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Fig. 7. Subsidence of bench marks relative to depth to water from 

land surface in the Houston-Galveston area, Texas. 

ter level decline. For comparison with the results presented in 
this paper, it is instructive to consider the theoretical relation 
between average dissipated excess pore pressure and water 
level decline (Figure 13). Compaction, of course, is pro- 
portional to average dissipated excess pore pressure. For a 
given rate of loading R, results in Figure 13 show that the re- 
lation between average dissipated excess pore pressure and 
water level decline eventually becomes linear at water level 
declines that increase with /F/co, where H is one-half the 
claybed thickness and cv is the coefficient of consolidation. It 
is here found that the linear part of the curve based on Schiff- 
man's solution intercepts the water level axis at 0.33RH2/cv 
(appendix). 

In order to apply the theoretical solution to a specific site, 
clay bed thicknesses, coefficients of consolidation, and the rate 
of loading must be known. Rather than compute the response 
for each clay bed, a procedure used by Helm [1975] was fol- 
lowed. Helm [1975] modeled subsidence by considering an 
idealized bed whose calculated compaction was consistently 
proportional to that obtained by calculating the gross com- 
paction of the individual beds. He defined the thickness of this 
idealized bed as the 'equivalent thickness.' The formula used 

was small and recoverable. When water levels declined past a 
certain level, which increased each year, compaction per unit 
water level decline increased. Riley [1969] interpreted the ef- 
fective stress at which the change occurred to be a man-in- 
duced preconsolidation stress. He also recognized that the re- 
lation of compaction to water level decline at stresses 
exceeding the preconsolidation stress was dependent on the 
drainage characteristics of the aquifer system and the rate of 
loading. We will now examine the problem as it pertains to 
long-term loading. 

Time lag. Land subsidence presumably is caused mainly 
by the compaction of fine-grained beds interbedded within or 
above the aquifer system [Poland, 1969a]. As water levels de- 
cline at the boundaries of such beds, time is required for 
drainage from the fine-grained beds. If the beds have very low 
permeability or large thickness, compaction may lag signifi- 
cantly behind water level declines. This would cause the long- 
term relation between subsidence and water level decline to 

be time dependent. To evaluate the time dependency of the 
compaction of fine-grained beds, a solution by Schiff man 
[1958] to Terzaghi's consolidation theory was reformulated. 
On the basis of the reformulation the compaction of a clay 
bed sandwiched between two sand beds undergoing constant 
rate pore pressure declines was computed. Such loading is ap- 
propriate because water levels declined at constant rates in 
most of the study areas. The solution (see the appendix) in- 
dicates that the average dissipated excess pore pressure, to 
which compaction is proportional, is a function of the rate of 
loading, the time, and the ratio of the coefficient of consoli- 
dation to the square of one-half the clay bed thickness. The 
solution also indicates that for slow draining clay beds sub- 
jected to a constant rate water level decline at their bounda- 
ries, dissipation of excess pore pressure can lag significantly 
behind the water level declines. In such situations according 
to theory the rate of excess pore pressure dissipation increases 
with time until it becomes constant and equals the rate of wa- 
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Fig. 8. (a, b) Depth to water from land surface and subsidence 
based on adjusted data at two bench marks in the Tulare-Wasco area, 
California. Hydrographs are based on November measurements in 
wells within 2 km of the associated bench mark. Wells tap lower, con- 
fined aquifer. Measurements in 1906 from Mendenhall et al. [1916]. 
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Fig. 9. Subsidence of bench marks relative to depth to water from 
land surface in the Tulare-Wasco area, California. Slope of dashed 
portion is maximum value permitted by data. 

by Helm [1975, p. 474] for the half thickness was 

•= Hj: N (1) 

where 2H• is the thickness of the fih bed and N is the number 
of beds. 

Data on clay bed thicknesses and coefficients of consoli- 
dation are available near several of the bench marks investi- 

gated (Table 2). In •eneral, reposed bed thicknesses were de- 
termined from •eophysical lo•s, and it was necessary to 
compute equivalent thicknesses based on (l). Coefficients of 
consolidation, c•, were derived from two sources. Coefficients 
of consolidation at the two sites in California were computed 
from the ratio of permeability and specific storage determined 
by Blle2 [1969] and Helm [1977] based on consideration of the 
historical relations between compaction and water level de- 
clines. At Seabrook, Texas [Gabr2sch a•d Bonnet, 1975a], and 
Eloy, Arizona (U.S. Bureau of Reclamation, unpublished 
data, 1966) coefficients of consolidation dete•nined in the lab- 
oratory from cores were used. Because of the limited number 
of measurements of c• at the locations in Arizona and Texas, a 
simple arithmetic average of c• was calculated 

