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LAND SUBSIDENCE DUE TO WITHDRAWAL OF FLUIDS*

J. F. Poranp anp G. H. Davis
U. 8. Geological Survey, Sacramento, California, and Washington, D. C.

ABSTRACT

Land-surface subsidence due to the withdrawal of fluids by man has become
relatively common in the United States since 1940 and has been described at
several other places throughout the world. This paper reviews the known ex-
amples of appreciable land subsidence caused by fluid withdrawal. Those re-
lated to exploitation of oil and gas fields include Goose Creek, Texas; Wilming-
ton, California; Lake Maracaibo, Venezuela; Niigata, Japan; and the Po Delta
in Italy. The areas of major subsidence related to ground-water withdrawal in-
clude areas in Japan; Mexico City, Mexico; and Texas, Arizona, Nevada, and
California. The areas of greatest extent and maximum subsidence are in Cali-
fornia.

The principles involved in the compaction of sediments and of aquifer sys-
tems, basically the increase in effective stress, are examined briefly, together
with their application to subsidence problems involving head decline both under
water table and confined conditions. The amount of compaction that a confined
aquifer system will experience is a function of compressibility. Other factors that
influence compaction (and, in part, compressibility) include particle size and
shape, clay mineralogy, geochemistry of pore water in the clayey beds and of
the water in contiguous aquifers, and secondary compression.

Land subsidence has caused great damage in some areas. At several of these
places, subsidence problems are being alleviated in one or more of several ways;
these include (1) cessation of withdrawal and (2) increase or restoration of reser-
voir pressure by reduction in production rate, artificial recharge, or repressuring
by injection of water. The greatest subsidence control measures are being taken
at Wilmington, California, where subsidence that had reached 27 feet at the
center now is nearly stopped; in addition, significant rebound has occurred.
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INTRODUCTION

GENERAL STATEMENT

Principal causes of land-surface subsidence are removal of solids or fluids from
beneath the land surface, either naturally or artificially; solution; oxidation;
compaction of soil or sediments under surface loading, vibration, or wetting; and
tectonic movement. This paper discusses subsidence believed to have been caused
chiefly, if not wholly, by fluid withdrawal by man. The geologic setting of sub-
sidence is discussed in a companion paper by Alice Allen (this volume), and
subsidence due to the application of water (wetting) is described by Ben E.
Lofgren (this volume),

The two types of fluid withdrawal by man that have caused noticeable sub-
sidence under favorable geologic conditions are (1) the withdrawal of oil, gas,
and associated water and (2) the withdrawal of ground water. The withdrawal
of steam for geothermal power has caused subsidence; also, the withdrawal of
brines, reportedly, has caused subsidence.

Regardless of the nature of the fluid removed, the principles involved are the
same; therefore, the separation of subsidence phenomena due to fluid withdrawal
into those caused by exploitation of oil and gas fields and those caused by pump-
ing of ground water may seem highly arbitrary. On the other hand, there are
marked differences in the character and dimensions of the two types of reservoirs
and in the magnitude of man-made stresses involved. Oil and gas commonly are
produced from rocks that are older, at greater depth, more consolidated, and
have lower permeability and porosity than most ground-water reservoir rocks.
Also, oil and gas come from fields of relatively small extent, mostly from 1 to
50 square miles; whereas ground-water reservoirs may be many hundreds of
square miles in area. Fluid pressures in deep oil- or gas-producing zones in a
fully exploited field may be reduced as much as 2000-4000 pounds per square
inch, from initial hydrostatic to approximately atmospheric pressure. Rarely has
the fluid pressure in a ground-water reservoir been reduced more than 200 pounds
per square inch (about 460 feet). One of the extreme declines of artesian head in
the United States has been in the Chicago area where drawdown of head in the
principal confined aquifer of Cambrian and Ordovician age has exceeded 600
feet since 1864 (Walton and Walker, 1961, p. 3366).

Fuller (1908, p. 33) was the first to theorize that withdrawal of fluids and
decrease of fluid pressure cause sinking of the land surface (because of the re-
moval of the hydrostatic support). The first published descriptions of subsidence,
by Minor (1925) and Pratt and Johnson (1926) were for the Goose Creek oil
field in Texas. The first specific observation of subsidence due to ground-water
withdrawal—that in the Santa Clara Valley in California—was published in
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1933 (Rappleye). Most of the major subsidences described in this paper have de-
veloped as a result of intensified withdrawal of fluid resources during and since
the second World War in order to satisfy the needs of the burgeoning world
population. Thus, most of the problems and damage due to subsidence have de-
veloped in the past two decades; these have spurred several intensive investiga-
tions of causes and possible remedial measures. Still more intensive and wide-
spread exploiting of fluid resources, especially ground water, in the future will
multiply the incidence of subsidence. Therefore, it appears particularly appro-
priate at this time to summarize available information on subsidence due to fluid
withdrawal.

DEVELOPMENT OF CONCEPTS

Compaction of sediments and reduction in pore space resulting from increase
in depth of burial and consequent increase in overburden load is a natural geo-
logic process long recognized qualitatively by geologists. Sorby (1908) made the
first substantial quantitative contribution showing the relationship between
gravitational pressure and decrease in volume and porosity of sediments. Later
investigators, notably Athy (1930), Hedberg (1926; 1936), and Engelhardt (1960)
have supplied considerable quantitative evidence on the reduction of porosity
with increasing depth by studying cores from depths as great as 6000 feet (10,000
feet for Engelhardt’s study). Athy’s study was based on measured bulk densities
of a large number of samples from shales of Paleozoic age in Oklahoma; Hed-
berg’s study was on Tertiary shales in Venezuela; and Engelhardt’s study was
on clay rocks from the Jurassic of northwestern Germany and the Tertiary of
the Po Basin in Italy. Dickinson (1953, p. 427) supplied depth-density relation-
ships for Tertiary sediments of the Gulf Coast in Louisiana to depths of 15,000
feet. Much of Dickinson’s information, however, was from areas where abnor-
mally high fluid pressures occur and, hence, where porosity reduction with depth
has not been as great as in sediments where fluid pressures are normal. Rubey
and Hubbert (1959, p. 175) showed a comparison of the depth-porosity relation-
ship for the sediments of Athy, Hedberg, and Dickinson.

Meinzer (Meinzer and Hard, 1925, p. 91) recognized that an artesian aquifer
(the Dakota Sandstone) was compressed when the artesian head was decreased.
He stated (p. 92) that the overburden pressure of all beds above the confined
Dakota aquifer was supported partly by the fluid pressure at the top of the
Dakota and partly by the sandstone itself (intergranular pressure). He con-
cluded that the grain-to-grain load on the Dakota aquifer at Ellendale, North
Dakota, had increased about 50 per cent because of the decline of artesian head.

Meinzer (1928) discussed the compressibility and elasticity of artesian aquifers
in detail. He cited evidence for compressibility and elasticity derived from
laboratory tests and from field evidence for confined aquifers and for large
artesian basins, notably the Dakota artesian basin. He concluded (p. 289):

. . . artesian aquifers are apparently all more or less compressible and elastic
though they differ widely in the degree and relative importance of these prop-
erties. In general the properties of compressibility and elasticity are of the most
consequence in aquifers that have low permeability, slow recharge, and high
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head. In many aquifers these properties are evidently important in supplying
water not only by permanent reduction of storage but also by temporary reduc-
tion that is replenished when the wells are shut down or during the season of
minimum use.

He recognized that water withdrawn from storage was released both by com-
pression of the aquifer and by expansion of the water and that reduction of
storage—compression—may be permanent (inelastic) as well as elastic. In the
same year Russell (1928, p. 148) estimated that the subsidence of the land sur-
face in eastern South Dakota due to the artesian-head decline was at least 2
inches. He based this estimate on the computed quantity of water pumped from
the Dakota Sandstone in eastern South Dakota in 15 years, which was equal to
a layer of water 2 inches thick; therefore, he inferred that the area must have
subsided 2 inches.

In 1940, Jacob postulated that when water is removed from and pressure is
decreased in an elastic artesian aquifer, stored water is derived from expansion
of the confined water, compression of the aquifer, and compression of the ad-
jacent and included clay beds. He concluded that the third source is probably
the chief one in the usual case, and he stated (p. 574), . . . because of the low
permeability of the clays (or shales) there is a time lag between the lowering of
pressure within the aquifer and the appearance of that part of the water which
is derived from storage in those clays (or shales).” He defined the coefficient of
storage in terms of the three sources of water.

_ d ., b
S = yonm [Ew + E. + cm] (1)

where S is the coefficient of storage; v, is the unit weight of water (0.434
pound/inch?/foot) ; n is the porosity of the aquifer; m is the thickness of the
aquifer, in feet; E, is the bulk modulus of elasticity of the water (3 X 10°
pounds/inch?); b is the proportion of the plane of contact between the aquifer
and the confining layer over which the hydrostatic pressure is effective (unity
for an aquifer composed of uncemented granular material)!; E, is the modulus
of elasticity of the aquifer matrix; 8. is the modulus of compressibility of clay
beds; and ¢ is a dimensionless quantity that depends largely on the thickness,
configuration, and distribution of the intercalated clay beds.

Subsequently, Lohman (1961) derived an equation for determining the amount
of elastic compression of artesian aquifers from known declines in artesian pres-
sure and known hydrologic properties of the aquifers. Lohman’s equation is in
the form

Am = Ap(S/v, — nmpB) 2)

in which Am is the reduction in thickness of the aquifer (amount of elastic com-
pression), in feet; Ap is the reduction in artesian pressure, in pounds/foot?; and

1 As Jacob (1940) noted, “. . . there is no aquifer which is bounded sharply by an absolutely impervious confining
bed. The factor b merely represents a concept introduced to facilitate mathematical treatment of the problem.”’
Also, see Hubbert and Rubey (1959, p. 132-137).
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8 is the reciprocal of E,, the value of 8 being 3.3 X 107¢ inch?/pound. The other
terms are as defined for equation (1). Lohman’s equation (2) affords a means of
evaluating the second component of equation (1), y,mb/E,, when E; is not
known,

Poland (1961) showed that in highly compressible aquifer systems where the
ratio of subsidence to head decline may be as much as 0.05-0.10, the stored water
released by compaction of the clayey beds (element 3 of equation 1) may be as
much as 50 times as great as the water released by elastic expansion of the water
and elastic compression of the aquifer (elements 1 and 2 of equation 1). Thus,
in effect, Jacob’s (1940) conclusion that the third source of stored water prob-
ably is the chief one is verified for all subsiding areas where the ratio of sub-
sidence to head decline appreciably exceeds the coefficient of storage derived from
short-term pumping tests.

In the field of soil mechanics, Terzaghi (1925a; 1925b) developed the theory
of primary consolidation that has served as the basis for solution of most prac-
tical soil mechanies and seftlement problems in the past three decades. For a sum-
mary of the theory of consolidation, the reader is referred to Terzaghi and Peck
(1948, p. 233-242) or to Taylor (1948, p. 225-238). In deriving his consolidation
theory, Terzaghi made several simplifying assumptions, which Taylor (1948, p.
226) and Leonards (1962, p. 141) have summarized. Leonards (1962) made a
comprehensive review of the engineering properties of soils that includes about
300 references, and he discussed the causes of difficulties that have developed
between predictions made from the Terzaghi theory and observations of the
time rate of consolidation both in the field and during laboratory tests.

In developing his theory in 1925, Terzaghi also elucidated the basic principle
of effective stress that

p=7 4+ U 3)
where p is total stress (total overburden load or geostatic pressure); p’ is effec-
tive stress (effective overburden pressure or grain-to-grain load); and wu, is
neutral stress (fluid or pore pressure). This was the same year that Meinzer
(Meinzer and Hard, 1925) recognized the principle of effective stress in com-
pression of artesian aquifers.

Utilizing studies made by many investigators of clay technology and soil me-
chanics in the past decade (1953-1962)—a period when advance in understand-
ing and concepts was very rapid—Mitchell (1962) analyzed the components of
pore-water pressure in clays and concluded (p. 162-163):

. a pore pressure measurement reflects interparticle repulsive pressures and
water absorptive forces as well as purely hydrostatic pressures arising from me-
chanical effects. . . . In spite of these additional forces, the effective stress prin-
ciple and information obtained through pore water pressure measurements cor-
relate well with observed behavior of many fine-grained soils.

APPLICATION TO SUBSIDENCE

Ground water occurs both under unconfined (water table) and confined con-
ditions; oil and gas occur under confined conditions; and commerecial saline brines
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usually are in confined aquifers. Thus, it is of interest to analyze the stresses in-
volved both in lowering of the water table and of the pressure head in a confined
aquifer. In applying the principle of effective stress to this analysis, pressure
diagrams are useful (see Figs. 1, 2; equation {3]).2 The geostatic pressure (total
pressure) p of sediments and water equals the unit weight of moist sediments
above the water table v, times their thickness, plus the unit weight of saturated
sediments below the water table v times their thickness; that is, under initial
conditions for both figures, at depth z; -+ 2o,

P = 2y¥m + 227, 4)
or
p= zlL'Ya(l - n) + nuve] + 22["/3 - n(“/s ~ Yw)] (5)
and
Uy = 29w - (6)

The effective (intergranular) pressure is

P’ = 21Ym + 227’ )
where v = v — v,, the submerged unit weight of the sediments. (Notation:
¢ = unit weight of saturated sediments; v, = unit weight of moist sediments
above the water table; v, = unit weight of solid constituents; v, = unit weight
of water; ¥’ = submerged unit weight of sediments;n = porosity; 7. = moisture

PR Assumptions:t
table(a) Porosity= 0.40
Specific gravity of
solids=2.7
- Moisture above water-
200 -1-. table 0.10(by volume)
~|-fablelp),
; Aa)
5 300 = |unconfined
w 1 = /(b)
u - Ve
z —
£ B N
= N\
o = 0,
5 600 H, - \\ 's\‘:’
. —| aquifer N\ "»s
- B N
Z N\e
= N\
800 = N
— N\
A =y pressure,u, \ Effective N
= X pressure, p' N
- [ \ ___©
1000 e T S S - — T
200 400 600 800

PRESSURE (PSI}

Figure 1. Pressure diagram for water-table lowering,.

2 For conversion from English to metric units or vice versa, Terzaghi and Peck (1948, p. xi) pointed out the
closely approximate relationship,
1 kg/em? = 1 ton/foot? = 1 atmosphere = 34 feet of water = 15 pounds/inches?,
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above water table in per cent of total volume; p = geostatic pressure; u,, = fluid
(neutral) pressure; w = excess pore pressure; and p’ = effective intergranular
pressure.)

For the water-table conditions of Figure 1, lowering the water table from a
to b reduces the geostatic pressure in interval a—b where the increase in effective
pressure per unit of thickness may be expressed

Ap' = yo(1 — n + nu), (8)
and at all points below depth z;
Ap' = v,(1 — n+ nw)(2s — 21) - 9)

(In equation (8), v,(1 — n) represents the buoyant force that is removed when
the water table falls. This buoyant force is equal to the weight of the water dis-
placed by the solid constituents.)

Lowering of the artesian head in a confined aquifer (Fig. 2) does not change
the geostatic pressure, except for the removal of water by expansion which is
disregarded in this diagram. The increase in effective pressure in the confined
aquifer system (Fig. 2) due to lowering of head from a to b equals the reduction
in fluid pressure or

Ap' = yulzs — 21) . (10)
Thus, the increase in effective pressure due to water-table lowering is less than
that for artesian-head lowering by a factor of 1 — n + 7, If n = 0.40 and
n, = 0.10, the water-table lowering increases p’ by only 0.7 the value for an
artesian-head lowering of equal magnitude. Because all deposits are compressible

S Assumptions:
see e | Porosity =0.40
Water L Specific gravity
AP g of solids = 2.7
A Moisture above water table=
2004+ « |- Q.10(by volume)
- confined | 23
A B aquifer _L
= = [ %
w - G
w = 3
z %
- >
T 0 —— m—— ———— —— o
b > ﬂ"e,,
a
w t 2 D
O 600 . A S
CERTE NI Confined \% Effective
4. K pressure, \& pressure, p
----- - 4,
...... —{ aquifer w—ﬁﬁt = X
8001 == o
plipelieliaul V_nrferbed ____}5
n ORI _| system Uy
1000 -
NV e Vv v T T T T
[ACASA SO IS SS 200 400 600 800

PRESSURE (PS!)

