricultural development of the Cen-

tral \'alle\-, man has caused major subsidence of the

land surface in three extensive areas between Sacra-

mento and the south end of the \'alley. (See figure 2.)

These three areas aggregate about 4,000 square miles,

or roughl\- one-third of the valle\' lands south of

Sacramento. Maximum subsidence ranges from H feet

south of Bakersfield to 23 feet southeast of Los Banos.

Nowhere else in the world has man produced such

extensive subsidence of this magnitude.

The subsidence is of three t\pes. In the low lands

of the Delta at the confluence of the Sacramento and

San Joaquin Rivers, subsidence has been caused chiefl\

b\- the oxidation of peat lands accompan\ing drainage

and cultivation. In the largest area, between Los Banos

and Wasco, and at the sf)uth end of the valley between

Arvin and Maricopa, most of the subsidence has been

caused b\' lowering of the artesian head in confined

aquifer systems, due to the intensive pumping of

ground water. Locall>', on the west and south flanks

of the valley, a third t\pe of subsidence has been

caused by near-surface compaction of moisture-defi-

cient alluvial-fan deposits above the water table, after

initial wetting by percolating irrigation water. This

third type of subsidence is of such local extent that

it cannot be shown on figure 2.

Subsidence of the Delta

The organic soils or peat lands at the confluence of

the Sacramento and San Joaquin River systems are

highl\' productive agricultural lands. Drainage for cul-

tivation began in 1 H50 and development continued for

the next 70 years. The Delta is now a complex svstem

of islands and channels, and prior to reclamation the

islands were approximately at mean sea level. Levees

were constructed around the islands at the time of

their reclamation, and as the islands have subsided

farther and farther below sea level the maintenance

of levees and channels has been an increasinglv diffi-

cult job.

The generalized lines of equal subsidence shown on

figure 2 were constructed from topographic maps of

the Geological Survev based on field surveys in 1952.

The subsiding area covers about 450 square miles and

more than one-third of the island area was 10 to 15

feet below sea level in 1952. The peat ranges in thick-

ness from near zero to more than 40 feet.

Weir (1950) studied the subsidence in the Delta

area for about 35 \'ears, beginning in 1922. He found

that subsidence on one island ( Mildred Island) w as 9.29

feet from 1922 to 1955, and was relativelv uniform,

averaging 0.2H foot per \ear. He concluded that the

causes of the subsidence were: oxidation, compaction

bv tillage machinery, shrinkage by drying, burning,

and wind erosion. Stephens and Johnson (1951)

studied a similar peat subsidence in the Florida F-ver-

glades and concluded riiat the principal cause was oxi-

dation due to action of aerobic bacteria above the

water table. Hence, the primar\ cause of the Delta

subsidence is the lowering of the water table by drain-

age in order to grow crops.

The sediments beneath the peat also have subsided

to a much lesser degree, possibly because of extraction

f)f gas and water from major local gas fields.

Near-Surface Subsidence

Locally on the west and south flanks of the San

Joaquin \'alley, near-surface alluvial-fan deposits

above the water table have subsided in response to the

first irrigation of the land. In the Los Banos-Kettleman

City area, this near-surface subsidence or hydrocom-
paction encompasses two areas 4 to 6 miles wide and

aggregating 22 miles in length along the west edge of

the valley. Along the southwest flank of the vallev

between Lost Hills, Maricopa, and Wheeler Ridge, are

four areas susceptible to near-surface subsidence; these

aggregate at least 40 miles in length.

The deposits susceptible to hvdrocompaction have

been moisture deficient ever since their deposition.

W'hen water is applied to them the cla\- bond is weak-

ened and the deposits compact (Bull, 1964). Subsi-

dence of 5 to 10 feet is common and locally as much
as 15 feet has been observed. This type of subsidence

poses a serious problem in the construction and main-

tenance of large canals, irrigation distribution systems,

pipelines, powerlines, highways, and buildings. The
California Aqueduct (fig. 2), now under construction,

passes through about 60 miles of these deposits be-

tween Los Banos and Wheeler Ridge. As a prevent-

ative measure the susceptible deposits along the Aque-
duct alignment are being precompacted bv prolonged

basin-t\pe wetting prior to the placing of the con-

crete lining.

Subsidence Due to Water-Level Lowering

The areas of significant land subsidence related to

water-level lowering are in the San Joaquin \'alley.

The two areas of major extent are outlined on figure

2. The larger area extends about 145 miles southeast

from Los Banos to Wasco, and includes about 3,300

square miles within the 1-foot subsidence line. The
smaller area south of Bakersfield includes about 450

square miles. Together these areas cover about one-

third of the San Joaquin \'alle\-. The subsidence has

been greatest at three centers. The center of maximum
subsidence is 7 miles west of Mendota where 23 feet of

subsidence has occurred (1963); the maximum rate of
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subsidence from 1959 to 1963 was about 1.5 feet per

year. A second center is 2 miles north of Delano

where 12 feet of subsidence has occurred, but sub-

sidence has almost ceased there because of recovery'

of \\'ater levels. The third center, 18 miles south of

Bakersfield, has subsided 8 feet.