Projected intercepts on the water level decline axis of the 
linear pa• of the obse•ed curves relatin• land subsidence to 
water level decline, •iven with theoretical values in Table 2, 
suggest that with the exception of the San Jose site the ob- 
seawed intercepts are too large by an order of magnitude to be 
explained by a delayed drainage phenomenon. At the San 
Jose site, however, delayed drainage might explain the ob- 
seawed relation of subsidence to water level decline. The 
ratios in •eneral cemainly are subject to challenge. To recon- 
cile the discrepancy, the ratios at all sites would need to be 
lar•er by an order of magnitude. Such an error at the Pixley 
site appears unlikely because the value of c• was dete•nined 
from an extensometer record and hence represents an average 
value for the aquifer system [BJle2, 1969]. Moreover, Helm 
[1975] was able to obtain excellent a•reement between ob- 
seawed subsidence and results from a simulation model usin• 
RJle2's [1969] parameters. Finally, extensometer records ob- 
tained durin• periods of water level recove• in the Houston- 
Galveston and Eloy-Picacho areas suggest that lar•er values 
of ft•/c• are improbable (R. K. Gabrysch, personal communi- 
cation, 1979; T. L. Holzer, unpublished data, 1979). 

Seaso•alfl, ct,atlo•. Increases with time of magnitudes of 
seasonal water level fluctuations are not likely to be a funda- 

mental cause of the observed bilinearity of the relation be- 
tween subsidence and water level declines, although such in- 
creases may have contributed to the b'dinearity in some areas, 
especially the agricultural ones. Such increases would cause 
an apparent increase in the subsidence per unit water level de- 
cline as determined by the seasonal high water level. In the 
Houston-Galveston area, seasonal fluctuations are less than 5 
m, too small to be significant. In the agricultural areas the be- 
ginning of large seasonal fluctuations in general did not corre- 
late precisely with the acceleration of subsidence. 

Thickness. Increases with time of the thickness of the com- 

pacting interval do not appear to be a major cause of the bi- 
linear relation between subsidence and water level declines. 

Such increases could be caused by increases of the depth from 
which groundwater is withdrawn or by the migration of water 
level declines to greater depths. In general, increases of rates 
of subsidence do not correlate with increases of average well 
depth. In addition, a vertical extensometer near bench mark 
D279 in the Eloy-Picacho area demonstrates that most of the 
compaction there occurs within the interval penetrated by 
early production wells. On the basis of the extensometer mea- 
surements, 82% of the subsidence from 1964 to 1977 was 
caused by compaction in the interval from the ground surface 
to a depth of 252 m. 

In summary, probably more than one process has contrib- 
uted to the bilinearity of the relation between subsidence and 
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Fig. 10. (a) Depth to water in well 7S/1E-7R1 and subsidence 
based on adjusted data at bench mark P7 in Santa Clara Valley, Cali- 
fornia [Poland and Green, 1962] from 1912 to 1934. Water level recov- 
ery began in 1935. Well is approximately 1 km from bench mark. Wa- 
ter level was originally above land surface. (b) Subsidence of P7 
relative to depth to water in 7S/1E-7R1. Slope of lowermost dashed 
portion is maximum value permitted by data. 
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Fig. 11. (a-d) Depth to water from land surface in wells tapping principal aquifer and land subsidence based on unad- 
justed data at four bench marks in Las Vegas Valley, Nevada. Pre-1935 land subsidence is based on nearby bench marks 
indicated. Each hydrograph is based on a single well within 2 km of bench mark. Water levels below land surface are posi- 
tive. 

water level decline observed at the sites investigated in this 
paper. Of the potentially significant processes, however, over- 
consolidation of fine-grained beds within the aquifer systems 
appears to be the most easily reconciled with the field data. 
Delayed drainage as a complete explanation is inconsistent 
with reported bed thicknesses and coefficients of consoli- 
dation. Moreover, even if reported thicknesses and coeffi- 
cients were in error, the observed bilinear relations between 
subsidence and water level decline do not compare favorably 
with the theoretical relations based on Schiff man's [1958] solu- 
tion. Finally, neither increases of seasonal fluctuations nor in- 
creases of the thickness of the compacting parts of the aquifer 
systems are compatible with other data. 