Figure 2. Pressure diagram for unconfined and confined aquifer with
head reduction in confined aquifer only.


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

196 REVIEWS IN ENGINEERING GEOLOGY: II

to some degree, it is concluded that lowering of the water table must cause com-
paction and subsidence. By nature, unconfined sediments, however, are relatively
coarse-grained, granular, and permeable—and hence of low compressibility com-
pared to clayey sediments. Subsidence, therefore, ordinarily is small and may
not be detectable even by precise leveling techniques.

In the case of an unconfined aquifer overlying a confined aquifer system,
when both undergo equal reduction of hydrostatic head (Fig. 3), the lowering of
the water table in the unconfined aquifer reduces the geostatic pressure on the
confined system. Thus, the increase in effective stress and the resulting compac-
tion of the confined system is not as great as it would have been if the overlying
water table had remained constant. Note that in this special case, the change in
geostatic pressure and in effective stress in both aquifers would not be affected
by the removal of the confining bed.

A lowering of artesian pressure in a confined aquifer system? causes an equiva-
lent increase in grain-to-grain pressure on the aquifer skeleton. The magnitude
of the resulting compaction (compression) is dependent on the compressibility
of the sediments. Confined aquifer systems often contain many fine-grained
interbeds of silty clay, clay, or shale and are bounded by fine-grained confining
beds. In unconsolidated sediments especially, these fine-grained elements nor-
mally are highly compressible compared to the coarse-grained aquifer elements;
therefore, many confined aquifer systems are highly compressible. Pore pressure
adjustment in the coarse-grained elements (aquifers) will be instantaneous, but
these aquifers will not compress appreciably unless the sand contains several per

Assumptions:
Porosity= 0.40
Specific gravity of
solids= 2.7
Moisture above woter table=

0.10 (by volume)

Water] table,
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level for
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Figure 3. Pressure diagram for unconfined and confined aquifer with lowering
of water table and head reduction in confined aquifer equal.

3 In this paper, the term aquifer system is used to mean not only the permeable aquifer or aquifers but also
any included or adjacent fine-grained deposits of low permeability that have hydraulic continuity with the aquifers.
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cent of mica. (In tests reported by Terzaghi and Peck [1948, p. 57, fig. 19] a
mixture of 90 per cent sand and 10 per cent mica tested in the load range 0-100
kg/cm? was more compressible than a soft Detroit clay.) On the other hand, the
pore pressure adjustment in the clayey interbeds and confining beds (aquitards)
will be slow because of their low permeability. Full dissipation of excess pore
pressure may require many years or tens of years. The pattern of excess pore-
pressure decay is illustrated diagrammatically in Figure 2. At any time during
the period of decay, the magnitude of the residual excess pore pressure, u, de-
termines the magnitude of increase in effective pressure.

According to the principle of effective stress and Terzaght’s theory of con-
solidation, the compaction (compression) of the aquitards will be proportional
to the magnitude of pore pressure decrease and will continue until hydrodynamic
equilibrium (steady-state flow) is attained (see dotted fluid pressure lines of
Fig. 2).* As indicated later, compaction may continue after this condition is at-
tained because of secondary compression (Leonards, 1962, p. 142), which is not
considered in Terzaghi’s theory.

In settlement problems for engineering structures, soil mechanics engineers
commonly make one-dimensional consolidation tests on ‘“undisturbed” samples
and apply the results of the e-log p plot to the solution;® this plot also can be
used to estimate the overconsolidation (preconsolidation) or underconsolidation
(Leonards, 1962, p. 150~156; Skempton, 1944, p. 131).

Leonards (1962, p. 171-172) summarized some of the problems that develop
in the use of one-dimensional compression and flow theory in making estimates
of rate of settlement of structures (also see Skempton, 1944; Rutledge, 1944).
These same problems are encountered in analysis of compaction of aquifer sys-
tems when the same methods are applied.

The amount of compaction that a confined aquifer system will experience is a
function of the compressibility of the sediments within the range of change in
effective pressure (artesian-head decline) and the magnitude of that change. The
compressibility decreases with reduction in porosity or void ratio (accompany-
ing increasing depth of burial). The amount of compaction is also a function of
the thickness and vertical permeability of the clayey (compactible) beds and of
the time the head decline has existed in the permeable beds. Other factors in-
fluencing the compaction of clayey sediments are: (1) particle size, which has an
inverse relationship to pore volume for a given effective pressure and also con-
trols the permeability and, thus, the rate of excess pore pressure decay; (2) clay
mineralogy (montmorillonite clay minerals are the most compressible [Waidelich,
1958] partly because of their small colloidal particle size which results in a large
surface area as compared to the much larger plates of illite and kaolinite; thus,
montmorillonite has greater initial pore volume and greater compressibility under

4 The stresses involved in the reduction of fluid pressure in sediments can also be analyzed by means of the
seepage-force relationship (Taylor, 1948, p. 132-133, 200-204).

5 See Terzaghi and Peck (1948, p. 524-528) for analysis of settlement due to lowering the water table and due
to pumping below a confining clay stratum; see Taylor (1948, p. 273-275) for intergranular pressure distribution
in a clay bed for (1) the simple hydrostatic case, (2) the partial consolidation case, and (3) the artesian case; and
see Gibbs (1953) for a brief description of theory and an example of settlement analysis.


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

198 REVIEWS IN ENGINEBRING GEOLOGY: II

a given load); (3) geochemistry of the pore water in the clayey beds, which af-
fects the clay structure (Leonards, 1962, p. 85-107), and geochemistry of the
water in contiguous aquifers, which may develop osmotic pressures across the
clay membranes (the geochemistry of the pore solution of sediments has been
discussed recently in a thought-provoking chapter by Engelhardt [1961, p. 189—
204]); (4) physico-chemical factors (Rosenqgvist, 1962) and the effect of adsorbed
water (Martin, 1962); and (5) the fact that after excess pore pressures are dissi-
pated and primary consolidation is completed, secondary compression (consoli-
dation) may occur (Leonards, 1962, p. 142); this secondary compression is of
considerable importance in the compaction of certain Mexico City clays (Zee-
vaert, 1957).

In a review of factors affecting the removal of water and the rearrangement
of particles in clayey sediments under pressure, Meade (1964, p. 20B) stated
that these factors are complex functions of particle size, clay minerals and as-
sociated ioms, interstitial electrolytic concentration, acidity, temperature, and
the arrangement of particles at the onset of compaction.

In areas where land subsidence is caused by compaction due to fluid-pressure
decline, according to the effective stress theory, increasing the pore pressure at
any time sufficiently to equal the maximum excess pore pressure should cause
the compaction (and subsidence) due to primary consolidation to cease immedi-
ately.® This principle has been used in repressuring operations at the Wilmington
oil field in California to stop the subsidence. Increase of fluid pressure beyond
this value should cause some expansion of the sediments, but unless the compac-
tion had been wholly elastic, the initial porosity could not be restored.

A rebound or unloading test made as part of the one-dimensional consolida-
tion test furnishes semiquantitative data on the magnitude of elastic rebound of
a clayey sediment. Thus, consolidation and rebound tests on the same samples,
if those samples are representative of the compacting sediments, should furnish
guide lines for predicting the expansion of deposits when pore pressures are in-
creased above residual excess pore pressures if all other conditions remain equal,
especially the condition that the chemical character of the injected water be the
same as that of the native pore water. The greatest unknown in such predictions
is the magnitude of the excess pore pressure, which is difficult and expensive to
determine even within 30 feet of land surface, let alone at 5000 feet of depth.
The empirical solution is to increase pore pressures until subsidence stops and
so conclude that the repressured pore pressure equals or exceeds the former
maximum excess pore pressure.

8 See Hubbert and Rubey (1959, p. 136) for description of an experiment by Terzaghi in which a cake of clay
was immersed in water to which pressure was applied. No measurable compaction was produced, showing that
the fluid pressure within the clay increased immediately 1o equal the externsal fluid pressure. The water entering
the clay to cause this increase in pressure was only the small quantity necessary to compensate for the elastic
compression of the pore water,
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SUBSIDENCE OF OIL AND GAS FIELDS

GENERAL STATEMENT

Major subsidence of three oil fields has been reported in the literature. These
are Goose Creek oil field in Texas; the Wilmington oil field in the harbor area of
Los Angeles and Long Beach, California; and oil fields on the shore of Lake
Maracaibo in Venezuela. Although the Lake Maracaibo subsidence has been
known since the early thirties (Kugler, 1933, p. 758, discussion, p. 769), little has
been published on that subsidence. Each of these subsiding areas is at sea level,
and the subsidence was obvious because of submergence of the land surface. Al-
though local subsidence of as much as 40 feet occurred within the Sour Lake
field, Hardin County, Texas in 1929 (Carpenter and Spencer, 1940, p. 4), this
subsidence was attributed to solution of salt and development of a cavity.

Minor subsidence has been noted at several California oil fields, such as
Venice-Playa del Rey (Grant, 1944, p. 136) and Long Beach (Signal Hill),
Huntington Beach, and Santa Fe Springs (Gilluly and Grant, 1949, p. 525-527).
Undoubtedly, many oil fields away from the ocean or other large water bodies
have subsided as much as several feet, but without repeated precise leveling such
subsidence may pass unnoticed.

Gas fields at Niigata, Japan, and in the Po Delta, Italy, experienced rapid
subsidence in the late fifties. The Niigata field is at sea level, and the Po Delta
field borders the sea. Many other gas fields above sea level and not subject to
inundation probably have experienced subsidence, but with no marked deleter-
ious effects; thus, they have not been publicized.

GOOSE CREEK OIL FIELD, TEXAS

The subsidence of Goose Creek oil field in Harris County, Texas, was the first
subsidence due to fluid withdrawal described in the literature (Minor, 1925;
Pratt and Johnson, 1926; Pratt, 1927; Snider, 1927). According to Pratt and
Johnson (1926), development of the field began in 1917. By 1918, Gaillard Penin-
sula, which was at the mouth of Goose Creek and overlay part of the oil field,
began to subside and soon was covered by the waters of San Jacinto Bay. The
maximum subsidence, shown by periodic leveling, was more than 3 feet by 1925,
and the area affected was about 2.5 miles long by 1.5 miles wide and conformed
with the approximate limit of the producing oil wells (Fig. 4). No change in
elevation of the land surface had occurred outside the affected area. Cracks de-
veloped at the north edge of the oil field, and by 1925, recurrent movement on
these small faults had dropped the ground surface on the oil field (south) side as
much as 16 inches. Similar faults developed on Hogg Island along the south edge
of the field, and downward displacement of 3-12 inches occurred on the north
side of these faults.

The State of Texas claimed title to the lands submerged by the subsidence and
sought to recover the value of oil and gas removed subsequent to submergence.
The court, however, decided in favor of the defendants, accepting their conten-
tion that the subsidence was caused by an act of man, namely the removal of
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TEXAS RE1ES EXPLANATION
Houston :
o Goose \’0
Cree] ———2 T —
Line of equclzé ls;ialsgidzesnce, in feet
$ G
------ 0.10-- ===~
Line of equal subsidence, in feet
1924~1925
LRI
™, Approximate limit of producing oil

N wells, Goose Greek oil field

Figure 4. Subsidence, 1917-1925 and 1924-1925, at Goose Creek oil field, Harris County,
Texas. (Generalized after Pratt and Johnson, 1926, Fig. 7.)

large volumes of oil, gas, water, and sand. If the subsidence had been shown to
be a natural process, presumably, title to the submerged lands and the under-
lying oil would have passed to the State of Texas.

The oil at Goose Creek is withdrawn chiefly from lenticular deposits of rela-
tively unconsolidated sand and clay of Oligocene to Pliocene age between depths
of 700 and 4500 feet, The structure in the beds of Miocene and younger age is a
gentle dome; the Oligocene sediments, beneath an unconformity, are intensely
faulted. The volume of oil, gas (at 1000 pounds per square inch), water, and sand
extracted from 1917-1926 exceeded 100 million barrels, about five times the cal-
culated subsidence volume. The original reservoir pressures of 1000-1200 pounds
per square inch had been reduced to atmospheric pressure by 1926.

Pratt and Johnson (1926) concluded that the subsidence was due to extrac-
tion of oil, water, gas, and sand because the area of subsidence corresponded
with the area of extraction, because the time of subsidence and extraction cor-
responded, and because continued extraction was accompanied by continued
subsidence.

WILMINGTON, CALIFORNIA

A spectacular and costly land subsidence, first noticeable in 1940 and 1941,
has occurred at the Wilmington oil field in the harbor area of Los Angeles and
Long Beach, California. By August 1962, the subsidence had increased to 27
feet at its center and included an area of about 25 square miles that had sub-
sided 2 feet or more (PL 1). Much of the subsiding area initially was only 5-10
feet above sea level and is intensively industrialized, containing many costly
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structures, such as port facilities, industrial plants, oil wells, pipe lines, and a
major naval shipyard.

The subsidence at the Wilmington oil field is particularly noteworthy for three
reasons: (1) the vertical settlement of 27 feet at the center is the greatest sub-
sidence due to fluid withdrawal known to have occurred to date anywhere in the
world; (2) many fields yielding oil from deposits of similar age and from an
equivalent depth range, of approximately similar lithology, and with compar-
able decrease in fluid pressure have not experienced subsidence of more than a
few feet; and (3) corrective remedial action taken since 1958 by repressuring of
the oil zones had stopped the subsidence in much of the field by the end of 1962.

The first major published reports describing the subsidence (Harris and Har-
low, 1947; Gilluly and Grant, 1949), both based on consulting reports made in
1945, concluded that it was caused primarily by the decrease in fluid pressure in
the oil zones, due to removal of oil, gas, and water, which increased the grain-
to-grain load and caused compaction. Those reports have been followed by
many others, chiefly of the consulting type and reproduced in relatively few
copies. To the authors’ knowledge, these subsequent reports have concurred
with the findings of the initial reports on the primary cause, which has been
proven incontrovertibly by the results of the periodic casing collar logs and the
repressuring briefly discussed later in this paper.

Geology. The Los Angeles-Long Beach harbor area is underlain by sediments
of Recent to Miocene age about 6000 feet thick that unconformably overlie a
basement schist of pre-Tertiary age. The age, thickness, and physical character
of these sediments are summarized in Table 1, which is modified from Winter-
burn (1943).

The base of the deposits containing fresh water is approximately at 2000 feet
—+the base of the upper division of the Pico Formation. The underlying deposits
contain saline water.

Seven productive oil zones have been developed. As Figure 5 shows, they ex-
tend from a depth of about 2500 feet to 6000 feet, which is from about 600 feet
below the top of the Repetto Formation (of former usage) to the basement schist.

The Wilmington field is a gently arched anticlinal fold plunging to the north-
west. Five main faults that trend roughly north and south and terminate at the
top of the Repetto Formation divide the oil field into six structural blocks.
Figure 6 shows the position of these faults at the top of the Ranger zone and
the operators’ numbered designation of the structural blocks. The faults divide
the oil zones into semiseparate pools because of the barrier effect to movement
of fluids although the effectiveness of the faults as barriers is reported to be
highly variable. The per cent of sand in the several zones ranges from 23 to 70;
the average porosity ranges from 24 to 34 per cent; and the weighted average
permeability ranges from 100 to 1000 millidarcys (Murray-Aaron and Pheil,
1048, p. 11).