These areas of land subsidence overlie confined

aquifer systems, in which the artesian head has been

drawn down everywhere more than 100 feet and as

much as 400 feet locally north of Kettleman City.

The area between Los Banos and Wasco is almost

wholly underlain by the Corcoran Clay Member of

the Tulare Formation which confines the underlying

productive aquifer system that is also in the Tulare

Formation.

The relationship of subsidence to head decline near

the three centers of subsidence is illustrated by figures

.3, 4, and 5. Figure 3 shows the nearly parallel trends

'v^ ,'?'"*•''.

Figure 3. Subsidence and change in artesian head in an area

8 miles southwest of Mendota, Fresno County.

of bench-mark subsidence and artesian-head decline

from 1940 to 1963 at a site 8 miles southwest of Alen-

dota. In this 22-year period, the bench mark subsided

about 18.5 feet and the artesian head in nearby \\ells

tapping the confined aquifer system decreased about

260 feet. The ratio of subsidence to head decline was
approximately 1:20 from 1940 to 1950 and 1:10 from
1950 to 1963. This increase in the ratio with increasing

drawdown of artesian head is characteristic of much
of the subsiding area. It suggests a cumulative in-

crease in delayed compaction of the fine-grained

interbeds as head declines, due to slow adjustment of

pore pressure.

Five miles northeast of Delano, artesian head de-

clined continuously from 1930 to 1951 (fig. 4) and
then recovered rapidh- as a result of delivery of sur-

face water for irrigation from the Friant-Kern Canal,

which brings water south from the San Joaquin River.

Nearby bench marks showed a parallel subsidence into

the early 1950's, after which the rate of subsidence de-

creased in response to the recovery of artesian head.

The relation of subsidence to artesian-head decline

21 miles south of Bakersfield (about 5 miles northwest
of the town of Wheeler Ridge) is shown on figure 5.

The water level declined from about 130 feet below
the land surface in 1946 to 415 feet below in 1962, at

I

I

I I I I

I

I I 1 I

I

I I I I

I

I I ' I

I

I I I I

Figure 4. Subsidence

ern County.

and change

an average rate of 18 feet per year. From 1947 to 1953

the rate of subsidence of nearby bench mark A-303
was 0.16 foot per year and during 1959-62 was 0.30

foot per year. At this site, therefore, the ratio of sub-

sidence to artesian-head decline increased from 1:112

(1947-53) to 1:60 (1959-62).

To determine how much of the subsidence is caused

by compaction of the deposits tapped b\' water wells,

and to investigate the character of the response of the

sediments to increasing effective stress (decreasing

artesian head), the U.S. Geological Survey has estab-

lished depth bench marks and operated compaction

recorders in about 30 unused wells or cased core holes.

The compaction-recorder installation (fig. 6) furnishes

f 2.0

y^Bench ma r K A-303

Well 11 N -;aw - gA I

I I I I I I I I I I I M I I I I I I II I I I I I

Figure 5. Subsidence and ortesion-he

field. After Lofgren {1963, fig. 47.3)

450

Bokei
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Metal table on
< concrete platform

Cable clamp

Well casing

Plastic -coated
cable, "^-inch.

stranded

Anchor weight

200 to 300 lbs"

Open hole

Figure 6. Diagram of typical compaction-recorder installation.

continuous measurement of compaction occurring be-

tween the land surface and the depth bench mark at

the well bottom.

The first compaction recorder of this t\pe was in-

stalled in a well 2,030 feet deep near Huron in 1955.

Figure 7 shows the record of compaction from 1956

into I960, the subsidence of nearb\- surface bench
mark B 889 as determined by precise leveling of the

U.S. Coast and Geodetic Survey, and tiie fluctuation

of artesian head in a nearb\- well. During the 4.8 years

of record shown, measured compaction of the aquifer

s_\stem to a depth of 2,030 feet was 3.8 feet, the land

subsided 4.6 feet, and artesian head declined about 40

feet. Tiius, the measured compaction was 82 percent

of the subsidence, indicating that 0.8 foot of compac-
tion occurred below 2,030 feet, \\hich is reasonable

because nearby wells withdraw water from greater

depths. The rate of compaction is variable, being

greatest during periods of rapid decline in artesian

head; recovery of head results in decrease or cessation

of compaction. Such evidence, obtained here and at

many other sites, indicates that the aquifer s_\stem is

extremely sensitive to change in effective stress as de-

fined by change in artesian head. At one site, increase

of about 1 percent in effective stress (a 5-foot lower-

ing of artesian head) caused noticeable compaction.

At a site near the town of Cantua Creek, a compac-
tion recorder installed in a 2,000-foot well (Nl) in

1958 recorded 7.43 feet of compaction by the end of

1964 (fig. 8). Two shallower installations registered

340

360

380
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