If the observed bilinear relation between subsidence and 

water level decline is indeed caused by overconsolidation, 
then the slopes of the linear segments (Table 1) are a function 
of the thickness of the compacting interval and fundamental 
parameters that characterize the compressibility of the aquifer 
system. Deformation caused by stresses that exceed the pre- 
consolidation stress are nonelastic and essentially unrecove- 
rable. Deformation caused by stresses that do not exceed the 
preconsolidation stress are at least in part elastic and recover- 
able. In order to compare values from each study area it 
would be more meaningful to divide the ratio of subsidence to 
unit water level decline by the net thickness of the compacting 
interval. Information on thicknesses is insufficient to reduce 

all of the data in this fashion. Comparison of ratios of sub- 
sidence to unit water level decline at stresses exceeding the 
natural preconsolidation stress for the different areas, how- 
ever, suggests a general uniformity at least to within an order 
of magnitude of the values of compressibility at many of the 
sites. Although ratios of subsidence to unit water level decline 
are less precisely known at stresses less than the natural pre- 
consolidation stress at many of the sites, the data also suggest 
a general uniformity to within an order of magnitude. In addi- 

tion, ratios from sites with a linear relation, with the exception 
of bench mark K169 in Las Vegas Valley, are comparable to 
early ratios from sites with a bilinear relation. Although this 
suggests that some of the sites with a linear relation might be 
overconsolidated under present conditions, it is equally plau- 
sible that thicknesses of the compacting part of the aquifer 
system at these sites are smaller. Domenico et al. [1966] pro- 
posed such an explanation of the areal variation of subsidence 
per unit water level decline in Las Vegas Valley, Nevada. 

Because a potential method is proposed here for identifying 
the original preconsolidation stress of an aquifer system, bear 
in mind that the amount by which the preconsolidation stress 
exceeded the original overburden stress is not necessarily 
equal to the water level decline at which the ratio of sub- 
sidence to unit water level decline increases. In the Houston- 

Galveston area, for example, the different magnitudes of wa- 
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Fig. 12. Subsidence of bench marks relative to depth to water 
from land surface in the Las Vegas Valley, Nevada. Water levels be- 
low land surface are positive. 
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Fig. 13. Average dissipated excess pore pressure head in a clay 
bed sandwiched between sand layers undergoing equal constant rate 
water level declines of 1 m/yr. Theoretical relation graphed for differ- 
ent values of t•/c,•. 

ter level decline in the upper and lower confined aquifers and 
the lack of definitive information on the vertical distribution 

of compaction cause some uncertainty regarding the actual 
magnitude of preconsolidation stress. If only one of the aqui- 
fers were overconsolidated and most of the compaction caus- 
ing subsidence occurred within that aquifer, then correlation 
of subsidence with water-level declines in the other aquifer 
would yield an erroneous estimate of the magnitude of pre- 
consolidation. Identification of an overconsolidated condition 

still would be feasible, however, because declines in both 
aquifers were approximately simultaneous and occurred at 
constant rates. By correlating subsidence with declines in the 
aquifer with the smaller declines, as was done in the present 
investigation, estimates of preconsolidation at least should be 
conservative. Unconfined aquifer conditions, such as occur in 
the Eloy-Picacho and Tulare-Wasco areas, cause another un- 
certainty in relating water level decline to a preconsolidation 
stress. If vertical hydraulic gradients for a declining water 
table can be ignored, changes of effective stress beneath the 
water table are equal to the water table decline times 1 - Sy, 
where Sy is the average specific yield of the drained zone. This 
assumes that gravitational drainage from this zone is com- 
plete. If the zone above the new water table remains saturated 
or nearly so, then the effective-stress change equals the water 
table decline. Since a few published neutron logs suggest that 
a large percentage of water has been retained in the drained 
zone in the Eloy-Picacho area [Holzer, 1978], water table de- 

cline there probably is a reasonable approximation to the 
amount by which the preconsolidation stress exceeded the 
original overburden stress. Finally, preconsolidation stresses 
based on the annual or seasonal high water level can be mis- 
leading when large annual fluctuations of water level are su- 
perimposed on long-term declines. Such fluctuations can 
cause preconsolidation to be underestimated because the 
aquifer actually is being subjected to greater stresses than is 
indicated by the seasonal high water level. Estimates of pre- 
consolidation based on seasonal high water level, as in the 
present investigation, are conservative. 

A variety of natural mechanisms can cause an over- 
consolidated condition. The ones most likely to apply in the 
study areas include removal of overburden by erosion, pre- 
historic water level declines, desiccation, and diagenesis. The 
first three mechanisms cause actual prestressing of the sedi- 
ments; the last mechanism increases bonding or cementation 
within the sediments, causing the sediments to behave as if 
they were prestressed. Identification of the mechanism appli- 
cable to each of the study areas is beyond the scope of the 
present investigation. In part such identification requires a 
better understanding than is presently available of climato- 
logic and geologic histories in each area. With the exception 
of diagenesis, no single mechanism is likely to apply to all 
areas. In fact, it is possible that more than one mechanism has 
applied within individual areas. 