Development of the field. Oil production began in 1936 (Bartosh, 1938, p. 1052),
reached apeak average rate of about 140,000 barrels a day in 1951, and declined
to about 70,000 barrels a day by 1959. By March 1962, however, production in-
creased to 82,000 barrels per day, due to the repressuring by water flood. Cumula-
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TaABLE 1. SEDIMENTS OF THE L0oS ANGELES-LoNG BeacH HARBOR AREA
(M odified from Winterburn [1943])

Age Formation Thickness Lithology and remarks
11312 (i::afcene g;n?,x:(;i} 1000 4 Fresh-water sands, gravels, and clays
Pliocene Upper part of Pico 800+ Alternating sands and siltstones
Pliocene Middle part of Pico (0-200 Sands and siltstones
—————————————————————— Unconformity —-—-——-—-—~———-ocomm e —
Pliocene Repetto 875~1150 Gray and green shales, siltstones, and
(of former usage) sands at top, grading to interbedded

grayish brown shales and fine-grained

sands toward bottom.
—————————————————————— Unconformity ———-————— === —
Miocene Puente 4100+ Hard brown shales and sands; sands are

fine and unconsolidated at top, be-

coming firmer and coarser grained

toward bottom. Top part contains

layers of laminated diatomaceous shale.
—————————————————————— Unconformity ———————————~ = - ——
Pre-Tertiary  Basement Schist

tive production through December 1962 was 913 million barrels of oil, 484 million
barrels of water, and 832 million MCYF of gas (data from Long Beach Harbor
Dept.; gas volume at atmospheric pressure; MCF = 1000 cu feet). The de-
veloped productive area is about 10 square miles (Fig. 6), but an undeveloped
part of the field extends several miles to the southeast beneath the harbor,

Initial reservoir pressures in the oil zones were about equal to the hydrostatic
pressure of a column of ocean water extending from sea level to the individual
zone (Gilluly and Grant, 1949, p. 502). Fluid pressures in the oil zones ranged
from about 1100 pounds per square inch for the Tar zone to 2600 pounds per
square inch for the “237” zone. Gilluly and Grant (1949, Figs. 18, 19) showed
the maximum pressure reduction to January 1945 in the Terminal and ‘“Tar-
Ranger” zones of 1100 pounds per square inch (also see Harris and Harlow,
1947, p. 1205). By 1960, bottom-hole pressures in the four upper zones had been
drawn down locally to as little as 150-300 pounds per square inch.

Land subsidence. The subsidence of the Wilmington oil field began in 1937
(Gilluly and Grant, 1949, p. 464, 479) but was first definitely recognized in the
summer of 1941 when the U. 8. Coast and Geodetic Survey releveled lines be-
tween San Pedro and Long Beach that had been run in 1933-1934. Subsidence
along Seaside Boulevard was 0.2 foot at the west boundary of Long Beach and
reached a maximum of 1.3 feet at the east end of Terminal Island. Subsequent
leveling by the U. 8. Coast and Geodetic Survey in 1945 (July) indicated an
inerease in maximum subsidence to 4.2 feet and in 1946 (March), to at least 4.5
feet. Subsidence maps based on this control have been published by Gilluly and
Grant (1949, Figs. 3, 4, 5).

Because of the problems caused by the accelerating subsidence, the Long
Beach Harbor Department established almost 300 bench marks in 1945, and
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since 1946, the Department has made level surveys to these marks every 3
months, In 1948, the U. S. Navy began quarterly surveys on & net of bench
marks on the Naval base on Terminal Island; these surveys have been continued
to date. The data from these surveys have been utilized by the Long Beach Har-
bor Department in preparing maps each year showing total and annual sub-
sidence. These surveys are the basis for the lines of equal subsidence on Plate 1
and Figure 10.

Figure 7 shows the yearly rate of subsidence from 1947 to 1962 at bench mark
8772 at the east end of Terminal Island. The rate increased rapidly from 1 foot
a year early in 1947 to 2.37 feet a year in November 1951. Since 1951, the rate
has decreased about 0.2 foot per year on the average, except for disturbances as-
sociated with two local earthquakes that relieved stress and caused a temporary
increase in the subsidence rate. From August 1961 to August 1962, this bench
mark subsided 0.4 foot, and by August 1962, the annual rate was less than 0.3
foot per year. The oil withdrawal from the Wilmington field reached its maxi-
mum rate of 140,000 barrels a day in 1951, the year of maximum subsidence.

Figure 8 shows the general correlation between subsidence and oil production,
both in time and rate. Note the time lag, however, between maximum oil pro-
duction and maximum subsidence. Other graphs showing the correlation have
been presented by Miller and Somerton (1955, Figs. 3, 4).

The volume of subsidence from 1928 to August 1962 for the entire Wilmington
field (beyond the extent shown on PL. 1 and Fig. 10) within the 2-foot subsidence
line is 3.07 billion feet® or 550 million barrels. Neglecting the gas, the volume of
oil and water produced to December 1962 is 1397 million barrels (data from Long
Beach Harbor Dept.); thus, the volume of subsidence within the 2-foot sub-

/J/\ Earthquake
NN

/ \ ,Earthquake
! ¥

Subsidence, in feet per year

\
BM 8772 \/\
N
0
TTTI]TTT o T P )t
O 0 © ©
o @ > 2

Figure 7. Subsidence rate at center of subsidence at Wilmington oil field,
California. For location of BM 8772, see Figure 10. ( Data from Long Beach
Harbor Department.)
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sidence line is equivalent to 39 per cent of the oil and water (at atmospheric
pressure) removed. The volume of subsidence outside the 2-foot subsidence line
is not known.

The Stanford Research Institute (1949, Unpub., Rept. to Harbor Subsidence
Committee, 294 p.) recommended running of periodie casing collar logs in order
to determine the depth range and magnitude of compaction of the sediments.
These logs are obtained by electro-magnetic measurements of the distance be-
tween casing collars; they can be used to determine change in length of the in-
dividual joints of casing since the casing was placed in the well. At that time,
the length of each joint was measured with a steel tape (casing tally made).
They also indicate the depth range, rate, and magnitude of compaction of the
sediments if it is assumed that the casing or cement at any point moves in exact
accord with the contiguous sediments. In general, the evidence from casing collar
logs versus depth and magnitude of fluid pressure reduction supports this as-
sumption. Casing collar surveys made prior to 1952 indicate that almost all of
the compaction was occurring in the Tar, Ranger, and Upper Terminal oil zones,
which produced most of the oil and gas (Frame, 1952, p. 11, referring to state-
ments of MeCann and Wilts, op. cit.).

Casing collar surveys rerun several times since 1949 in individual wells clearly
reveal the depth range, rate, and magnitude of compaction of the oil zones (Fig,
9). For the typical well shown, the increasing compaction from 1949 to 1960 is a
striking demonstration that the subsidence is caused by compaction of the oil
zones. The total compaction of the Tar, Ranger, and Upper Terminal zones from
1945 to 1960 was 17.60 feet, according to the casing collar survey. Some of the
casing lengths above a depth of 2200 feet apparently were in tension as of 1960,
but not as noticeably as in 1958,

Radioactive marker bullets have been placed in the formation outside several
well casings and have been resurveyed periodically to determine changes in
thickness of formation. Results from these surveys are much less definitive than
the casing collar surveys and are subject to considerably greater error (Stanford
Research Institute, 1949, unpub.).

Gilluly and Grant (1949) attributed the subsidence of the Wilmington field to
the compaction of the oil-bearing sands; whereas Harris and Harlow (1947) con-
cluded that the subsidence was caused by compaction of the shales in the oil
zones. As pointed out by Poland and others (1959, p. 143):

The publication of these two conflicting concepts on the mechanics of land
subsidence emphasizes the need for careful research to resolve the relatively un-
explored question of whether subsidence of the land surface associated with the
withdrawal of large quantities of fluid is caused primarily by compaction of the
permeable reservoir beds or of the relatively impermeable but porous silt, clay,
and shale members which are interbedded with or confine the permeable beds,
and which, in effect, are a part of the reservoir system.

Comparison of casing collar surveys with the electric log of the well surveyed
should help in revealing the lithology of the most compactible sediments. Un-
fortunately, the electric log of the well for which casing deformation is shown on
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Figure 9 does not differentiate the sediments in the compacting oil zones suf-
ficiently to relate changes in lithology with the variation in compaction shown
by the casing collar surveys. The electric log, therefore, was not included on
Figure 9. Comparative plots for other wells, however, may furnish a definitive
answer, The authors of this paper surmise that most of the compaction has oc~
curred in the siltstone interbeds (texture silty clay to clayey silt) so prevalent in
the Wilmington oil zones. This surmise is based, in part, on the results of con-
solidation tests on samples of sand and siltstones (silt and silty clay texture)
from the Wilmington oil zones,

Horizontal movement. The vertical subsidence has been accompanied by hori-
zontal movement directed inward toward the center of subsidence. This horizon-
tal movement has been measured by surveys of a triangulation network of the
Los Angeles County Engineer’s office. In 1951, when subsidence at the center
was 16 feet, horizontal movement since 1937 had been as much as 6.2 feet (Grant,
1954, Fig. 1). By 1962, some points on the east end of Terminal Island had moved
as much as 9 feet, according to the Long Beach Harbor Department.

Grant (1954) pointed out that the Terminal zones (upper and lower) have
contributed most to the compaction and subsidence and that the overlying sedi-
ments, about 3000 feet thick, can be compared to a plate or prism deformed by
gravity, acting on a compacting foundation beneath. Specifying certain sim-
plifying assumptions, he used the analogy of a horizontal beam of uniform rec-
tangular cross section with built-in ends deformed by a point load or a uniformly
distributed load. All points on or in the beam, except along the neutral plane
and at the center of the sag, are rotated and will move horizontally. All points
on the upper surface of the beam are displaced toward the center, and those on
the base are displaced outward. At the upper surface of the beam, this bending
results in compression in the central part between the two inflection points and
tension in the marginal areas. In the subsidence area, failure of structures at
land surface by compression in the central area and failure by tension in the
marginal area has been a common occurrence, indicating that the strains de-
veloped in the analog, in general, represent the observed strains,

Grant also demonstrated by analogy to a deformed beam that the shearing
stresses are a maximum at the inflection points and in the neutral plane of the
subsiding overburden plate. Shearing rupture of several hundred oil-well casings
in the Wilmington field has occurred about halfway between the land surface
and the top of the Upper Terminal zone, at depths between 1500 and 1700 feet
(Frame, 1952, p. 5).

In addition to the shearing rupture of casings at a depth of about 1600 feet,
deformation of the tubing and the oil string has been observed in many wells
(Stanford Research Institute, 1949, unpub.).

In a mathematical analysis of the subsidence at Wilmington, G. D. McCann
and C. H. Wilts (1951, unpub., Rept. to Long Beach Board of Harbor Com-
missioners, 117 p.) found that a “tension center’” model fitted the available field
data on vertical and horizontal motion to reasonable accuracy. They concluded
that a “thick plate” model similar to Grant’s analogy could not be described
mathematically by a three-dimensional semi-infinite elastic model. As another
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kind of approximation, however, a “vertical pincers” model was studied, but
they found that this model did not fit the field data.

The compressional and tensional stresses and the horizontal movements caused
by the bending of the sedimentary plate overlying the compacting oil zones have
resulted in failure of many surface structures (Shoemaker, 1955; Shoemaker and
Thorley, 1955; Neel, 1957). Sheared bridge columns of a lift bridge (Pl 2) and
buckled railroad tracks and pipe lines (Pl. 3) are representative examples.

Remedial measures. Extensive remedial measures have been necessary to keep
the sea from invading the subsiding lands and structures (Pl. 4; also see Shoe-
maker, 1955; Coxe, 1949). These measures have been chiefly in the form of con-
struction of levees, retaining walls, fill, and raising of structures (Pl. 5). Methods
of repairing the sheared, deformed, or collapsed oil-well casings have been de-
scribed by Frame (1952) and Allen (1959). The cost of remedial work to main-
tain structures and equipment in operating condition and to repair the several
hundred ruptured oil wells had exceeded $100 million by 1962. This remedial
work was passive although it was necessary in order to keep facilities operating;
it did not reduce the subsidence or eliminate the cause.

Repressuring. Estimates of ultimate subsidence of 30-45 feet made in the
middle 1950°s spurred joint constructive action directed toward active remedial
work. ¥Findings of consulting reports in 1957 that repressuring of the oil zones
by water injection would not only control subsidence but also increase oil re-
covery by about one half billion barrels furnished both a method and economic
justification. Many difficult legal, economic, and engineering problems had to
be overcome before water injection could be done on a field scale. Probably the
greatest of these was unitization of the 117 producers (Anonymous, 1959b). By
concerted action, most of these problems have been solved, and repressuring,
which had been initiated on a pilot scale in 1953 by the City of Long Beach, was
undertaken on a large scale in 1958,

Injection water is obtained from supply wells tapping shallow aquifers. In
large part, it has essentially the composition of ocean water and in general is
chemically compatible with the oil-zone waters. It is treated chemically to in-
hibit corrosion and prevent bacterial growth. Then, it is injected into the oil
zones at casing-head pressures ranging from 850 to 2000 pounds per square inch
(Anonymous, 1960). By August 1960, the rate of repressuring was 370,000 barrels
per day through 136 injection wells; by October 1962, the rate had increased to
about 530,000 barrels per day through 203 injection wells, and total injection
had been about 575 million barrels. All 0il zones in fault blocks 3 and 4 and sev-
eral of the zones in each of the other four fault blocks were being repressured.
The Long Beach Harbor Department has estimated that a total of 300 injection
wells and an injection rate of at least 1 million barrels per day will eventually
be required. The estimated cost of the repressuring installations is about $30
million (Anonymous, 1959a).

Effects of repressuring on subsidence. The initial repressuring was concen-
trated largely in the southern part of the field for the purpose of slowing down
and arresting subsidence in the waterfront area. In order to show the effect of
repressuring on subsidence, the relative change of elevation has been plotted for
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bench marks along three north trending lines, shown on Figure 10. Line 1 is
across Terminal Island; line 2 extends from the Navy Mole across Pier E; and
line 3 is along Pier A.

Intensive repressuring near the south end of line 1 began in August 1959 and
reached the planned maximum rate in February 1960 (in the upper four oil
zones). Bench marks 364 north to 851 R showed a decrease in subsidence rate
within 3 months after repressuring was begun (Fig. 11). By January 1960, sub-
sidence had been stopped inland beyond bench mark P 615. As of May 1963,
subsidence of the northern two bench marks on line 1 had been slowed but not
yet stopped.

Repressuring near Pier E (line 2) began in August 1958. Bench marks M 22
north to 1533 showed an immediate decrease in subsidence rate (Fig. 12). By
the end of 1961, subsidence had been arrested north to bench mark 1189, and
by August 1962, all the bench marks, except 1353, had stopped subsiding,

Repressuring near Pier A was started in June 1958 in the two Terminal zones.
Within 2 months, subsidence of the southern four bench marks of line 3 (Fig.
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Figure 10. Subsidence from 1928 to August 1962 and Iocation of selected bench marks at Long
Beach Harbor area, California. (Lines of equal substdence from Long Beach Harbor Depart-
ment.)


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

212 REVIEWS IN ENGINEERING GEOLOGY: II

13) was stopped, and the rate of subsidence was decreased north to bench mark
1431. By August 1962, subsidence had been stopped at all bench marks on the
line.

The bench marks at the southern end of each line have experienced appreciable
rebound. Table 2 shows the approximate rebound to May (or August) 1963 of
seven bench marks that have recovered from 6 to 15 per cent of their initial sub-
sidence. The maximum rebound has been 0.54 foot at bench mark 1790 (line 3),
equivalent to about 9 per cent of the over-all subsidence at that place.

Results of consolidation and rebound tests of cores of silt and silty claystone
from the Ranger, Upper Terminal, and Lower Terminal zones suggest that if
fluid pressures were restored to initial pressure, the rebound of these fine-grained
interbeds migbt range between 15 and 27 per cent for the individual zones. How-
ever, these figures are only suggestive, because only one test from each zone was
examined. Furthermore, these zones are 30-60 per cent sand (Murray-Aaron and
Pfeil, 1948, p. 11). The sand will not compact as much as the fine-grained inter-
beds for a given increase in grain-to-grain load. Although the percentage of re-
bound of the sand compared to its compaction would be greater than that of the
silty beds, the magnitude of sand rebound probably would not be as great as that
of the silty beds; therefore, the over-all rebound of the oil zones for full pressure
restoration might be lower than is suggested by the rebound tests reported here.