CONCLUSIONS 

The relation between land subsidence and water level de- 

cline beginning from natural conditions is linear in the Bowie 
area, Arizona, and in Las Vegas Valley, Nevada, and bilinear 
in the Eloy-Picacho area, Arizona, the Houston-Galveston 
area, Texas, and the Tulare-Wasco area and Santa Clara Val- 
ley, California. In general, as water levels declined'in the 
areas with a bilinear relation, the ratios of subsidence to unit 
water decline were approximately constant until water level 
declines exceeded a value that ranged from 16 to 63 m, then 
increased to new and constant values. Although several mech- 
anisms may have contributed to the bilinearity, over- 
consolidation of the compacting portion of the aquifer system 
probably was dominant at most of the sites investigated. On 
this basis the water level decline at which the ratio of sub- 

sidence to unit water level decline changed indicates approxi- 
mately the amount by which the preconsolidation stress ex- 
ceeded the stress on the aquifer that existed before 
groundwater withdrawals began. By these data, many aquifer 
systems in subsiding areas in the United States appear to have 
been overconsolidated by an amount that ranged approxi- 
mately from 1.6 to 6.2 bars (16 to 63 m) when man began to 
withdraw groundwater from them. 

APPENDIX 

The compaction of a clay bed in response to water level 

TABLE 2. Evaluation of Time Lag 

•/cv, 0.33R•1•/c•, Observed 
Geographic Location Bench Mark years R, m/yr m Intercept, m Reference for I•/c• 

Eloy, Arizona D279 3.35 2.22 2.47 31 
Pixley, California 292.116B 4.51 1.07 1.61 20 
San Jose, California P7 26.82 1.52 13.45 15 
Seabrook, Texas V8 1.78 1.23 0.72 22 

Unpublished data 
Riley [1969], Helm [1975] 
Helm [ 1977] 
Gabrysch and Bonnet [ 1975a] 

Jq is one-half effective bed thickness; c• is coefficient of consolidation; R is rate of water level decline. 
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declines occurring at equal and constant rates on both its up- 
.per and lower boundaries can be computed from a solution 
derived by Schiffman [1958] to Terzaghi's one-dimensional 
consolidation equation. Schiffman [1958] examined the pore 
pressure distribution in a clay bed sandwiched between two 
sand beds that were subjected to an external load increasing at 
a constant rate, i.e., linear loading. Because increasing the ex- 
ternal load has the same effect as decreasing the pore pres- 
sures at the boundaries of the clay bed, Schiffman's [1958] so- 
lution can be used to evaluate the theoretical compaction of a 
clay bed caused by water levels that decline at a constant rate 
at both boundaries. The solution for the average excess pore 
pressure in the clay bed is 

2Uo • 1 a(T• = •0 =1 •[1 - e -•'] (A1) 

where a(T) is average excess pore pressure and T is dimen- 
sionless time factor, equal to cd/H e, and where 

co coefficient of consolidation; 
H one-half thickness of clay bed; 

t time; 
Uo pore pressure at sand-clay boundary at time to; 
To dimensionless time factor at time to; 
M 0r/2)(2m - 1). 

Compaction of the clay bed is proportional to the average 
dissipated excess pore pressure, i.e., the difference between the 
pore pressure at the sand-clay boundary and the average ex- 
cess pore pressure. If R is the rate of water level decline, then 
the average dissipated excess pore pressure can be expressed 
as 

aT- a(T) (A2) 

Because R also equals Uo/to, (A1) can be rewritten by sub- 
stituting RH2/cv for uo/To. Substitution of (A l) into (A2) 
yields 

Rt 2HeR • 1 - c-•--- -2 •-•[1 - e -•r] (A3) 
On the basis of (A3) the general form of the relation between 
compaction and water level decline can be computed for 
given values of He/co and R. 

Note that the ratio of compaction to water level decline is 
proportional to (A3) divided by Rt. Because the ratio is inde- 
pendent of the rate of loading, R, the time dependency of the 
ratio of compaction to water level decline is related only to 
He/co. Note too that for large values of T, excess pore pressure 
dissipates at a rate equal to the rate of water level decline. 
Hence the value of the ratio of compaction of subsidence to 
unit water level decline depends only on the compressibility of 
the aquifer system when water levels decline at a constant rate 
and the ratio of subsidence to unit water level decline has be- 
come constant. Finally, since the limiting value of the summa- 
tion in (A1) for large T equals 0.167, the projected intercept of 
the linear part of the curve on the axis of water level decline 
equals 0.33 RHe/cv. 
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