Local subsidence and rebound of Terminal Island. Late in 1940, the U. S.
Navy began construction of a graving dock near the east end of Terminal Island
in fine-grained clayey sediments. The excavation, which was 65 feet deep and
about 1000 feet long, was dewatered during the construction period by means of
well points.

The underlying Gaspur aquifer, which occurs from about 80 to 160 feet below
the land surface, had an artesian head standing about at sea level (5 feet below

TaBLE 2. REBOUND TO 1963 oF SEVEN BENcH MARKS IN
WimingToN O Fierp Tuatr ReEcoverep From 6 1o 15 PEr CEnt
oF THEIR INITIAL: SUBSIDENCE

Approximate Rebound to Rebound in
subsidence* May 1963 per cent of
Bench mark (feet) (feet) subsidence
Line 1
364 4.0 0.49% 12
360R 5.7 .40t 7
Line 2
M 22 2.7 407 15
1525 8.0 .45% 6
Line 8
927D 3.7 .39 11
1786 5.3 .53 10
1790 6.0 .54 9

* Interpolated from map of subsidence, 1928-1960
t Rebound to August 1963
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land surface). In order to prevent uplift and blowouts during construction, the
artesian head in this aquifer was reduced below the bottom of the excavation by
pumping water from 36 gravel envelope wells tapping the Gaspur zone. Grant
(1944, p. 149-154) and Gilluly and Grant (1949, p. 494-497) described the de-
watering, the effect on water levels in nearby wells, and the local subsidence and
rebound of the land surface. The dewatering was started on June 27, 1941, and
reached a maximum withdrawal rate of about 35,000 gallons per minute during
August. Pumping operations ceased on April 4, 1942, after the removal of about
26,000 acre-feet of water from the Gaspur zone in 9 months. The maximum re-
corded subsidence was at bench mark 43, 1650 feet from the center of the graving
dock. Subsidence of bench mark 43 was 0.50 foot relative to bench mark 18,
which is about 3500 feet from the center of the graving dock. As described by
Gilluly and Grant (1949, p. 497), substantial rebound of bench-mark altitudes
coincided with recovery of water level in observation wells during the reduced
pumping rates of the latter part of the dewatering operation and immediately
after cessation of pumping. The rebound of bench marks ranged from 14 to 78
per cent with an average rebound of about 42 per cent. From these facts, Gilluly
and Grant concluded that one half or more of this subsidence due to the draw-
down of the piezometric level of the Gaspur zone was attributable to mineral-
grain rearrangement, and the remainder was the result of elastic compression.
It is of interest to note that the bench marks that underwent the largest sub-
sidence had the smallest percentage of rebound.

This experience at Terminal Island is of particular interest because it is the
only known documented example of subsidence and significant partial recovery
of the land surface as a result of drawdown and recovery of artesian head in a
fresh-water-bearing zone.

Acknowledgment. The authors wish to acknowledge the courtesy of the Long
Beach Harbor Department and of the U. S. Navy in supplying unpublished
data that were of great assistance in preparing this brief description of the
Wilmington subsidence.

LAKE MARACAIBO, VENEZUELA

Kugler (1933) first reported subsidence of oil fields along the eastern shore of
Lake Maracaibo, Venezuela. In 1935, Collins described a seawall built in 1932
on the east shore of Lake Maracaibo to protect an extensive oil-field develop-
ment from flooding. According to Collins (1935, p. 405), a drainage program was
begun in 1923, coincident with the start of oil-field development, to drain the
swamps and marshes adjacent to the village of Lagunillas on the lake shore.
Several years later, the shore was sinking 1 foot a year. To protect the oil fields
on land, a continuous wall almost 3 miles long was built using reinforced con-
crete sheetpiles.

Although various aspects of the subsidence have been under study at the
University of Illinois and elsewhere for a number of years, no papers describing
the subsidence have come to the attention of the authors. A paper by D. J. L.
Kennedy (1961, Ph. D. thesis, University of Illinois, 251 p.), however, which re-
ports on a study of well-casing failures associated with compaction of oil-pro-
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Figure 14. Bolivar coastal fields and reser-
voirs (stippled) of Lake Maracaibo area,
Venezuela. (Afier Kennedy, 1961, Ph.D.
thesis, University of Illinois, Figs. 1 and 2.)
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ducing strata in the eastern-shore fields,
furnishes some information on the
subsidence.

Oil was discovered in 1917 in the so-
called Bolivar Coastal Fields on the
northeast shore of Lake Maracaibo.
Figure 14 shows the three main oil
fields of this area. Much of the oil is
produced from off-shore wells. The
Tia Juana and Lagunillas fields were
discovered in 1926, and the Bachaquero
field was discovered in 1930. According
to Kennedy (1961, Ph.D. thesis, p. 1),
much of the oil has been produced from
interbedded sands, hard clays, and
silts of Miocene age, and the decrease in
reservoir fluid pressure has caused
compaction of these unconsolidated
strata. He stated further (p. 18) that:

Evidence indicates that the consoli-
dation of the shale layers within the
producing stratum due to the increase
in effective pressure is the chief cause
of the subsidence; however, the com-
paction of the sands may contribute a
considerable amount to the subsidence.

He concluded that, in general, the
greatest subsidence coincides with the
greatest pressure decline and with the

thickest Miocene producing zones.

Maximum cumulative compaction for the several reservoirs is plotted against
time on Figure 15. The greatest compaction (subsidence) shown is for the LL-7
reservoir of the Lagunillas field—340 em (about 11 feet) from 1926 to March
1954. The rate of subsidence was decreasing noticeably in the early fifties, but
the reduction in reservoir pressure during this compaction period is not given.
In the B-2 reservoir (Bachaquero field), compaction of 140 cm (4.6 feet) is
indicated from 1938 to 1958. Initial reservoir pressure at the top of the Miocene
sands was about 1800 pounds per square inch. When reservoir pressure had been
reduced to 1000 pounds per square inch (decrease of 800 pounds per square inch),
only about 20 cm of compaction had occurred, but reduction of pressure from
1000 to about 830 pounds per square inch was accompanied by 120 em of ad-
ditional compaction. Kennedy pointed out the implieation from the theory of
consolidation that the compacting beds in the B-2 reservoir may have been
subjected to a pressure in their past history about 800 pounds per square inch
greater than that existing when oil was first withdrawn.

As a result of the detailed study of liner or casing damage, Kennedy (1961,
Ph.D. thesis, p. 104) concluded that the major cause of damage is the compac-
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tion of the producing strata because °r ]
“casing damage occurs almost ex- \ \
clusively within the producing stratum %0

or can be attributed to movements in
the producing interval.”
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In the Niigata area on the northwest
coast of the island of Honshu, Japan
(Fig. 16), large quantities of saline
ground water containing dissolved
methane gas are pumped from wells as
much as 1000 m deep, tapping rela-
tively unconsolidated sediments of
Cenozoic age. These sediments are
primary coarse—sand, sandstone, and
conglomerate, with pebble layers—but A
include three to four interbedded clay \

3
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MAXIMUM CUMULATIVE COMPACTION, IN CENTIMETERS

layers as much as 60 m thick. About N

210 million cu m (7.3 billion feet®) of \ .
methane were produced in 1958, 60 3%

per cent of the natural gas production 5% L . o ug
in Japan. As a result, many chemical veaR

plants have been built to utilize the gas.

Subsidence of the Niigata harbor area
becamenoticeable by 1955, and by 1958,
much of the port area, which initially

Figure 15. Maximum cumulative compac-
tion versus time for reservoirs in Bolivar
coastal fields, Venezuela. (Ajfter Kennedy,
1961, Ph. D. thesis, University of Illinois,
Fig. 18.)

was only 1-2 m above sea level, had been

damaged by inundation from the sea. Because of the serious situation, several
reports have been prepared (Committee for Investigation of Earth Level Sub-
sidence in Niigata, 1958; 1960; Aki, 1959) which are the source of this description.

First-order level surveys have been made in Niigata and its vicinity by the
Japan Geographical Survey Institute in 1898, 1930, 1951, 1955, and 1957, and
leveling has been at about 6-month intervals since 1957. Subsidence from August
1957 to February 1958, as defined by the leveling, is shown on Figure 17. The
area of productive gas wells shown by the stipple pattern, coincides in general
with the area of subsidence. The subsidence of 20 em at the harbor mouth in 6
months indicates an annual rate of 40 cm or about 1.3 feet. By 1959, the annual
rate had increased to 50 cm (1.6 feet) a year.

Long-term graphs of elevation change for three bench marks are shown on
Figure 18 (for location, see Fig. 17). Although these bench marks are not in the
area of most intensive subsidence, their graphs are representative of the sub-
sidence trend. They show a slow subsidence of about one half a centimeter per
year from 1898 to 1952 and a rapid acceleration since 1955. The cause of the
slow subsidence prior to 1952 is not explained. Natural gas production,
shown by the dashed line in Figure 18, began about 1947 and inereased rapidly
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in the fifties. The volume of gas-bearing
water pumped reportedly has been
about equal to the volume of gas
(atmospheric pressure) recovered.

Because of the coincidence in time
and place of the increase in rate of sub-
sidence and of fluid withdrawal, Jap-
anese investigators concluded that the
cause of the accelerated subsidence is
the withdrawal of the water and gas.
This withdrawal has decreased the
fluid pressure in the gas-bearing zones
and has caused compaction of the
sediments.

The rate and distribution of com-
paction in depth is being observed by
means of 12 novel compaction reeord-
ing wells, ranging in depth from 20 to
1190 m, installed in 1958-1959. These
compaction recording wells consist of
Figure 16. Outline map of Honshu, Japan, two concentric pipes installed in drilled

showing areas of subsidence due to with- polas The inner pipe is anchored on a

drawal of fluids. bottom foundation and is protected
holes. The inner pipe is anchored on a bottom foundation and is protected
from lateral earth pressure by the outer pipe to provide for free vertical move-
ment. In the deeper installations, the diameter of the outer pipe is about 14

o] 200 400 KILOMETERS
| =——— s———— ama— ]

EXPLANATION

LINE OF EQUAL SUBSIDENGE;
INTERVAL 4 GENTIMETERS SEA

: ; NIIGATA
AREA OF PRODUCTIVE GAS o
WELLS 5

Figure 17. Subsidence from August 1957 to February 1958 in the Niigata area, Japan.
(Modified from Committee for Investigation of Earth Level Subsidence in Niigata, 1958,
Fig. 19; 1960, Fig. 2.)
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Figure 18. Cumulative subsidence, 1898-1959, of three bench marks in the Niigata area,
Japan, and production of natural gas since 1947. (Modified from Committee for Investigation
of Earth Level Subsidence in Niigata, 1960, Figs. 3-1 and 7.)

cm and that of the inner pipe about 7 cm. Centering devices are attached to
the inner pipe at 40- or 50-m intervals. A lever system magnifies protrusion
of the inner pipe at land surface as much as 20 times when compaction oceurs.
Wells of several depths have been installed at a single site to provide information
on the distribution of compaction with depth. Preliminary results in mid-1959
after 1 year of operation indicated compaction of about 20 cm per year between
depths of 300 and 610 m—equal to about 40 per cent of total subsidence at that
place for the year.

Protection of the port and the industrial plants from inundation by the sea is
very difficult because there is no impermeable stratum at shallow depth to
restrain underflow beneath dikes. Drainage is being accomplished by costly
pumping. Stopping the gas production would destroy the chemical industry.
According to Professor Jiro Makiyama (June 1962, written commun.), the
subsidence was being retarded by means of controlled withdrawal and repressur-
ing by injection of water through wells.

PO DELTA, ITALY

The Po Delta, on the Adriatic coast in northeastern Italy, subsided from
various causes at a slow average rate of 1-3 mm a year from about 1890-1950,
based on precise leveling by the Institute of Military Geography. Releveling in
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load, tectonic adjustment, rising sea level, and drying out of reclaimed lands
(some of which contain peat beds). This discussion is based on information from
a few of these papers for which translations are available. (The authors wish to
acknowledge the assistance of Professor Francisco Penta of the University of
Rome in supplying a number of pertinent papers on the subsidence; also that of
R. E. Miller for translation of some of the papers.) These include papers by
Boaga and others (1957); Puppo (1957); Dal Piaz (1959); Storer (1959); and
Gortani (1961). An extensive bibliography relating to geology and elevation
changes in the Po Delta region and to analysis of geodetic data is given by Dal
Piaz (1959, p. 71-76).

The Po River delta (Venetian Po) has been built up very rapidly in Quaternary
time. This has resulted in a thickness of 1000 m or more of relatively unconsoli-
dated Quaternary deposits over most of the Delta—in synclinal areas, the
thickness exceeds 2000 m (Dal Piaz, 1959). The deposits are chiefly marine
(littoral with some lagoonal layers), sandy, and highly caleareous, but they
contain some clay layers. According to Dal Piaz (1959, p. 450), Selli has distin-
guished five well-defined methane-bearing horizons. The gas accumulations are
related to gentle undulations in the Quaternary strata or to breaks in the mono-
clinal dip. Methane also is produced from underlying deposits of Pliocene and
Miocene age, but apparently, the major production is from the beds of Quater-
nary age. The saline and brackish waters in the methane layers have a chemical
composition qualitatively similar to sea water.

The methane development began in 1938, and by 1956, gas production from
the Delta area was at least 200 million m? (about 7 billion feet?) a year. The ratio
of gas to water is about 1 to 1. This methane is of great value to the economy of
the region.

The rate of subsidence, which accelerated so sharply from 1951 to 1956, con-
tinued to increase after 1956. According to Gortani (1961), the area included
between the lines of 20-25 cm of annual sinking increased from 8000 hectares
(19,800 acres) in 1957-1958 to 17,000 hectares (42,000 acres) in 1959.

Analysis of the relationship between withdrawal of methane-bearing water and
the subsidence did not lead to a clear cause and effect conclusion (Puppo, 1957);
nevertheless, the costs of attempting to protect the subsiding lands from flooding
became so great (about $33 million in 1960) that it was decided to carry out a
crucial experiment—stop all the gas and water removal in an experimental area
of 10,000 hectares (24,700 acres), including the area of most rapid subsidence.
According to Gortani (1961), pumping in this area, which had been about 50
million m3 (40,000 acre-feet) of water a year was stopped on February 20, 1960.
Special bench-mark surveys were made every 3 months, and fluid levels in wells
were measured weekly.

After 6 months of shutdown, several instructive developments could be
reported. The piezometric level recovered rapidly in the closed-in area, and in
general, the deeper the aquifer the greater the pressure recovery (as much as
15 m in 4 months). The bench-mark releveling showed that the maximum sub-
sidence from February 20 to August 20, 1960, was 7.4 cm (annual rate about 15
cm). The rate of subsidence for bench marks in the area of no pumping decreased
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noticeably after February 20; whereas, for those outside, it continued unchanged
{Gortani, 1961, Fig. 12).

A well 714 m deep near the center of subsidence was filled with concrete and
used to record compaction. During the period of record, the observed sinking of
the land surface with reference to the top of the concrete-filled casing indicated
that the compaction of the deposits within the well depth was equal to the
subsidence.

The results of the experimental shutdown of wells supported the conclusion
that the extraction of the methane waters is the principal cause of the rapid
sinking of the Po Delta (Gortani, 1961, p. 13). It was proposed to extend the
shutdown over all the Delta area, which would stop the annual extraction of 250
million m?® (200,000 acre-feet) of water from more than 850 gas wells yielding at
least 200 million m? (about 7 billion feet?) of methane. The revoking of mineral
rights is being considered (Anonymous, 1961). Thus, the great cost and difficulty
of protecting the sinking area from the sea and from the river floods may close
down a major industry. This closure poses economic and social problems as well
as legislative problems relating to indemnity for losses suffered.

SUBSIDENCE DUE TO GROUND-WATER WITHDRAWAL

GENERAL STATEMENT

For many years, major subsidence of the land surface has been observed in
certain areas of intensive ground-water withdrawal. Areas of major subsidence in
California are the San Jose area in the Santa Clara Valley and the Los Banos-
Kettleman City, Tulare-Wasco, and Arvin-Maricopa areas in the San Joaquin
Valley. Elsewhere, the best-known subsidences are in Mexico City, Mexico, and
in the Houston-Galveston area of Texas. Minor subsidence related to ground-
water withdrawal has occurred in several places in addition to those described
in this paper. All of these areas are underlain by confined aquifers, and in all,
the artesian head has been drawn down at least several tens of feet by heavy
withdrawal. Doubtless, subsidence has oceurred in many other ground-water
basins where artesian head of compressible confined aquifers has been drawn
down 50-100 feet or more, but it has gone undetected because of lack of repeated
leveling,

On the other hand, subsidence is known to be small or negligible in some
confined aquifer systems that have experienced head decline of 100 feet or more.
For example, in Memphis, Tennessee, the artesian-head decline in confined
aquifers of Eocene age has been 100 feet or more since 1886, yet subsidence, as
shown by repeated levelings, has been negligible (G. H. Davis, Aug. 27, 1962,
written commun.). Presumably, the lack of subsidence at Memphis is explained
by the state of preconsolidation, the elay-mineral assemblage, which is probably
dominantly kaolin-type (Griffin, 1962), and the lithology of the aquifers—these
are the elements that determine the compressibility of the system within the
range of increase in grain-to-grain load experienced. One of the principal aquifers
is a well-sorted clean fine-to-medium quartz sand ; the other contains several fine-
grained interbeds (Criner and Armstrong, 1958).
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AREAS ON HONSHU, JAPAN

Introductory Comment

On the island of Honshu, Japan, appreciable subsidence due to pumping of
ground water for industrial use is reported in three harbor areas on the south
coast at Osaka, Nagoya, and Tokyo (Fig. 16). Drawdown of the artesian head in
confined aquifers reportedly has caused compaction of clayey beds to depths of
about 100 m. At Tokyo and Osaka, the position of the compacting beds has been
determined by establishing depth-bench-mark tubes in the aquifers and observing
the rate of protrusion of the tubes at land surface (Aki, 1959, p. 4). Maximum
subsidence is about 4 m at Tokyo (Naomi Miyabe, July 1, 1965, oral commun.)
and about 3 m at Osaka (Jiro Makiyama, May 24, 1960, oral commun.) Ap-
parently, plans are underway to reduce the local pumping by importing water by
pipe line to these industrial areas in order to control the subsidence.

Osaka Area

Subsidence at Osaka City was first noted in 1885.7 From 1885-1928, the maxi-
mum rate of subsidence was almost constant, 0.5-1.3 cm per year; total subsidence
in this period was 30-60 ecm. In 1928, the rate of pumping of ground water was
about 3 million gallons a day; pumping then increased rapidly to & maximum of
50 million gallons a day by 1942. Following the destruction of factories during the
war years, pumping decreased to 30 million gallons a day by 1945. The rate of
subsidence also increased in the period from 1928 to 1943, averaging 7-12 cm
per year, and maximum subsidence in this 15-year period was at least 130 cm.
After 1943, subsidence almost ceased for a few years in response to decreased
pumping and a recovery of about 10 m in artesian pressure, but renewed increase
in pumping after 1948 caused renewed subsidence. Maximum subsidence at
Osaka to 1951 was about 2 m. The area of subsidence centering at Osaka City
was about 280 sq km.

Large buildings, which have foundations set in the “Osaka foundation rock
layer” at depths of 40-80 m, have risen with respect to land surface. Also,
casings of deep wells extending to depths of 100270 m have protruded above
land surface. Both of these phenomena indicate compaction of beds above the
foundation rock layer.

The Disaster Science Laboratory (Brashears, 1955, personal commun.) con-
cluded from a study of subsidence from 1938 to 1942 that about 50 per cent of the
subsidence was due to compaction in the top 30 m and that about 90 per cent
was caused by compaction in the top 180 m. The rate of subsidence correlated
with the change in water level, and the sudden acceleration of subsidence after
1928 was attributed to compaction of clay zones due to reduction of pressure in
confined aquifers.

7 This description of subsidence at Osaka is from notes supplied by M. L. Brashears in personal communication
of September 7, 1955, and is based on material from the Committee of Harbor Engineering Investigation in Osaka
Bay.
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Figure 21. Lines of equal subsidence, 1865-1931, London, England. Interval 0.1 foot.
(After Wilson and Grace, 1942.)

were believed to have settled partly because of the load of the building, Wilson
and Grace presented contours of subsidence for several periods. These contours
indicate that during the period 1865-1931 the subsidence was 0.2-0.6 foot
throughout much of London (Fig. 21). Extrapolation back to the initiation of the
increase in effective pressure (decline of head) suggests a2 maximum subsidence
due to decline in head of about 0.7 foot.

MEXICO CITY, MEXICO

Mezxico City is in southeastern Mexico, in the west central part of the Valley of
Mexico, a closed basin at an elevation of about 7500 feet surrounded by high
mountains. The relatively flat part of the valley underlain by alluvial deposits is
about 100 km long (north-south) and 1540 km wide (Mooser, 1961, unnumbered
geologic map). Many small rivers flow into the valley, and under natural con-
ditions, the rivers formed a series of shallow lakes, the largest of which was Lake
Texcoco.

Roberto Gayol (1929) presented the first specific evidence on the subsidence of
Mexico City and pointed out the need for continuing observation. By 1959,
subsidence exceeded 4 m (13 feet) beneath all the old city (extent of city in 1891)
and was as much as 7.5 m (25 feet) in the northeast part (Fig. 22). This great
and long-continued sinking has caused many problems in water transport,
drainage, and in the construction of buildings and other engineering structures in
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the heart of a great and growing city; consequently, this subsidence has been
studied more intensively in its soil-mechanics aspects than has any other sub-
sidence due to ground-water withdrawal.

Geology. At the end of the Cretaceous Period, crustal deformation of the
Cretaceous limestone was accompanied by intensive voleanic activity, which has
continued to Recent time but at a decreasing rate. The volcanic sequence has
been andesite, rhyolite, and finally basalt. Only 2000 years ago, a basaltic lava
flow drove the inhabitants from the valley (Zeevaert, 1949, Ph.D. thesis, Univer-
sity of Illinois, p. 20, 26).

In late Pliocene time and during most of the Pleistocene Epoch, inflowing
streams brought coarse andesitic detritus into the valley. Logs of water wells
show that sand and gravel containing some interbeds of clayey silt occur almost
continuyously from a depth of 50-60 m to more than 500 m. They constitute the
highly productive aquifer underlying Mexico City (Zeevaert, 1949, Ph.D. thesis).
This aquifer is overlain chiefly by soft fine-grained lake deposits of late Pleistocene
age—volcanic ash and water-transported sediments.

The depositional units from the land surface to the top of the productive
aquifer at about a depth of 50 m vary in thickness from place to place in the city.
However, their character and thickness can be generalized as follows: artificial
fill and water-laid silt and sand from the land surface to a depth of 6 m; then
an upper soft bentonitic and diatomaceous silty clay about 30 m thick; then a
coarse cemented sandy bed about 5 m thick; and then a second bentonitic silty
clay 5-10 m thick, stiffer than the upper clay bed. Both of the bentonitic clay
beds are highly compressible.

Marsal and Mazari (1959) in their monograph on “The Subsoil of Mexico
City” gave detailed descriptions and graphs of the physical and engineering
properties of these highly compressible bentonitic silty clays. Tables and graphs
showing bench-mark elevations and subsidence, logs of bore holes and engineering
properties of materials, and graphs of change in pressure in many hundreds of
piezometer installations have been published by the Comision Hidrologica de la
Cuenca del Valle de México (1953; 1958; and 1961).

In the upper bentonitie clay, the natural water content ranges from 200 to as
much as 500 per cent of the solids by weight, depending on location and loading
history. The average value is about 300 per cent. The void ratio ranges from
about 5 to 9; the average value is about 7. Thus, the porosity of this upper clay
ranges from 84 to 90 per cent; the average is about 88 per cent.

In the lower bentonitic clay, the natural water content is 200-300 per cent by
weight. The void ratio generally is 4-5, indicating an average porosity of about
82 per cent. In spite of the very high water content and void ratio of these
bentonitic clays, Zeevaert (1953b, p. 983) reported that their shearing strength
and rigidity is comparable with other clays having water contents as low as 30
per cent.

The clay mineralogy of the bentonitic clay beds is highly complex and has been
studied by several methods. From examination of several hundred samples by the
electron microscope, Marsal and Mazari (1959, p. 86) concluded that the pro-
portions of clay minerals are about as follows: 80 per cent montmorillonite, 14
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per cent kaolinite, 4 per cent beidellite, and about 2 per cent of the illite group.

Hydrology. Until the last few years, most of the water supply for Mexico
City has been obtained from wells within the city. As early as 1854, 140 artesian
wells had been constructed. According to Loehnberg (1958), water was supplied
from 3000 privately owned wells 30-100 m (100-325 feet) deep and from about
220 municipal wells 100-300 m (325-1000 feet) deep in 1957. Private wells
yielded about 2.5 m3/second (90 cubic feet per second), and municipal wells
yielded about 6.5 m?/second (230 cubic feet per second). This discharge of these
wells far exceeded the natural recharge. The great increase in demand for water
was a result of the rapid increase in population, which grew from about one half
million in 1895 to 1 million in 1922 and to 5 million people by 1960.

The artesian head in deep wells initially was a few feet above the land surface,
but by 1959, the pressure at 50 m depth (at the top of the main aquifer) had
decreased 20-35 m (65-110 feet) (Comision Hidrologica de la Cuenca del Valle de
México, 1961, p. 338).

The water table stands 1-2 m below the land surface beneath much of the old
city, and its level has not changed appreciably throughout the historic record.

Land subsidence. Local subsidence first occurred owing to loading by the
large Aztec structures and later by Spanish buildings. The principal subsidence,
however, began in the late 1800’s as a result of development of artesian water,
the consequent decline of artesian head, and the increase in effective stress.

Figure 23 illustrates the trend of subsidence in the center of the old city.
Between 1898 and 1938, subsidence was not defined by leveling; it probably was
not uniform, but the average rate was about 4 cm per year (Marsal, and others,
1952, p. 3). The rate of subsidence increased sharply in 1938 and again in 1948,
presumably as a result of increased withdrawal from municipal wells beginning
in those years. From 1938 to 1948, the rate of sinking was about 15 em per
year; from 1948 to 1952, the rate increased to 30 cm (1 foot) per year in the
central part of the city and to 50 cm per year locally (Marsal and Sainz-Ortiz,
1956, p. 3). After 1952, the rate decreased slightly to about 25 cm per year.
The total subsidence of the four bench marks from 1898 to 1956 was 5-7 m
(16-23 feet).

Figure 22 shows the magnitude and distribution of subsidence in the old city
from 1891 to 1959 as determined by leveling. Maximum subsidence was 7.5 m
(25 feet), and subsidence exceeded 4 m (13 feet) in all but the western edge of the
old city.

From 1952 to 1957, subsidence was about 1 m on the average (Fig. 24) al-
though it reached 1.5 m at a few centers, possibly areas of large building load.
Thus, in this period, the average subsidence was about 0.2 m a year. In some
areas of recent urbanization, beyond the extent of the old city shown in Figures 22
and 24, subsidence in the fifties occurred at a more rapid rate, but maps are not
available to show the full areal extent and magnitude of the subsidence.

Protrusion of well casings is a common occurrence in the subsiding area and is a
graphic demonstration of the decrease in thickness (compaction) of the sediments
within the casing depth. The amount of protrusion is not an absolute measure of
compaction above the casing bottom because the casing may shorten. The
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protrusion does supply, however, a minimum value of compaction in that depth
interval. The protruding casings shown in Plate 6 (see Figure 22 for location)
indicate that at least 5.45 m of the subsidence at this site between 1923 and 1954
resulted from compaction of the deposits above a depth of about 100 m. Total
subsidence at this site from 1891 to 1959 was on the order of 6 m (Fig. 22); thus,
the protrusion indicates that here most of the subsidence has resulted from com-
paction of the deposits within the first 100 m below land surface.

Cause of the subsidence. Dr. Nabor Carrillo (1948) was the first to relate the
subsidence of Mexico City to the theory of consolidation and the increase in
effective stress caused by the decline in artesian pressure. With the benefit of
the great amount of data obtained in the next decade, the causes of the subsidence
have been examined in much greater detail by Marsal and Mazari (1959, p. 373—
412). Zeevaert (1957) demonstrated that in addition to the primary consolidation
caused by the reduction in excess pore pressures, secondary compression is an
important aspect of the subsidence.

Investigators of the subsidence in the Mexico City area agree that the principal
cause of the regional subsidence is the reduction in artesian pressure that has
occurred—most rapidly since 1938. The increase in effective stress has been al-
most instantaneous in the coarse aquifer system below a depth of 50 m. A steep
downward hydraulic gradient has developed in the fine-grained beds in the upper


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

230 REVIEWS IN ENGINEERING GEOLOGY: II

50 m, but the pore pressure decay has been retarded by the low permeability of
the silty clay beds. Consolidation can occur only as fast as the excess pore pressure
is reduced, and the rate at which this can occur is a function of the permeability
and thickness of the beds.

Estimates of the proportion of subsidence caused by compaction of the upper
50 m of deposits that include the two bentonitic clay beds range from about
two-thirds to 85 per cent, depending partly on location and the increase in
effective stress (Zeevaert, 1953a). Evidence from the protruding casings of Plate 6
suggests that at some places, at least, the compaction of the top 100 m of sedi-
ment is about equal to the subsidence.

Recognizing that the artesian-head decline can be stopped only by reducing the
local ground-water draft, comprehensive plans have been made for importing
water to the city. Since 1952, several new projects have been completed to bring
water into the city, and others are under construction. In addition, reservoirs and
recharge wells have been constructed for the purpose of injecting flood waters into
the aquifer system. According to Quintero (1958), 13 recharge wells have been
installed since 1953, and others are planned.

Acknowledgment. The authors acknowledge the assistance of Mr. Jose A.
daCosta of the Geological Survey in translation of the paper by Marsal, and
others (1952). The authors also wish to thank Messrs. R. J. Marsal, 1. Sainz-
Ortiz, and Leonardo Zeevaert for supplying several publications.

SAVANNAH, GEORGIA

Davis and others (1963) reported land subsidence of as much as 200 mm at
Savannah, Georgia, due to decline of artesian pressure in a limestone aquifer.
Precise leveling in 1918, 1933, 1935, and 1955 by the U. 8. Coast and Geodetic
Survey indicated maximum subsidence of bench marks of about 100 mm. Most
of the subsidence occurred during the period 1933-1955. Pumpage increased from
23 million gallons per day in 1933 to 57 million gallons per day in 1955, and
decline of artesian head was about 40 feet in the 37 years before 1933 and about
100 feet in the 22 years after 1933. A close correlation was noted between sub-
sidence, pumpage, and decline of artesian head. '

During the period 1933-1955, subsidence exceeding 20 mm occurred in an area
of 50 square miles including the city of Savannah and extending 5 miles to the
north and west. As shown on Figure 25, the subsidence corresponded closely in
areal extent to the area of greatest decline of artesian pressure during the same
period.

Figure 26 shows the relationship between land subsidence and decline of
artesian pressure, 1933-1955, along a profile extending from 10 miles north of
Savannah through the city to the Atlantic Ocean 16 miles east.

The ratio of subsidence to decline of artesian pressure at Savannah of 0.0033
suggests that the maximum subsidence may have been about 200 mm from 1918
to 1955 in the area of greatest decline of pressure. The maximum rate of sub-
sidence recorded by a bench mark was 40 mm during the 10-year period 1945-
1955 at a point about 2 miles south of downtown Savannah.

Unlike the sediments of many other subsiding areas, the principal artesian
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Figure 26. Profile of land subsidence and decline of artesian pressure, 1933-1955, Savannah
area, Georgia. (After Davis and others, 1963.)

has been discussed previously in this paper. Winslow and Doyel (1954) in a
paper given before the American Society of Civil Engineers reported on additional
leveling results and suggested means for alleviating the subsidence in the Houston
area. Winslow and Wood (1959) described subsidence throughout an area of
7200 square miles of coastal Texas, including Houston, that extends from Free-~
port to Port Arthur and 90 miles inland. The following summary has been
prepared from those papers.

Geology. The upper Gulf Coast of Texas is underlain by unconsolidated sand
and clay strata of Tertiary and Quaternary age that dip and generally thicken
toward the Gulf. Accordingly, the strata crop out in bands that parallel the
coast; inland they contain fresh water, but most contain salt water within a
short distance of the shore. From the top down, the units penetrated by water
wells are: the Beaumont Clay (Pleistocene), which ranges in thickness from zero
a few miles northwest of Houston to 900 feet at Galveston and includes the Alta
Loma Sand of Rose (1943), about 250 feet thick at Galveston; the Lissie Forma-
tion (Pleistocene), which thickens from 900 feet at Houston to 1500 feet at
Galveston; the Willis Sand (Pliocene[?]), which thickens from 500 feet at Houston
to 700 feet at Galveston; the Goliad Sand (Pliocene); and the Lagarto Clay
(Miocene(?]).

The Beaumont Clay is the principal confining bed at and coastward from
Houston. Although the Beaumont consists largely of calcareous clay, it includes a
few beds of fine sand which are the principal water-yielding units at Texas City
and in the Beaumont-Port Arthur area. The Alta Loma Sand (Rose, 1943) is the
principal aquifer at Galveston, and the Lissie and Willis form the principal
aquifer at Houston where they have a combined thickness of 2200 feet.

A recent X-ray diffraction study of the clay-size fraction of fine-grained
samples from a core hole at Clear Lake, Harris County, indicates a clay-mineral
assemblage of montmorillonite, illite, chlorite, and kaolinite. Montmorillonite is
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the principal constituent (Corliss and Meade, 1964). The eight cores were taken
from an 800-foot section of the Beaumont Clay and the upper part of the Lissie
Formation.

Hydrology. Most supplies of industrial, municipal, and irrigation water in the
upper Gulf Coast area are drawn from ground water. The pumpage as of 1956 was
200 million gallons per day in the Houston-Baytown district, 23 million gallons
per day in the Texas City-Galveston district, and 6 million gallons per day at
Freeport. Large additional unestimated withdrawals were made for irrigation.

The heavy pumping has resulted in substantial regional decline of artesian
head and very large drawdown cones around the centers of pumping; for ex-
ample, at Houston, where the head originally was about 65-75 feet above sea
level, it had been reduced to as low as 260 feet below sea level in 1961 (Anders and
Naftel, 1962, Fig. 12). As much as 100 feet of the decline occurred between 1943
and 1951. Winslow and Wood (1959) reported that the head in the Alta Loma at
Galveston had declined 150 feet since 1898.

Land subsidence. The long-continued decline in artesian head has resulted in
subsidence of the land surface throughout much of the upper Gulf Coast of
Texas. Interest in the problem became active when leveling by the U. 8. Coast
and Geodetic Survey in 1951 indicated as much as 1.35 feet of subsidence at
Houston since 1943. Lockwood (1954) reported that the maximum subsidence in
the Houston district was 3.25 feet as of 1953 at Pasadena and that the greatest
subsidence in the upper Gulf Coast area was at Texas City where subsidence was
on the order of 4 feet as of 1954.

The entire level network of the U. S. Coast and Geodetic Survey in the upper
Gulf Coast was readjusted in 1957, including leveling of 1905-1906, 1918, 1932—
1933, 1935-1936, 1942-1943, 1951, and 1953-1954. This is the basis for sub-
sidence shown in Figures 27 and 28 which are reproduced from Winslow and
Wood (1959). Leveling by the U. S. Coast and Geodetic Survey indicates that
maximum subsidence from 1905 to 1954 at a bench mark in Houston was 2.7 feet
(Fig. 28); however, this probably is far less than the actual maximum because as
shown on Figure 27, there was as much as 2.5 feet of subsidence at Houston
between 1943 and 1954. Releveling in 1958-1959 indicates an additional foot of
subsidence in the Pasadena-Baytown area since 1954 (Anders and Naftel, 1962,
p. 24; see also Small, 1960, Figs. 5, 14). Maximum subsidence determined by the
1958-1959 releveling was 3.9 feet about 12 miles east of Houston (Small, 1963,
p. 4).

Interpretation of subsidence in the Texas Gulf Coast is complicated somewhat
by the effects of oil production at salt-dome oil fields. For example, Winslow and
Doyel (1954) noted that the greatest subsidence in the Houston area was at South
Houston where production of oil and gas has resulted in a pressure decline in the
producing zone equivalent to a decline of 820 feet in artesian head. Presumably,
at least part of the subsidence there is due to production of oil and gas.

The sharpest land-surface declines in the upper Gulf Coast area bave been
reported from the Texas City-Galveston area (see Figs. 27, 28). Private leveling
reported by Lockwood (1954) indicated as much as 4 feet of subsidence at
Texas City. The maximum at bench marks of the U. S. Coast and Geodetic


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

234 REVIEWS IN ENGINEERING GEOLOGY: II

94°

ey ~—_f g
R A
C— Ty — /! \ﬁ“w\ 7/ r&l <

= N
LIBERTY | \__ BEaum

2, o W<
LiBE seinoLeToe K 01 Yeg o qf' —~ o
= W%‘— — 30
L“B | JEFFERSON Ny 7/v ] >
| ,  seine o

v ——t LAKE
‘\i PORT ANTP!UR //A =

9] . (
, N
; |02

GULF OF MEXICO

29°

g | 9.2
{ FREEP%RT

5 o 5 10 15 20 25MILES
o ] 1

Figure 27. Subsidence, in feet, 1943-1954, of the land surface in upper Gulf Coast area, Texas.
Subsidence shown in east part of area is for 1918-1955. (Modzfied from Winslow and Wood,
1959, Fig. 3; published with permission of the Society of Mining Engineers.)

Survey from 1943 to 1951 was 2.64 feet. The readjustment of 1957 indicated a
maximum at Texas City of 3.5 feet between 1905 and 1954 along the U. S. Coast
and Geodetic Survey level line.

Comparison of leveling of 1918 and 1955 indicated more than 0.25 foot of
subsidence throughout much of the Beaumont-Port Arthur-Orange area with a
localized maximum of about 1 foot near the Spindletop oil field.

At Freeport, subsidence of as muech as 0.5 foot occurred from 1943 to 1951,
presumably due to concentrated withdrawal of ground water from shallow sands
for industrial use.

Relationship of decline in head and pumpage to subsidence. Comparison of
decline in artesian pressure and subsidence shown on Figure 29 indicates a ratio
of about 1 foot of subsidence to 100 feet of head decline. The consistency of the
ratio indicates that the compaction (consolidation) characteristics of the de-
posits tapped by all four wells are equal. This is remarkable, considering that
well 326 is 25 miles updip from well B-40 and taps older deposits. In the Texas
City-Galveston area, where fine materials make up a greater part of the section,
the ratio would be larger.

A comparison of the volume of land subsidence in the Houston-Baytown
district for 1943-1951 with pumpage during the same period indicates that ap-
proximately 22 per cent of the 114 X 10'° gallons of water pumped was yielded
by compaction of the sediments (Winslow and Wood, 1959, p. 1034).
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DENVER, COLORADO

Preliminary results of the investi-
54 gations in the Denver artesian basin,

o t| Colorado (G. H. Chase, U. 8.
52| Geological Survey, January 1962,
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Figure 28. Profiles of land-surface subsidence as 600 feet since 1890.

in upper Gulf Coast area, Texas. Location of Artesian aquifers underlie about

profiles shown on Figure 27. (Afler Winslow 6000 square miles of the Denver

:ilgsgvnog}iih: %i%ieflg;fzﬁd%ﬁlwg: ﬁ;g;sp)er' artesian basin and extend to depths

v e ) as great as 2500 feet. Artesian wells
tap three principal water-bearing zones: (1) an upper unit of alluvial deposits as
much as 2500 feet thick; (2) a middle unit (the Laramie Formation) of Late
Cretaceous age consisting of 200—500 feet of brackish-water deposits, chiefly silty
shale, coal, and silty sandstone; and (3) marine deposits (the Fox Hills Sandstone)
of Late Cretaceous age consisting of sandstone, shale, siltstone, and a little coal.

The first artesian wells were drilled at Denver in 1883; by 1896, 400 artesian
wells were in use. By 1890, the head had decreased to a point where most artesian
wells ceased flowing. In 1960, about 3000 artesian wells were in use in the Denver
artesian basin; the pumpage ranged from 20 to 50 million gallons per day from
1951 to 1961. Chase (1962, written commun.) estimated the total withdrawal
since 1883 at about 300 billion gallons or 900,000 acre-feet.

Lohman (1961, p. B48) computed the subsidence in the Denver metropolitan
area, due to the elastic compression of the artesian aquifer system, to be about
0.25 foot. The total subsidence includes permanent compaction of the associated
clay beds which in most areas of major subsidence is much larger than the elastic
compression.

ELOY-PICACHO AREA, ARIZONA

Robinson and Peterson (1962) reported land subsidence of as much as 3.6 feet
due to withdrawal of ground water in the Eloy-Picacho area about 50 miles
northwest of Tucson, Arizona.

Precise leveling by the U. 8. Coast and Geodetic Survey in 1905, 1934, 1948-
1949, 1952, and 1960 indicates a maximum cumulative subsidence of 3.6 feet along
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800 feet thick; the.ﬁne—gralned with permission of the Society of Mining En-
deposits are underlain by coarse gineers.)

materials. The older wells were

500-700 feet deep and tapped the upper alluvial deposits. Beginning about 1952,
wells were drilled into or through the fine-grained sediments to depths of as much
as 2000 feet.

Intensive pumpage of ground water for irrigation began in 1936. In 1937, the
pumpage was 64,000 acre-feet and increased rapidly during and after World
WarIIto 360,000 acre-feetin 1948;it totaled 300,000 acre-feet in 1952 and 330,000
acre-feet in 1960. This intensive pumpage has resulted in a general decline of
water levels in wells of 100-200 feet below the head prior to development.

A definite relationship of subsidence to decline in head is indicated by the fact
that (1) there was virtually no subsidencein the period 1905-1934 before pumping of
ground water for irrigation began, and (2) the point of maximum subsidence has
shifted southeastward in each leveling since 1948-1949, which is in agreement
with a similar shift in the center of the pumping depression (Robinson and
Peterson, 1962).

As stated, subsidence was negligible in the period 1905-1934 and probably for
several years after 1934. The leveling of 1948-1949 indicated maximum sub-
sidence since 1934 of 0.4 foot about 214 miles northwest of Eloy. The maximum
for the period 1948-1949 to 1952 was 1.3 feet at a bench mark about 1 mile
northwest of Eloy. By 1960, the point of maximum subsidence had shifted to 2
miles southeast of Eloy where slightly more than 3 feet of settlement was
recorded for the period 1952-1960.

Numerous linear open fissures or earth cracks have been observed around the
margins of the Eloy-Picacho area, and some workers (see Heindl and Feth, 1955)
have suggested a relationship of the cracks to subsidence of the valley fill.
Fissuring was observed, however, as early as 1927, some years before the begin-
ning of pumping for irrigation (Robinson and Peterson, 1962, p. 4) and at least a
decade before the beginning of substantial land subsidence in the valley as
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indicated by precise leveling. Accordingly, the relationship of fissuring to land
subsidence is somewhat tenuous. Moreover, Robinson and Peterson (1962)
noted that the trend and location of the fissures conforms generally to Bouguer
anomaly highs mapped in a gravity survey of the area, which suggests structural
control of the fissuring,.

LAS VEGAS, NEVADA

Subsidence due to withdrawal of ground water in the Las Vegas area was first
reported by Maxey and Jameson (1948, p. 70) who noted that comparison of
leveling of 1915 with that of 1935, both by the U. 8. Coast and Geodetic Survey,
indicated settlement of as much as 3 inches at Las Vegas. Leveling in 1940-1941
as control to determine the effects of loading by the water of Lake Mead, im-
pounded by Hoover Dam, was reported on by Carder and Small (1948). This
leveling indicated an additional 3 inches of subsidence at Las Vegas during the
period 1935 to 1940-1941.

Longwell (1960), as part of a comprehensive survey of Lake Mead, analyzed
and interpreted leveling done near the Lake in 1935, 1940-1941, and 1949-1950.
He noted a broad basinlike subsidence centered on Lake Mead, which had a
closure of 70 mm in the period 1940-1941 to 1949-1950; he attributed this to
loading by the water of the Lake. He also noted a regional tilt to the southwest in
the period 1940-1941 to 1949-1950 that affected the entire Lake Mead-Las
Vegas area. Superimposed on the wider pattern of change was a sharply localized
subsidence at Las Vegas which Longwell ascribed to withdrawal of artesian water.
The maximum subsidence at Las Vegas recorded from 1935 to 1940-1941 was 100
mm; the maximum for the period 1935 to 1949-1950 was 350 mm.

G. T. Malmberg (1962, unpub. U. 8. Geol. Survey open-file rept., Available
water supply of the Las Vegas ground-water basin, Nevada) has prepared profiles
across the Las Vegas Valley, which differentiate the local subsidence due to
decline of artesian pressure from the broader effects due to loading by Lake
Mead and the regional tilt. One of these profiles is reproduced as Figure 30.

In the area of sharp subsidence near Las Vegas, much of the production of
ground water is from aquifers in alluvial deposits of late Tertiary and Quaternary
age confined beneath an extensive blue clay that is believed to be of lacustrine
origin (Maxey and Jameson, 1948, p. 68). Substantial decline of artesian head
has been noted in the deep aquifers. The maximum subsidence along the line of
profile in Las Vegas was about 300 mm, of which almost two-thirds was ascribed
to effects of ground-water withdrawal.

In 1963, the U. 8. Coast and Geodetic Survey releveled part of thenet of first-
order level lines surrounding Lake Mead, at the request of the U. S. Bureau of
Reclamation. The unadjusted field results of this releveling indicated that
maximum subsidence of bench marks at Las Vegas had increased 1.3 feet since
1950 and 2.2 feet (660 mm) since 1935 (Small, 1963, p. 4). These bench marks are
about 1.5 miles from the heaviest withdrawal; therefore, it is to be expected that
maximum subsidence in the well field has been greater than 2.2 feet since 1935.

Protrusion of casings as much as 3 feet above the land surface has been
observed (see PL. 7).
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Figure 30. Subsidence profile, 1935 to 1949-1950, showing local subsidence as differentiated
from regional effects across Las Vegas Valley, Nevada. Area above dashed line represents
regional effect and that below, the local subsidence. (After Malmberg, 1962, U. S. Geological
Survey open-file report.)

AREAS IN CALIFORNIA

Introductory Comment

Development of ground water has been intensive in California. Most of the
water is withdrawn for irrigation although ground water is also pumped ex-
tensively for domestic and industrial supply. In 1955, about 13 million acre-feet
of ground water was pumped for irrigation from ground-water basins in Cali-
fornia, slightly more than one-third of the total pumpage for irrigation in the
United States.

The ground-water withdrawals in California are chiefly from intermontane
basins in which the valley fill of late Tertiary and Quaternary age is chiefly
alluvial deposits but also, in places, is of lacustrine and shallow marine origin. In
many of the basins, the water bodies tapped are semiconfined or confined below
depths ranging from 100 to 600 feet, and, thus, much of the withdrawal is from
confined aquifer systems.

The intensive and long-continued pumping has drawn down water levels more
than 100 feet in many of the basins—maximum drawdown of 400-500 feet has
been on the west side and in the southern end of the San Joaquin Valley. Thus, in
California, substantial lowering of water level has occurred in young, uncon-
solidated, compressible deposits that contain extensive semiconfined to confined
aquifer systems. It is not surprising, therefore, that land subsidence due to
ground-water withdrawal has developed in many areas. Subsidence in all areas
shown on Figure 31, except for those in the Wilmington oil field and in the
Sacramento-San Joaquin Delta, is due to ground-water withdrawal and decline of
artesian head. Subsidence in most of these areas has been described briefly by
Poland (1958). About 11,000 square miles (7 million acres) of land in California is
irrigated, and nearly two-thirds of this is irrigated wholly or in part by ground
water. Of this 11,000 square miles, at least 30 per cent has subsided 1 foot or
more due to artesian-head decline. Doubtless, many other areas in addition to
those shown on Figure 31 have subsided at least a few tenths of a foot, but
leveling control is not available to define the magnitude and extent of subsidence
in most of these.
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Figure 31. Areas of land subsidence in California. Major subsidence due to fluid withdrawal
shown in black; subsidence in Delta caused by oxidation of peat.

The following description is limited to the major subsiding areas—in the San
Joaquin Valley and the Santa Clara Valley south of San Francisco. The peat
lands in the Sacramento—San Joaquin Delta have subsided as much as 15 feet in
the last century as a result of drainage (lowering of the water table) for cultiva-
tion (Poland, 1958, p. 1774-1775). The primary cause of this subsidence, how-
ever, is oxidation of the peat (Weir, 1950), rather than compaction of an aquifer
system due to increase in effective overburden load. The subsidence of peat
lands is discussed by Alice Allen elsewhere in this Review Volume.

San Joaquin Valley

In the San Joaquin Valley, about 3000 square miles or 30 per cent of the valley
floor is subsiding. The three principal subsiding areas are the Los Banos-Kettle-
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man City area, the Tulare-Wasco area, and the Arvin-Maricopa area (Fig. 31).
Mazximum rates of subsidence in these areas range from 0.5 foot to 1.5 feet a
year. Lands between the Los Banos-Kettleman City area and the Tulare-Wasco
area are also subsiding but at a lesser rate. The areas of appreciable subsidence
coincide generally with the areas in which ground water is withdrawn chiefly
from confined aquifers (Fig. 32). No subsidence has been observed in areas where
pumping is wholly from unconfined aquifers. In all of the subsiding areas,
montmorillonite composes about 70 per cent of the clay-mineral assemblage and
from 5 to 25 per cent of the sediments sampled (R. H. Meade, June 1963, written
commun.).

Land subsidence in the San Joaquin Valley was first noted in 1935 when I. H.
Althouse, a consulting engineer, called attention to the possibility of land sub-
sidence near Delano (Ingerson, 1941, p. 40). The subsidence in the Delano
(Tulare-Wasco) area was first described in print by Ingerson (1941, p. 40-42)
who presented a map and profiles of land subsidence based on comparison of
leveling of 1902, 1930, and 1940.

Releveling by the U. S. Coast and Geodetic Survey in 1943 of bench marks
established in 1935 in the Los Banos-Kettleman City area indicated subsidence of
as much as 3 feet. Nevertheless, this subsidence did not cause serious concern
until after completion of the Delta-Mendota Canal by the U. S. Bureau of
Reclamation in 1951. This large canal, which transports exchange water from the
Sacramento-San Joaquin Delta to the San Joaquin River, has been subject to as
much as 5.2 feet of differential subsidence from 1953 to 1963. Shortly after com-
pletion of the canal, it became evident that should land subsidence continue
unabated, the canal soon would require remedial work in affected areas.

Because of the threat to the Delta-Mendota Canal and in order to assist in
planning other major canals and engineering works that were proposed for con-
struction in the subsiding areas, an “Inter-Agency Committee on Land Sub-
sidence in the San Joaquin Valley’’ composed of interested federal, state, and
private agencies was formed in December 1954 to plan and co-ordinate studies of
subsidence. As one result of the interagency planning, an intensive investigation
of land subsidence in the San Joaquin Valley was begun by the U. 8. Geological
Survey in 1956 in cooperation with the California Department of Water Re-
sources. The objectives were to determine extent, rate, and causes of the sub-
sidence; to develop criteria for estimating subsidence; and to suggest methods for
alleviation or control.

These areas of active and substantial land subsidence offer an unexcelled op-
portunity to study the compaction of sediments. Not only are the aquifer systems
compacting at a rate that is susceptible to field measurement, but, equally im-
portant, the forces causing this compaction can be determined quantitatively in
much of the subsiding area. For this reason, the Geological Survey in 1956 began
a companion Federally financed research project directed toward determining the
principles controlling the deformation (compaction or expansion) of aquifer sys-
tems resulting from change in grain-to-grain load, caused chiefly by change in
internal fluid pressure.

The summary of subsidence in the San Joaquin Valley presented here has
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drawn information from all of these investigations and from the releveling of the
U. 8. Coast and Geodetic Survey.

Subsidence in the two principal areas, the Los Banos-Kettleman City and
Tulare-Wasco areas, was described briefly by Poland and Davis (1956) and more
completely in a progress report by the Inter-Agency Committee on Land Sub-
sidence in the San Joaquin Valley (1958); both reports concluded that the de-
cline of artesian head is a major cause of the subsidence. In a small part of the
Los Banos-Kettleman City area and in part of the Arvin-Maricopa area, near-
surface subsidence or hydrocompaction due to wetting of moisture-deficient de-
posits above the water table is an important contributor to total subsidence. This
type of land subsidence due to the application of water is described by B. E.
Lofgren elsewhere in this Review Volume.

Los Banos-Kettleman City Area. This area is of major importance in a dis-
cussion of subsidence in the San Joaquin Valley.

Geology: The Los Banos-Kettleman City area of 1500 square miles includes
the western slope of the San Joaquin Valley extending from Los Banos in Merced
County southeasterly 90 miles to the dry bed of Tulare Lake in Kings County
near Kettleman City (see Fig. 33). The eastern boundary is the trough of the
valley, marked by the San Joaquin River, Fresno Slough, and the Kings River.
Fresh-water-bearing deposits tapped by wells in this area are unconsolidated,
are of Recent to Pliocene age, and extend to depths ranging from 900 to more
than 3000 feet below land surface. They can be divided into three units: (1) an
upper unit of silt, clay, sand, and minor amounts of sandy gravel, chiefly alluvial-
fan deposits, that extends to depths of 200-800 feet; (2) a relatively impervious
diatomaceous clay of lacustrine origin, the Corcoran Clay Member of the Tulare
Formation (Pliocene and Pleistocene), that ranges from a featheredge to 120
feet thick and underlies almost all the area; and (3) a lower unit of silt, clay,
sand, and minor amounts of sandy gravel, chiefly alluvial-fan deposits but in-
cluding some strata of lacustrine origin. This lower fresh-water-bearing unit
commonly is 600-1500 feet thick but locally is as much as 3000 feet thick; it is
underlain by brackish or saline water. The one consistent and outstanding fea-
ture of the mineralogy of the deposits, as revealed by detailed petrographic ex-
amination of core samples, is that the predominant clay mineral is montmoril-
lonite (Meade, 1961, p. D-89).

Hydrology: A body of semiconfined water occupies most of the upper unit;
the depth to water in this upper water-bearing zone ranges from 10 to 300 feet
below the land surface. The ground water in the lower unit is confined by the
Corcoran Clay Member of the Tulare Formation and, hence, is under artesian
pressure.

Ground water pumped from some 1500 irrigation wells is the chief supply for
irrigation in the area. Development of ground water for urrigation began during
World War I and inereased at a modest rate during the 1920’s and 1930’s; how-
ever, during and following World War II, annual pumpage for irrigation in the
part of this area south of the Fresno-Merced County line (Fig. 33) increased
almost fivefold, from 280,000 acre-feet in 1941 to 1,300,000 acre-feet in 1959.

Most of the ground water pumped is from the confined aquifer system of the
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As of February 1963, maximum subsidence was 23 feet, southwest of Mendota,
based on change in elevation of the land surface since the early topographic
mapping of 1922-1932. Since 1955, the maximum rate of subsidence has been
about 1.5 feet per year.

The joint San Luis Canal of the U. S. Bureau of Reclamation and California
Aqueduct of the State is now under construction; it will have a design capacity
of 13,100 cfs at the head, at San Luis Dam west of Los Banos, decreasing to
7000 cfs at Kettleman City. This canal will pass through about 70 miles of the
subsiding ground, roughly along the center of the subsidence trough (see Fig.
33). The construction gradient of the canal is about 0.2 foot per mile. Thus,
rapid land subsidence poses serious problems in construction and maintenance
of this great canal.

Relationship of decline in head and pumpage to subsidence: The graph of
the altitude of a bench mark southwest of Five Points and of the artesian head
in two nearby wells (Fig. 35; for location see Fig. 34), is a typical illustration of
the relationship of head decline to subsidence. The graph of subsidence agrees
closely with the hydrograph at the 1 to 20 ratio of the plot. Before 1947, both
graphs were relatively flat; after 1947, when intensive pumping began, both
accelerated at about the same slope.

The ratio of subsidence to artesian head decline, which is a measure of the
compressibility of the compacting deposits, ranges widely in the Los Banos-
Kettleman City area—from 1:100 near the margins to 1:12 in the northern area
of intensive subsidence west of Mendota.

The areal relationship of subsidence to artesian-head decline is demonstrated
on Figure 36. Gross pumpage of ground water from 1943 to 1953 south of the
Merced-Fresno County line has been estimated as 6.9 million acre-feet (Davis
and Poland, 1957, p. 432). The net withdrawal of ground water (pumpage minus
irrigation return) in this period is estimated to have been abouf 4 million acre-
feet, and the volume of subsidence caused by compaction of the confined aquifer
system in this same area was about 2 million acre-feet (Poland, 1960, p. 333).
Thus, about one half the net withdrawal (water permanently withdrawn) repre-
sents water squeezed out of the aquifer system by compaction of the deposits.
Most of the reduction in pore space would be permanent if the compaction is
caused by consolidation of the silty clay interbeds and confining beds and is
chiefly irreversible, as appears likely from several lines of evidence not here cited.
If the artesian head was maintained at the 1953 position until subsidence had
ceased, then restored to its 1943 position, and then drawn down in 10 years
through the same decline that occurred from 1943 to 1953, additional compac-
tion of these preconsolidated deposits should not be appreciable; thus, the water
yielded would be about 2 million acre-feet less than that withdrawn in the 1943-
1953 period. Studies evaluating water supply should consider this water yielded
from compaction as a nonreplenishable resource.

Areal comparison of subsidence to change in artesian head is also illustrated
on Figure 37. The slopes of the subsidence and head-decline profiles (drawn with
a 1:17 vertical scale ratio) agree reasonably well except that the troughs of
maximum subsidence are 2-3 miles east of the troughs of head decline. Both have


http://reg.gsapubs.org/

II

REVIEWS IN ENGINEERING GEOLOGY

Downloaded from reg.gsapubs.org on September 22, 2015

246

("zv "1d ‘8961 ‘eenruruuoy) KousSY-109u] 4oif|) HE oINS U0 WMOYS
UOI}EOO] “S[[OM £QIBSU Ul PESY UBISSLIB UL 9FUEYD PUB “BINIOJ[BY) ‘SIUIOJ SAL{J JO JS0MYJNOS JIBW YU 1€ opni1y[e ur o8uBy) °Gg aInJrg

I

80¢- —

] 056! Sv6l ov 6l
I N YT [T T 1 R A [T T Toveil,,
L
S
v62-| ~L 2
~ e |
- 1o55; —
- oy >
o6z 149€-91/814 5~ g e T
0os 4
% // II/I/I.. o
2 \:-/ . =
& 862 13 ~ b
ot~ ~.
I s ~ ~ —
= Rk K m—— - o
> *EL n/// 2
20 008+ ~ N\~ »
X \ m
W 1 /r o m
Hzo¢- N* vm
~ ~
S 38 p 2
~
m N A 5
- %08+ wg 1392-91/8 \ ——— T2
z P A g = =
m ey 245, Tesa % m
o o.cb\ :«QE:QIx\ nyu
m 90¢- S I m
2
J.-
m
m
—



http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015


http://reg.gsapubs.org/

Downloaded from reg.gsapubs.org on September 22, 2015

248 REVIEWS IN ENGINEERING GEOLOGY: II

beds and confining beds may be 50 times as great as the components of the co-
efficient of storage due to water released by elastic expansion of the water and
elastic compression of the aquifer.

Cause of subsidence: Comparison of subsidence of bench marks and decline
of artesian head shows a close correspondence, both in areal extent and in time.
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Figure 37. Profiles of land subsidence and decline in artesian head along
Fresno-Coalinga road northeast to Five Points, California. Location of
line M—M’ shown on Figure 34.

The ratio of subsidence to decline of head, however, differs considerably, even
locally. The causes of these differences appear to be chiefly geologic—such factors
as differences in mineral composition, sorting, degree of consolidation, degree of
cementation, and degree of confinement of the deposits. Moreover, the ratio of
subsidence to decline in head is known to change with time. This effect appears
to be due in part to time lag in compaction, which is related to slow movement
of water out of fine-grained deposits of low permeability.

In order to find out how much of the subsidence is caused by compaction of
the deposits tapped by water wells, the Geological Survey established depth
bench marks and compaction recorders in several unused wells and cased core
holes; Lofgren (1961) described the compaction-recorder installation (Fig. 38).
The assembly consists of a heavy weight emplaced in the formation below the
bottom of a well casing, with an attached cable extending to land surface and
counterweighted to maintain constant tension, The amount of cable rising above
the land surface as subsidence occurs is measured by a continuous recorder.

A compaction recorder of this type was installed in well 19/17-35N1, 2030
feet deep near Huron in 1955. Subsidence of nearby bench mark B 889
was determined by periodie leveling of the U. 8. Coast and Geodetic Survey.
Figure 39 shows the correlation between subsidence of the surface bench
mark, vertical compaction within the well depth, and fluctuation of artesian
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sheaves |7 ] Recorder head in well 19,/18-27M1 (for location,
s see Fig. 34). In the 4.8 years of record

* || Medteten | illustrated, measured compaction was

3.8 feet, subsidence of the land surface

[ Ceble clamp was 4.6 feet, and decline of artesian
head was about 40 feet. The measured
compaction equalled 82 per cent of the
subsidence, suggesting that 18 per cent

O
in50-b  ~
increments i

e it wellcasing (0.8 foot) of compaction oceurred below
e~ 2030 feet. This is reasonable because

[+ Dlastic coated some nearby wells withdraw water

stranded from greater depth. Note that the com-

Lo paction is seasonal and highly sensitive

to change in effective stress as defined

by change in artesian head. Compac-

tion is greatest during periods of rapid

Anchor weight 42 Open hote decline of head; recovery of head re-
200 to 300 Ibs™>—T sults in a decrease or cessation of

compaction.

In another compaction-recorder in-
stallation near Cantua Creek, the meas-
ured compaction in a 2000-foot core hole from February 1960 to March 1963 was
3.37 feet and the subsidence measured by leveling was 3.45 feet; thus, compac-
tion to 2000 feet was 98 per cent of total subsidence. An intensively pumped
irrigation well about 1/4 mile away is 2700 feet deep, suggesting that about 2
per cent of the subsidence may be caused by compaction of more consolidated
deposits below 2000 feet. On the other hand, the instrumental accuracy of the
compaction measurements probably is no better than 98 per cent. In any case,
the subsidence near Cantua Creek has been demonstrated to be caused by com-
paction of deposits within the depth tapped by water wells. Tectonic activity is
eliminated as a possible cause of appreciable subsidence at this place.

At several locations, compaction recorders have been installed in two or more
closely spaced wells of different depths so that the compaction occurring in dif-
ferent depth intervals can be computed. For example, a triple installation at the
Delta-Mendota Canal near Oro Loma (Fig. 404) records compaction between
land surface and depths of 350, 500, and 1000 feet. By comparing measurements
of compaction from the several recorders, the magnitude and rate of compaction
in each depth zone can be obtained. Figure 40B shows the measured compaction
for two 1-year periods, converted to unit compaction per foot of thickness per
year.,

From November 1, 1961, to November 1, 1962, the depth zone 0-350 feet
compacted 0.008 foot (0.23 X 10~* feet/foot/year), the zone 350-500 feet com-
pacted 0.008 foot (0.53 X 10~ feet/foot/year), and the depth zone 500-1000 feet
compacted 0.23 foot (4.6 X 10~ feet/foot/year). The total compaction measured
by the 1000-foot recorder in the year was 0.25 foot. About 92 per cent of this
measured compaction occurred in the confined aquifer system below the Cor-

Figure 38. Diagram of compaction-recorder
installation.
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Figure 39. Graph showing measured subsidence, compaction, and water-level change
near Huron, California. (After Lofgren, 1961, Fig. 24.2.)

coran Clay Member of the Tulare Formation; but the measured compaction
equalled only about 70 per cent of the subsidence of & nearby surface bench
mark in the same period; hence, 30 per cent of the subsidence was caused by
compaction of deposits below the 1000-foot depth.

Results of one-dimensional consolidation tests made on core samples of the
aquifer system and the observed decline in artesian head were utilized by Gibbs
(1959) to compute compaction (and subsidence) occurring at the 1000-foot Oro
Loma core hole (near well 16H2, Fig. 404) and at several other core holes. By
refining Gibbs’ method, and based on more complete hydrologic data, Miller
(1961) made a more detailed computation of compaction at the Oro Loma core
hole. He computed that the compaction of the aquifer system below the Cor-
coran Clay Member of the Tulare Formation as of 1959, due to artesian-head
decline between 1937 and 1959, was 7.5 feet, compared to land subsidence of
7.8 feet (by leveling). Residual computed compaction estimated to occur after
1959, attributed to slow decay of excess pore pressure in the thick confining
clayey beds and thinner interbeds of low permeability, was 0.8 foot. He estimated
that additional compaction of the overlying Corcoran Clay Member would con-
tinue at a rate of about 0.01 foot a year for many tens of years if the artesian
head were stabilized at the 1959 level.

Tulare-Wasco Area. The Tulare-Wasco (Delano) area (Fig. 31) is on the east
side of the San Joaquin Valley chiefly in Tulare County but extending into
northern Kern County. Subsidence has been noted in an area 45 miles long by
30 miles wide. Before the construction of the Friant-Kern Canal by the U. S.
Bureau of Reclamation, from which the first water was delivered in 1950, the
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area was irrigated chiefly by ground water. Despite large imports of surface water
since 1951, ground water still is the main supply for much of the area and else-
where is pumped to supplement the imported supply.

Ground water in the Tulare-Wasco area occurs under conditions that are sim-
ilar in many respects to those of the Los Banos-Kettleman City area. The
Corcoran Clay Member of the Tulare Formation is known to extend southeast-
ward beneath Tulare Lake bed into the Tulare-Wasco area where it is the prin-
cipal confining member. Thus, in the western part of this area, a threefold sub-
division of the fresh-water-bearing deposits is possible similar to that of the Los
Banos-Kettleman City area. In the eastern part (in general, east of U. 8. High-
way 99), the Corcoran is missing, and the deposits are semiconfined to the depths
reached by most water wells (500-1000 feet).

Water levels in the Tulare-Wasco area have declined substantially since 1905.
For example, at Delano, the altitude of the water level was about 285 feet above
sea level in 1905, and in 1921, it was about 275 feet, but by 1952, the water table
had declined to 190 feet, and the head in the confined deposits was about 160
feet above sea level. Because of importation of water through the Friant-Kern
Canal, however, the combined influence of decreased pumping and increased re-
plenishment resulted in recovery of head of as much as 110 feet near Delano by
1958.

The distribution and rate of land subsidence in the Tulare-Wasco area cor-
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Figure 40. Compaction rates near Oro Loma, California, as measured by three
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units. B shows measured compaction rate of deposits in three depth zones.
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relate in general with the decline in water level. Comparison of topographic maps
of 1926 and 1954 indicated maximum subsidence of 12 feet 4 miles north of
Delano. In 1948, the U. 8. Coast and Geodetic Survey established a network of
bench marks designed to give reasonably close vertical control in the area of
known subsidence. Releveling of these bench marks in 1954 indicated more than
4 feet of subsidence between Earlimart and Pixley and west of Richgrove during
the 6 years (Fig. 41). The area enclosed by the 1-foot subsidence line is about
450 square miles. In striking contrast, subsidence from 1954 to 1957 exceeded
0.6 foot only in an area of 80 square miles near Earlimart and Pixley (Fig. 42)
still supplied solely by pumping from wells. Subsidence had virtually ceased in
areas irrigated with water imported through the Friant-Kern Canal (shaded on
Figure 42).

The reason for the decrease in subsidence is clearly demonstrated by Figure
43. The hydrographs of the two deep wells show the sharp recovery of water
level after 1951 in response to the water deliveries from the ¥riant-Kern Canal.
The surface bench marks, which had subsided continuously to 1954, remained
nearly stable from 1954 to 1957. The recovery of water level had decreased the
effective stress of the overburden load sufficiently so that compaction of the
aquifer system virtually ceased by 1954.

Arvin-Maricopa Area. At least 400 square miles of irrigated land in the Arvin-
Maricopa area at the southern end of the San Joaquin Valley is subsiding at rates
up to 0.5 foot per year (Fig. 44). Most of the subsidence is related directly to
the downward trend of water levels in semiconfined and confined aquifers (Lof-
gren, 1963). Most wells tap unconsolidated alluvial and lacustrine deposits to
depths of 800-1200 feet. Accelerated pumping of ground water for irrigation,
chiefly since 1940, has caused water levels to fall 5-15 feet a year and as much
ag 400 feet since 1929.

Leveling by the U. 8. Coast and Geodetic Survey began in 1926, and a level
net to define the subsidence area was established in 1957 and releveled in 1959
and 1962. This leveling indicated maximum subsidence of at least 6 feet from
1942 to 1962, 15 miles south of Bakersfield (Lofgren, 1963, Fig. 47.4).

The ratio of subsidence to head decline in this area currently is on the order
of 1:60 to 1:120; it is lower than in the subsiding areas to the north, and sug-
gests that the unit compressibility of the aquifer system is less. Compaction of
the aquifer system due to head decline is the principal cause of subsidence, but
near-surface subsidence related to the wetting of moisture-deficient deposits is
prevalent in the southern part of the area, and tectonic readjustment may be a
contributory cause on the south flank near Wheeler Ridge. This composite sub-
sidence is a serious engineering problem in the construction of the California
Aqueduct which is soon to be built through many miles of the subsiding area.

Santa Clara Valley

Land subsidence in the central part of the Santa Clara Valley, beneath the
southern part of San Francisco Bay and south past San Jose, has been recog-
nized for 30 years (Rappleye, 1933; Tibbetts, 1933). It was first noted when re-
leveling in 1932-1933 of a line of first~order levels established by the U. S.
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Figure 46. Change in altitude at bench mark P7 in San Jose, California, and change in
artesian head in nearby well.

Jose was done in February 1963. The U. S. Coast and Geodetic Survey (1956)
has published a compilation of adjusted elevations for all bench marks in the
network through the 1954 leveling. Subsidence from 1934 to 1960 (Fig. 45) was
a maximum of 5 feet at centers in San Jose and near Sunnyvale.

The longest record of subsidence is at beneh mark P7 at the Hall of Records
in San Jose (Fig. 46); from 1912 to February 1963, this bench mark subsided 11
feet. The rate of subsidence was greatest during periods of rapid decline in
artesian head (see hydrograph for nearby well 7S/1E-7R1); the maximum rate
was 0.73 foot per year from October 1960 to February 1963.

Profiles of land subsidence extending southeast near Redwood City to Coyote
(Fig. 45) for 10 levelings between 1912 and 1963 (Fig. 48) indicate that maximum
subsidence along the profiles occurred at bench mark P7 in San Jose although
from 1934 to 1963, subsidence at bench mark J111 Reset in Sunnyvale (7 feet)
was about equal to the maximum in San Jose (at bench mark B149).

Cause of subsidence. Within the artesian area (area of confined water), there
is general correlation in time and rate of the subsidence and of the artesian-head
decline as Figure 46 illustrates. Around the margins of the valley, however,
where the deposits are mostly sand and gravel and are chiefly unconfined, sub-
stantial decline of the water table has not caused appreciable subsidenee (Poland
and Green, 1962, Fig. 12). These facts are positive evidence that the principal
cause of the subsidence is the decline in artesian head and the corresponding in-
crease in the grain-to-grain load on the aquifer system.

Quantitative comparison of land subsidence and compaction of the water-
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Figure 48. Profiles of land subsidence, 1912-1963, Redwood City to Coyote, California.

be the sole cause of the subsidence. Comparison of measured compaction in the
other 1000-foot core hole in San Jose with subsidence of a nearby bench mark
in the same period confirms this conclusion.

Green (1962) utilized results of consolidation and other laboratory tests on
cores from the Sunnyvale and San Jose core holes to compute the compaction of
the water-bearing deposits that theoretically should have occurred under the
known change in artesian head from 1915 to 1960. The computed compaction
agreed reasonably closely with the observed subsidence in the same period.

Protrusion of well casings has been common in the sinking area (Tolman, 1937,
p. 344-345 and Figure 122). Many of the casings rose 2-3 feet above the land
surface but usually were cut off before rising higher. This protrusion registers
compaction between the land surface and the bottom of the casing but often is
accompanied by compression and rupture of the casing and thus supplies only a
minimum value for subsidence, not an absolute measure.

Relationship of subsidence to head decline. As a part of a study of the sub-
sidence by the Geological Survey, J. H. Green (July 1962, written commun.)
utilized subsidence and water-level change maps for the period 1948-1960 to map
the ratio of subsidence to head decline in that period. The ratio increased from
zero in the water-table areas around the valley margin to 0.10 in a central reach
of the artesian area, extending from eastern San Jose to Sunnyvale. Thus, in this
central reach, 1 foot of subsidence occurred for each 10 feet of water-level decline
in the 12-year period. The ratio of subsidence at bench mark P7 to head decline
at nearby well 7S/1E-7TR1 (Fig. 46) was 0.08. From 1920 to 1935, when both
subsidence and head decline were occurring at almost uniform rates, the ratio
at P7 was also about 1:13 or 0.08.
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Time lag in compaction, which affects the ratio of subsidence to head decline,
is demonstrated clearly in Figure 46. From 1952 through 1958, the average
artesian head was about uniform; however, bench mark P7 continued to subside
throughout that 7-year period at only a slightly decreasing rate. The hydrograph
registers the head change in the coarse permeable segments of the aquifer sys-
tem; increase in effective stress in these segments oceurs simultaneously with the
head decline and is equal in magnitude. In the clay interbeds and confining beds
(aquitards), however, the low permeability retards the escape of water, the re-
duction of pore pressure, and the compaction. Evidently, substantial excess pore
pressures still existed in the aquitards in 1958 because the rate of compaction
from 1956 through 1959 was two-thirds as great as from 1948 to 1954, This sug-
gests that decay of excess pore pressure in the aquitards to approximate equilib-
rium with pore pressure in the aquifers would require many tens of years. Ob-
viously, this time lag affects the ratio of subsidence to head decline; for example,
if the average artesian head of 1952-1958 were maintained uniformly to 1970,
the ratio of subsidence to head decline at this site for the 1948-1970 period would
be substantially larger than the ratio obtained for the 1948-1960 period.

The volume of subsidence represented by the lines of equal subsidence from
1934 to 1960 (Fig. 45) is about 330,000 acre-feet (J. H. Green, January 1963,
written commun.). This represents reduction in the pore volume of the ground-
water reservoir, but the reduction has been principally in the fine-grained com-
pressible clayey layers; therefore, it should not affect the storage capacity of the
coarser grained sand and gravel aquifers appreciably. On the other hand, the
quantity of water squeezed out of the aquifer system by permanent compaction
is water available only once and thus is a nonreplenishable resource.

The extent to which the land surface would recover in response to substantial
recovery of artesian head is not known. The artesian head at well 7S/1E-7R1
recovered about 75 feet from 1934 to 1943 (Fig. 46). Relevelings between 1934
and 1940 showed cessation of subsidence at bench mark P7 but no recovery.
Leveling control was not available thereafter until 1948; thus, minor recovery
of land surface may have occurred by 1943. Based on study of laboratory con-
solidation and rebound tests made on fine-grained clayey samples from the core
holes, however, it is concluded that if initial artesian head were restored and
the recharge water were chemically compatible with the water in the aquifers,
recovery of the land surface would not be more than a few per cent of the total
subsidence that has occurred.

SUMMARY

(1) Decrease in hydrostatic pressure in confined systems, such as oil and gas
zones or artesian aquifers, results in increased grain-to-grain load on the sedi-
ments. The sediments compact in response to the added load, and the land sur-
face subsides.

(2) Damage from subsidence and compaction has totaled hundreds of millions
of dollars throughout the world and takes many forms. In tidal areas, flooding
by sea water has been a major problem. Changing gradients have seriously af-
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fected the capacity of canals, drains, and sewers, and even the channel capacity
of streams has been changed materially. Structural failure of buildings, pipe
lines, railroads, and other engineering structures at the land surface has oc-
curred due to tensional or compressional stresses caused by flexure of the sedi-
ments. Compaction and flexure of sediments at depth have caused extensive
damage by compressional or shear failure of oil- and water-well casings. In com-
pressible aquifers, such as micaceous sand, the loss of ground-water storage
capacity through compaction is a subtle but, in part, a permanent damage.

(3) Subsidence of the surface can be measured by precise leveling from stable
reference points and, in tidal areas, by observing the change with respect to sea
level. Compaction at depth can be measured by the use of anchored cables or
pipes and by surveys in wells of reference points, such as casing collars and
radioactive markers. Protrusion of well casings indicates that compaction has
occurred but supplies only a minimum value for subsidence, not an absolute
measure.

(4) The ratio of subsidence to head change depends upon the thickness and
lithologic character of the compacting sediments. Chief controlling factors are
the number, thickness, compressibility, and permeability of fine-grained inter-
beds and confining beds, clay mineralogy, geochemistry of pore fluids in aquifers
and aquitards, initial porosity, previous loading history, and cementation. The
most compressible materials are loosely consolidated, clayey sediments of Tertiary
and Quaternary age, particularly those of volcanic provenance, that contain
montmorillonite as the predominant clay mineral. In subsidence areas overlying
these sediments, the range in ratio where known is about 0.01-0.2. The only
known marked exceptions are at London and Savannah where water is produced
from soft marine carbonate sediments associated with clays. In both of these
areas, the ratio of subsidence to head decline is relatively small (less than 0.005).

(5) Continuous measurements of compaction indicate quick response to pres-
sure changes in many areas although, commonly, some residual compaction or
lag due to slow drainage of clays may continue long after the pressure decline
has ceased.

(6) If artesian head declines over a period of years, then recovers and declines
again, compaction will not recur until a previous pressure low is exceeded, pro-
vided all residual compaction from the previous drawdown phase has been com-~
pleted (excess pore pressure has decayed).

(7) In a confined aquifer system, if the overlying water table remains un-
changed, increase in effective pressure is equal in magnitude to the decrease of
artesian pressure, and the sediments will compact in accord with this increase in
stress. If the artesian pressure is wholly depleted and drawdown is continued,
the fluid is yielded by dewatering of the sediments. Once the pressure at the top
of the aquifer system (base of upper confining bed) declines to atmospheric
pressure, further decline in fluid level will cause compaction at a decreased rate;
this is in accord with the effective stress increase under water-table (unconfined)
conditions, which is due to loss of buoyancy.
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(8) Subsidence problems have been or are being alleviated in several ways:
(1) cessation of withdrawal of petroleum, gas, or water due to depletion of the
supply, legal action, or replacement with substitute supply; (2) increase or
restoration of reservoir pressure due to reduction in production rate or to in-
crease in recharge (water); (3) repressuring by injection of water. The last
method has been highly successful in the Wilmington, California, oil field where
it has stopped subsidence and has caused some rebound of the land surface.
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